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With the deeper study of Higgs particle, Higgs precision measurements can be served to probe new
physics indirectly. In many new physics models, vectorlike quarks 7';, T occur naturally. It is important to
probe their couplings with standard model particles. In this work, we consider the singlet 7', T extended
models and show how to constrain the 7'th couplings through the 4 — yZ decay at high-luminosity LHC.
First, we derive the perturbative unitarity bounds on | y’LT,R| with other couplings set to be zeros simply. To
optimize the situation, we take my = 400 GeV and s; = 0.2 considering the experimental constraints.
Under this benchmark point, we find that the future bounds from 4 — yZ decay can limit the real parts of
yil g in the positive direction to be O(1) because of the double enhancement. For the real parts of yi in the
negative direction, it is always surpassed by the perturbative unitarity. Moreover, we find that the top quark
electric dipole moment can give stronger bounds (especially the imaginary parts of y/,) than the

perturbative unitarity and & — yZ decay in the off-axis regions for some scenarios.

DOI: 10.1103/PhysRevD.102.075035

I. INTRODUCTION

The standard model (SM) of elementary particle physics
was proposed in the 1960s [1], and it has been verified up to
now to be quite successful. However, there are still many
problems beyond the ability of SM, for example, Higgs
mass naturalness, gauge coupling unification, fermion mass
hierarchy, electroweak vacuum stability, dark matter, mat-
ter-antimatter asymmetry, and so on. Thus, new physics
beyond the SM (BSM) are motivated in the high-energy
physics community. Many of these BSM models predict the
existence of heavy fermions, for example, composite Higgs
models [2,3], little Higgs models [4,5], grand unified
theories [6], and extra-dimension models [7]. In these
models, there can be a heavy up-type quark 7', which
interacts with the SM particles through ToW,TtZ, Tth
interactions. Analyses on these couplings may tell us some
clues about the new physics. TbW coupling can be con-
strained from single production of T quark, but there are
always many assumptions for most of the current con-
straints. It will be hard for the detection of the flavor-
changing neutral (FCN) couplings TtZ, Tth because T
productions from ¢Z,th fusion are highly suppressed.
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If there exist other new decay channels for the T quark,1
even the bounded 7hW coupling can be saturated. Since
the discovery of Higgs boson at the LHC [8], it can also be
a probe to such new physics.

Currently, all the main production and decay channels of
the Higgs boson have been discovered at the LHC. Then,
the next step is to measure the observed channels more
accurately. At the same time, attention should be paid to the
undiscovered channels. Precision measurements of the
Higgs particle may help us decipher the nature of electro-
weak symmetry breaking (EWSB) [9] and open the door to
new physics [10]. AVV and Aff couplings inferred from
the observed channels are SM-like now, while there can
still be large deviations for the rare decay modes, for
example, h — yZ,u"u~. The yZ decay mode has drawn
much attention of this community. It can be used to detect
CP violation [11-13] and many new physics scenarios
[14-16]. Here, we will show how to constrain the FCN
Yukawa (FCNY) couplings through the 7 — yZ decay
mode indirectly. The constraints from 4 — yZ do not
depend on the total width of 7' quark, namely, in spite
of other decay modes.

In this paper, we build the framework of FCN couplings
in Sec. II first. Section III is devoted to the theoretical
and experimental constraints on the simplified model.
In Sec. IV, we compute the new physics contributions to
the partial decay width of &7 — yZ. Then, we perform the

lSay T — tS; here, S can be a CP-even or -odd new scalar.
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numerical constraints on the FCNY interactions in
Sec. V. Finally, we give the summary and conclusions
in Sec. VL

II. FRAMEWORK OF FLAVOR-CHANGING
NEUTRAL COUPLINGS

A. UV-complete model

It is strongly constrained for the mixings between heavy
particles and the first two generations because of the
bounds from flavor physics [17-19]. What is more, the
third generation is more likely to be concerned with
new physics, theoretically owing to the mass hierarchy.
For convenience and simplicity, we only take into
account the mixings between the third generation and
heavy quarks.

