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Summary

This thesis is dedicated to the study of theories of physics Beyond the Standard Model
(BSM), specifically minimal extensions in which the Standard Model (SM) gauge group
is extended by a new U(1)" factor. We study the implications and applications of such

U(1)" extensions in the context of BSM and, in particular, in connection to Dark Matter

(DM).

We consider the possibility that DM interactions with the SM states are mediated though
a new Z' gauge boson which couples only to top quarks and DM. We call this scenario
the Top-philic Vector Portal. We present a comprehensive study of top-philic DM models
which can reproduce the correct DM relic density via the conventional freeze-out mecha-
nism and which satisfy the current constraints from: the Large Hadron Collider (LHC),
direct detection, indirect detection and electroweak precision tests. Additionally, we de-
velop a method for identifying whether a vector is truly top-philic, or couples to both ¢
and b, by considering the ratio of cross sections in the mono-jet and mono-photon searches

for DM at the LHC.

Subsequently, we discuss the case that the Z’ gauge boson only has axial couplings to the
SM fermions. Such axial vector mediators are particularly interesting as portals between
the SM and DM, as the direct detection constraints on such models are weak. However,
additional U(1)" gauge groups, under which the SM states are charged, generically lead
to gauge anomalies unless new exotic anomaly cancelling fermions are introduced. We
provide explicit examples and general methods for constructing anomaly free spectra
and argue that in certain classes of models the axial vector Z’ mass is expected to be
comparable to the fermion exotics, in which case these models may be tested at current

and forthcoming experiments.

xi



Chapter 1

INTRODUCTION AND
BACKGROUND

1.1 The Standard Model and Beyond the Standard Model

The Standard Model (SM) of particle physics describes our visible world of fundamen-
tal particles and interactions nearly perfectly so far. Written in the language of quantum
field theory (QFT) and gauge theory, the SM explains the electromagnetic and weak force
between leptons and an additional strong nuclear force among quarks by the gauge medi-
ators photon, W and Z bosons, and gluons respectively. Moreover, the Higgs mechanism
[1] successfully addresses the difficulties of generating the SM massive particles in the
gauge theory framework including fundamental particles and gauge bosons except photon
and gluon. By introducing a fundamental scalar boson, Higgs boson, which plays the role
to give masses to the above mentioned massive gauge bosons via spontaneous symmetry
breaking (SSB) of electro-weak(EW) gauge symmetry and Yukawa couplings to massive
fermions respectively. On July 4 2012, a SM-like Higgs boson with mass 125 GeV [2, 3]
and the SM predicted interactions with fermions and decay channels was discovered at

the Large Hadron Collider (LHC) which affirms the foundation of the SM.

The understanding of our visible world is not complete since the SM still has several
theoretical and phenomenological loopholes and issues even though it has the above men-
tioned successes. First of all, the Hierarchy Problem challenges the SM with the large

discrepancy between electro-weak interaction and gravity force. More explicitly, it is an

1



Chapter 1. Introduction and Background 2

open question why Higgs is so light compared to the Planck scale Mpigper, ~ 108 GeV and
how the Higgs boson mass survives the quantum correct divergence. According to QFT,
the Higgs boson mass receives divergent quantum corrections which requires one cutoff
regulation and it further implies there must be new physics present at about the cutoff
energy scale. If there is no new physics, then the Higgs mass correction is expected to be
order of Mpjgner and is phenomenologically impossible to be the 125 GeV boson found at
the LHC without large fine tuning. Therefore, physics beyond the Standard Model (BSM)
is believed to be the answer to the hierarchy problem. Supersymmetry (SUSY) is one of
the most acceptable theories beyond Standard Model to solve the hierarchy problem. It
also can lead to unification of the gauge couplings at high scale. SUSY is a symmetry
that relates bosons and fermions which form superpartners pairs, i.e. fermions and bosons
are mass degenerate at Mgygy unless SUSY is broken. This can address the Higgs mass
issue due to cancellations between quantum corrections contribution from fermions and

bosons.

In addition to the hierarchy problem, the SM is short of explaining the existence of
dark matter (DM) which was initially inferred from deviations in long range gravitational
measurements by Fritz Zwicky in 1933 [4]. Zwicky observed the motion of the galaxies
in Coma galaxy cluster and found that there was a two-order of deviation on the total
mass by the luminosity of the Coma cluster and the number of galaxies. He further
proposed the deviation was caused by non-visible particle, dark matter which dominates
the gravitational force contribution since the visible matter is not sufficient enough to
stabilize the galaxy cluster. Moreover, there is more evidence in support of the existence
of from both the collisions between galaxy clusters, the Bullet Cluster [5] shown in Figure

1.1 and rotation velocity curves of galaxy [6] shown in Figure 1.2.

This thesis is dedicated to the study of theories beyond the SM involving minimal exten-
sions of the SM, U(1)" Extension of the SM, the application of BSM to DM and collider
searching of DM at the LHC. In the following sections of this chapter, U(1)" Extension
of the SM will be discussed first. Followed by DM physics discussion including DM relic

density production, DM phenomenology and searching for DM at the LHC.

In Chapter 2, we present the possibility that DM interactions with the SM are mediated
though a new vector Z’ which couples to top quarks solely. We call this scenario the

top-philic vector portal. Moreover, we construct a comprehensive study of top-philic DM
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FiGURE 1.1: The Bullet Cluster provides the evidence for dark matter where the cen-

tral red region in this figure refers the hot gas distribution of the two colliding cluster

components observed in X-ray emission by the Chandra telescope. On the two separated

ends of this figure, the blue region infers the gravitational lensing of dark matter which

does not get affected by the cluster collision. In other wards, if dark matter doesn’t exist
then there should be just hot gas red regions after the collision.
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FIGURE 1.2: The observation on the interstellar rotation velocity respect to the distance

from the center of galaxy NGC 2403 indicates the visible matter lacks the explanation to

the deviation of rotation velocity at the far edge of galaxy. According to Newton gravity,

the rotation velocity drops as the distance increases for a constant mass distribution

object, however, this figure shows the majority of the galaxy is dominated by a hypothesis
dark matter halo which contributes the rotation velocity distribution.
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models with the correct DM relic density via conventional freeze-out mechanism and

current LHC collider, direct and indirect detection limits.

In Chapter 38 and 4, we will discuss Z’ gauge boson with only axial coupling to the SM
fermions by constructing several motivated models. With the introduction of the new
abelian U(1)" , anomaly cancellation requires new exotics fermions. We argue that in
certain classes of models the axial vector Z’ mass is comparable to the exotics. Further-
more, axial vector mediators can be portals between the SM and DM and the study of
the parameter space of DM density due to freeze-out via the axial vector is presented. A

summary of this thesis is presented in Chapter 5.

1.2 Gauge Extension of the Standard Model

This section follows treatments of [7, 8]

There are many proposed extensions of gauge symmetries in the SM or even in the Mini-
mal Supersymmetric Standard Model (MSSM) involving the extension of EW symmetry
SU(2)r, x U(1)y. For example, SU(2);, x U(1)y x U(1)" with addition abelian U (1) sym-
metry, which is considered as the minimal extension of the SM from the bottom-up point
of view. If we consider a top-down example with a larger symmetry group, say SU(N)
which is broken spontaneously by a real adjoint scalar ¢ with its vacuum expectation
value (¢) (VEV or vev) and (¢) can be presented by an SU(N) transformation with un-
broken U(1)" subgroup. There are extra gauge bosons correlate with the introduction
of extended gauge symmetries. In this thesis, we focus on the neutral gauge bosons Z’'s
which is widely studied in the context of BSM, especially for being mediators between the
SM and DM.

In this section, the SM gauge structure and Higgs mechanism will be reviewed first. Then
we will focus on U(1)" extension of the SM and the searches for the new neutral boson
Z'. Finally we will discuss anomaly cancellation in the SM and in the case when a new

gauge is introduced.
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1.2.1 The Gauge Structure of the Standard Model and Higgs Mecha-

nism

The SM is formed by the gauge symmetries SU(3)c x SU(2)r x U(1l)y and we summa-
rize the fermion contents and gauge bosons with their SU(3)c x SU(2)r, x U(1)y gauge

representations and charges in Table 1.1:

Fermion (N;=3) | SU(3) | SU(2)r | U(1)y
QL 3 2 1/3
UR 3 1 4/3
dr 3 1 -2/3
Ly, 1 2 -1
er 1 1 -2
Scalar Boson | SU(3) | SU((2)r | U(1)y
¢+
o = <¢0> 1 2 1
Vector Bosons g Wi B

TABLE 1.1: The gauge structure of the SM contents.

u e

where Qf, = L and L = L are the SU(2), doublets for left-handed quarks and
dy, vy,

leptons.

The generic gauge invariant Lagrangian of the SM:
1 . -
Loy == F" Fuy + ifiDfi + Yii fi®@ fh + | Du®)* — V(@) + hec. (1.1)

where FF [, is the field strength tensor operator of gauge field interactions, f; are
the three flavor fermion content of the SM including quarks and leptons and ) is the

corresponding gauge invariant and Lorentz invariant covariant derivative.

D = D" (1.2)
O |

D, = 8, +igW T+ 5ig'ByQy, for SUQ@)L x U()y (1.3)

D, = 8,+igsG-T, for SU(3)c (1.4)

W and G are SU(2);, and SU(3)c gauge fields with isospin operator T = /2 where &
are 2 x 2 Pauli matrices. We can further express W-T=WTTt+W T + WsTs in
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terms of raising and lower operators of isospin T% = (T} + iT2)/V2. ¢, g, gs are the
U(1l)y, SU(2)r, and SU(3)¢c gauge couplings respectively.

Y;; is the Yukawa matrix of the SM fermion, D,¢ is Higgs field kinetic term and V(®) is
Higgs potential.
V(@) = —p?|®* + A@[!, (u* >0, A>0) (1.5)

When @ acquires a non-zero vev v = +1/ “—; from Higgs potential, it breaks EW symmetry
SU(2);, x U(1)y — U(1)gpy spontaneously ! and gives mass to the SU(2),, gauge bosons
W+ and Z.

d = (1.6)

where H is the Higgs Boson and its Lagrangian becomes
1 1 1 1
Liziggs = 5 (0H)* + 1g2W+W— (v+ H)* + gg%ZZ(v +H)? -V (2@ + H)2> (1.7)

which gives the mass of gauge bosons and Higgs boson:

1 A
mw = ggvi  mz mw_ . mg = \/gv (1.8)

~ cos Oy

and photon is still massless after rotating the mass matrix of gauge bosons with Weinberg

angle Oyy:
Z cos By —sin Oy W5

(1.9)
A sin Ow  cos Ow B

On the other hand, the SM fermions f* also receive mass from the Yukawa interaction in

Eq. (1.1) when ® gets vev and mass Lagrangian is?:

Linass = _ijé‘[ﬁj - MZ@ILU%% — M,CLZJ _ZLd‘;% + h.c. (110)

1SU(2)r, x U(1) symmetry is still invariant in Eq. (1.1) but not for the ground state at non-zero vev.

2Neutrinos are massless in the SM since there is no right-handed neutrino in the SM. However, neutrino
oscillations observation provides the experimental evidence for non-zero neutrino masses and this will lead
t0 a mixing matrix as known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix in the leptonic sector.
19, 10]
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where M5 and Mfg are in the EW gauge eigenstate basis. Thsi can be diagonalized into

flavor basis by applying unitary matrices:

m, 0 0
U MUy =10 m, 0 (1.11)
0 0 my
and
my 0 0
DM D=0 m, 0 (1.12)
0 0 my
where the unitary matrices are:
(731 Uu
U = ULr|c (1.13)
U/ LR t) g
dy d
ds = DLr|s (1.14)
B/ | g ") 1r

The EW charge current term from Eq. (1.1) indeed indicates there are flavor mixing

features for the SM quarks sector:

dir,
—,CCC = Z%W: (alL Uy, 123[/) 'Y'u d2L + h.c. (115)
dsr,
dr,
R v o (S t m
b

and we define the mixing matrix

V=U]Dy (1.17)
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which leads to standard Cabibbo-Kobayashi-Maskawa (CLM) matrix [11, 12] with three

rotation matrices and one CP violation phase [13].

V = Ra(b23)R3(613,0)R1(012)

—id
c12€13 512€13 s13e”"
_ —is "y
- —C23512 — C12523513€ 0 —C12C23 — 512523513€ C13523 (1-18)
—is —i§
512823 — C12¢23513€” 0 —C12823 — €23512513€ 0 C12C23

where ¢;; and s;; are cost;; and sinf);; the mixing angles of generation ¢ with j the rotation

matrices are :

Cij Sz‘j 0

Rl(eij) = —Sij  Cij 01, (119)
0 0 1
1 0 0

RQ(eij) = 0 Cij Sij | » (1.20)

0 _Sij Cij

Cij 0 Sije_i(S
R3(9ij,(s) = 0 1 0 (1.21)

—Sijefié 0 Cij

The diagonal values of CKM matrix in (1.18) are O(1) and off-diagonal values are small
and the current experiment measurement is reviewed in Review of Particle Physics from

Particle Date Group [14].
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The neutral current of Z boson in Eq. (1.1) doesn’t have mixing behaviors since

~Lnc = gzJ37Z, (1.22)
dip,
= gLy, (ﬂlL oy, agL)v“ dop | +L < R (1.23)
d3r
ur
= gLy (aL L EL>7“UZUL e | +L <R (1.24)
tr
ur,
= i9L%u (aL cr, EL>7“ e, | tL< R (1.25)
lr

5 5
where g;, r = gz P r and the projector operator P, = I_TW and Pr = 14'27 .

Due to the chirality of the SM fermion sector, the neutral current can be further expressed

into the vector and axial-vector:

—Lne =Y Zuf(gf " + gf ") f (1.26)
7

with g}/ = %(gfL + grr) and g}“ = %(ng — grr). A more detail discussion of vector and
axial-vector coupling will be discussed in the context of a new gauge U(1)" symmetry

below.

1.2.2 U(1) Extension

The generic neutral current Lagrangian of U (1)’ with the SM fermions (without the kinetic

mixing) can be expressed in terms of the SM neutral current with additional U (1)’ current:

—Lne = ¢ TYBu+gJiW + gx I8 X,

= eJoAu+92J3Z, + 9z Jy 2, (1.27)
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where X and Z’ are the new gauge boson in gauge and mass eigenstate. g', is the new
U(1)" gauge coupling and Z, and A, are the SM neutral currents. Then we can express

the neutral current into vector and axial-vector combination as in Eq. (1.26) for the SM:

JI' = gif"(QLPL+ QrPr)f

= g + 90 f (1.28)

where ¢ = Z, Z' and Qr and Qg are the gauge charges of left-handed and right-handed

14++°

fermions respectively. Using the chirality projector operators Py = # and Pp = —5

This leads to the vector coupling gZV = %(Qr + Qr) and axial vector coupling glA =
9(Qr — Qr). There are rich phenomenology studies arising due to the vector and axial
vector couplings. Here we present one example to illustrate the consequence for the case
of DM mono-jet searches at the LHC with the final state Z (or Z’) with an energetic
jet in Appendix A. Furthermore, note that the vector coupling vanishes if it couples to

Majorana fermions Wy; due to Majorana fermion’s charge conjugation definition:
Clo\C = Uy, C1T\C = Ty (1.29)

and

Cl(y")C = —* (1.30)

leads to Wy Wy = 0 for Majorana fermions. In SUSY, the fermionic superpartner of

neutral gauge bosons, neutralinos, are good theoretical candidates for Majorana fermions.

f

FIGURE 1.3: Kinetic mixing appears at loop when fermions have both U(1) and U(1)’
charges.

Kinetic mixing effect arises though loop correction when fermions carry both U(1) and

U(1) charges. [15] Figure 1.3 and mass mixing between the SM neutral bosons and new
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gauge boson can also arise. Consider a Lagrangian [16]:

1. 145 1 PSRN 1 A
*Cmim'ng - *ZBIWB;U/ - ZX#VXMV + Qm%Z#ZM + §m§2X“XM
1 A A
— 5 sineBM X, + om*Z' X, (1.31)

where the hatted field contents are the canonical gauge interaction fields with mixing

effects. The mass mixing term can be realized if the SM Higgs has non-zero U(1)" charge

eg’

2 _ 1
2 5w ew

om* =

%02 or loop-induced if Higgs is neutral under U(1)’. The SM neutral

gauge boson Z = éy W3 — 41 B with sine (31) and cosine (&) of Weinberg angle.

The mass eigenstates of neutral bosons in Eq. (1.31) can be expressed by applying a
rotation matrix to the hatted gauge fields to the canonical (non-hatted) gauge interaction

bases first and then diagonalized:

B, 1 0 te B,
wil = o1 of]|wW (1.32)
X, 00 ¢/) \X,
AM 1/@W §WC£ —§WS£ BM
ZH = —§W 1/éWc§ éwsg WS (133)
Z, 0 —5¢ 1/ce Xy
where ) )
—2¢e(dm® + m= 8w se)
brg = — 2 .2 2 22 Z2 25 (1.34)
my — me + m Sy, s+ 20m Sy se

Here we omit the mass mixing term ArX u» although this can have implication for DM

millicharge studies.[17] The resulting Z’ neutral current interaction becomes:

Ly = ceZ, fr (T Gwte — te) + @7 (% — swit)) f (1.35)

2¢w Sw

and the SM neutral current can be expressed in the terms of electroweak precision tests

parameters (EWPT) [16, 18] with constraint of new physics [19-21]:

e aT - aS — 4¢3, 5% .aT
Lg=—— 1+ 7 Fah Tf—2fA2—|- WoW _fAp
Z 2w ev < 5 ) uf7 (( 3 Q' | 5w 4(612/[/7%2/‘/) 37 f
(1.36)

where T?{ and Q7 are the fermion weak isospin and electric charge. The electric charge
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e2

here remains non-hatted so a = £~ in Eq. (1.36). The EWPT parameters S and T are
defined:

4

S = Eégvgwg (€ — sw€) (1.37)
2 2

r - & <m§ —_ 2) + 28 e (1.38)
(0% mZ

where mz and my are physical masses of the Z and Z’. The current limits on new

contribution to the EWPT parameters are referenced in [14].

The physical massive neutral bosons Z and Z’ masses are obtained after we diagonalize

Eq. (1.33):

my = \/m22(1 + §Wt5t5) + 5m2621t§ (139)
mX2+6m2(§ngfcet§)

myr = 1.40

Z \/ Cg(l + §Wt€te) ( )

and the physical Weinberg angle and physical my satisfy the identity
Sswewmy = §W6Wm2. (1.41)

If we fix 8 and m,, then Fermi constant is correct:

ma(my)

L2 (1.42)
\@GFmQZ

Sl =

Searching for new neutral bosons at the LHC is model-dependent which includes conven-
tional Drell-Yan production [22], pp — Z’ — Il or di-jet and in general there are a total
21 possible couplings to the SM fermions w;, d;r, e;r,(L <> R) and v;z. In addition to
the final states of the SM fermions, Z’ could also be a mediator to exotics fermions or
scalars and even DM which implies Z’' decays to missing transverse energy (MET) and

other final state contents.

