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We present a model which connects the neutral current B anomalies with composite Higgs models. The
model is based on the minimal fundamental composite Higgs model with SU(4)/Sp(4) coset. The strong
dynamics spontaneously break the symmetry and introduce five Nambu-Goldstone bosons. Four of them
become the Standard Model Higgs doublet, and the last one, corresponding to the broken local U(1)
symmetry, is eaten by the gauge boson. This leads to an additional TeV-scale Z’ boson, which can explain
the recent B anomalies. The experimental constraints and allowed parameter space are discussed in detail.
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I. INTRODUCTION

The Standard Model (SM) of particle physics success-
fully describes all known elementary particles and their
interactions. However, there are still a few puzzles that have
yet to be understood. One of them is the well-known
hierarchy problem. With the discovery of light Higgs
bosons in 2012 [1,2], the last missing piece of the SM
seemed to be filled. However, SM does not address the UV-
sensitive nature of scalar bosons. The Higgs mass squared
receives quadratically divergent radiative corrections from
the interactions with SM fields, which require an extremely
sensitive cancellation to get a 125 GeV Higgs boson. To
avoid the large quadratic corrections, the most natural way
is to invoke some new symmetry such that the quadratic
contributions cancel in the symmetric limit. This requires
the presence of new particles related to SM particles by the
new symmetry.

One appealing solution to the hierarchy problem is the
composite Higgs model (CHM), where the Higgs doublet is
the pseudo-Nambu-Goldstone boson (pNGB) of a sponta-
neously broken global symmetry of the underlying strong
dynamics [3,4]. Through the analogy to the chiral sym-
metry breaking in QCD, which naturally introduces light
scalar fields, i.e., pions, we can construct models with light
Higgs bosons in a similar way. In a CHM, an approximate
global symmetry G is spontaneously broken by some
strong dynamics down to a subgroup H at a symmetry
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breaking scale f. The heavy resonances of the strong
dynamics are expected to be around the compositeness
scale ~4zf generically. The pNGBs of the symmetry
breaking, on the other hand, can naturally be light with
masses <f as they are protected by the shift symmetry.

Among all types of CHMs with different cosets, the
CHMs with fundamental gauge dynamics featuring only
fermionic matter fields are of interest in many studies [5—8],
which is known as the fundamental composite Higgs model
(FCHM). In this type of CHMs, hyperfermions y are
introduced as the representation of hypercolor (HC) group
Gyc. Once the HC group becomes strongly coupled,
hyperfermions form a condensate, which breaks the global
symmetry. However, they always introduce more than four
pNGBs, which means more light states are expected to be
found. The minimal FCHM, which is based on the
SU(4)/Sp(4) coset [9-11], contains five pNGBs. Four
of them form the SM Higgs doublet, and the fifth one, as a
SM singlet, could be a light scalar boson (if the symmetry is
global) or a TeV-scale Z' boson (if the symmetry is local).
No matter which, it should lead to some deviations in low-
energy phenomenology.

Although the direct searches by ATLAS and CMS have
not found any evidence of new particles, LHCb, which does
the precise measurement of B meson properties, shows
interesting hints of new physics. There are discrepancies in
several measurements of semileptonic B meson decays,
especially the tests of lepton flavor universality, which are
so-called the neutral current B anomalies [12—18]. Each
anomaly is not statistically significant enough to reach the
discovery level, but the combined analysis shows a con-
sistent deviation from the SM prediction [19-24]. These
anomalies might be the deviation we are looking for.

One of the popular explanations is through a new Z’
vector boson which has flavor-dependent interactions with
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SM fermions. Many different types of Z' models with
diverse origins of U(1)" gauge symmetry have been
proposed [25-52]. Depending on its couplings with fer-
mions, the mass of the Z’ can range from sub-TeV to multi-
TeV. For a Z’ boson at the TeV scale, it is natural to try to
connect it with the hierarchy problem [53].