Based on the SM gauge group SU.(3) ® SU,(2) ®
Uy (1), we can enlarge the SM by adding new particles with
different representations. Usually, we extend the SM
fermion sector by introducing vectorlike particles to avoid
the quantum anomaly. The minimal extension of quark
sector is to add one pair of vectorlike quarks (VLQs)
[20,21]. For the nonminimally extended models, the scalar
sector can also be augmented. Besides the VLQs, we can
also plus a real gauge singlet scalar [22-24], a Higgs
doublet [25], and even both the singlet-doublet scalars at
the same time [25,26]. In these models, other decay
channels can exist [27,28].

FCN couplings TtZ and Tth show different patterns in
different models. For simplicity, we will only consider the
case where there is one pair of VLQs 7, and TR.2 In the
following, we will give two specific examples: the minimal
extension with a pair of singlet quarks 7';, Ty [gauge group
representation (3, 0, 2/3)] and the model further enlarged
by an extra real singlet scalar [gauge group representation
(1, 0, 0)].

1. Minimal vectorlike quark model

Let us start with the model by adding a pair of singlet
fermions 7';, Ty to the SM, which is dubbed as the VLQT
model. The Lagrangian can be written as [21]

L= Loy + LT 4 LT,
ﬁ}'ukawa — _FITQZL&)TR — MTTLTR +H.c.,
L5 =T, iDT; + TxiDTyg, (1)

where ® = i, ®* and the covariant derivative is defined as
D, =0, —igYrB,. Yy and Qr are the Uy (1) and electric

20f course, one can build one model with more T, Tg quarks,
but the mass matrix may be equal to and even greater than three
dimensions, which are quite complex.

charge of the T quark, respectively. The Higgs doublet is
parametrized as ®7 = [qﬁ*,m\/‘gi)‘].

It is easy to obtain the mass terms of f and T quarks3 :

CrAr®y A3
Emasso—[‘L TLHﬁ reova T H R}%—H.c. (2)
0 MT TR

Here, I3 and T3 are the gauge eigenstate Yukawa
couplings in front of Q3 ®T, and Q; ®1x individually.
The ¢ and T quarks can be rotated into mass eigenstates by
the following transformations:

sin @ L :| |: 173 :|

cost; | [T, |

[ 1 } [ cosf;
- .
T, —sind,
t cos @ sin @ t
n)- e wallnl o
Tr —sinfr cosbr | | Tx
Then, we have the following mass eigenstate Yukawa
interactions:
EyukawaD—m,?t—mTTT—@c%hft—ﬂs%hTT
v v
m _ - m - -
_TTSLCLh(tLTR_I_TRtL)_jSLCLh(TLtR_FtRTL)-
(4)

Here, s;, c1, Sk, cg are short forsin 0 , cos 8, , sin Oy, cos O,
respectively. Similarly, we abbreviate sin 8, cos 8 as sy, ¢y
in the following context. In this model, we have two
independent extra parameters my and 6. There are
two relations between the mixing angles and ¢, T quark
masses:

m
tanfp = —tan g, M2 = m2c? +m?st.  (5)
m

T
For the singlet 7, and Ty quarks, the gauge eigenstate

t, T quarks will interact with Z, W bosons through the
following form:

g _ 1 2 2,
‘Cgauge ) azﬂ |:tL}’” <§ - gs‘z,v> tL - gS%/IR}’”tR
= Qpsiy(ToLr'Ty + TRV”TR)]

+ L (Wit by + Wb ). (6)

V2

3Although the mass mixing term Ttz can appear, it will be
removed via field redefinition [29,30].
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Here, ¢ and T quarks can be rotated into mass eigenstates by the transformations in Eq. (3); thus, we have the following mass

eigenstate gauge interactions:

g 1, 2\, 1, 2\~ T ]
£gaugeD_Zy —C%——S%V tL]/”lL+ —S%——S%V TLY”TL +_SLCL(tLy”TL+TLy”tL)
ew FI\2E T3 2’173 2

c
L9

2 2, - _ - gs - -
- gs%VfR}’”l‘R - gs%VTRyﬂTR:| NG (WitLy'by + Wibpy'ty) + 7§ (WiTpy'by, + Wb y*Ty).  (7)

2. Vectorlike quark and one singlet scalar model

Now, let us consider the model with SM extended by a
pair of singlet VLQs T;, Ty and a real singlet scalar S,
which is named as VLQT + S. The Lagrangian can be
written as [23,31]