1.2.3 Anomaly Cancellation

When we introduce a new U(1) gauge symmetry with the SM gauge symmetries, there is

a fundamental constraint arising: the requirement is that there are no gauge anomalies



Chapter 1. Introduction and Background 13

since the SM is gauge anomaly free unless there are extra exotic fermions involved. Gauge
anomalies appear when conserved currents of a gauge theory is no longer conserved in
the presence of quantum corrections. For example, the vector current for a fermion with

U(1) gauge charge a is conserved when @) — e'¥q:
JP = yHp,  and O J" =0 (1.43)
However, the chirality of 1 leads to the non-conserved axial current for a massive fermion:

T = apykaPeh,  and 9, JM0 = 2imyahyi # 0 (1.44)

FIGURE 1.4: The BLUE TRIANGULAR vertex refers J5" which has the chiral anomaly
contribution 9, J*5 = 2imy1y°1 # 0 in Eq. (1.44).
Anomaly cancellation generally requires additional exotics or non-chiral structure, e.g.
vector-like exotics in new physics. However, model-building of anomaly-free spectrum
is not trivial as many works have shown either by the bottom-up construction [5, 23]
or top-down approaches [24, 25]. In Chapter 3 and 4, we consider the case of anomaly
cancellation when Z’ is a pure axial vector which has rich phenomenology especially in
DM searches. We further highlight the additional constraints from gauge coupling running

effect and the unitarity condition of Z’ s-channel scattering process.

1.3 Dark Matter Physics

The majority of this thesis is related to the study of DM which has both theoretical and
phenomenological motivation from BSM. For a experimental point of view, DM can be

detected in three main methods:
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e Direct detection: When DM scatters with the SM particles at the detectors, the
scattering signal can produce the recoil energy for atomic nuclei in the direct de-
tection experiments, e.g. LUX and PandaX, which have the most recent direct
detection limits from the null result of DM searches [26-28]. The direct detection is

illustrated in Figure 1.5(a).

e In-direct detection: The annihilation process of DM not only settles the relic abun-
dance but also provides a source of the cosmic rays from galaxies, e.g. Fermi-LAT,
AMS-02 and PAMELA [29-31]. The illustration of in-direct detection is shown in
Figure 1.5(b)

e Collider search at the LHC: If DM is produced at the LHC, it will become an
apparent imbalance of the total transverse momentum with SM final states, for
example, mono-jet or mono-photon with MET[32, 33] shown in Figure 1.5(c). There
are other search channels at the LHC which are model-dependent. In Chapter 2,
we focus on a simplified model in which the new vector boson Z’ only couples to
right-handed top quark and DM. We will discuss the mono-jet and ¢t + M ET [34]
search of DM.

DM
DM DM DM SM SM
DM
SM SM DM SM SM
SM
(a) DM direct detection (b) DM indirect detection (c) DM collider search

FIGURE 1.5: The three different DM detection and search channels: (a) the scattering

between DM and the SM particles at the detector gives us the direct detection of DM;

(b) the annihilation of DM from the galaxies provides the search of cosmic rays excess

experiments; (c¢) searching DM at the LHC requires the associate the SM state along
with DM production which becomes MET.

In this section, DM relic density will be discussed since it provides a good foundation for

the discussion of parameters space in phenomenological studies. Following we discuss the

search for DM in both effective field theory (EFT) and simplified model scenarios.
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1.3.1 Dark Matter Relic Density

In the early Universe, most of the elements of the Universe were in the thermal equilibrium
and then it expanded and cooled with the Hubble rate H. The number density abundance
of massive particles (mass = M) becomes exponentially small and frozen when the tem-
perature is not able to produce those massive particles from the hot bath (Tpep, < M) in
the expanding universe. The number density is called Relic Density which is controlled
by two factors: the expansion rate of the Universe H and the thermal annihilation cross
section (0gnn) of the species. The Boltzman equation of the number density of a massive

particle X with respect to time:

d 2
TS +3Hnx = —{(0annv)(nk — ng?q) ) (1.45)
where (04n,v) is the particle-antiparticle X X annihilation cross section times the relative

velocity of two particles annihilating, ng?q) is the equilibrium density without the chemical

potential:

(eq)  9X 1 3
"X 9 / T 19 P (1.46)

gx is the degrees of freedom(d.o.g.) (gx = 1 for a real scalar, gx=2 for a massive vector
boson or a fermion). In the non-relativsitc limit ( k7" < m),

e mkT m
n{? = gx (T e (1.47)

where 3Hnx tells us the expanding effect of the Universe and the number density of

3

particle in a co-volume nxa® or in terms of temperature nxT 3 shall be a constant

without the annihilation process. Here we further define two parameters to rewrite Eq.
(1.45):
_ 272

_ nhx 3 N )
Yy = P s = ngT , i (1) = Z gi(

NS
o0l =1

Pl S w(ZP )

boson fermion

and a new defined parameter

3
=

(1.49)

8
Il
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Thus Boltzman equation Eq. (1.45) becomes:

d —n— eq)2
TYx = X 2(vZ - v {9?%)
1 s

- _ 2 2 _ y(eq)2
- 22 H(my) (Oannv)(Yx Yy ) (1.50)

where

gS
A = 0.264Mpy (-2

Ymx (Tannv) (1.51)

*

Yeg = 0.145(L)a%2e (1.52)

9x

The Boltzman equation in Eq. (1.50) can be solved in the mechanism of freeze-out which
means at early time (z < xy) the co-moving number density Y follows the thermal
equilibrium co-volume number density Y, very closely Y ~ Y,. At the later time (z >

xf), Y looses tracking Y, and becomes Y, at freeze-out temperature xs:

n+1 ,
Yy = Txf“ (1.53)
ry = Log <(2 + ¢) Aac — <n + ;) Log (Log (2+¢)) + .. > (1.54)

with the numerical input constant ¢ ~ O(1), a = 0.145(9%), and the order n of Taylor
expansion of annihilation cross section refers to s-wave channel (n =0), p-wave (n=1)

channel, etc.

We illustrate the evolution of Y from solving Eq. (1.50) with respect to z in Figure 1.6
for freeze-out mechanism. In general, the freeze-out co-moving number density of particle

X is controlled by the mass of particle and the thermal annihilation cross section (o4,nv):

1
yFO o — - 1.55
o mX<UannU>Mpl ( )
where M, ~ 108 GeV.
The measured relic density of DM is related to Y by:
Q, = 2Mxy, (1.56)
Pe

where the entropy density today s, = 2.8 x 1073cm™> and the critical density p. =
107°h% GeVem 3.
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O,w 7
— -10} ]
o
1
X
Z -20¢ ]
>
g
= f
Y (<ov> issmaller)
— Y (<ov> islarger)
1 5 10 50 100 500 1000

X

FIGURE 1.6: The co-volume number density Y keeps tracking along with Y., at the early
universe and then freezes-out at temperature xy. Note that the co-volume density after
freeze-out depends on the thermal average annihilation cross section (0gnnv).

DM relic density is observed Q,h? ~ 0.12 and it applies (ogn,v) ~ O(1072°) cm3s™! fro
freeze-out DM [35].

1.3.2 Search of Dark Matter in Simplified Models and Effective Field
Theory

Following the discussion of the DM relic density, if there is such a weakly interacting
massive particle (WIMP) with the correct relic density Q,h% ~ 0.12 (WIMP mircle),
then the search for DM can be understood using the three methods highlighted above.
However, the knowledge of hidden sectors is the missing part of the SM and the current
detection results nearly rule out the possibility of Higgs or Z as the mediators of DM
[36]. Therefore new physics is needed to construct viable DM models. In this thesis, we
consider a minimal extension of the SM by considering DM simplified models [37, 38|.
The models can be s-channel portal which are further categorized into two groups by the

spin-state of DM mediator>:

Lv D > fVu(gf " +979"9°) £+ x (90" + 929"9°) x (1.57)
7

Lo D > Fo(yf+yfy°) f+ox (¥ +vir") x (1.58)
7

3Here DM is assumed to be Dirac fermion. Majorana DM only has axial-vector or pseudo-scalar
interaction and there is a factor of 1/2 for the couplings compared to Dirac DM cases.
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where Eq. (1.57) and Eq. (1.58) are the wvector portal and scalar portal DM simplified
models respectively. This thesis is mainly focus on the vector portal models. The couplings
of the mediators refer to the g(y)lf for the SM couplings and g(y)g< for DM couplings
where ¢ can be V for vector, A for axial-vector, S for scalar and P for pseudo-scalar
mediators respectively. For s-channel simplified models, DM search is controlled by five
parameters (my, Mmed; g(y)’}, 9(y)%, Timea): DM mass, mediator mass, the SM coupling,
DM coupling and the decay width of the mediator. Here the decay width is considered in

the minimal width assumption:

where the last term is forbidden for vector mediators due to Landau-Yang theorem. [39,

40]

In the collider search for DM with simplified models, the mediator can be produced either
on-shell(Mymeq > 2my(q)) or off-shell (Myeq < 2my(q)). Furthermore, if the mediator
mass is heavier than the collider kinetic allowed region, i.e. Mg > /s, ( where /s
is the center mass energy of the collider) then simplified models reach the effective field
theory (EFT) region which means we can integrate the mediator mass and then study
DM search with the effective operator Oy .

1 4+n
Lepp = E(Dejf (1.60)

. . Lo — Muped .
where A is EFT scale, for example, the dimension-6 operator A = T In the collider

search for DM, we can express the matrix element for the production cross section of DM

with EFT scale:
9r9x 1

2 _ T A2
ms .q— S A

M x (1.61)

and the null DM search result from the LHC provides the lower limits for the different
search channels. Thus far, the current LHC model-dependent bound A ~ O(10%) GeV to
0O(10%) GeV for O(10%) GeV DM. In Chapter 2, we study both EFT and simplified model
scenarios within a vector portal DM simplified model in which the new gauge neutral

boson Z' only couples to top quark. We name this model the top-philic vector portal.
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Additionally, there is another simplified model which focuses on the mediator coupling

one SM fermion and one DM particle:
LDgs Y ¢ixSr+ofrx (1.62)
f

where DM x is a SM singlet and the scalar mediator carries appropriate SM charges to
keep Eq. (1.62) gauge invariant. The scalar here is similar to the sfermion in Minimal

Supersymmetric Standard Model (MSSM).

In direct detection search for DM, generally speaking, the recoil energy of the detectors
is below the mass of mediator, therefore we will apply low energy nuclear EFT with DM-
SM EFT approach and also non-relativistic limits (vpay; ~ 1073¢) for direct detections.

[41, 42] Note that there are two EFTs involved in direct detection:

1 N
EXN = mTXOécffXNOeffN (163)

med

where (’)é‘f 1 is from Eq. (1.60) and (’)é\} 7 is EFT from nucleon energy scale by integrating

out EW scale which includes the sum of quarks couplings in the nucleons of the detectors:
(’)é\}f D (GYNAPN 4 GN NyH4°N) (1.64)

where N is for nucleons including protons (p) and neutrons (n) and the couplings GV are

the sum of quarks couplings within the nucleon:

d
L =20;+ 9!
Gy =Gy + 267

G = > giAy (1.65)

q=u,d,s

the axial vector charges Aflv are the light quark contribution to the spin of the nucleon

N. The details of G are calculated and reviewed in [42]. After matching two EFTs and we
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can evaluate DM-nucleon interaction matrix elements to non-relativistic limit:

Myn = (XNILENIXN)

m

1
_ X N
= —5—0.0c¢s
med
~ Y CY,ONF (1.66)
7

where C;XZ- are the non-relativistic effective operator coefficient of the model-dependent

(’)ZN R operators which implies spin-independent and spin-dependent DM-nucleon scatter-

ing cross sections corresponding to different combinations of (’);‘f fOé\]/c s in Eq. (1.66):

XN _ v (9w G )?
osr = Z 4
i ™ Med
N2
xN 3uxn (9(y)xGi")
osp = 7} (1.67)
zi: T Myed
with the reduce mass of DM-nucleon system p, y = %ﬁ%\;{ The current direct detection

limits from LUX [26, 27] for spin-independent and spin-dependent scattering cross section

(including LZ projected limits) in Figure 1.7 and Figure 1.8.
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FiGUurRE 1.7: The current spin-independent scattering cross section between DM and
nucleon from LUX [27].

If DM annihilation occurs in the high DM density region in our universe, they can produce

the fluxes of cosmic rays of the SM particles, for example, the gamma rays detection from
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FIGURE 1.8: The current spin-independent (including neutron and proton) scattering
cross section between DM and nucleon from LUX and LZ projected limits with other
direct detection experiments bounds. [26]

Fermi Large Area Telescope (Fermi-LAT) [29] which presents 6 years gamma ray observa-
tion data from the dwarf spheroidal satellite galaxies (dSphs) of the Milly Way. In Fermi-
LAT experiment, the gamma ray signal flux ¢ ( ph cm~2s~!, photon per cm? per second)

integrated over a solid angle AQ at Fermi-LAT detector is defined:

1 (gv) [Pma= dN
AQ 7dE r)dldSY 1.68
particle physics J —f::ctor

where the coordinate r in the J-factor is the Galactic Center coordinate r = \/ rd 4+ 12 — 2rglcosd
with 7o = 8.33kpc(kiloparsec), [ is the line of sight (l.o.s.) and 6 is the angle between the
direction of l.o.s and the axis of connecting the Earth to the Galactic Center. Milky Way
dSphs can give the gamma ray excess raise from J-factor of O(10'?) GeVZem ™ [29, 43, 44]
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with ppyr = 0.3 GeVem 3. However, there is no excess beyond the background gamma
ray excesses being observed which leads the upper bound for DM annihilation cross sec-
tions dependent on DM primary decay channels, for example, yx — bb or xx — 77 which
and then decay to photons in Figure 1.9. As we can see from Fermi-LAT results, the
in-direct detection limits are shown on the annihilation cross sections for light DM (m, <

100 GeV) and we will discuss the impacts on the parameter space in our studies.

1072 , , :
— 4-year Pass 7 Limit
10-22L — 6-year Pass 8 Limit ]
--  Median Expected
s 68% Containment
fo 10 95% Containment
"
ma 10~
=
=105
S S
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—-27 _
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10 102 103 104
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1072
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e
ma 10724 i
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FIGURE 1.9: With the null extra gamma excess observed from Fermi-LAT, the annihi-
lation cross section upper limits for xyx — bb or xx — 77 from Eq. (1.68).



Chapter 2

TOP-PHILIC VECTOR PORTAL
DARK MATTER

2.1 Introduction

From an effective field theory stance, portal operators involve a gauge and Lorentz invariant
combination of both the SM fields and operators of hidden sector fields Opjqgen should be
present. For example, the Higgs portal, |H|?Opiaden [45, 46] is well motivated. In this case,
diagrams through the SM fermions couple to hidden sector states involve a Higgs VEV
insertion (H), and thus characterized by Yukawa couplings y, = m,/(H). For instance,
the dimension six operator coupling fermion DM x and Standard Model quarks ¢ after

electroweak symmetry breaking is typically of the form:

mg__ _
A2 XX (2.1)
where A is characteristically the mass of a new (heavy) scalar mediator. Indeed, deviations

from Yukawa-like couplings naively run foul of minimal flavor violation (MFV) constraints

[47].

Since interactions involving the Higgs portal are Yukawa suppressed, collider searches are
typically substantially weaker than compared to universal interactions. The reason for
this is that light fermions are heavily suppressed due to their small Yukawa couplings, and

the heavy quark content of the nucleons is very small. Therefore the main production

23
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process for such y,-suppressed operators is via gluon fusion involving loops of top and

bottom quarks [48].

It is intriguing to consider alternative scenarios involving different mediators states in
which the dominant production of DM at colliders occurs through loops. We will primarily
consider the implications of a new spin one mediator which couples to only hidden sector
states and the top quark. We call this the top-philic vector portal. Since this new vector
only couples directly to top quarks of all the Standard Model states, as with the Higgs
portal DM will be essentially be only produced via loops. Moreover, the parameter space
of the universal coupling Z’ or H models suffers severe constraints on the both couplings

and the masses of DM and mediator [36].

New spin one degrees of freedom are ubiquitous in BSM physics [8], and can potentially
mediate interactions between the DM and SM states. At the effective field theory level,
contact operators between DM y and quarks ¢ mediated by vector bosons are of the form
XYuXqY"q, while for axial vectors the operators generated are Yv,/y5 xG7"~?q. This implies
the spin-independent and spin-dependent scattering cross sections respectively. Examples
appear in the meson sector of QCD [49] exhibits a rich spectrum of spin-1 bosons, those
with odd parity JF¢ = 1=F are vectors, while even parity J©C = 17+ states are axial

vectors. The vector mesons and axial vector mesons are the 17~ state h1(1170) and the

1T+ state f1(1285).

The purpose of this chapter is to study the phenomenology of new vector and axial vector
states which couple preferentially to top quarks. First, we start with a simplified model in
which only the right-handed top couples to the new spin one mediator Z’. Such top-philic
scenarios arise in a range of scenarios, as we discuss shortly, and aspects of the collider
phenomenology [50-52] and their potential for generating interesting indirect detection
signals [53, 54] have previously attracted attention. In particular, this scenario is of
interest in the context of certain DM models, specifically, the Fermi 130 GeV line(s)[54,
55], and the Galactic Centre excess observed by Fermi-LAT [56]. Finally, we develop a
phenomenological method for clarifying the ambiguity arising from the chirality of top

quark which has not been studied in the literature.
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2.2 LHC Constraints of Z’ coupled to only tp

For hidden sector states x which interact with the SM states, in our case via their interac-
tions with top quarks, particle collisions at the LHC can potentially produce these states.
If the hidden sector states are stable on collider timescales (for instance DM which is sta-
ble on cosmological timescales). Once DM is produced, it will escape the detector and its
presence can only be inferred through the observation of anomalous amounts of missing
transverse energy (MET). Thus searches [57, 58] for events with missing energy, such as
mono-jets (pp — j+MET), mono-photons (pp — v+MET) or tt+MET can provide model

independent limits on the interactions of x with quarks and gluons [48, 59-70].

In this section, we explore the current bounds on hidden sector states coupled to the
SM states via top-philic vectors or axial vectors. We present both a model independent
effective field theory (EFT) analysis based on dimension six operators X7,xg7y"q and
Y’y“fy5 X3Y"~°q, and a UV complete analysis in the context of the model outlined in Section
2.6. We shall focus on the constraints which arise from the null searches for mono-jet and
tt+MET events. Finally, we will discuss the prospect of using complementary channels to
distinguish between vector and axial vector couplings, in the event of an observed excess

in these searches for missing energy.

Searching for DM as the missing transverse energy with a high energetic jet [33, 57, 58]
is a relatively clean signal at the LHC. We consider the case that my: is present from
10 GeV to 10 TeV. ! For the current mono-jet and tt+MET studies, my is taking to be
inthe mass range of 1 GeV to 1 TeV. We also consider that the couplings g; and g, are
equal (i.e. both DM and top have the same U(1)’ charge), the couplings of g; and g, are
both O(1) or less in order to maintain the acceptable perturbative behavior. As we shall
show, if the DM relic density is set due to thermal freeze-out process via the top-philic
vector, the corresponding Z’ mass range consistent with LHC searches for mono-jet and
tt+MET is between 100 GeV to 10 TeV and the DM mass should lie in the range 1 GeV
to 1 TeV.