In this paper, we realize this idea using a SU(4)/Sp(4)
FCHM, where an U(1)" subgroup within SU(4) is gauged.
The corresponding Z’ boson only couples to the third-
generation SM fermions F3 and the hyperfermions y
through the terms

Line = 92Z,(F5y"F3 + Quciry*). (1)

where g, was normalized such that SM fermions F'5 carry a
unit charge and hyperfermions carry charge Q. When the
hypercolor group becomes strongly coupled, the global
symmetry SU(4) and its gauged U(1)’ subgroup are broken.
The fifth pNGB is eaten by the U(1)" gauge boson, which
results in a TeV-scale Z’ boson. We will test the potential for
this Z’ boson to explain the neutral current B anomalies. The
parameter space allowed by different experimental con-
straints, mainly from neutral meson mixings and lepton
flavor violation decays, will be discussed. The bounds on
M, from the LHC direct searches are also shown.

This paper is organized as follows. In Sec. II, we
introduce the SU(4)/Sp(4) FCHM. The calculations of
the gauge sector, including SM gauge group and U(1)’
gauge symmetry, are presented. To study its phenomenol-
ogy, we specify the transformation between the flavor basis
and mass basis in Sec. IIl. The resulting low-energy
phenomenology is discussed in Sec. IV, including the B
anomalies and other experimental constraints. Section V
focuses on the direct searches, which play an important role
in constraining a TeV-scale Z’ boson. Sections VI and VII
contain our discussions and conclusions.

1L SU(4)/Sp(4) FCHM

In fundamental CHMs, additional hyperfermions y are
added to generate composite Higgs. The hyperfermions are
representations of hypercolor group Gyc, whose coupling
becomes strong around the TeV scale. The hyperfermions
then form a condensate, which breaks the global symmetry
and results in the pNGBs as the Higgs doublet. In this
paper, we study the minimal fundamental CHM based on
the global symmetry breaking SU(4) — Sp(4). The fer-
mionic UV completion of a SU(4)/Sp(4) FCHM only
requires four Weyl fermions in the fundamental represen-
tation of the SU(2) = Sp(2) hypercolor group [7,8]. The
four Weyl fermions transform under Ggy = SU(3). x
SU2), xU(1)y as

Vi = (ULvDL) = (17270)7
Ur =(1,1,1/2), Dy = (1,1,-1/2). (2)

Next, we rewrite the two right-handed hyperfermions as
U, = —ic>CU%L and D, = —isc®>CD}%. Since all four Weyl
fermions are according to the same representation of the
hypercolor group, we can recast them together as

v = (UL’DLvUDDL)T» (3)

which has a SU(4) global symmetry (partially gauged).
The hypercolor group becomes strongly coupled at the TeV
scale, which forms a nonperturbative vacuum and breaks
the SU(4) down to Sp(4). In CHMs, the condensate
(py) x Xy is chosen such that electroweak symmetry is
preserved. It will be broken after the Higgs interactions and
loop-induced potentials are taken into account. However,
we will only focus on some key ingredients here and leave
the complete analysis to the future.

A. Basics of SU(4)/Sp(4)

To study the SU(4)/Sp(4) symmetry breaking, we can
parametrize it by a nonlinear sigma model. Consider a
sigma field X, which transforms as an antisymmetric tensor
representation 6 of SU(4). The transformation can be
expressed as ¥ — gXg’ with g € SU(4). The scalar field
2 has an antisymmetric vacuum expectation value (VEV)
(£), where

@-z=("7 ) @)

0 iUz

The X VEV breaks SU(4) down to Sp(4), producing five
Nambu-Goldstone bosons.

The 15 SU(4) generators can be divided into the
unbroken ones and broken ones with each type satisfying

Ta: TaZO + ZoTZ = 0,

{ unbroken generators
Xa: XaZO - ZOXZ - O

(5)

broken generators

The Nambu-Goldstone fields can be written as a matrix
with the broken generator:

ing(x)Xa

£(x) = 5 (6)

Under SU(4), the ¢ field transforms as & — g &h', where
g € SU(4) and h € Sp(4). The relation between the £ and
2 field is given by

irg(x)Xq

T(x) =& =e T X, (7)

The broken generators and the corresponding fields in
the matrix can be organized as follows:
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jal
in,X, = < “ (8)

V2(HH) >
V2(HH) '

—ial

In this matrix, there are five independent fields. The four
of them form the Higgs (complex) doublet H. Besides,
there is one more singlet a, which will turn out to be the
longitudinal part of the Z’ boson. By these matrices, we can
construct the low-energy effective Lagrangian for these
pNGB fields.