When DM coupling disappears, the lower bound of m s is constraints from the decay channels to the
SM states. Here we take the conservative lower limit due to its non-zero invisible decay and small mixing
angle between Z-Z'. [36]
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First of all, we consider the simplest top-philic Z” DM model by coupling the top quark

tr and Dirac DM x to a new U(1) gauge boson Z’ with ¢, +r and ¢, yr charges:

L = " (9z2q1LPL+ 92aurPr)tZ, + XV (92/0xL.PL + 92/4xrRPR) X Z,,

_ 1—~5 14+~°
= tyH (gZ’QtL ( 27 ) + 972 4R ( 27 tZ,Q
~ 1—7P° 14+~°
+x" (gZIqu ( 27 ) + 92/0yR ( 27 ) XZ,,

= 5(922/ q (1—7°) " + %qm (1+4°) ’y“) tZ,

az
2

9z
(axr + axr) V" + =5 (axr — axR) 7“75) X2,

+X< 2

= (g (" =9"7°) + g9er (V" +9"9°)) tZ5, 4+ X (97" + 9x47"7°) X2, (2.2)
where in the last equation we have introduced:

gz gz

aL = B X qtL; JtR = 5 X QR (2-3)
9z 9z

Furthermore, we observe that in that case of ¢;1, = 0, Eq. (2.2) reduces to

L =Hgr(Y" + V" PNZ, + X (g™ + 9xar™ ¥ )x 2, (2.5)

We find that vector contributions is negligible in Eq. (2.2) due to either the center mass
energy /s suppression i.e. the loop structure of vector coupling contributions are the box-
diagrams which is relatively harder for a pair of initial gluons to generate Z’ plus either
mono-jet or top quark. The difference between vector and axial-vector contribution is

about two orders of magnitude. More details are discussed in Appendix A.

It is not immediate to obtain information regarding the chirality of a given vector op-
erator. We note that the fact that the SM fermion content is chiral under SU(2) gives
an opportunity to quickly break this ambiguity, since the left-handed top and bottom
form a SU(2) doublet. Thus if Z’ coupled to the left handed top it must couple to the
left handed bottom leading to a top-bottom-philic Z’ vector boson rather than purely
top-philic model. This ambiguity has been neglected in the literature and we develop a

phenomenological method to address this in Section 2.5.
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2.2.1 Effective Field Theory Approach

One can consider an EFT approach in which the heavy mediator Z’ state is integrated
out leading to effective operator description. For instance, a Z’ which couples to fermion
DM and quarks, when integrated out, leads to the following dimension six operator:

1

£3A2

Os ;. O = geg (X7u15X) (E"°1) (2.6)

where A = my//,/9:9y is the scale of the effective operator.

The effective operator Og can further induce the gluon fusion effective operator by apply-

ing the partial axial vector current conservation [71]

Os = gigy (Xu5X) (6") (Fry°t)

_ O T
= g9x (wrsx) | 0" = —5- 45 | (Funt)

=0

gtg _ s
= %3" (Xuy5x) 8" (F17°t)

9t9 ) Y Ry s ~(a) Ala)uv
= T3 @mXrsx) 2imin’t GG

— 95 [(k2,m2)G (%) Glamy
2m ) Qs a) ~(a)pv
Moo () s o {20 - 10 mpeae ) )
where A, = # and the loop function is given as:

X

L ol-y dz d
I(kQ,m,?):Q!/ / T (2.8)
o Jo 1-—-

k2zy/m? — ie

This function is explicitly known, I(k?,m?) = f(7)/7, with 7 = k?/(4m?), and

F(7) = ©(1 — ) arcsin? /7 — O(r — 1)i(ln i\/i Vi:ix . (2.9)
We study the 13 TeV LHC mono-jet limits at luminosity £ = 3.2 fb~!. Specifically, we
use FeynRules [72], FeynArts[73] to generate model files, MadGraphb [74] for the events
generation, Pythia 6 [75] for parton showering and Delphes 3 for the LHC detector re-
sponse simulation[76] based on the event selection rules from the ATLAS mono-jet+MET
33].
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The simulation events are identified as signal events if the following critiques are all

satisfied:

MET > 250 GeV

The leading jet py >250 GeV and |n| < 2.4

At most four jets with p; > 30GeV and |n| < 2.8

Ad(jet, o) > 0.4

e No muons with p, >10 GeV or electrons with p; >20 GeV

and the inclusive signal region of MET:

Inclusive signal region IM1 IM2 IM3 M4 IM5 IM6 M7
MET (GeV) > 250 > 300 > 350 > 400 > 500 > 600 > 700

TABLE 2.1: The inclusive signal region.

The EFT scale A, in Eq. (2.7) determines the production cross section ononojet Which
sets the number of event yields # = oMonojet X LX efficiency from the selection rules (the
best limit in the selection inclusive regions with 95% CLs). By rescaling the A, we obtain

from MadGraph + Pythia + Delphes (for short, we refer to these packages as MPD):

x L x eff. A
#ATLAS F#ATLAS Anmpp
where Aypp is given by the input parameters Aypp = W and Aarrag is the
X
effective scale A, in Eq. (2.7) for the mono-jet DM search.
Eq. (2.10) can be expressed as following:
_ #MPD \1/8
AarLas = Awmpp X ( ) (2.11)

#HATLAS

and we extract the limits on A with respect to different DM masses in Figure 2.1

For the #t+MET search [34] at the 13 TeV LHC collider with luminosity £ = 2.2 fb=1
there are two event selection categories depending on the number of leptons in the final

state. Since the top quark mainly decays to bW and W can either decay to di-jets or one
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Monojet @13 TeV, 3.2 fb™1, tg—philic

2000¢

1500¢

AL (GeV)

1 5 10 50 100 5001000
m, (GeV)

FIGURE 2.1: EFT scale A, lower limit respect to DM mass 1 GeV to 1TeV from ATLAS
mono-jet search. We use Eq. (2.11) to interpret A, in Eq. (2.7) from MPD simulation
results.

lepton and one neutrino: semi-leptonic final state which has exactly one lepton and fully

hadronic final state which has no any leptons shown in Figure 2.2:

F1GURE 2.2: DM production with top quark pair via gluon t-channel at LHC which
leads to EFT after integrating out Z’.

The semi-leptonic selection rules are:

MET > 160 GeV

Jet p; > 30GeV, 3 or more jets of which at least one b-tagged jet

In| < 4 and A@(p%%%, jet;) > 1.2 up to the two leading jets

Exactly one lepton which has p; > 30GeV and and |n| < 2.1

The transverse mass mrp = \/ 2pt B (1 — cosAp(pmss, lepton)) > 160 GeV

e No muons with p; >10 GeV or electrons with p; >20 GeV
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o MY, > 200 GeV

where the MY, [77] variable is defined as the minimal mass for the mother particle which
is compatible enough for all the transverse momenta and production W boson in top
quark pair system. The MTV[Q contains a kinematic end-point which can help us to address

the ambiguity of MET araising from neutrinos or DM.

While the fully hadronic selection rules are:

MET > 200 GeV

Jet py > 30GeV, at least 4 jets of which at least two b-tagged jet

In| < 4 and A¢(p7*%%, jet;) > 1 up to the six leading jets

Leptons with looser criteria which has p; > 10GeV and |n| < 2.1

The lower limit on A arises from the maximum number of event yields allowed by null

seraches with respect to different DM masses from (95% CL) given in Figure 2.3.

ttMET @13 TeV, 2.2 fb~!, tr—philic
2000

1500}

1000+

A (GeV)

1 5 10 50 100 5001000
m, (GeV)

F1GURE 2.3: EFT scale A, lower limit respect to DM mass 1 GeV to 1TeV from CMS
tt+MET search. We use Eq. (2.11) to interpret A, in Eq. (2.7) from MPD simulation
results.

To summarize, we use the null result of the DM search at LHC to set up the lower limit
bounds of EFT scale A from two different searching channels mono-jet and tt+MET. The
mono-jet search has about a 20% stronger bound than ¢tt+MET for the same DM mass
and both bounds are A, ~ O(1.5 TeV).
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2.2.2 Simplified Models Approach

We further study the light Z’ mass (mz < 1 TeV) parameter space by considering the
simplified model of Eq. (2.2). In addition to the above discussed collider limits, the

unitarity of self-scattering amplitude of top-quark or DM provides another bound [20]:

e 2 () (25) oo o

where my, g5 are top-quark, DM or further exotics [78] mass and coupling. Moreover, the
decay width of the Z’ needs to be considered in the simplified model scenario. Here we
use MadGraph to generate the decay width with the narrow width approximation so that
the Z’ is produced on-shell within certain kinetic regions. The production cross section
for either mono-jet or a top pair with DM is determined by (mz/, my, gy, g:). Here we
fix the couplings of Z’ to investigate the allowed parameter space of (mz/, m,) with O(1)
couplings. Following the same process for the effective operator approach, we simulate

the events with MadGraph 5, Pythia 6 and Delphes 3.

First, we consider the case in which Z’ couples to DM axially and right-handed top solely:

L = Hgr( " +*"VNEZ, + gyax*v°xZ,
<
= gV °tZ;, + g XX Z,, (2.13)

and we fix the couplings to make g; = g, = 1 such that the collider bounds are highly
constraining, but the couplings remain in the acceptable perturbative region. Note that

the vector contribution is negligible compared to the axial-vector contribution.

We show the constraints from the mono-jet and tt+MET searches in Figure 2.4 and Figure
2.5. These figures show the unitarity bounds and the LHC limits on the mono-jet and a
top pair with DM production cross section based on the number of events from [33] and
[34] respectively. The gray shaded area indicates the unitarity bound and this overlaps
with the collider limits. Then in Figure 2.6 and Figure 2.7 we take g = g, = 0.5 to

show how the parameter space changes.

The parameter space allowed regions from mono-jet or {t-+MET are both larger than the Z’
universal coupling simplified models [79] with g, = 0.25 and g, = 1. This indicates that

the LHC search limits have severe constraints on universal simplified models compared
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O = gy = 1, Monojet @13 TeV, 3.2 fb~!
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FIGURE 2.4: LHC mono-jet bounds mz: and m, with g = g, = 1. The Gray area is
excluded by the unitary constraints mz 2 g¢,m, and mz 2 g¢im; since gy = g, = 1

the boundary of the grey area is simply myz = Max(m,, m). The Blue region presents
the excluded parameter space form the null result of mono-jet search at LHC at 13 TeV.

g =g, = 1, tMET @13 TeV, 2.2 fb™*
1000 ; :

800}
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Bl
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FI1GURE 2.5: LHC #t+MET bounds myzs and m, with ¢t = g, = 1. The Gray area is
excluded by the unitary constraints myz 2 g,m, and mz 2 gymy since gy = g, = 1
the boundary of the grey area is simply mz = Max(m,,m). The Red region presents
the excluded parameter space form the null result of tt+MET search at LHC at 13 TeV.



Chapter 2. Top-Philic Vector Portal Dark Matter

g = g, = 0.5, Monojet @13 TeV, 3.2 fb?
1000 ; :

800+

600+

mz(GeV)

400¢

200¢

0 200 400 600 800 1000
m, (GeV)

FIGURE 2.6: LHC mono-jet bounds mz and m, with g; = g, = 0.5. The Gray
area is excluded by the unitary constraints mz 2 g¢,m, and mz 2 gym; since now
gt = gy = 0.5 the boundary of the grey area is simply mz = % x Max(m,, m¢). The
Blue region presents the excluded parameter space form the null result of mono-jet search

at LHC at 13 TeV.

& = g, = 0.5, ttMET @13 TeV, 2.2 fb™*
1000 ; :

800}
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FIGURE 2.7: LHC {t+MET bounds myz and m, with g¢¢ = ¢, = 0.5. The Gray

area is excluded by the unitary constraints mz 2 g,m, and myz 2 g¢sm; since now

gt = gy = 0.5 the boundary of the grey area is simply mz % x Max(m,, m¢). The

Red region presents the excluded parameter space form the null result of ¢¢-+MET search
at LHC at 13 TeV.
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to the top-philic simplified model presented here. Moreover, both mono-jet and tt+MET
constraints become smaller when couplings g; and g, are made smaller, and the excluded

area quickly reduces to the unitary bounds, which is also weaker for reduced couplings.

To summarize the DM collider search based on mono-jet and tt+MET of top-philic Z’
models here are present for both EFT and simplified models. We find the lower limits
for the EFT cut-off scale is A ~ O(1.5TeV) and these are relatively weaker collider limits
compared to unitary bounds which are stringent for simplified top-philic model when
gt = gy S O(1). These collider limits will be weaker or even negligible for ¢g; = g, <
O(1). This will be relevant when we discuss the DM relic density in the following Section
2.3 since the dominate annihilation channels, xy — ¢t and xx — Z’'Z’, require relatively

small couplings in order to reproduce the DM relic density Q,h* &~ 0.12. [35, 80]

2.3 Relic Density and In-direct Detection

If the DM relic density is set by its annihilation cross section, as in the traditional WIMP
picture, then the requirement that the scenario reproduces the observed value fixes the
annihilation cross section for a given mass.? Following the previous discussion on the pa-
rameter spaces (myz/, My, gy, g¢). DM annihilation channels naturally can be categorized

into two cases:

e For my, > my, then xx — Z'Z’ via t/u-channel shown in Figure 2.8

4
N q- m%’)3/2 (2.14)
16mm2 (1 — 5.4 )2 my

2mX

(ov)(xx = Z2'7') ~

e m, < my, the annihilation of DM is controlled by the decay branching ratios of Z’

which depends on myzs,. This behavior can be classified into three subgroups:

1. mgy > 2my, Xx — Z' — tt shown in Figure 2.9

_ 3gigim} m?
o) (yy — tt) ~ —X 1 - —L 2.15
(v lvx— )~ 0 1= 0 (2.15)

2We focus on the minimal freeze-out scenario, however that if the DM relic density is set due to
annihilation to other hidden sectors states, or is diluted due to subsequent entropy generation, then the
constraints derived below will be different. [81, 82]
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2. (mz +mp)/2 < myg < 2my, xx — Z' — tWb though one off-shell top and

XX — Z' — Zh via top-loop shown in Figure 2.10(a) and 2.10(b) and we use

the form factors from [54].

3. my < (mz+mp)/2, Xx — Z' — bb via top-W-loop shown in Figure 2.11

_ - 3gb ff92mb m2
(ou) (e = Bb) = 22 1 -
M, my

(2.16)

where gy o = g¢ X 7.5 X 1073 [56] and the final state bottom quarks are left-handed.

However, the last two are suppressed by the either three-body phase space or loop

effects.

b

(a) xx —» Z' = tWb (b) xx > Z' — Zh

FIGURE 2.10: yx — Z' — tWb though one off-shell top and yx — Z' — Zh via

top-loop when (myz +my)/2 < myz < 2m,.
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FIGURE 2.11: yx — Z’ — bb via top-loop when mz < (mz + my)/2.

All of the above annihilation channels contribute to the total annihilation cross section
(0annv),. The thermal relic density of DM can be calculated via the Boltzmann equation
of DM number density. From which one can derive the following form of the thermal

freeze-out abundance assuming s-wave annihilation:

Q2 107X 10° Ty
X GeV  Mp; X /g« X (Tann?)

~0.12 (2.17)

where g, is the degree of freedom at the freeze-out temperature Ty and xy = % ~ 20 for

my ~ 100 GeV and O(0.1) couplings.

For fixed couplings g, = g¢, we present the coupling required to make the relic density
Qxh2 ~ 0.12 in the parameter space of m, and myz and only logarithm sensitive to

changes in g; and m, in Figure 2.12

The plot shows contours with values of g, which reproduces Qxh2 ~ 0.12. This can be

understood in three parts:

e 0(0.1) couplings region refers to when ¢t and Z’'Z’ annihilation are accessible and

dominate the most of bottom-right region in Figure 2.12.

e When Zh channel is open but Z’'Z’ is closed, the coupling is about O(1) and appears

in the upper-right and bottom-left region in Figure 2.12.

e Finally, when bb channel becomes the only annihilation channel leads larger cou-

plings O(10) or even larger than 4m. (the gray shaded region in Figure 2.12.)

So far, we have discussed the requirements that the DM relic abundance is produced
due to DM freeze-out via the top-philic portal. DM annihilation today may occur in

the high DM density region in our universe and produce the fluxes of cosmic rays of
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FIGURE 2.12: The contours show the value of g, = g, to make Q,h? ~ 0.12 and the
framed-boxes show values of g; = g,. The right-bottom part of the plot indicates the
relic abundance is dominated by ¢¢ and Z’Z’ channel whereas ¢, = g, < O(1) and the
right-top part is for Zh chaneel with g, = g, = O(1). On the left side of the plot are
bb annihilation channel with g; = g, > O(1). Note that we do not include the mass
resonance region of mz: = 2m, in our parameter space. The GRAY region indicates
regions of parameter space where the coupling is non-perturbative g, = g, 2 O(10).

the SM particles dependent on the primary annihilation channels. Here the majority of
DM annihilate to ¢t directly or through cascade decays of Z’' and the secondary or final
state cosmic rays can be light the SM charged particles [83, 84], photons[85], neutrinos,
protons, antiprotons [84] and recently considered Inverse Compton gamma rays [86-88|.
We consider the most recent DM indirect detection search of energetic gamma rays results
from Fermi Large Area Telescope (Fermi-LAT) [29], which present null results of 6 years
gamma ray observation data from the dwarf spheroidal satellite galaxies (dSphs) of the

Milly Way.

However, the lack of a significant detection signal can provide a constraint on the DM self-
annihilation cross section (ov). Fermi-LAT presents the upper limits on the bb annihilation
cross section from the combined analysis of 15 dSphs. However, the limit is only strong

for m, < 100 GeV where the major annihilation channel is a Z’ pair final state which can
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further cascade decay to bbbb [89, 90]. Indirect detection will not meaningfully constrain

the parameter space in Figure 2.12 by the current Fermi-LAT limits.

2.4 Direct Detection

If DM interacts with the SM particles, this can lead to recoil of atomic nuclei in the direct
detection experiments that produce detectable signals [26—28]. However, the null DM
direct detection experimental results gives us constraints on the parameter space. The
DM scattering with nucleons in the top-philic model of 2.2 is loop-induced by the Z — Z’
kinetic mixing e via top-loop shown in Figure 2.13(a) and after integrating out Z’ and
tops in Figure 2.13(b) for the non-relativistic limit. The kinetic mixing coefficient e can

be further related to UV physics as follows [54, 56]:

2
VASWA mZ/ —4 VA mZ/
€ = rﬁ[gxgt 9t log(*m% )]~ O1077) X [gygi log( - ] (2.18)
which leads to the effective operator:
€99t XYY XD q
Lepy = . g =u,d, s (2.19)

m%,

(a) DM scattering with proton: loop (b) DM scattering with proton: EFT

F1GURE 2.13: The direct detection scattering of DM with proton and neutron in the
nucleons of targets in the detectors. (a): the kinetic mixing of Z’ — Z though a top-loop
(b): DM scattering process is EFT at the detector energy scale.

However, the loop-induced effective operator described neglects complete gauge coupling
running which runs though two EFTs, one is the low energy scale (below EW) EFT
and another one is loop-induced Z’-Z mixing effective operator scale. Since DM-nuclear
scattering needs an understaning of nuclear matrix element, this requires matching of the

two energy scales. In other words, RG flow of the gauge coupling ¢g; must run from the high
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energy scale O(my ) down to the detector nuclear recoil energy scale (uy ~ GeV)[41, 42].
Here we apply the package RunDM [42] to evolve RG running effect and calculate the
non-relativistic (NR) DM-nucleon matrix element NROps [91] which uses the current LUX
and future LZ projected limits[26, 27, 92].

RunDM uses Lagrangian:

1 . _
LN = =0 X w7’ X (90 Ny"N + G3'Ny"4°N) (2.20)
Z/

RunDM

where N is for nucleons including protons (p) and neutrons (n) and the couplings GV here

are the sum of quarks couplings within the nucleon:

Gh = 2G% + G4
Gy = Gy + 26
G = Y GiAY (2.21)
q=u,d,s
the axial vector charges Aév are the light quark contribution to the spin of the nucleon
N. The details of running G calculations are in [42] and here we highlight the couplings

relevant for our model:

g mz:
Gy =~ B85, )log( 7))
gro mz
gg ~ —?(3—48311))[09( . )
3grov mz
Gl o~ Gl G~ — o (3—4s§w)zog(mz) (2.22)

DM-nucleon matrix elements are expressed in the above effective operator in terms of NR

operators and coefficients of NR effective theory:

(XNILEN IXN)

1 % —
= (99 XV XNYN + 9,90 X"y XN YA N)

1

Xt

2
= 5 AGY My (5y - U7) + 8y - (S8 X qr)] — 2G) M (5y - 5v)} (2.23)
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where ¢ is DM-nucleon relative velocity, 5, and 55 are DM spin and nucleon spin respec-

tively, ¢r is the nuclear recoil momentum, My is the nucleon mass and the transverse

my My
I Af

velocity is 7+ = 7+ % with the reduce mass of DM-nucleon system pi, n =

ter integrating the differential DM-nuclei cross section over the nuclear recoil energy with
correct nuclear response function [41], we have the spin-dependence cross section(SD) and
the vector coupling G, contribution is suppressed by the DM velocity (~ 10~3¢) and recoil

momentum:

3 ( gN)Q
xN _ HxN \GxYq 2.94
9SD . mi, (2.24)

We take Eq. (2.24) and scan over the couplings and masses of Z’ and DM to obtain the
limits in Figure 2.12 using RunDM and NROps for the current LUX SD limit [26] and
the LZ-projected limit [26] in Figure 2.14

10

108

Mz (GeV)
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07 1 w |

10 102 my 108 10
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FIGURE 2.14: The RED REGION shows the LZ projected limit on SD direct detection

and the YALLOW REGION is the current LUX SD limit. The box framed numbers are the

couplings g, = g: of relic density 2, h? &~ 0.12 before running down the nuclear EFT. The

excluded parameters mainly happen in the larger coupling region when DM annihilation
channel is dominated by bb.

The summary of the top-philic vector portal model taking into account the collider study,

relic density, in-direct and direct detection is shown in Figure 2.14, observe the allow
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parameter space.

2.5 Mono-jet v.s. Mono-photon in tz-philic Z/ Models

In this section, we develop a phenomenological method of addressing the top-philic cou-
pling Z’ ambiguity raised from Eq. (2.2). In other words, we consider what kind of collider
signals can indicate that Z’ only couples to ¢z (and not Q1) as required in a top-philic

scenario.

DM signals can also appear as the missing transverse energy with a high energetic photon
[93] at the LHC and the signal is relatively weaker than mono-jet searches, however, the
ratio of mono-photon and mono-jet events can distinguish the flavors of loop fermions.
Specifically, we investigate when the ratio of production cross section of mono-jet to
mono-photon with DM can be inferred by the ratio of 4% to v* couplings as shown in
Figure 2.15. The v* coupling part of Z’ contributes the box-diagrams solely whereas y*~°
coupling contributions are mainly from the triangular diagram. From now on, we will refer
[ as the box loop diagram and A as the triangular loop diagram. Below describes the

analytical relation of cross section between v#v° and v* and mono-jet and mono-photon

as well:
RGN Jin
o} . ot
B = Fl(p)=% (2.25)
Otr Otr
J JA Jju
o oy, + 0y
- = F{L (pe) = % (2.26)
tr tr

where the jet/photon transverse momentum (p;) kinetics factor F; . (p¢) is the consequence

of different channels.

2.5.1 Mono-j/Mono-y Complementarity

On the other hand, the mono-photon only has the box diagram. Here we neglect the
photon propagator contribution in the mono-photon channel (from the quark-qurak initial

state). The mono-jet and mono-photon cross section ratio are presented in Eq. (2.26).

Here we simulate mono-jet signals with MadGraph 5 and present the cross section with

respect to different transverse momentum of the jet in Figure 2.16 LEFT by setting g; =
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FIGURE 2.15: The diagrams relevant to mono-jet and mono-photon due to Z’' coupled
to tg only. The RED BOX vertex is the v coupling of Z’ and the BLUE TRIANGULAR
vertex is the v#~% vector coupling of Z’.
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8 1012 , e
210713 S 10 /
§ 1014 T e ] L
® 101 2l
—16 . . . . . .
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FIGURE 2.16: LEFT: When Z’ couples to tg only, the mono-jet cross section trends for
the v* and y*+° couplings with respect to the transverse momentum of the jet. RIGHT:
The ratio of the cross-section for the mono-jet vs mono-photon and y*~° vs 4* is inferred
by the kinetic factor F(p;). Here mz = 20TeV, gy = gar = gvy = 0.1 and the kinetic
factor F(p;) is derived by —2mene=ict  x O‘(fSM for the mono-jet vs mono-photon line and

Omono—photon
;“%‘” for v#~5 vs 4# line. Here we only consider light DM (m, = 1GeV) and Z’ only
axially couples to DM.
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gy = 0.1 mz = 20 TeV and m, = 1 GeV. Within the chosen parameters, the cross
section is determined by the loop structure and p; of the jet or photon. As a result, the
mono-jet channel receives a contribution from the v#y° coupling because the jet from the
triangular loop is the initial state radiation (ISR) jet and the jet from the v* coupling is

box loop induced. The mono-photon is solely box-loop induced. Thus Eq. (2.26) becomes:

i F VAN J0 F VAN

g g + o g o .
t _ “tr tr ~ tR S J

ol ~O — 07 4 Xy, (pe) (2.27)
tr UtR tr em

where

e % thR (p) = F.(p¢). This implies the ratio of mono-jet to mono-photon is
proportional to ratio of the axial vector (y#7°) to vector (y#) contributions, as shown in

Figure 2.16 RIGHT .

2.5.2 The Inverse Problem

Since both left-handed t;, and right-handed tg have y*~° and v#~4° couplings but up to a
sign flip for v#~° coupling, this leads to a sign degeneracy on the cross sections discussed
above. However, if Z’ only couples to the third generation SU(2) doublet @, then the

quark neutral current part in Eq. (2.2) is:

L = Qrlaor(" —"")QLZ,, (2.28)

= 11(gQL(Y" —Y"V°)trZ), +br(9L(v" —"+°)bL Z, (2.29)

and this gives us the additional tree level diagrams from bottom quark PDF at LHC in
Figure 2.17.

Consequently the ambiguity can be broken due to both the tree level contributions and the
triangular loop from the v#4® coupling which is comparable to the tree level contributions.

Thus Eq. (2.25), Eq. (2.26) and Eq. (2.27) are changed to be:

. 5
Vialate PRLICEN N IRLECENEE N Jin
JQL — FJ (Pt) — UtTeeu +U§L ~ Otree tUQL ~1+ UQ[;L (2 30)
j M - i j - J»Y J»Y .
05’1 QL o—gv"ée +GzQL UtTee Utree
J i gty 0 TN i
QL _ _ Tireet9Q, TG, Tireet9Qp | a 7q,
Y = Q (pt) - Y ~O - v ~ (1 + J ) (231)
O-QL L O't,ree“rO'QL Otree Qem Otree

and the simulations are shown in Figrue 2.19. The rapidity and F'(p;) of mono-jet for tp

only and @, only are shown in 2.20.
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FiGure 2.17: The additional tree diagrams relevant to mono-jets and mono-photons
due to Z' coupled to Q;, only while the loop diagrams are the same as those for ¢tz only.
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FIGURE 2.18: The tree and loop contribution of the mono-jet cross section in terms of
p: for the axial vector coupling in @ r-philic scenario. mz = 20 TeV, gg, = g, = 0.1
and m, =1 GeV
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FIGURE 2.19: LEFT: When Z’ couples to Qp, only, the mono-jet cross section trends for
the v* and y*~° couplings with respect to the transverse momentum of the jet. RIGHT:
The ratio of the cross-section for the mono-jet vs mono-photon and v*~° vs v* is inferred
by the kinetic factor F(p;). Here mz = 20TeV, gq, = g, = 0.1 and the kinetic factor

. Y . . .
F(py) is derived by —Zmene=ict Ztree for the mono-jet vs mono-photon line and Zewiel

Omono—photon Oyector

tree

for 445 vs y* line. mz = 20 TeV, gg, = g, = 0.1 and m, =1 GeV
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FIGURE 2.20: The rapidity and the kinetic factor F'(p;) of mono-jet with respect to tg
only and @, only.

The kinetic factors of (Qp-philic have different behaviors in the case of top-philic. More-
over, the loop contribution is comparable to the tree-level contribution in @) -philic model
whereas there is only loop diagrams in top-philic model. Here all the productions are gen-

erated without applying the LHC selection rules.

In order to distinguish the difference arisen from the chirality, for example, F,(tg) =

a'j/O',y‘tR ~ 100 at 50 GeV p; cut and Fy(QL) ~ 1

Fw(tR)
— =~ 100 2.32
F.(@1) (232
L, Gilolie g0 (2.33)
O-J'/O-’Y|QL
— 0j/04y|tp ~ 100 and 0;/04|g, =1 (2.34)

Therefore, @ r-philc model is valid only if the ratio for the signals of mono-jet and mono-
photon are O(1) otherwise the signals might be from the top-philic model for the given

luminosity and selection rules.

2.6 UV Complete Theory and Mass (GGerneration

So far we have discussed top-philic simplified model in Eq. (2.2) without considering
the UV completeness. However, the sensitivity of UV theory will affect some of the
above discussion. For example, the loop induced operators Oz, and Oz g should be
considered for the behavior of UV complete theory. Here we extend Eq. (2.2) and discuss
the mass generation of the SM top quark and DM.
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2.6.1 Top Mass Generation and Mixing

There are several scenarios to generate the mass term of top-philic model, for example,
we can introduce a U(1)" charged private Higgs H; for the top specially [94], however,
which leads my ~ ’U%«M + (Hy)? ~ 91GeV, but for myz ~ (Hy) , the mass Z' becomes

EW scale from the Z boson mass constraint.

Here we discuss a EFT theory and a UV complete model which is outlined in [53] related
to the top partner in little Higgs model [95, 96]. We will not discuss the quadratically

divergent cancellation with little Higgs model.

2.6.1.1 EFT

A Froggatt-Nielsen [97] effective operator by integrating out heavy chiral top partners as
follows:

Lon = S H Qutn = (S (H)Trtn = mifitn (2.35)

where the SM singlet scalar S; carrying U(1)’ charge to make Eq. (2.35) gauge invariant.
Specifically, we will discuss the UV completion model [53] in the next subsection. Note

that this spectrum is anomaly free and more details will be discussed in Chapter 3 and 4.

The mass term for the physical top can be generated via a dimension five operator of
Eq. (2.35) after integrating out the heavy eigenstate T', as illustrated in Figure 2.21. In
the decoupling limit my ~ 3 (H)/v/2 ~ 172 GeV and mp ~ (S}).

\
\
\

7\

FIGURE 2.21: The dimension-5 effective operator A%Sl HTQtg raises by integrating out
heavy fermion Ty, and Tg.
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2.6.1.2 UV Complete Model

Here the UV complete model is outlined in [53]. In this model, the SM top is neutral under

U(1)" and the top partners Ty, g are U(1)’ charged vectorially therefore it is anomaly free.

The extra scalar S is needed to make the new yukawa terms gauge invariant:

Field | SU(3) | SU©2) | U1y | UL
Qr 3 2 1/3 0
tr 3 1 4/3 0
H 1 2 2 0
T, 3 1 4/3 1
Tr 3 1 4/3 1
Sy 1 1 0 1

TABLE 2.2: The gauge charges assignments of UV complete top-philic model.

The ¢ — T mass mixing behavior:

Lonass = yH'Qrig+mrTiTr +yrSiTrig

— Tht;LtR + T?LTfLTR + wafR

where x = yp(S7). The mass matrix becomes

<~ - ) me x tR,L

0 mr TR,L

and we rotate M; 5 with an unitary operator U to be M; 1

my 0 tR,L
M, 7= (tR,L TR,L)
0 mr Tr L

and U is defined

tR,L U ER,L COS QR,L —sin QR,L fR,L
TR,L TR,L sin GR,L COS HR,L TR,L

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)
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The eigenvalues of Eq. (2.39) are

me = /(b - A)f2 (2.41)

mr = (i g2t A)/2 (2.42)

and the mass splitting parameter A

A = \J(} i+ 22)? — (g )2 (2.43)

The rotation angles in Eq.(2.40) are

mi —mi + 22+ A

tan 0 = 2.44
an L 2wy (244)
22 L2 a2 A
tan Op = mt+”;§mx T (2.45)
t

The mixing angles are infinitesimal sin 0g 1 < 1 in the limit of m; = m; ~ 172GeV and

the heavier eigenstate of Eq. (2.39) has the mass scale as (S7).

Now the interactions among ¢ — 1" becomes

L = itht+iTPrT + %(SLT —cpt) YW, P b+ h.c

T'y“Z/M 9z (cpSLPp + crsrPr) t + h.c

crselgf, — 97 ] TV" 2y Pt + hc (2.46)

+ + o+

yepcr Htt+yspsg HT T — vy, H t(sgrep,Pr + sperPL)T + h.c

— Mispcr S1tt+ Micrsr Si TT+ A S E(SLSRPR — CLCRPL)T + h.c

where ¢, g and sy, g are short hand for cos 6 g and sin 07 g respectively and the

covariant derivatives are
Dy =8, —i [(gis% +97 )P+ gt?RPR} Z, —igy (spPr+ sTPL)Z), — gy A, (247)
and

Dy, =08, —i [(gt?R i +97s1)PL+ g7, PR} Zy —igz (chPr + 1 PL)Z), — ig;, Ay (2.48)
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where g = e/sinfy, g;, = 2¢/3, and gsz/L = ecos ' sin 0, (T3 — (2¢/3) sin” 6,,) are the

regular the SM couplings.

2.6.2 Electroweak Precision and LHC Constraints on Top Quark Part-

ner Fermion

As shown in Eq. (2.47), there are additional BSM mixing terms of Z-T-t and W-T-
b interaction terms, therefore, EW interactions might be modified by those non-zero
interactions. We discuss the limit of the mixing effect sy r in Eq. (2.40) and the mass of
the partner of top, i.e. mp by considering the EW oblique Peskin-Takeuchi parameters
S, T,U [18]. It was shown and performed that AS and AU are very small in [54, 98, 99]

when mp > m; > myz in which case:

r

AT = Tsy|-(1+C3) +rs? + QC%T — 1log(r)]
N¢ o 0 B2 +1)—22r  3(r+1)(r2 —4r+1)
= = 1 1 ~
AU = AS+ %s%log(r) ~0 (2.49)
m

and r = ::L—jg, Ng = 3 and Tgy = %Smbwn%v ~ 1.19. We present the current SU(2)
singlet vector-like top quark partner mass lower limit 890 GeV from ATLAS search of
vector-like top partner in Zt + X channel [100] with the AT < 0.14(0.10) at 95 (68) %
CLs limit in Figure (2.22) which indicates mp < 3 TeV when s; ~ 0.1 and s;, < 0.15 for

mrp 2 890 TeV.

The loop function modification including H — gg and H — ~~ for both top and top
partner for Higgs measurements are relatively small since the Higgs-top coupling in Eq.
(2.47) is still the SM-like when top partner mass is decouple mp > m; and also due to

the sy g suppression.
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FIGURE 2.22: The BLUE and RED lines are the 95(68)% CLs limits on AT and the
DASHED line is the current lower mass limit for mp from T' — Z + t searching channel
of vector-like top partner fermion at ALTAS.

2.6.3 Kinetic and Mass Mixing of Z-7’

The kinetic mixing and mass mixing effect between Z and Z’ has been discussed in Chapter

1 and here we focus the the constraints of EWPT from the loop-induced mixing:

1., ~ 1 . v 4 1 Ala 1 TN
Lnizing = _ZBNVBMV - ZZ’WZ’W + imQZZ“ZM + im%/Z/#Z/u
1 I N
—GSneB 2+ m* 242 (2.50)

where the hatted field contents are the canonical gauge interaction fields with mixing

effect and the mass mixing term here is top-loop induced [56]

2N.gig. A?
— log — 2.51
3 (4m)? 08 m? (2.51)

2 1, Ncgtg/ A?

) ~ o= —
" 9" (47)? ©8 m?

(2.52)

We estimate the mixing parameter by considering A ~ 1 TeV when myz < 1 TeV and
A =~ my when myz 2 1 TeV. The resulting the SM neutral current after applying rotation

matrices can be expressed with EWPT parameters in mass eigenstate basis:

e oT - aS — 4¢3, s%.aT
L _ 122" \7 i Tf _920f [ s2 WoW —Tf 5
2 28WCW< T ) o (( oo <SW+ 4 (cly — siv) )
(2.53)
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where the Z is the SM neutral boson and cyy, sy are cosine and sine function of Oy .

§ = Ledswe(c—swo) (2.54)
2

T = f (7:5 - 2) + 28y ke (2.55)
Z

with
—2c(6m? + mQZsWSG)

toe = — (2.56)

2 2 2 2 2 2 :
My, — My,Ce + mysy,s2 + 20m?syy se

We plot the S and T" parameters with respect to myzs region in our relic density parameter

and set up the upper limit of g; in Figure 2.233

EWPT for Z-Z'
10F ‘
1,
S
0.1t
— T
0.01t ‘ ‘ T8
10 mz 103 104
my: (GeV)

FIGURE 2.23: The BLUE and RED contourss are 90 % CLs limits on g; for EWPT S and
T parameters for mz from 1 GeV to 1 TeV. As we can see, T has stronger bound than
S. When mz < O(10%) GeV, g; < 0(0.1) and g; ~ O(1) when mz > O(10%) GeV.

Finally, we observe that the parameter space including all theory and experiment con-

straints in Figure 2.24 has the following exclued regions:

1. When m, > my, the excluded area is when mz ~ O(mz).

2. When m, < my, all mz region is excluded by direct detection and EWPT expect.

3There is a marginal improvement by considering the di-lepton resonance limits. [56, 101, 102]
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FIGURE 2.24: The contours show the value of g; = g, to make Qxh2 ~ 0.12 and the

framed-boxes show values of g, = gy. The GRAY region is when couplings reach non-

perturbative coupling region. The YELLOW and RED regions are the current LUX and

projected LZ direct detection limits respectively. The ORANGE REGION is the EWPT

limit from T parameter of Z-Z’ mixing. The BLUE REGION indicates the unitarity
constraint myz 2 ggmy where f is either top or DM.