B. SM gauge sector

The SM electroweak gauge group SU(2)y, x U(1)y is
embedded in SU(4) x U(1)y with generators given by

00 0 0
1/c6% 0 1100 0 0
SUR2)w: = , U(l)y: = XI.
()W2<oo> ()Y200—10+
00 0 1
)

The extra U(1)y factor accounts for the different hyper-
charges of the fermion representations but is not relevant
for the bosonic fields. These generators belong to Sp(4) x
U(1)y and are not broken by X,. Using the X field, the
Lagrangian for kinetic terms of Higgs boson comes from

L, = %ztr[(D,,z)(Dﬂz)T] + e (10)

where D, is the electroweak covariant derivative.
Expanding this, we get

7,7"

cosBy

1 2 S oo (h -
ﬁhzi(aﬂh) +§gW51n 7 2W W 4

The nonlinear behavior of the Higgs boson in the CHM is
apparent from the dependence of trigonometric functions.

When £ obtains a nonzero VEV (h) =V, the W boson
acquires a mass of

]. (11)

z ., . [V 1
miy =" gy sin’ 7 =1 9wv% (12)
where v = fsin(V/f) ~ V. The nonlinearity of the CHM is
parametrized by
2
v - V)
=— =sin“|— ). 13
e (; "

The Higgs boson couplings to SM fields in the
SU(4)/Sp(4) CHM are modified by the nonlinear effect
due to the pNGB nature of the Higgs boson. For example,

the deviation of the Higgs coupling to vector bosons is
parametrized by

KVE%:COS<K> =\/1—§N1—§ (14)

hVV f

To decide the bound on the parameter £ we also need to
determine the Yukawa coupling in the model, which
is beyond the scope of the present work. The most
conservative bound requires & <0.06 [65,660], which
implies the symmetry breaking scale f = 1 TeV.

C. U(1) gauge symmetry

Besides the SM gauge symmetry, we also gauge the
U(1)" subgroup of SU(4) with the generator given by

u(1)': QHC(EI) E)]I> (15)

The U(1)" behaves like the lepton number of hyperfer-
mions, where a hyperfermion carries charge Qyc and an
antihyperfermion carries charge —Qpyc. To explain the
neutral current B anomalies without violating the exper-
imental constraints, we assume SM fermions (but only the
third generation) also carry a nonzero, universal charge,
which is set to 1 for simplicity as mentioned in Eq. (1). To
make the U(1)" gauge symmetry anomaly free, we need to
take Qpc = —2 in the minimal FCHM. Now, the U(1)’
gauge symmetry becomes the difference between the third-
generation SM number and the hyperfermion number, or
written as SM5 — HF, which is like the hyper version of
anomaly-free B — L symmetry.

When SU(4) global symmetry is broken down by the X
VEV to Sp(4) at the symmetry breaking scale, the U(1)’
subgroup is also broken down. It results in a massive Z’
gauge boson with

My = g7 (2|Quclf) =921 (16)

where we define the scale

I =2|Quclf =4f, (17)

which is relevant in the study of Z’ phenomenology.

To sum up, in this flavorful SU(4)/Sp(4) FCHM, five
pNGBs are generated below the compositeness scale. The
four of them become the SM Higgs doublet we observed
but with nonlinear nature, which will be tested in the future
Higgs measurements. The fifth one is eaten by the U(1)’
gauge boson and results in a heavy Z’' boson around the
TeV scale. Other model construction issues and phenom-
enology of SU(4)/Sp(4) CHM have been studied com-
prehensively in Refs. [7,8]. In the following sections, we
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will focus on the Z' phenomenology and the connection
with the B anomalies.

III. SPECIFY THE MIXING MATRICES FOR
PHENOMENOLOGY

To discuss the phenomenology, we need to first rewrite
the Z’ interaction terms in Eq. (1) to cover all generations
and separate different chirality as

Lin = 922, (F{ /" O, F{ + Fiy* Q1 F%),  (18)
where F = (F|, F,, F3) includes SM fermions of all the

three generations with superscript f for flavor basis. The
3 x 3 charge matrices in the flavor basis look like

QFL/R = (19)

oS O O
oS O O
- O O

However, to study phenomenology, we need to transform

them to the mass basis F',p through the mixing matrices as

F! LR = =Ur, . Fl /- After the transformation, we get
Lin = 92Z,(FPv"QF FI + FRy* QR FR),  (20)
where the charge matrices becomes

QFL/R FL/R QFL/R UFL/R‘ (21)
Therefore, we need to know all the U Fur to determine
the magnitude of each interaction. However, the only
information about these unitary transformation matrices
is the Cabibbo—Kobayashi-Maskawa (CKM) matrix for
quarks and Pontecorvo—-Maki—Nakagawa—Sakata (PMNS)
matrix for leptons. The two relations that need to be
satisfied are
Vekm= Ul Uy, and Vpyns = UL U, (22)
which only tells us about the left-handed part with no
information about the right-handed part. Even with these
two constraints, they only give the difference between two
unitary transformations, but not the individual one.
Therefore, we need to make some assumptions about the
matrices so there will not be too many parameters.

To simplify the analysis, we assume all the Ujp, are
identity matrices. Therefore, for right-handed fermions, only
the third generation joins in the interaction with no flavor
changing at all. The couplings are the same for all the right-
handed fermions it couples to with coupling strength g,.

For the left-handed side, due to the observation of Vcxum
and Vpwuns, there is a guaranteed minimal transformation
for Up, . Because we only care about the transition between

the second- and third-generation down-type quarks and
charged leptons, we will only specify the rotation 6,3
between the second and third generations of U, and U,, as

1 0 0
Up, = |0 cosOp sinbp |, (23)
0 —sin€p cosfOp

where F' = d, e. Keeping only the angle 6,5 is a strong
assumption but a good example case for phenomenological
study because it avoids some of the most stringent flavor
constraints from light fermions and leaves a simple
parameter space for analysis. Following this assumption,
the rest of the matrices are fixed as U,, = VEKM U, and

v, = Vs U,, . Notice that, although they look similar,
the magnitude we expect for the two angles is quite
different. For 8, we expect it to be CKM-like, i.e., sin
0, ~ O(0.01). However, for 0,, it could be as large as
sin 0, ~ 1.

We can then calculate the charge matrices as

0 0 0
"= 0 sin’4r —1sin26p |, (24)
0 —1sin20p  cos®Op

where F = d, e, and write down all the couplings for left-
handed fermions. To study the B anomalies, two of them,
gsp» and g,,, are especially important, so we further define

Isb = with €sb =

1
—3z7€sp Esin 29(17 (25)

with ¢

= SIN*0,. (26)

Jup = 97/ €pp

We will see later that constraints will be put on the three key
parameters: the scale f’, the mixings €, and €,

IV. LOW-ENERGY PHENOMENOLOGY

With the specified mixing matrices, we can then discuss
the parameter space allowed to explain the B anomalies.
Also, the constraints from other low-energy experiments
are presented in this section.

A. Neutral current B anomalies

To explain the observed neutral current B anomalies, an
additional negative contribution on b — su*u~ is required.
Based on the assumption we make, after integrating out the
7' boson, we can get the operator

4GF 62
Vi Vi
\/§ thV ts 167 1.2

in the low-energy effective Lagrangian with coefficient

AL = CroGry’br)(fagy,pe) — (27)
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Cry = 09m (35 Tevy? = — 0% (35 ey, (28)
M2, f

The global fit value for the Wilson coefficient, consid-
ering all rare B decays [19], gives

Crr =—-0.82£0.14, (29)
which requires
€€ 1
i > = [~ G (39 TeV).  (30)

2 (39 TeV)

The generic scale with large mixing angles is
f'~40 TeV. However, as we mentioned, the value
€s ~ 0(0.01), which will bring it down to the TeV scale.

B. Neutral meson mixing

The measurement of neutral meson mixing put strong
constraints on the Z’ solution. Based on our specified
mixing matrices, which have suppressed mixings between
the first two generations, the B, — B, mixing turns out to be
the strongest constraint. The measurement of mixing
parameter [67] compared with SM prediction by recent
lattice data [68] gives the bound on the b7’ vertex as

9z

p<—— = f'>¢€, 194 (TeV). (31
MZ,esb—194 TeV f Z €sb ( € ) ( )
Combining with the requirement from Eq. (30), we can
rewrite the constraint as

f' < €417 (TeV). (32)

The constraint can be understood as that, in the b — sy pu~
process, the bs side, which is constrained by the B, — B,
mixing measurement, should be extremely suppressed.
Therefore, the pup side needs to be large enough to generate
the observed B anomalies. We can also find a hierarchy
€./ €sp > 25, which leads to the bound ey, < 0.04, which

is consistent with what we expected.