2.6.4 Majorana Dark Matter and Scalar Portal Model

So far, our DM candidate is U(1)" charged Dirac fermion and we mainly focus on azial
vector coupling to Z’' which indeed can be extended to Majorana fermionic DM since
Majorana only has axial vector coupling to Z’ due to its charge conjugation feature. We

will specify a simplified top-philic Majorana DM model.

In the previous discussions, we are using the pair of Dirac fields x 1, and x g to describe our
DM field. Economically, we can use only one X, and its own charge conjugate to describe
the Majorana DM. We assume an U(1)" charged Weyl spinor x, and its charged conjugate
€X; = X'p where € is the Levi-Civita matrix (or simply i75). Then the four-component

fermion x is composed from xz, and x

XL XL
X=EXptXp=| | =xrtexi= (2.57)
XR XL
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which is a Majorana fermion

—€ e 0 —€
¢ = ¢cxt =c¢ Xe) X o) = X (2.58)
X1 0 e XL X1,
And its mass comes from the Yukawa term with a charged scalar S:
Linass = ApmSxrexr + he. = ApmS¥rxr + he. = ApamSxx (2.59)

where S carries U(1)’ charge to keep the mass term U(1)" gauge invariant and the non-zero
(S) gives mass to the Majorana x mass and breaks U’(1) symmetry spontaneously. We
construct a Majorana DM x which only has axial vector coupling to Z’. Now, Eq. (2.5)

becomes

1 .
L =tgir(¥" + ")t Z;, + §x(gXA7“v5)xZL + SXX (2.60)

which is a simplified top-philic Majorana DM model. Note that there is a factor of 1/2
difference in Z’ axial vector interaction term compared to Eq. (2.5) due to Majorana

condition x¢ = x which makes our previous results effected by this symmetric factor.

Since Majorana DM has scalar S interaction term in Eq. (2.60), this leads to a Scalar
and Vector Potral Majorana DM simplified model [37, 103-105]. Meanwhile, with some
specific U(1)" charges assignment, there is a possible di-jet or di-photon scalar resonance
search at LHC [106] when the mass term of exotics top partner in Eq. (2.36) becomes
mTI:“LTR = AT<S>fLTR, i.e. the top partner gets mass from breaking U(1)’ as well. That
means two searches of new physics can be linked by this scalar S illustrated in Figure

2.25(a) and 2.25(b).

(a) gg — S — vy (or 7,7) Vs J 9 (b) g9 =+ S — xx

FI1GURE 2.25: The di-photon or di-jet resonance of scalar S which is also the mediator
of DM.
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We can apply the mono-jet and ¢t + M ET collider searches for the scalar mediator.
However, this scalar portal DM model is beyond the scope of this work and we will not

have further discussion.

2.7 Future Outlook and Discussion

In this work, we study top-philic vector portal DM models in a comprehensive manner.
When the new gauge boson Z’ only couples to right-handed quarks, the axial vector
coupling contribution dominates the mono-jet search at the LHC. This leads to a non-
suppress spin-dependent scattering cross section in DM direct detection experiments in
the case that DM is axially coupled to Z’ as well. We find the current LHC collider limits
from both mono-jet and tt+ M ET are relatively weak for top-philic vector portal models.
For the direct detection experiment and DM relic density studies, we study the details of
the scattering cross section between the DM and the SM contents. We use the current
LUX and future projected LZ limits to constrain the parameter space in which DM relic

abundance Qpyrh? ~ 0.12 via DM freeze-out annihilation mechanism.

When gamma rays comes from DM annihilation in the galaxy which provides the indirect
detection search of DM and the photon flux for specific spectra are linked with DM
annihilation to a pair of top quarks. Since the ¢f annihilation channel mainly dominates
in our DM relic abundance parameter space and the current Fermi-LAT limits has no
impact on our parameter space in the case the correct DM relic density arises from freeze-

out mechanism.

We present a new phenomenological method to break down the ambiguity caused by the

chirality of top quark by introducing two kinetic factors:

e The first one is defined as the ratio of axial vector and vector cross sections of

mono-jet for purely right-handed top-philic Z’.

e The second one is defined as the ratio of mono-jet and mono-photon to distinguish
the difference between the right-handed top-philic and the third generation specific

models.



Chapter 2. Top-Philic Vector Portal Dark Matter 55

In addition to the top-philic simplified model, we discuss a minimal UV complete model
and the EWPT limits on the associated exotics. The EWPT for Z-Z' mixing sets up

another sharp bound on our existing parameter space.



Chapter 3

ANOMALY CANCELLATION
WITH AXIAL VECTOR 7’

3.1 Introduction

Couplings between chiral fermions f7, fr and a vector boson Z’ associated to a U(1)

gauge symmetry are of the form

IDf=f <3“ —ig(qg, + QfR)%Z/# —ig(qp, — qu)zE’Z’“> [ (3.1)

For the special case in which ¢y, = —¢qy, the gauge boson is a pure axial vector. Many
phenomenological studies contemplate a new axial vector which couples to Standard Model
(SM) fermions. In particular, they are common in various scenarios for providing a portal
between dark matter (DM) and SM states, e.g. [20, 69, 107, 108], partially because if either
the DM or SM fermions couple only axially to the vector mediator, the direct detection
cross section is either spin-dependent or suppressed by factors of the DM velocity or

momentum exchange.

Charging the SM fermions under a new U(1)’, in the absence of additional chiral fermions,
generically leads to the U(1)’ being anomalous. However, many studies neglect to specify
the field content which would lead to an anomaly free theory [20, 66, 69, 108-110]. Notably,
any anomalous set of fermions can be embedded into a larger set which is anomaly free

and whose members carry only rational charges [23, 111]. Still, the associated extra

56
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states are typically charged under the SM gauge group.! As we will argue, these new
states can not be arbitrarily separated from the mass scale of the axial vector. Thus it
is important to consider the UV theory since such states are in principle observable at
collider experiments. While there are many occurrences of complete anomaly free models
of Z' with general couplings in the literature [8], there is a lack of examples for pure axial
vectors.? Thus it is of interest to find anomaly free spectra for different scenarios in which

the SM fermions interact with a new axial vector.

We also note that new abelian gauge bosons are motivated from a GUT perspective,
as large gauge groups naturally break to the Standard Model group supplemented with
abelian factors. The breaking pattern may include U(1)’ factors and anomaly cancellation
can be inherited from the matter content under the larger gauge group, as in the case
of the 27 of Fs under its axial subgroup U(1), [8]. However, finding GUT completions
for specific charge assignments can be challenging, and thus here we examine systematic
‘bottom-up’ methods of anomaly cancellation without references to GUTs. Moreover,
the GUT structure adds extra states not involved in anomaly cancellation and, to avoid
proton decay, the U(1)" scale is restricted to be near the GUT scale. Without requiring
gauge coupling unification, by contrast, there is greater freedom in cancelling anomalies

with new chiral exotics.

This chapter and next chapter are structured as follows: In 3.2 we discuss the require-
ments for anomaly cancellation when the gauge structure of the SM is supplemented with
a new U(1) factor, focusing on the case in which the U(1)" gauge boson has only axial
vector couplings to the SM fermions (and DM). In 3.3 we explore systematic methods for
generating anomaly free models by adding new chiral fermions to the spectrum. Subse-
quently, we use these techniques to identify a number of anomaly free spectra for axial
vector models of interest. For completeness we give some anomaly free models for the case
of a pure vector Z’ in 3.4. We also show alternative sets of anomaly free sets of fermions
with axial vector Z’ in 3.5 and we give an explicit example of the algebraic constructions

of anomaly free spectra in 3.6.

! Cancellation mechanisms beyond new field content are avaliable in extra dimensional gauge theories,
most prominently the Green-Schwarz mechanism [112] and anomaly inflow [113]. For reviews see e.g. [114,
115]. Here we restrict our discussion to anomaly cancellation through new chiral fermions.

2Note that examples of axial vector models with anomaly cancelling exotics are presented in [107];
model ‘Axial-A’ is anomaly free, ‘Axial-B’ is anomalous, and ‘Axial-Leptophobic’ is anomaly free if one
adds exotics ¥k and ¥¢ with U(1)’ charge zero.
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In the next chapter 4.1 considers the model building requirements for giving mass to the
SM and exotic fermions. In section 4.2 we ask at what scale the effective low energy
description breaks down due to a loss of renormalisability, necessitating the introduction
of new fermions, as well as the perturbativity bound on the U(1)" coupling induced by
the fermions. As one of the main motivations for these models is to use the axial vec-
tor as a portal to connect SM fermions and DM, section 4.3 considers the requirements
for obtaining the observed DM relic density due to freeze-out via the axial vector, and
the corresponding constraints from direct and indirect detection experiments and LHC

searches. Section 4.4 presents some concluding remarks.

3.2 Gauge Anomalies and Axial Vectors

Noether’s theorem implies that any gauge symmetries are conserved if and only if when
their associated currents are conserved 9,j# = 0 and in chiral gauge theories, unless the
charges are appropriately arranged, anomalies from loop diagrams generically spoil gauge

invariance:

Ouj"® ~ A% = Tr[ySt9t® t°}] #0. (3.2)

where A is the anomaly coefficient, +° refers the chirality and #' is the gauge representation.
As is well known, SM anomaly conditions arise from triangle diagrams involving the
following gauge interaction structures: SU(2)? x U(1)y, SU(3)2 x U(1)y, [Gravity]? x
ULy, U1

SU(2) SU(3) Gravity U(1)

SU(2) SU(3) Gravity U(1)

FI1GURE 3.1: Anomaly Cancellation in SM.
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The requirement that the anomaly coefficients satisfy A oc 0j, = 0 for each of the

triangle diagrams above gives rise to the following four conditions, respectively:

Awwe = Y Colfdlds[flY(fr) = Y Calfrlds[fr]Y[fa] =0,

fr/w SU(2) fr/w SU(2)

Aggs = Y ColflldaofLlY[fr] — Y. ColfrldalfrlY[fr] =0,

fr/w SU(3) fr/w SU(3) (3.3)
Accp =Y do[frlds[f]Y[fi] = da[frlds[fr]Y[fr] =0,
fr Ir
Appp =Y dolfoldslfr](Y[fu])? = dolfrldslfrl(Y[fr])? =0,
fr Ir

where dy and Cs are the dimension and quadratic Casimir of a given representation under
SU(N), and Y is the hypercharge of a given state. The sums run over the left-handed
(LH) and right-handed (RH) fermions respectively, and in the first/second condition the
sum is restricted to representations of SU(2)/SU(3) only. Note that the other triangle

diagrams cancel trivially.

There is also the Witten anomaly [116] which places additional restrictions on field content
transforming under groups which are equivalent to Sp(N). In particular, an SU(2) =
Sp(1) gauge theory with an odd number of LH-fermion doublets (and no other SU(2)-
charged fermions) is inconsistent. However, as the SM is anomaly free and here we add
fermions in vector-like pairs under the SM gauge group, or mimicking the SM generations,
the Witten anomaly will not constrain our constructions. Furthermore, we restrict our
field content to states with rational charges. This is motivated from charge quantisation
considerations. In particular, this constraint plays a role in simple UV completions into
larger GUT groups. While no theorems forbid irrational charges in field theories, they
are disfavoured in UV completions to GUTSs [117], and forbidden in quantum theories of

gravity [118].

3.2.1 U(1)" Anomaly Conditions

An extension of the SM gauge symmetry by an abelian factor, SU(3)xSU(2);, x U(1)y x
U(1)’, introduces further anomaly conditions in addition to those of eq. (3.3). The van-

ishing of these new anomalies constrains the charges z of states transforming under U(1)’,
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including any new fermions [119]. First there are the four analogues to those involving

U(1)y, namely,
SU(2)2 x U(1), SU(3)2 x U(1), [Gravity]® x U (1), U(1)3.

The coefficients Awwz/, Aggz', Acaz, and Az z 7z are direct analogues of eq. (3.3)
except with Y replaced by z. Two further anomaly conditions arise from mixed U(1)-

U(1) diagrams
U(l)y x U(1)", U(l) x U(1)3.

The associated anomalies vanish given the following conditions

Agrzig =y do[filds[f]Y [fr)(=[f2])* = dolfrldalfr]Y [fr](z[fR])* =0,
Ir fr

Appzr =Y dolfr)ds[fr]2[f)(Y[f1])? = dolfrlds[frl=z[fRI(Y[fr])* =0 .
fL fr

(3.4)

There could also be an SU(3)? anomaly with the addition of new chiral fermions. However,
if the exotics are added in vector-like pairs under the SM group this vanishes automatically.

In what follows, we will use the compact notation zy = z[X] for a given field X.

3.2.2 Coloured Exotics and Anomaly Free U(1)" Extensions

The case in which a U(1)" gauge boson has only axial couplings to the SM fermions is

distinguished as it implies:

e

é = ' _—zd' and

The index i = 1,2, 3 denotes the SM generation. Furthermore, if DM states xr, and xgr

are present and couple axially to the Z’, it follows that

ZDM 1= 2y, = —Zyp- (3.6)

Interestingly, the anomaly condition for SU(3)? x U(1)" alone immediately yields some

useful information. Consider an axial vector which couples to quarks, thus z((]i) #0. In
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the absence of new colored states the SU(3)% x U(1)" anomaly Agygz is
Aggzr =2 (z(gl) + zéQ) + z§3)> ) (3.7)

In the case that the U(1)" charge assignments for the SM fermions are mirrored in each

(1) (2) (3))

generation (zq ' = 2z, = zg

stance zél) = 2,52) = 0), then Ay, will not vanish unless new colored chiral fermions

, or only one generation is charged under U(1)" (for in-

are introduced. Notably, the constraints from collider searches for colored exotics are
substantially more stringent than for uncolored states. In the absence of new colored

fermions the anomaly condition of eq. (3.7) enforces
Zc(jl) + 252) + Zé3) =0, (3.8)

which requires different U(1)" charges between generations of SM quarks. Allowing the
U(1)" charge assignments to differ between different generations introduces substantial
freedom. In what follows we restrict ourselves to the cases where either the U(1)" charges

are replicated in the generation structure, or only one generation is charged under the

U(1y.

It is worth noting that in the pure vector case this anomaly cancels trivially, as when
zg) = zi(f) = zc(li), Aggv = 0 automatically without new colored states. In 3.6 we present
some anomaly free models for the pure vector case, to illustrate that anomaly cancellation

is typically much simpler in this scenario.

3.3 Construction of Anomaly-Free Axial Vector Models

To calculate the anomaly coefficients one sums over all loops of chiral fermions, cf. eq. (3.3),
including any chiral fermion exotics. Anomaly cancellation generically requires, and con-
strains, new exotic field content. For certain choices the exotic fermions automatically
preserves the anomaly cancellation of the SM group. For instance, the exotics can mirror
the SM fermion U(1)" charges in order to cancel anomalies (Section 3.3.1). Alternatively,
the exotics can constitute vector-like pairs under the SM gauge group, but have chiral

charges under U(1)" (Sections 3.3.2 and 3.3.3). Moreover, with appropriate charges and
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Field Name | U(1l)y SU2). | SU(3)

1 Qg 1/3 2 3
Ugy U R 4/3 1 3
% A1 R —2/3 1 3
Ly, L r —1 2 1
¢h €L R —2 1 1
VR, XL,R 0 1 1
H 1 2 1

TABLE 3.1: The representation structure of the SM states, along with fermion exotics

in matching representations. Here we assume the dark matter y is a SM singlet; the vg

entry indicates other singlets which do not constitute the dark matter. For the SM fields

the index ¢ indicates the generation structure (i = 1,2,3), there could also be multiple

copies of any given exotic. The notation permits for an index z for a U(1)" charge and
we will give anomaly free assignments for z.

representations one can cancel anomalies arising from diagrams involving the U(1)" gauge

bosons.

While, in principle, one can introduce exotics in a variety of representations to arrange
for anomaly cancellation, the most straightforward approach is to restrict the new field
content to the fundamental representations of the SM group. Thus we restrict our analysis
to the case that the exotics emulate the SM fermions, including hypercharge assignments
(although this could be relaxed). We denote the new exotics as primed versions of their
SM counterparts, and list them in Table 3.1. In this section we will outline manners
to systematically construct anomaly free sets of fermions. These techniques will be sub-
sequently used in the construction of a selection of motivated scenarios of axial vector

extensions of the SM.

3.3.1 Mirror Constructions

In the case that the new exotics mirror the SM fields there is a simple manner to cancel
any anomalies involving U(1)" gauge bosons which we outline below. However, as we
discuss in Section 4.1, this model requires a doubling of the exotics, or a non-minimal

scalar sector in order to give masses to the anomaly cancelling fermions.
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Each generation of the SM is an anomaly free set. However, if the SM fields are charged
under the U(1)’, this introduces new anomaly contributions. Notably, anomaly cancella-
tion is automatic if for every SM fermion an exotic in the same representation of SU(2)
and SU(3) is introduced which either ). has the same U(1)y and U(1)" charges but oppo-
site chirality, or 7). with matching chirality, but opposite U(1)y and U(1)" charges. For

instance, suppose that @1, carries U(1)’ charge z,, which we denote as (3,2)1 _ , one might

1
3%

add either a LH exotic in the representation (3,2) 1 or a RH exotic in (3,2)1 s We
37 3

—2zq

call this approach the mirror construction for generating anomaly free sets of fermions.

For each SM fermion, one adds a corresponding exotic. Therefore the mirror construction
ensures that anomaly cancellation occurs state by state, and thus generation by genera-
tion. In the case that one adds opposite chirality mirror partners, then each exotic forms
a vector-like pair with one of the SM fermions. If additional SM singlet states charged
under U(1)" are also introduced, such as DM fields y; and xg, the contributions from
these states can be cancelled via the addition of RH neutrino states vp with appropriate
U(1) charges. Note that SM fermions that do not carry U(1)" charges must still have
exotic partners (with U(1)’ charge zero) to cancel the anomalies of the SM gauge group,
unless the set of states uncharged under U(1)" have the correct representations to fill out

a full SM generation.

If only certain SM fermions carry U(1)" charges, such as a single generation, then such
mirror constructions have relatively minimal fermion spectra. However, if all or many
SM fermions carry U(1)" charges then, it implies the introduction of a large number of
exotics. Note that there are generically flavor constraints on non-universal Z’ models,
which are somewhat alleviated in the case that the first two generations have the same

U(1)" charge [120].

In the rightmost two columns of Table 3.2 we show two examples in which a single SM
generation is charged under U(1)" and the anomalies are cancelled through mirror exotics.
In the remainder of this section we consider more general algebraic approaches which can

present smaller anomaly free sets of fermions.
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3.3.2 An Algebraic Construction

Requiring anomaly cancellation gives a set of equations, which for a definite set of charges
can be solved directly. Specifically, consider the case that the SM gauge group is extended
by a U(1)" factor, with no additional states except for those required to cancel anomalies
and that all of the SM fermions couple to the gauge boson with only axial vector couplings,
thus the charges satisfy eq. (3.5). Further, we assume the charges are the same for each
generation: zél) = ,252) = zég) (similarly for leptons). To simplify the Higgs sector required
to give Yukawa couplings to the SM fermions (as we discuss in Section 4.1.1) we also take
zéi) = zl(i), for all generations i. We refer to this scenario as ‘Model f1’ in later sections.