C. Lepton flavor violation decay

In the lepton sector, there is also a strong constraint from
the flavor changing neutral currents (FCNCs). The off-
diagonal term in the charge matrix of charged lepton will
introduce lepton flavor violation decay, in particular,
7 — 3u, from the effective term

Lypy = SeCe(TLy’uL) (ALY pmL), (33)

Z!
M2,

where s, = sin, and ¢, = cos 0,. The resulting branching
ratio can be expressed as

[ Bs_Bs

J (TeV)

10 T — 3

0 0.2 0.4 0.6 0.8 1
€
o

FIG. 1. The viable parameter space from the experimental
constraints. The shaded region is excluded by the corresponding
measurements. The bright blue line labels the upper edge of the
available parameter space.

2m? (g ?
BR(T e 3/.,{) = 15367731—‘ (wsch:.)
1 TeV
f/

The value should be <2.1 x 1078 at 90% C.L. by the
measurement [69]. It also puts a strong constraint on the
available parameter space. The exclusion plot combining
the constraint from B; — B, mixing on the parameter space
f" versus ¢, is shown in Fig. 1.

The small ¢, region is excluded, which gives a minimal
value €, > 0.82. It implies the angle 0, is quite large. The
value of f” is bounded from above as shown in Eq. (32) but
not from below, as it could be small in the €, = 1 limit.
However, because of the connection with symmetry break-
ing scale f > 1 TeV, we are interested in f' > 4 TeV,
which corresponds to the upper region of the parameter
space. In this region, the Z’ contributions to neutrino trident
production [70,71] and muon (g — 2) [72,73] are negligible,
so we will only focus on the experimental constraints we
mention in this section.

4
=3.28 x 10—4< ) 6. (1—¢,). (34)

V. DIRECT Z' SEARCHES

The measurements from flavor physics in the last section
can only put the constraints on the mixings and the scale
f'= My /gp. The direct searches, on the other hand, can
give the lower bound on the mass of M, directly. A general
Z' collider search has been discussed in Ref. [74]. In this
section, we will focus on the scenario determined by
our model.

A. Decay width and branching ratios

The partial width of the Z' boson decaying into Weyl
fermion pairs ff; is
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C

.=
Yo 24rn

glsz A (35 )
where g;; is the coupling of fi f,;Z' vertex and C counts the
color degree of freedom. In the limit that all m, are
negligible, we get the total relative width as

Iy 16

=— ¢ ~0243. 36
My 2479277z (36)

The value is important when we try to pick up the bound
from the LHC searches.

The dominant decay channels are the diquarks channel
of the third-generation quarks as

Br(t) ~ Br(bb) ~ 37.5%. (37)

Decays to the light quarks and exotic decays like zc and bs
are also allowed but strongly suppressed due to the small
rotational angles.

The main constraint is expected to come from the clear
dilepton channels. Based on the specified mixing matrices
we gave, the branching ratios are

Br(zz) ~ 6.25(1 4 (1 —¢,,)?) %. (38)
Br(zu) ~ 12.5¢,,(1 —€,,)%, (39)
Br(up) ~ 6.25¢%,%. (40)

We already get €,, > 0.82 from the flavor constraints,
which implies Br(uu) > 4.2%. Therefore, the uu final state
is the most promising channel but also puts the stringent
constraint on the M.

B. Production cross section

In the model, the Z' boson only couples to the third-
generation quarks in the flavor basis. Even after rotating to the
mass basis, the couplings to the first- and second-generation
quarks are still suppressed due to the small mixing angles.
Therefore, the dominant production come from the process
bb — Z'. In the following discussion, we will ignore all the
other production processes and the small mixing angle 6. In
this way, the cross section can be written as

O'(bB—)Z/)Eg%, copp(My), (41)

where the coupling dependence is taken out. The oy, is
determined by the bottom-quark parton distribution functions
[75,76], which are a function of M.