To emphasize the relation between charges we write zsy 1= 24 = 2.

Field #1 ) #3 14 15 16
2[QL] 1 1 1 0 1 1
z[ug] -1 -1 -1 0 -1 -1
z[dg] -1 -1 -1 0 -1 -1
2[Lyg) 1 1 0 1 1 0
zler] -1 -1 0 -1 -1 0
z[xr] - 9 9 -9/4 1 1
z[XR] - -9 -9 9/4 -1 -1
2[Q7] 1 1 1 - - -
2[Q%)] -1 0 - 1 1
z[u] ] -3 -2 -2 -2 -1 -1
z[ug] 4 3 -1 5/2 - -
z[dy ] 3 -6 -2 2 -1 -1
z[d] 4 5 11 -5/2 - -
2[L}] -9 -82/3 -49/12 -157/48 - -
2[ L] -3 -28/3 95/12 -13/48 1 0
z[e} ] -13 -100/3 103/6 -85/24 -1 0
z[eh] -16 -127/3 67/6 -121/24 - -
z[vR] - - - - 1 1
N|vg] - - - - 2
bon. 45 207 198 153/8 17 14
bm, + b 860 | 15038/3 | 14065/12 | 90697/192 | 34 28
AP, + ADM, 45 | 4541458 | 36+1458 | 9 —729/32 | 1542 | 1242

TABLE 3.2: Charge assignments z[f] and multiplicities N[f] of states which give anomaly
free spectra. For Models #1-f4 the U(1)’ charges are mirrored in each SM generation.
In Models #5-#6, only one generation carries U(1)’ charge. A dash ‘-’ indicates that
the corresponding state is absent in a given model. See Table 3.1 for representations and
charge assignments of states under the SM gauge group. We also give b,,, and (A%MZ, o+
ADM, /), the B-function and U(1)* anomaly contributions from the SM fermions plus
DM, and bj; the exotics S-function contribution, which are referenced in Section 4.2.
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We will assume that the anomaly cancelling exotic fermions form a single full generation
of vector-like fermions under the SM group Q}, Q%, uy, uy, dj, dy, I}, g, €, €,
which mimic their SM namesakes (see Table 3.1 for definitions of the representations).
That this set of fermions is vector-like under the SM group implies that the SM chiral
anomalies and the Witten anomaly are resolved automatically. Interestingly in this case
the equations which ensure anomaly cancellation can be solved directly to arrive at a

general, unique set of seven conditions which generically determine anomaly free sets of

fermions with rational charges:?

2Q, = 2Q,, + 2290, 2y, = TzsMm + 2
Zq, = Zd, + ZSM, zr, = 2L, + 6290,
1
zg = §(Zd'L+6ZL’L —2z2g, — 28zgm — 14zu/L), Zep = Zey — 3ZSM (3.9)

zp, = 5( — 8232 — 4Zd'L 2q — 32262% — 74zd/L zZsMm + 582Q/L 2SM

— 40423y — 2824, 24, + 562 2, + 469257, + 1332 ) :
with © = 60625y + 1682, — 1224 + 24zg; # 0.

The above set of equations uniquely characterizes the solution set. Since the charges are
all related through anomaly cancellation, fixing a subset of the charges determines the
remaining charges; e.g. taking zgn = 2qn = 1 and Zyl = g, = —3 one obtains that for

anomaly cancellation the other charges are required to be

(3.10)
zr, = -9, zr, = -3, Zer = —13, Zeh, = —16.

If any LH-RH pair obtains the same U(1)’" charge, the states are redundant for anomaly

cancellation, and thus can be removed from the model if desired.

" charges which also

For models which also include fermion DM x and xr with U(1)
have only axial couplings to the U(1)" gauge boson, the situation is somewhat different.

The additional freedom, due to the undetermined charge assignment of zpy;, means that

30ther possible solution sets generically yield irrational charges, which are theoretically disfavoured
[117, 118].
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solving the conditions for anomaly cancellation with a single full generation of SM-vector-
like fermions leads to six sets of solutions which each provide anomaly free spectra with
rational charges. This is in contrast to the unique set found without the inclusion of DM.
In this case, if one removes the v and u/; exotics (or make them vector-like under U (1)’
such that Zyl = Zyh ) then again there is a unique set of equations which determine the
anomaly free sets of fermions. However, it is useful to use a full generation of SM-vector-
like fermions as this makes it easier to find anomaly free models with simpler charge
assignments, avoiding fractional charges with large numerators and denominators. For
brevity, we neglect to give the sets of equations which ensure anomaly cancellation with
the addition of DM, but these can readily derived using Mathematica [121] or an analogous

equation solver.

3.3.3 General Algebraic Constructions

A more general approach to finding anomaly free sets of fermions with arbitrary charges
was outlined in the work of Batra, Dobrescu and Spivak [23], providing algebraic expres-
sions for the U(1)" charge assignments of the exotics and multiplicities of the SM singlets,
as a function of the U(1)’ charges of the SM fermions. Indeed, using this method one can
systematically embed any anomalous set of fermions into a larger theory which is anomaly

free and where the fermions carry only rational charges.

To systematically find anomaly free spectra for SM fermions with arbitrary charges under
U(1)’, one should introduce at least one chiral pair of states transforming under SU(3),
one chiral pair transforming under SU(2) and one chiral pair charged under hypercharge.
This set of exotics provides sufficient freedom to cancel the anomalies arising from the
diagrams between mixed U(1)" and SM gauge bosons. Following [23], we introduce pairs
of exotics d}, dy, L, L'y, €}, €}, which are vector-like under the SM group. (Note that,

unlike the previous sections, we do not introduce @’ or u’ exotics here.)

Firstly, from the requirement of vanishing anomalies for the three diagrams involving two
SM gauge bosons (U(1)2 x U(1), SU(2)? xU(1), SU(3)?> xU(1)'), one can readily obtain
equations for the difference between the charges of the LH and RH exotics, i.e. (zd/L —Za, ),
(21, — 21,), (2, = ze7,). The next step in the construction is to posit a basis for the

sum of the exotic charges in terms of a linear combination of the U(1)’ charges of the SM
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fields:
(zx1 +2x1) = CF 2y + Cs zpm + C5 2 for X =d, L,e . (3.11)

Given the difference of the charges of the LH and RH exotics, and the above form of
the sum of these charges, one can take linear combinations of these equations to obtain
expressions for the U(1)" charges of each of the exotics in terms of the SM charges and
the constants C;X. Then demanding the vanishing of the U(1)"? x U(1)y anomaly for
arbitrary SM U(1)" charge assignments leads to relations between the various constants

C’iX . This typically leaves a number of constants undetermined.

It remains to arrange for the [Gravity]>xU(1)’, and U(1)"® anomalies to vanish. We
assume the spectrum contains two types of RH neutrinos Ny x Vl(%l) and No X y](g) which
are SM singlets with U(1)’ charges z[ug)] = —1 and z[ug)] = 2, and N, indicate the
number of copies of these states. Then insisting that the two remaining anomalies vanish,
one obtains an equation for multiplicities IV, of the RH neutrinos states. If N, < 0 this

implies that |N,| RH (or LH) SM singlets with charge z[—yg;?)] (with charge z[ul(%a)]) are

required.

Then fixing the SM charges and the undetermined C’Z-X , any choice which yields integer
values for Ny and Ny gives a consistent anomaly free fermion spectrum. This commonly
leads to high multiplicities N1 and N,. However, following the procedures outlined in [23],
the number of SM singlets can often be replaced with a smaller set of RH neutrinos with
larger U(1)’ charges. 3.5 gives anomaly free sets of fermions for various models which
are derived via an application of the method of [23]. Additionally, in 3.4 we present an

explicit derivation using this method.

3.3.4 A Selection of Axial Vector Models

There are many scenarios involving axial vectors which could be of interest. Here, we
highlight a number of motivated extensions of the SM here and construct anomaly free

spectra which realise these scenarios. Specifically, we will consider the following cases:

e Model f1: The simplest scenario is the extension of the SM gauge group with an

additional U(1)" factor, where all of the SM fermions couple axially to the Z’, and
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the U(1)" charge assignments of the SM fermions are replicated in the generation

structure.?

e Model #2: A minimal extension of Model #1 is to include chiral fermion DM states
which are SM singlets, and also couple axially to the gauge boson of U(1)’. We shall

also assume the scenario of fermion DM charged under U(1)’ in Models £3-£6.

e Model #3: A slight modification to Model £2 is the case the axial vector has no
tree level couplings to leptons by enforcing z; = 0, thus yielding a leptophobic axial

vector.
e Model #4: Conversely, one might consider a leptophilic case with z; # 0 and z; = 0.

e Model #5: Not all SM generations need be charged under U(1)" and we consider

the case that only a single generation (1G) has U(1)’ charges. For example zél) =

L _,0_ @ _

z) =z =2z

e Model #6: Moreover, it could be that only a small subset of SM fermions carry U(1)’
charge. Specifically, we consider the case that only zg ) = —zq([%) = —zég) # 0, with
all other SM fields neutral under U(1)’. This realises a single generation leptophobic

model.

A summary of the above models is given in Table 3.3. In Table 3.2 we present anomaly
free sets of fermions which realise Models §1-46 outlined above. The anomaly free sets
presented for Models #1-#4 are generated via the method of Section 3.3.2, while the spectra
for Models 5 & #6 come from the mirror construction, as discussed in Section 3.3.1.
Alternative anomaly free sets for Models f1-#6 which eliminate some of the colored exotics

at the price of introducing RH neutrinos, as discussed in Section 3.3.3, are given in 3.5.

3.4 A Selection of Anomaly Free Vector Models

We provide Table 3.4 of the charge assignments which lead to anomaly cancellation for
the case of pure vector couplings to the SM fermions (and dark matter), for analogues
of Models f§1-46. This is given both for completeness and to demonstrate that the axial

vector case typically requires far more exotics in order to arrange for anomaly cancellation

4Model #1 is also relevant when including scalar DM or fermion DM with vector couplings to Z’.
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TABLE 3.3: Summary of the models we study. ng is the number of SM generations

Name ng Lepto-phobic/philic?
1. Universal Model 3 X

#2. /w DM Model 3 X

3. L-phobic Model 3 Leptophobic

4. L-philic Model 3 Leptophilic

#5. 1G-Model 1 N/A

#6. t-b-Model 1 Leptophobic

charged under U(1)'.

compared to the vector case. This also highlights that there is no need of colored exotics

in the pure vector case.

Field v 2V 13V %G 15V %
2[Q1] 1 1 1 0 1 1
2ug) 1 1 1 0 1 1
2|dg] 1 1 1 0 1 1
2[LL] 1 1 0 1 1 0
zler] 1 1 0 1 1 0
z[xz] - 1 1 1 1 1
z[XR] - -1 -1 -1 -1 -1
2L 1 6 4 1 2 1
2[L%] 11 6 5 2 2 2
z[e)] 11 6 5 2 2 2
z[e'p] -1 -6 -4 -1 -2 -1
2] 1 1 1 1 1 1
2] P P 4 -2 -2 -2
2] -3 5 5 _ _ _
Z[Vg)] -7 -7 - - - -
Z[Vg)] -10 - - - - -
NG 1 7 2 4 3 1
N 5 6 1 1 2 1
N 1 1 1 . : :
N 1 1 - ; ; ;
Ny ! : : : : :

TABLE 3.4: Similar to Table 3.2, charge assignments for Models §1-16 but for the case
of a gauge boson with pure vector couplings to states (as can be seen from the charge

assignments).
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3.5 An Alternative Set of Anomaly Free Axial Vector Mod-

els

In this appendix we give alternative anomaly free sets of fermions for the case in which the
SM fermions (and dark matter) have only axial vector coupling with a new U (1)’ gauge
boson. These charges assignments are derived using the method of [23], see Section 3.3.3.
While some colored exotics are removed, the price is the introduction of a multitude of

RH neutrinos:

Field §1b 42D 430 44b 450 46D
2[Q1)] 1 1 1 0 1 1
2[ug] 1 1 -1 0 1 1
2|dpg] 1 1 1 0 1 1
2L 1 1 0 1 1 0
z[er] -1 -1 -1 -1
z[xr] - 1 1 1 1 1
z[XR] - -1 -1 -1 -1 -1
2[d}] -6 -6 -6 - -2 -2
2[d}] 6 6 6 - 2 2
2L} -6 6 1 1 -2 1
2[L] 6 6 10 2 2
zle] ] - - 18 -4 - 2
z[e'g] - - 15 -1 - 1
2] 2 2 1 1 1 1
2w -3 -3 -2 2 4 2
2w 5 5 4 -6 - -3
2] -10 -10 9 - -
z[yg’)] - 1 - -
Nt 8 8 2 2 1 1
N 2 2 1 5 1 1
N 1 1 1 1 - 2
N 2 2 1 - - -
N | - 2 : : : :

TABLE 3.5: Similar to Table 3.2, alternative charge assignments z[f] and multiplicities
N|[f] of states which give anomaly free spectra for Models f1-46 derived using the method
of [23].
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3.6 Algebraic Construction of Axial Vector Examples

Next we give a worked example of the algebraic construction of [23] discussed in Sec-
tion 3.3.3 and 3.5. We consider the scenario in which there are ng generations charged
under U(1)’, each generation with identical charge assignments, such that the SM fermions
have axial couplings to the new vector boson, and we include chiral fermion DM states
which also couple axially to the U(1)" gauge boson. Following [23], the requirement that
the anomaly cancellation occurs for U(1)2 x U(1), SU(2)? x U(1)’, and SU(3)? x U(1)’
implies

(2a, — za,) = —4nczq, (21, = 217) = —na(z + 3zq), (2, = 2er,) = na(zq — 21) -

Taking the sum of the LH and RH charges to be a linear combination of the U (1)’ charges
of the SM fields (ZX/L + ZX;%) = Cleq + C5 2pnt + Cgle, for X = d, L,e and where the
CX are arbitrary integers, it follows that the charges of the exotics can be expressed in

)

terms of the U(1)’ charges of the SM fields

2, = é — CYapy + Cl(2 — 924) — 2C52, — 4nqu}

24, = % — Chapy + CY(2 — 924) — 2C52, + 41’Lqu}

2, = % :C’QL,ZDM +C{(3zg — z1) — 4C’§l(zl —3zg) —ng(3z¢ + zl)] (3.1
zp, = % :CQLZDM + C5 (324 — 21) — 4C5 (2 — 324) +ng (324 + zl)] .
Ze = % — C¥apy +4CS 2 + CS (2 + 21) — gz — Zq):|

Ze = % — C¥apm +4C§ 2 + O (24 + 21) + ng (2 — zq)} .

Note that those C;* absent in the above have been fixed by anomaly cancellation condi-

tions.> Finally, the multiplicities N, (for o = 1,2) of the SM singlet RH-fermions y](%a)

®This fixes six constants: C§ = C§ = —C¥ and CF = 3C5 = —3CY¥ = 3(4C§ + Cf) and Cf =
—2C% —9C%.
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required by anomaly cancellation are given by

1
N1 = 3 (3nGz13 — 12ngz + 12ncz§’ —48ngzq + 3z3L — 1224, + QZ%M — 82pMm

— 323 41224, + 25, — 4z, — 23 4z, +223 — 821, — 223+ 8zLR)

1
Ny = 5(1\71 + 2zpMm + 3ngz + 12ngzg + 324, — 3zan + Zep, — Zep + 2210, — 2ZLR> .
(3.13)

Anomaly-free spectra can be found by choosing U(1)" charges for the SM fermions (pro-
vided Ny, Ny € Z), but are not unique and may not be the most minimal. Specifically,

one obtains Model #2b for
L d 2 e
’[’LG = 3’ ZDM = Zl = Zq = ]_’ 02 = —2C3 = g Cl . (314)

The above parameter values leads to N7 = —687 and Ny = —350 but these can be
manipulated to obtain the set of RH neutrinos in Table 4.1 using the method described
in [23].



Chapter 4

AXIAL VECTOR 7' MODELS

4.1 Mass Generation

In this chapter, we follow the previous discussion of axial-vector models and then consider
what form of scalar sector is required to give masses to the SM and exotic fermions for
the axial vector models outlined in the previous section. These considerations are often
absent in phenomenological studies, but regularly require non-trivial model building. We

do not attempt to be comprehensive, but rather make some general remarks.

4.1.1 Mass Generation for Standard Model Fermions

If all SM fermions couple axially to U(1)’, then gauge invariance forbids a full set of
SM Yukawa couplings from a single Higgs. The reason is that the U(1)" charge of the
bilinears is 2[Qrug] = 2[Qrdr] = 22, for axial vector couplings. To form a gauge invariant
operator H'Qprug requires z[HT] = —2z4, but this forbids the Yukawa couplings for the
down-quarks and leptons since in the SM these involve the conjugate field. This difference
in SM fermion bilinears is even more apparent if only some generations are charged under
U(1)’. Finally, electroweak precision data also constrains the U(1)" charge of the SM
Higgs because of the induced Z-Z' mixing. The remaining mass terms could still arise
via renormalisable terms involving additional Higgses, as in a Type II Two Higgs Doublet
Model [122], or due to higher dimension operators. Perhaps the simplest manner to
give masses to all of the SM fermions is for the Higgs to be uncharged under U(1)" and
introduce a scalar S which is charged under U(1)’, but is a SM singlet, such that there
73
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are dimension five effective operators for the remaining SM fermions: (1/A)SHQrug,
etc. This operator is generated by physics integrated out at the scale A,, and the theory
must UV complete to a renormalisable Lagrangian at energies approaching A,. This is

reminiscent of the Froggatt-Nielsen mechanism [97].

Since S is a SM singlet, gauge invariant dimension five operators can be formed using S
and ST, which give mass terms to all SM fermions once S acquires a VEV (S). The (S)
breaks the U(1)’, and thus the fermion masses are connected to the axial vector mass.
This scenario is no longer UV complete, and one expects additional states to enter at
the scale which generates the higher dimension operators, which could be near the TeV
scale. For mass terms induced due to (S)" this yields effective Yukawa couplings of order
((S)/As)™. However, a good effective field theory (EFT) requires (S) < Ay, and thus it is
challenging to obtain O(1) Yukawa couplings via high dimension operators. Hence, from
a model building stance, the use of high dimension operators to generate the top Yukawa

is disfavoured.

In an EFT with a Z’, where the scalar S responsible for breaking U(1)" has been integrated
out, the VEV of this scalar (S) = v’ introduces an order parameter, which acts as a cutoff
of the EFT. The VEV responsible for breaking U(1)" generates the Z' mass mz ~ ¢'v/,
and the mass of the associated scalar is parametrically mg ~ Agv’, where \g is the S
quartic coupling. Unitarity of the EFT describing the light SM fermions f, DM, and Z’
requires that my, mpm S % ~ o' and the bosons should satisfy mz,mg < v'; see
e.g. [20] for further discussion. For example, giving the top a U(1)’ coupling ¢’ ~ 1 would

imply a lower bound on the Z’ mass of myz 2 175 GeV. This bound is stronger for heavy

DM states

/
my > 1 TeV <91> (1”1;61‘\4/) . (4.1)

4.1.2 Mass Generation for Pairs of Exotic Fermions

Anomaly cancellation in models with axial vector Z’ requires an array of exotics with
chiral charge under U(1)’, and, as can be seen from Table 3.2, the pattern of U(1)’ charge
assignments of these exotics is often complicated. As such these new fermions can not
typically be given dimension four Yukawa couplings involving the Standard Model Higgs.

The simplest manner to give masses to the exotic fermions is through the introduction
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of exotic Higgses, new SM singlet scalars charged under U(1)" which acquire VEVs, and
give masses to the various exotics via renomalisable interactions. In the case where the
exotics come in pairs that are vector-like under the SM, they may acquire masses through
renormalisable interactions involving the exotic Higgses. Due to the different U(1)’ charges
of the new fermions, this generally requires one exotic Higgs for each exotic fermion
pair. In addition to the LH-RH mass bilinears (e.g. Q7 Q’), the exotics could also have
chiral mass bilinears (e.g. Q’Lu}%) However, exotic fermion mass operators using these
bilinears must include the SM Higgs field as well as an exotic Higgs, and are thus non-
renormalisable. An alternative approach is to add fewer exotic Higgses, such that some of
the exotic fermions do not have renormalisable mass terms, but higher dimension operators

respecting the gauge symmetries can give masses after VEV insertions.

When the exotics acquire mass through U(1)-breaking VEVs at the scale ~ v/, we expect
that the masses of the gauge boson (mz ~ gv') and the exotics (M ~ y'v') should be

comparable: my ~ M. Any hierarchical splitting of my or M from v’ arises primarily

Bilinear f1 2 13 14
SM LH-RH bilinears (e.g. z[Qrug]) -2 -2 -2 -2
*Rexal T TR Y
Q, Q) 2 | 2 | a4 | -
z[u) ulp) 7 5 1 9/2
z[d) dp) 1 11 13 -9/2
z[L) LYg] 6 18 12 3
z[€] elp] -3 -9 -6 -3/2
2[Q)ulg 3 2 -2 -
2[Q1d] 3 4 10 -
[ _’Ru’L] -6 -1 2 -
2[Qrd]] 0 -5 -2 -
z[L) ely] -7 -15 61/4 | -85/48
z[Lpe] ] -10 -24 37/4 | -157/48
No. scalars for Yukawa terms 5 5 4 3
Min. number of scalars 2 3 2 2

TABLE 4.1: Charges of fermion bilinears for Models #1-#4. Also shown is the number of

exotic scalars needed to give vector-like masses to all exotics after VEV insertions (not

including SM Higgs), and to give masses to all exotics via a combination of renormalisable

and non-renormalisable operators with mass dimension six or less. These models need
multiple scalars to give all fermions masses.
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due to couplings. Moreover, perturbativity of ¢/ implies

my

(4.2)

Thus separating the Z’ from the exotics requires a tuning of the Yukawa couplings such
that ¢’ < 3. In addition, the exotic fermions can not be made significantly heavier than

v,

4.1.3 The Scalar Sector of Model {1

Let us consider a specific example. Below, we outline a scalar sector for Model 1 which
can give masses to all of the SM fermions and chiral exotics. To understand the charges
required for exotic Higgses we should look at the net charge of the bilinear operators
involving chiral exotic pairs. We give these for Models #1-#4 in Table 4.1. In Model
f1, observe that most of these bilinears have different net charge, and thus five different
scalars (with |z| = 1,2,3,6,7) are required for these states to acquire vector-like mass
terms via renormalisable Yukawa terms with VEV insertions. We denote by S, an exotic

Higgs with z[S,] = q.

Note that one could replace terms involving S_g with non-renormalisable terms involving
S_o and S_3. For example, instead of S_6I_/LL’R mass terms can also arise from

C1

C _
(580 + (5(52)° | Ly . (43)

A

where A, is the cutoff of the EFT. The operator involving S 5 is dimension five, while the
others are dimension six. However, if its coefficient is small, ¢; < ¢a, or if (S_3) < (S_s),
this operator will not necessarily dominate. Thus the number of exotic Higgses required

can be reduced (cf. Table 4.1), but at the expense of UV completeness.

Now let us consider an example Lagrangian for the scalar sector of Model §1. Suppose the
SM Higgs H has charge z[H] = —2 and introduce two SM singlet scalars S; and Sy with
U(1)" charges z[S1] = 1 and z[S4] = 4. With these states the SM Yukawa couplings can be
constructed with a renormalisable interaction for the up-like quarks (useful for obtaining

the large top Yukawa) and dimension five operators responsible for the down and lepton
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Yukawas

7 7
Lsv Dy H'Qrup + %S4HQLdR + %&HLLER + h.c. (4.4)

The scale suppression of the higher dimension operators can help realise the fermion
hierarchy, as in the Froggatt-Nielsen mechanism [97]. For the exotic fermions one can
obtain vector-like masses via gauge invariant Yukawa terms involving the SM singlet
scalars,
Lo > ST QL@+ g ST Sttt + v Sy + 5 SIST LT+ 7 SaS{el e+
(4.5)
None of the leading SM mass terms involve S7, and in contradistinction all of the exotic
fermion mass terms involve Sj. Thus the magnitude of the (S7) is not restricted by the
requirement that one reproduces the SM fermion masses and a large S; VEV can be used
to decouple the exotic fermions. This results in a hierarchy between the exotic fermions,
but we will not discuss this here. Moreover, a large (S;) breaks U(1)" at a high scale,
allowing for a Z’ which is much heavier than the weak scale. This avoids electroweak
precision constraints from tree-level Z-Z' mixing [16, 20, 49, 123], which for myz > my

require my 2 ¢'(14 TeV).

There are also mass terms from chiral bilinears, such as Q’LU’R, which must be paired with a
Higgs H field for SU(2) invariance and a combination of S; and Sy fields to conserve U (1)’
charge. As discussed above, mass operators containing these bilinears, e.g. SlSlH TQ’Lu;%,

are non-renormalisable, but can affect the mass splittings between exotic fermions.

Giving mass to certain fields via higher dimension operators implies that the EFT should
break down around A,, and one might ask what manner of physics can give rise to such
operators. As an example, consider the dimension five operator SyH Lyeg in Eq. (4.4)
which is responsible for the electron mass. This operator can arise from a vector-like pair
of fermions ¢y, ¥ in the representation (1,1)_s 3 entering in the Lagrangian of the UV

theory

Luv D ypHLLyr + yySabrer + myprpr + hec. (4.6)

After integrating out 1), one recovers the contact operator which gives mass to the electrons

and the EFT cutoff can identified as A, = y?;’, . While the introduction of high dimension
¥

operators necessitates new physics (for instance new fermions) in the UV theory, these

states could be significantly above the weak scale.
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4.1.4 Mass Generation for Exotic Mirror Fermions

In anomaly free models arising from mirror constructions, such as Models #5 & #6, the
situation is somewhat different. Since the exotic fermions are not introduced in pairs
that are vector-like under the SM, but rather as copies of SM generations, one requires a
new scalar which is a doublet under SU(2)r, to construct renormalisable Yukawa terms.
Since the VEV of such a scalar breaks electroweak symmetry, it is constrained by elec-
troweak precision and Higgs measurements. Moreover, in this case the exotics can not be
much above the weak scale. Viable exotics require Yukawas near the perturbative limit,
which implies new physics at the TeV scale, and thus such scenarios will be generically

constrained by collider searches.

Alternatively, we may introduce further exotic fermions which do not disrupt the anomaly
cancellation, and then give masses to the exotics in the same fashion as in Section 4.1.2.
This can be achieved if one supplements the mirror constructions, such as Models #5 &
#6, with a full set of states with identical SM representations, zero U(1)" charge, and
opposite chirality to the existing exotic fermions. For example, for Model §5 one would
add Q, uy, dy, L}, € with 2[Q}] = z[u}] = 2[dy] = z[L}] = z[ey] = 0. Since they
are uncharged under U(1), they obviously do not contribute to any anomalies involving
U(1)’. Furthermore, since these states mimic an entire generation of SM fermions, and
the anomalies in the SM cancel generation by generation, it follows that this spectrum is

anomaly free.

The benefit of doubling the number of exotics is that now one can form Yukawa terms for
the anomaly cancelling exotics which give vector-like masses after VEV insertions, similar
to Section 4.1.2. For a given anomaly cancelling RH exotic Xr one can form a LH-RH
bilinear which has net charge 2[X; Xg] = 2[Xg] (similarly for LH anomaly cancelling
exotics). For Models 5 & #6, supplemented by a generation with opposite chirality and
zero U(1)" charge, all of the exotic LH-RH bilinears have net charge 1. Thus one can
give mass to all of the exotic fermions through a single new SM singlet scalar field .S with
z[S] = -1

Lyiir D SQL Q' + Stuyuy + Sdydy + SLy Ly + Séy ey (4.7)

This model has a minimal scalar sector, and is UV complete, at the price of doubling the

fermion content of the theory.
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4.2 Breakdown of Low Energy Theories

In this section we examine at what scale new physics is needed to mitigate a breakdown in
the low energy theory, either due to a loss of renormalisability from uncancelled anomalies
or, after introducing new fermions for anomaly cancellation, due to a loss of perturbativity

of the U(1)" gauge coupling ¢'.

4.2.1 The Non-Perturbative Limit

In the SM the hypercharges of fields are all O(1) and as a result the gauge coupling
remains perturbative well beyond the Planck scale. However, as can be seen from Table
3.2, the exotics required for anomaly cancellation in axial vector extensions of the SM
often carry large U(1)" charges. As a result the U(1)" gauge coupling ¢’ may quickly
run non-perturbative. Indeed, shortly after the coupling nears the non-perturbative limit
one must reach a U(1)" Landau pole. Near the scale at which the U(1)" becomes non-
perturbative either the theory enters a strong coupling regime or new physical states
appear which maintain the theory in a weakly coupled completion.! In principle such

new physics could be observable at collider experiments if it occurs near the TeV scale.

The running of ¢’ is only initiated above the Z’ mass, thus ¢'(mz) = ¢’(mz/). At energies
Q@ < my running is inhibited by the Z’ mass, much as the Fermi constant Gz does not

run. Above myz the U(1)" coupling strength o = ¢g’2/4r runs with the energy scale Q,

do/~1 b . 2, L,
dan = —g with b= Z ng + Z gzs s (48)
f S

where the sum runs over all U(1)’ charged Weyl fermions f and complex scalars s with

charge z; that are accessible at the scale () and includes color and representation factors.

The scale at which ¢’ becomes non-perturbative depends not only on the field content
and charge assignments, but also the masses of any new fields. Below the TeV scale, we
assume that only the SM fields, and DM states x1 and yr (except for Model £1), are

present. If the new fermions enter at the scale M, the running of ¢’ to some UV scale A

'New physics which enters at the Landau pole does not necessarily need to take part in anomaly
cancellation. The low energy theory could transition to a different weakly coupled theory which remains
anomalous, and now anomaly cancelation must take place in the new theory.
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is described by

M A
by dan—/ Oz £00M 41 (4.9)
M 2

a/—l(A) _ O/_l(mzl) _/ -

myr

where b, and by, are defined as in Eq. (4.8), but now for b,,, the sum is over the
SM states and DM, and for by; we sum over only the new fermions required by anomaly
cancellation. Specifically, the U(1)’ coupling runs non-perturbative (o/(Ap) ~ 1) at the
scale Q = Ap

1 my 2w 2w
Ap=M — | by, 1 — . .
7 eXP [bM + b, (b z 98 { M } + o/ (myz) o/(Ap))] (4.10)

There could be additional vector-like pairs of fermions, or new scalars, charged under
U(1)" which will increase running without altering the anomaly cancellation requirements.
Indeed, one typically introduces scalars charged under U(1)’ to give masses to the exotics
through a Higgs mechanism, as discussed in Section 4.1. Furthermore, certain states
charged under U(1) might be integrated out at some scale A, leading to higher dimension
operators in the low energy theory (as may be useful to give mass to some SM fermions
or exotics, cf. eq. 4.6). If A, < Ap, however, then these states must also in principle
be included in the running of the U(1)" gauge coupling above A,. Here for simplicity
we include only the new fermions required by anomaly cancellation in the U(1)" gauge
coupling running. Thus, our constraints may be weaker than in a complete model, but
qualitatively they usually will not change. Note that for the spectra we consider, the pole

for U(1)y always lies above Ap.

Figure 4.1 shows the RG evolution of the U(1)" coupling ¢’ in Models #1-46 with the
assumption that mz ~ TeV. The PURPLE contours indicate the scale Ap at which ¢’
becomes non-perturbative for a given ¢’(myz) and M. If ¢’ starts out sufficiently small
at the electroweak scale and the new fields are heavy, the Landau pole is reached only
at very high scales. But observe that for weak scale couplings ¢’(mz) ~ 0.1 — 1 Landau
poles can be a concern for all models we consider. At the threshold of strong coupling
Ap one expects new physics with observable consequences. In particular, TeV scale non-
perturbativity is evident in Models f1-4 with weak scale exotics, as indicated by the

lightest contours in Figure 4.1. On the other hand, for sufficiently small ¢'(my) the U(1)’
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coupling may not run to strong coupling until above 10'® GeV (which coincides with the

Planck scale), as indicated by the darkest contour.

In the GREY region, Ap < M and the running due to the low energy content alone will
cause ¢’ to reach its pole before the anomaly cancelling fermions enter, so that new physics
is expected at this scale regardless of anomaly cancellation considerations. The boundary
of this region saturates this bound, thus M = Ap and ¢'(M) = V/4r, and the scale at
which ¢’ runs non-perturbative can be read from the LH axis. The coupling at the weak
scale is determined by the RG evolution, according to Eq. (4.10), from the UV scale
M = Ap

o (my) = <0/(}\F’) - b;rz log [’X;Dl | (4.11)

In order words, the trajectory of the boundary curve enveloping the grey region relates
the scale M and ¢'(myz) by the RG evolution backward from ¢'(M) = v/4w with only SM

particle content plus the added DM (if present).

4.2.2 The Non-Renormalisable Limit

If a set of fermions is anomalous at a given energy scale, it should be anticipated that this is
an EFT and at some higher scale M additional fermions (or another mechanism) enters to
cancel the anomalies. Below the scale M the heavy chiral fermions which are integrated
out generate Wess-Zumino terms which cancel the apparent anomalies in low energy
theory [124-126]. However, the cutoff of the EFT in which the anomaly cancelling fermions
are integrated out can not be made arbitrarily high without losing calculability. If a gauge
anomaly remains uncancelled it eventually results in a loss of renormalisability. For an
EFT with gauge anomalies there is a fundamental cutoff A at which renormalisibility is

lost, and for an anomalous U(1) gauge theory this is given by [126]

6473

MSmy | | = A, (4.12)
l9p* Az 2 2]

where g = ¢'(Ap) and Az = Tr[23] is the U(1)’® anomaly coefficient in the EFT

below the scale of the exotics M. Therefore, the requirement that the gauge theory

remains renormalisable places an upper limit on the scale of the anomaly cancelling exotics

M.
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FIGURE 4.1: Assuming myz ~ 1 TeV and mpy ~ mz the PURPLE CONTOURS show the
scale Ap at which the U(1)’ coupling ¢’ runs non-perturbative in Models $1-§6. The boxes
show values of Logio[Ap/GeV]. The scale Ap depends on ¢'(mz), and M, the scale of
the anomaly cancelling fermions. Only the contributions from the SM fermions, DM, and
anomaly cancelling fermions are used in the RG evolution. The GREY region indicates
that Ap < M, and new physics enters at Ap regardless of M. The RED CURVES show
the maximum scale at which exotics must enter to prevent the loss of renormalisability
Ap for mz ~ 1 TeV (DASHED), and 100 TeV (SOLID). For exotics which acquire mass
through v’, the VEV that breaks U(1)’, M and my are related. We show the restriction
M <v' ~mg /g, as YELLOW CURVES for myz ~ 1 TeV (DASHED), and 100 TeV (SOLID).
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The anomaly cancelling exotics must enter at, or prior to, the scale Ag, as determined by
Eq. (4.12). Moreover, if we suppose that the exotics enter at the highest possible scale,
M = Ap, then Eq. (4.12) implies the following model independent upper bound on the

coupling for a given set of charges

,3./4
|9;g 27 7| < Mz

(4.13)
64~ M Y

since a reliable EFT must satisfy mz < Ag. For myz ~ M this requirement does not
significantly constrain the parameter space, but stronger bounds are obtained for specific
values of myz,. To derive a useful constraint we take a range of values for M and find
the coupling g which saturates the inequality Eq. (4.13) for m/, =1 TeV and 100 TeV.
Running ij from M to the scale my (via Eq. (4.9)), gives a bound on the low energy

coupling ¢'(mz).

For mz < M the exotics must enter to prevent the loss of renormalisability prior to the

scale at which one anticipates a Landau pole, i.e. Ap < Ap. Furthermore, the mass scale

mZ/
g'(myr)
(cf. Eq. (4.2)). In this case the exotics must typically enter earlier than dictated by

of the exotics is characteristically set by the U(1)" breaking scale v/, i.e. M < v/ ~

perturbativity or renormalisibility considerations. The scale of EFT breakdown Ap and
the requirement that M < o' are both shown in Figure 4.1 for myz = 1 TeV, and 100
TeV.

4.3 Dark Matter Freeze-out via an Axial Vector

One of the leading motivations for considering a new abelian gauge boson with only axial
vector couplings to the SM fermions is the prospect of providing a potential mediator be-
tween DM and SM fermion interaction. As such it is of interest to consider the possibility
of successful thermal freeze-out of the DM, with the relic density of DM determined by
annihilation to SM states mediated by the axial vector. Here we will restrict ourselves to
the scenario in which the charges of the DM y and SM fermions f are fixed to be Model
#2 of Table 3.2. Further, we assume that the Higgs is not charged under U(1)’, and only
consider Yy — ff annihilation. A similar analysis could be carried out for alternative

models.
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FiGURE 4.2: Constraints on Dirac DM x coupling to the SM via %)27“75”?7“7%“
coming from PICO60 (RED) [130], PICO2L (ORANGE) [131], and CMS monojet searches
(BLUE) [132]. The LH panel shows the osp-m, plane. The RH plot gives the same
information in the A-m, plane. The BLACK curve shows the A such that DM freeze-
out reproduces the correct relic density, the curve is dashed where such couplings are
in tension with direct searches. For DM with mass 600 GeV S m, <10 TeV the correct
relic density can be reproduced without conflicting with direct constraints. The GREEN
SHADED region indicates parameter regions where the DM density set by freeze-out is
below the observed relic density. The thin DOTTED LINE on RH plot indicates the regime
my 2, A where the EFT is not reliable.