C. pp channel search

From the branching ratios and the production cross
section we got, we can calculate the cross section for
dimuon final state,

ATLAS, /s = 13 TeV, 139 fb~!
10} — Observed limit at I'/m = 0.5% 1
———— Expected limit at I'/m = 0.5%
— Observed limit at I'/m = 10%
——~~ Expected limit at I'/m = 10%
~ N\ ——Z model with C | =-0.82
Z model with C, | =-0.68

10° | >4 \\;\%/’“\

N ~ ~

o (fh)
/
/
/
/
/ >
/
/! //
1,
f

107! ; : : : : -
400 600 800 1000 1200 1400 1600 1800
My (GeV)

FIG. 2. Upper limits at 95% C.L. on the cross section times
branching ratio o, as a function of M for 10% (red) and 0.5%
(black) relative width signals for the dimuon channel. Observed
limits are shown as a solid line, and expected limits are shown as
a dashed line. Also shown are theoretical predictions of the
minimal cross section for Z’ in the model (blue) assuming C;; =
—0.82 (solid) and —0.68 (dotted).

1
0, =0 xBr(uu) = Eahh . g%elzm- (42)

Moreover, from the B, — B, constraint, we get the lower
bound on ¢, as a function of f’ in (32), which gives

1 f\2 My \2
> A —L—) = — . 43
O =760 " 9z <7.7 TeV) v <31 TeV (43)

The equality holds when ¢,, = f'/7.7 TeV, which corre-
sponds to the blue line in Fig. 1. It gives the minimal cross
section as a function of M, that allows us to compare with
the experimental results. The current best search comes
from the ATLAS [77] with an integrated luminosity of
139 fb~!. The result is shown in Fig. 2.

Notice that the bound by collider searches depends on
the width. In Fig. 2, we show relative width of 10% (red)
and 0.5% (black). The wider one gives a weaker bound.
However, it requires a larger g ~ 0.7 and thus a smaller
f' ~ 1.7 TeV, which is excluded as shown in Fig. 1. The
bright blue segment in Fig. 1 is the available parameter
space with the minimal cross section. In this region, the
value [’ ~7 TeV, which implies a smaller g, ~ 0.17.
Therefore, we should use the black line with 0.5% width
in the plot, which requires M, = 1200 GeV. If we relax
the best-fit value in Eq. (29) to the one sigma region, we get
a weaker bound as M, = 900 GeV.

D. Other decay channels

To look for other decay channels, we need to first set up
benchmark points. From the previous discussion, we
choose the value M, = 1.4 TeV, which is right above
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TABLE I. The cross sections for each decay channel based on
My = 1.4 TeV with different choice of f”.

I (TeV) 9z o1 (fb) Ou/bp (fb) e/ (D)
5.0 0.28 11.21 4.20 0.70
6.0 0.23 7.79 2.92 0.49
7.0 0.20 5.72 2.15 0.36

the current bound. For simplicity, we set €,, = 1, which
makes o, = 6,, and o,, = 0. Once we pick up a value for
f', other parameters are automatically set. We can then
calculate all the cross sections we are interested in. The
results are listed in Table I. For a fixed M, a larger f’
implies a smaller g, and thus smaller cross sections. We
can check that the o, for these benchmark points are still
below the bound. Other channels, even with a larger cross
section, are well below the observed limits but will be
tested during the HL-LHC runs.

We only show the flavor conserving final states so far,
but the Z' boson can also have flavor violating decays.
However, their cross sections are already constrained by the
absence of FCNCs. In the quark sector, the mixings are
strongly constrained, and thus the branching ratios for these
decays are suppressed. However, in the lepton sector, a
larger mixing is allowed, and the search for flavor violating
decays like Z' — pr might be viable.

Although other channels are unlikely to be the discovery
channel, once the Z’ boson is discovered, the next thing to
do will be to look for the same resonance in other channels.
Through the searches, we can decide the partial widths and
figure out the couplings of the Z’ boson to other fields. The
structure of couplings can help us distinguish between
different Z’ models. For example, the Z’ boson in our model
couples universally to all the third-generation SM fermions
in the flavor basis. Even considering the transformation to
the mass basis, it still has a unique partial width ratio

FI,ZF;,,,:F”:FW~3:3:1:1, (44)

where 'y, is the sum of all the charged lepton partial
widths. The measurement will allow us to probe the nature
of the Z’ boson and the underlying U(1)" symmetry.