If the Z’ is heavy relative to the DM and SM states, the mediator can be integrated out
yielding a dimension six operator %)’(y“’y‘r’x v’ f connecting DM with SM fermions,

with A = my /g'\/(224)(22pMm). For Model #2 we have /4z,2pm = 6. The cross section

for Dirac DM annihilating to SM quarks via this operator is [63]

1/2
3m? m?2 m?2 8m? — 22m2m?2 + 17m?
Oann¥V = ﬁ E 1- g 73 + v? X 5 q2 X 3 1 + O(U4).
2 A - m3 m3 24m3(m3 —m2)
(4.14)

where v is the DM relative velocity. Thus the requirement that the annihilation cross
section is appropriate to give the observed DM relic density constrains the magnitude of
A for a given DM mass m,. Following [127-129], in Figure 4.2 we show the value of A
required to obtain the observed relic density as m, varies. Note that the EFT is no longer
reliable if the DM mass exceeds the cutoff, so we require mpy < A, as indicated by the
dashed line in the RH panel of Figure 4.2. This EFT requirement can be re-expressed as

a constraint on the Z' mass and coupling ¢’, as in Eq. (4.1).

The operator induces spin-dependent DM-nucleon scattering and thus can be searched for
via direct detection experiments. For Dirac fermion DM scattering with quarks, mediated
via a heavy axial vector the spin-dependent scattering cross section with protons is [127—

129]
2

4

q:u7d?s



Chapter 4. Azial Vector Z' Models 85

mxmp
My +mp

where p, = is the reduced mass, and Al is the spin content of the nucleon [133]; we
use » q Al ~ 0.37. A smaller A, from larger couplings or equivalently lighter mediators,
corresponds to a higher scattering rate. Given the scattering cross section o, we can apply
the current direct detection limits to the EFT, and derive a lower bound on A. We use
the limit from the PICO experiment [130, 131] to put a constraint on A, see Figure 4.2.
We have not included RG running, see e.g. [42], but this is expected to have only a mild

effect in this case.

Additionally, indirect detection signals due to DM annihilation producing photons and
neutrinos are searched for by Fermi [29], IceCube [134] and Super-Kamiokande [135]; these
can provide complementary constraints. A full analysis is beyond the scope of this work,

however see e.g. [105, 128] for further discussion.

The axial vector can also mediate DM production through collisions of SM states, and
thus searches at colliders for events with missing energy constrain the production cross
section. Figure 4.2 displays limits from CMS searches with /s = 13 TeV and 12.9 fb~!
[132]. The CMS analysis shown assumes a simplified model with z,9" = 2,9 = 0.05.
In this limit the mediator is heavy enough that it is not kinematically accessible, and
we cutoff the limit before on-shell effects affect the line shape; small variations in the
couplings can be absorbed into my: with little impact. An EFT should give a similar
limit, and in the RH plot we refashion the CMS limit in terms of an EFT by identifying
A=mgy/q \/(QZ(Z)(TDM) ; this is strictly only reliable for /s < my:. If the axial vector
mass is comparable to LHC energies (mz < /s = 13 TeV) the EFT may break down and
this requires a UV completion, examples of which we have outlined above. For discussions

of on-shell medaitor effects see e.g. [20, 63, 66, 69, 108-110].

For 600 GeVS m, <10 TeV the DM relic density can be reproduced without conflict with
constraints. This viable parameter space corresponds to 1 TeV<S A < 10 TeV, thus for
moderate couplings (say 0.01 < ¢’ < 1) the axial vector is of order 60 GeV < mz < 60
TeV. However, LHC constraints typically require mz = 1 TeV for couplings ¢ ~ O(0.1)
[136].

The above discussion assumes the DM relic abundance is set by freeze-out, in alternative
scenarios these requirements will vary. For instance, in Asymmetric Dark Matter [137] one
desires that the density of DM-antiDM pairs is reduced below the observed relic density,

such that a DM-antiDM asymmetry can be responsible for the late time abundance. Thus
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this scenario requires even more efficient annihilation, which shrinks the viable parameter
space; see [63, 138] for studies of DM annihilation via yy*7°xfy,7°f in Asymmetric
Dark Matter. Furthermore, in parameter regions in which the DM density is not reduced
below the observed relic density, the correct abundance might still be obtained via other
mechanisms, e.g. entropy injection (e.g. [139]), DM freeze-in (e.g. [140-142]), or thermal
inflation (e.g. [143, 144]).

4.4 Discussion

Axial vectors have been motivated in a number of different contexts. For instance, they
appear commonly as mediators for DM interactions with SM states. While many studies
consider scenarios with axial vector gauge bosons, they often neglect to confront the
challenges of anomaly cancellation. Ensuring that a model is anomaly free is crucial for
the gauge theory to be consistent, and successful anomaly cancellation typically requires
new states which are charged under the SM gauge group. Moreover, as we have argued

here, these new fermions can not be arbitrarily separated in mass from the axial vector.

Thus it is important to consider UV completions as these new exotics required for anomaly
cancellation are potentially observable at colliders. In particular, unless U(1)" charges
differ in each SM generation, an axial vector which couples to quarks requires new colored
fermions for anomaly cancellation. In the case of a universal axial vector with couplings
to DM that thermally produce the observed relic density, the new colored fermions should

be at the 1-10 TeV scale, and can be probed in the future.

Additionally, when the Z’ is accessible at colliders, limits arise from resonance searches.
Current LHC limits from dijet (dilepton) searches for axial vectors with ¢’ ~ 0.1 typically
require myz 2 1 TeV (myz 2 3 TeV) [66, 105, 136, 145], which would weaken somewhat if
the Z’ has a large branching fraction to DM, or not be applicable if the Z’ is leptophilic
(leptophic). Both of these scenarios occur in the models we have discussed. In the case
of Z-Z' mixing, there are also limits from electroweak precision constraints [16, 49, 123].
Moreover, if there are exotic Higgs states to give mass to the new fermions, this can lead
to other bounds such as variations in Higgs couplings to SM states, see e.g. [146], or
contributions to the invisible Higgs width [147, 148]. Furthermore, after U(1)" breaking

states with the same SM quantum numbers will generically mix (and beforehand if the
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states have identical charges) this f-f’ mixing is constrained by electroweak precision
and flavour observables. However, these constraints are typically model dependent, see
e.g. [149]. A full analysis of the constraints, and model dependence, of each of the scenario

considered here is beyond the scope of this work.

In conclusion the purpose of Chapter 8 and 4/ has been two-fold: Firstly we have provided
anomaly free, UV complete reference models for axial vector gauge bosons coupling to
SM fermions. In the course of deriving the anomaly-free sets of fermions we have ex-
plored a number of general methods for constructing such models. Secondly, we wished to
highlight that in neglecting the additional states required for anomaly cancellation, one
omits a number of potentially important constraints, such as collider searches for anomaly
cancelling exotics, the need for new scalars to give mass to exotics, the possibility of low
U (1)’ Landau poles, and potentially the loss of renormalisibility, all which should be taken

into consideration in any full model.



Chapter 5

CONCLUSION

This thesis has explored SM and BSM phenomenology in the case of U (1)’ extension of the
SM and the application to DM physics including the direct, in-direct detection of DM, and
collider search at LHC. A comprehensive study of top-philic vector portal DM simplified

models and anomaly cancellation for axial-vector DM mediators have been presented.

In the top-philic model study, the parameter space of DM and Z’ masses are presented
in order to reproduce the current relic density Qpyh? ~ 0.12. We find that direct
detection searches and EWPT of Z-Z' mixing provides the sharpest limits compared to
in-direct and collider searches in the case that the DM and top couplings are fixed from
the relic density. We further developed the first phenomenology method for addressing
the ambiguity arising from the chirality of top by considering the ratio of cross sections

in the mono-jet and mono-photon searches of DM at LHC.

Anomaly cancellation for U(1)" extension of SM has been extensively studied in this thesis
especially for the case that the Z’ is a pure axial-vector. We have developed anomaly-free
spectra and UV complete models for different motivated purposes. The theoretical and
phenomenological limits coming from the anomaly cancelling exotics have been considered
and these determine the parameter space for the future search of axial-vector Z’ and the
exotics. Moreover, we provide further constrains for the parameter space in the case
that DM relic density is set by the freeze-out mechanism via the axial-vector Z’ portal.
Following our work, there has been further exploration of anomaly free models [150, 151]

which build upon our results.
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Searching for DM driven from the theory and phenomenology of BSM is an ongoing
journey and we rely on the forthcoming experimental results to guide today’s and the
next generation physicists. This thesis provides a new insight for BSM in a minimal

extension of SM scenario and has a potential to be tested in the near future.



Appendix A

AXTAL VECTOR VERSUS
VECTOR IN SM AND BSM

A.1 Axial-Vector Verse Vector in gg — Z(orZ') + j

In this appendix, we investigate the difference between the axial vector and vector con-
tribution in loop-induced process, gg — Z(or Z') + j, which strongly related to our DM
mono-jet study for top-philic model. The production cross section of gg — Z(or Z') + j

is determined generically by four parameters:

the momentum of the jet p;

the loop fermion mass my

the gauge coupling

the mass of vector boson My or Mz

When a vector boson couples to SM fermion contents with both axial and vector couplings,
we find the axial vector contribution has the larger branch ratio for the cross section due to
the loop structure in Figure A.1. The states of the jet: the jet from axial vector coupling
is mainly a initial state radiation (ISR) and the vector coupling channel only has final
state radiation (FSR) because of Furry theorem. We show the cross section difference in

Figure A.2 and it shows the cross section for axial vector is about O(1) larger than the
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vector for a given jet p;. Then we further study the mass of loop fermion effect in the

following subsections.

FIGURE A.l: The Feynman diagrams for gg — Z(or Z') + j. The RED BOX vertex is

the vector coupling of Z and the BLUE TRIANGULAR vertex is the axial vector coupling

of Z. The jet from the axial vector coupling channel mainly is a initial state jet. On the
other hand, the vector coupling diagram only has the final state jet.

100
10
1
0.1
0.01: i

O 001 — (All Quarks)Zg; GeV_j: Axial
' 4 --- (All Quarks)Zg1 cev—j: Vector
10~

20 30 50 70 100 150200
p: (GeV)

ozj(pb)

FIGURE A.2: g g — Z + j with all favor quarks in the fermion loop.

A.1.1 In Standard Model M; = 91 GeV

In Figure A.2, we consider all flavor of quarks in the loop and we will study the effect
from SM quark mass hierarchy, i.e. m; > my where q are other light flavor quarks, which
leads to the the result that mass influences the production cross section which indeed is

controlled by mass of top quark[152].
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We assume the light flavor quarks are massless and massive top in the loop process of
g9 = Z +j, i.e. my =mg=me=ms=my =0 and m; =172 GeV and the axial-vector

and vector couplings of Z are in the convention (for simplification purpose, gz =1):

1 2 1
gvu =9z % (7 = gsm?ew) ~ 0.096; gau = gz % () = 0.25; (A1)
1 1 1
Gvd = g» X (_Z + gsz'rﬂew) ~ —0.17; GAu = G» X (—1) = —0.25; (A.2)

Then we scan the individual quark contribution for the axial vector Z production cross
section at jet p; = 20 GeV (gay = —gaq and gz =1 ) and the cross section is indeed

deterninated by mass of top in Eq. (A.5):

Oup,A = 155.1 pb;
Tdonw.A = 155.8 pb
R Oup A
Ocharm,A = 157.6 pb
R Oup A;
Ouc,a = 623.2 pb
(2% gan)? x T
9Au
= 4 X oup,a;
Oude,A = 157.6 pb
~ (2% gau+ 1% gaa)® x J;é”f‘ (A.3)
u
= (2% gau— 1% gau)? x U;;A
u
= Oup,A;
Oudesb,A = 155 pb
~ (2 X gau+3 X gaa)? ¥ J;g’A (A.4)
u
= (2 X gau — 3 X gau)? ¥ 0“5"4
9Au

= Oup,A;

Otopa = T9.87 pb
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Oudcsb+ massless top,A = 0 pb
Oup, A
=~ (3X9Au+3><gAd)2>< u2p
JAu
Oup, A
= (3X gau—3 X gau)’ x —=
JAu
= 0 X oup,4;
Oudcsb+ 172 GeV top, A = 79.71 pb
Oup, A
(2% gau+3 X gaa)® X —25 — Orop,a
JAu
= Oudcsb,A — Otop,A (A.5)

While the vector Z production cross

gva = -0.17 and gz =1):

Oup,V
Odonw,V

Ocharm,V

Ouc,V

Oude,V

Oudcsb,V

Otop,V

Oudcsb+ massless Top,V

Oudesb+ 172 GeV Top,V

= 1.198 pb ;
= 3.721 pb ;
— 1.188 pb
N Oup,V;
— 4788 pb
~ (2% gra)? x JUQP’V

9vu
= 4 Xouyv;
— 0.06274 pb
~ (2% gy +1 % gya)? X ";;V;
— 13.14 pb o
~ (2% gy + 3 X gra)? X ";gv;
—  0.004511 pb "
= 6.4pb
~ (3% gvu+3xgva)? x o-qup,V;
— 13.1pb v
X (2X gve+3 X gra)? x Ou§’v — Ttop,v

Ivu

=  Oudcsb,V — Otop,V

Q

Oudcesb,V s

section at the same jet p, = 20 GeV (gy, = 0.096,

(A.8)
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We show the o — p; as in Figure A.2 for axial vector and vector for the above individual

channels:

100¢ 100

10; 10

g b g 1!
< 01 < 01

S 001 S 001

0001 i (Up Only)Zgy Ge\/—]:: Axia 0001 (Charm Only)Zg; Gev—]:: Axia
10- 4 (Up Only)Zgy (?ev—Ji \{ector ‘ ‘ 10- 4 (Charm Only){gl GeV_‘J: Vector ‘
20 30 50 70 100 150200 20 30 50 70 100 150200

Pt (GeV) Pt (GeV)

FiGURE A.3: LEFT: g g — Z + j with only up quark. RIGHT: g g — Z + j with only
charm quark
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5 1t a 1
o 2
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S 001 > 001 e
0.001/ (Up Only)Zo; gev—j: Axial | 0001l — (U+0+C)Zo1 cev—j: Axial \\\\ ]
’ (Up Only)Ze; gev—j: Vector - =~ (U+d+C)Zg1 gev—j: Vector T
TOR U A T
20 30 50 70 100 150200 20 30 50 70 100 150
p: (GeV)

P (GeV)

FIGURE A.4: LEFT: g g — Z + j with up and charm. RICGHT: g g — Z + j with up,
down and charm. These two plots show the cross section combination from Eq. (A.3)
and Eq. (A.6).
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FIGURE A.5: LEFT: g g — Z + j with u+d+c+s+’b’. RIGHT: g g — Z + j with top

only. The combination of these two plots will lead to Figure A.2 and cancellation effect

from Eq. (A.5) only happens for avail vector coupling since the vector contribution from
Eq. (A.8) is negligible.
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The contribution from massive top to the cross section for vectorial Z is relatively smaller
than light quarks. It can be understood by considering the threshold of the center mass
energy +/s to produce massive top in the loop plus a loop-induced radiative jet (FSR)
which is harder than the axial vector case which has a ISR jet. We demonstrate the
histogram plot for the threshold energy differences in Figure A.6 and A.7 (jet p; = 20
GeV and total number of events = 1,000):

Axial (Up Only) Vector (Up Only)

number of events
mb

sqrt(s)(Gev) sqrt(s)(GeV)

FIGURE A.6: The histogram plot of /s to produce Z(91 GeV) + j(20 GeV) with only

massless up quark in the loop. LEFT: g g — Zgigev (Axial) + j with up only. RIGHT:

g g — Zgigev (Vector) + j with up only. Both plots show the threshold of /s are about

the same for axial vector and vector coupling for ISR or FSR since the loop fermion is
massless.

Axial (Top Only) Vector (Top Only)

number of events

number

sqrt(s)(GeV) sart(s)(GeV)

FIGURE A.7: The histogram plot of /s to produce Z(91 GeV) + j(20 GeV) with only

massive top in the loop. LEFT: g g — Zoigev (Axial) + j with top only. RIGHT: g g

— Zg1gev (Vector) + j with top only. The production of a FSR from vector coupling Z
needs more /s due to the massive top in the loop.
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A.1.2 Heavy 7' with fixed couplings gs=¢,=0.1

We rescale the coupling ga=gy=0.1 for simplification purpose and discuss the case of
heavy vector boson Z’ production. We follow the same procedure as the discussion in
SM. In Figure A.8, we show the axial vector and vector production difference of Z in the
cases of light loop fermion and massive top quark with our couplings simplification which
is consistent with our previous results. The vector coupling contribution is suppressed by

the FSR when massive top is in the loop.

ga=gv=0.1 ga=gv=0.1
10! ] 10
— 17 1 — 1
@_ 0.1 @_ 0.1
& 0.01 oo
0.001! (Up Only)Zg; gev—j: Axial 1 0.001! — (Top Only)Zg; gev—j: Axid RSN
4 (Up Only)Zg; gev—j: Vector 4 -=- (Top Only)Zg1 gev—j: Vector
10 20 30 50 70 100 150200 10 20 30 50 70 100 150200
Pt (GeV) Pt (GeV)

F1GURE A.8: LEFT: g g — Z + j with up only when g4=¢gy=0.1. Mz =91 GeV. RIGHT:
g g = Z + j with top only when g4=gy=0.1. Mz = 91 GeV

Then we increase the vector boson mass to 1 TeV:

ga=gv=01 ga=gv=0.1
0.001. | 0.001
2 2 10
2 104 e
N N0
10_5 [ (Up Only)Z; ey —j: Axia 1 10—6 — (Top Only)Z; tev—j: Axia
1076 (Up Only)Z; tev—j: Vector 10_7 -=- (Top Only)Z; tev—j: Vector
20 30 50 70 100 150200 20 30 50 70 100 150200

P (GeV) Pt (GeV)

FIGURE A.9: LEFT: g g — Z' 4+ j with up only when ga=gy=0.1. Mz = 1 TeV.
RicHT: g g — Z + j with top only when g4=gy=0.1. Mz =1 TeV

When Z’ mass becomes heavier than the top mass, the cross section differences become

the same for both light quark and top. The center mass energy threshold histograms have
shown the minimal /s 2 1 TeV in Figure A.10 and A.10.
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Axial (Up Only) 1TeV 2' Vector (Up Only) 1Tev Z'

number
mb

sqrt(s)(GeV) sqrt(s)(GeV)

FIGURE A.10: LEFT: g g — Zirev (Axial) + j with up quark only. RIGHT: g g —
Zg1gev (Vector) + j with up quark only

Axial (Top Only) 1TeV Z' Vector (Top Only) 1TeV 2'

number of events
mb

nnnnnnnnnnnnnnn

™% o
sqrt(s)(GeV)

FIGURE A.11: LEFT: g g — Zirev (Axial) + j with top quark only. RIGHT: g g —
Zg1cgev (Vector) + j with top quark only

The summary of this appendix is the axial vector coupling of a vector boson Z (or Z')
dominating contribution the to the gg — Z (or Z’) + j production cross section. We
investigate the loop structure and show the center mass energy threshold difference due
to the state of the jet along with Z (or Z’) which supports our top-philic Z’' and axial

vector studies where we mainly focus on the axial vector coupling of Z’.
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