VI. DISCUSSIONS

In this study, we are interested in the value of f’, which is
related to the breaking scale f, and the bound on M,
which is important for the collider searches. In the last
section, we found that a certain straight line (such as the
blue line) in Fig. 1 corresponds to a predicted cross section
0, (f5), which is given by

) / , M \?2
Line: €, _jfT() = 6,,(f0) = owp (4><—Zf()> . (45)

8

7L
9z = 0.2
6 =
= _
é 5 9z = 0.4
L. N\
4+ \\\1 ‘ gz = 0.6
3 -
2 ; ; :
1 15 2 25 3
My (TeV)
FIG. 3. Constraints on f’ vs. M, plot for M, below 3 TeV. The

white region is currently allowed, where ¢, and ¢, are chosen to
satisfy (28) from the requirement of the B anomalies. The shaded
regions are excluded by the corresponding constraints from Fig. 1
combining with the direct searches, where we use the ATLAS
139 fb~! dimuon searches. The three straight lines represent
different values of g,.

where f{, represents the slope of the line, e.g., for the blue
line in Fig. 1, f{, = 7.7 TeV. Using this relation, we can
calculate the cross section ¢,, for each point in the
parameter space in Fig. 1 with a certain value of M . It
allows us to combine “the constraints in the parameter
space in f’ v.s. €, plot” (as shown in Fig. 1) with “the
direct pu channel search results from the ATLAS [77]” into
“the viable parameter space in f’ v.s. M, plot” as shown
in Fig. 3.

The blue region is excluded by the B; — B; meson
mixing, which gives the lower bound M, = 1.2 TeV.
The bright blue line corresponds to the same parameter
space as in Fig. 1 with M, ~ 1.2 TeV. The yellow region,
also excluded by the B, — B, meson mixing, sets the
maximum value for f’ as shown in Eq. (32), which can
also be found directly in Fig. 1. Once the stronger
constraint from B, — B, meson mixing is placed, the yellow
line will move downward, and the blue line will move
rightward. The red region, which is excluded by 7 — 3pu,
restricts the parameter space from below. It places the lower
bound on f’, which will be pushed upward if the constraint
becomes stronger. We can also see the data fluctuations in a
dimuon search become the fluctuations on the red curve.
The strength of the coupling g, with three different values
is also labeled as the black straight line in the plot.

There are two regions worth noticing in the plot:

(1) Thefirstis the region with the light Z’ that corresponds
to a small g, but a large f region, i.e., (gz, f')~
(0.2,7 TeV);

(2) For a natural CHM without a large fine-tuning, a
smaller f (and thus f' = 4f) is preferred, which
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corresponds to a larger g, region, such as (g, f') ~

(0.5,4 TeV) with a heavier Z'.
Both regions are around the boundary. The direct searches
will extend both blue and red exclusion regions rightward,
so both points we mentioned will be probed soon. The
lower bound on M, will be pushed to 2 TeV, and most of
the interesting parameter space will be explored during the
HL-LHC era [78,79].

VII. CONCLUSIONS

In this paper, we presented a new Z’ solution to the B
anomalies, whose scale is related to the symmetry breaking
scale of the underlying strong dynamics. We found that the
anomaly-free U(1)’ symmetry can arise from SM; — HF, the
difference between the third-generation SM fermion number
and the hyperfermion number. This type of U(1)’ is naturally
broken at the TeV scale in many fundamental CHMs, which
allow us to connect it with the hierarchy problem. We
constructed a concrete model based on SU(4)/Sp(4) min-
imal FCHM. The relation f' = 2|Qyc|f = 4f connects the

flavor anomalies scale f” with the symmetry breaking scale f
in the FCHM.

The potential for the Z' boson to explain the B
anomalies is discussed in detail. Other flavor physics
measurements, like neutral meson mixings and lepton
flavor violation decays, put constraints on the allowed
parameter space as shown in Fig. 1. The direct searches
also give the bound on the mass of Z' as M, = 1.2 TeV.
The combined constraints on the scale f’ vs. mass M,
are shown in Fig. 3, which gives a clear picture about how
the parameter space will be probed in the future. Some
attractive regions are still viable and will be tested during
the HL-LHC era.
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