L = Loy + LYvkawa 4 [pEMEE 4 L,

Lykava — 1008 ®Tg — MyT Tg — y3ST, Tg + Hoc.,

L5V =T, iDT, + TxiDTyg,

1
‘CS = 58”58”5‘ - VQ)S,

V(DS = //l(DS(I)}q)S + )I(DSCDT(DSZ + tSS + m_%Sz
+ pugS® + AgS*. (8)
|

[
Note that the Lagrangian form is invariant after shifting S;
thus, we can set (S) =0 through redefinition of the
scalar field S [32-37]. Here, & can mix with S, so we
should transform them into mass eigenstates via following

rotations:
h cos@ sin@|[h
- . : )
S —sind cos@ || S

The mass terms of ¢ and T quarks are exactly the same as
those in Eq. (2); thus, they can be rotated into mass
eigenstates by the same transformations of Eq. (3).
There is one extra Yukawa term —y3.ST; Ty compared to
the model VLQ, so the Yukawa interactions in this model
are more complex. Then, we have the following mass
eigenstate Yukawa interactions:

T

Lyukawa D —mytt —mpTT — {@ clcop— Re(y%)sLsng] hit — [m_ s3co— Re(yi)chRse] hTT
v v

m _ _ m _ _
- {Tr spcrcy + Re()";)SLCRse} h(i,Tg + Tgty) - {j SLCLCo + Re()’;)CLSRSQ} M(Tptg + 1T y).

+ ilm(y3) s, Sgsghty’t + ilm(y3)cp crsohTy T
— ilm(y7)spcgsoh(TLTr — Trty) — im(yy)cpsgsoh(T tr — TR TL). (10)
The gauge interactions for ¢ and T quarks are fully the same as those in Eqgs. (6) and (7). In this model, there are four

interesting parameters 0;, my, 0, y3. The other parameters in scalar potential do not have relation with the h — yZ, yy
processes.

B. Simplified model

Here, we will adopt one more general and model-independent framework [38]. For simplicity, we only consider the
singlet 7'; p case. In the simplified model case, we can write down the related mass eigenstate state interactions generally,

LD —mit —myTT — €A, Z Qi fr'f + eZ, [y (gro_ + ghw )t + Ty (glw_ + gho )T
f=tT

- . m, s . 5o
+ (g - + g 0 )T + Ty (g o_ + g @ )1] — jht(K, + iy’%, )t + hT (yr + iy°57)T

_ _ c _ _
+ hi(y -+ o )T + kT () 0, + () o )t +LL (Wi b, + Wby

V2

A — _
PL(WHT b, + Wb Ty ). (11)

2

where @, are the chirality projection operators (1 4=7°)/2 and the gauge couplings are listed as follows:
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TABLE I. Patterns of Yukawa coefficients in SM, VLQT, and VLQT + S. There is no T quark in SM, so we use
the symbol x for T couplings.
SM VLQT VLQT + S
“ ! i chog - LEeRe(y})
yr X L —"sicy +Re(yT)chR€9
Re(y;) x —sLcL _TSLCLCa Re(y})cLsrsg
Re(yi) x —arsLer —"Lspcpco —Re(y7)sicrse
Im(y") X 0 Im(y})eLsrSo
Im(yi) X 0 —Im(y3)s, crsg
TABLE II. Patterns of the multiplication of FCN couplings in VLQT and VLQT + S.
AN 9 OR)* gr Ok ) gr 0L )
General m e (i) 0 mSLCL(yﬁeT)* 0
VLQT _m ‘LCL 0 _mr sicq 0
v 2syew v 2sycw
spc? m sic my *
VLQT +5 o (=5 .o = VESRS)) 0 e [= " erco — (V1) crsol 0
g = ! <IC% —2S%v>’ gl = ! <1S% —2S%v)’ (or the Higgs mass) in the SM [39]. For the scatterring
Swew \2 3 Swew \2 3 amplitude, we can perform the partial wave expansion:
o SLCr . 25y =167 2,21+ 1)a,( )P,(cos ). Then, the partial
L T 2spew ey lwave amplitude is a;(s 32” L [1d cos@ (cosO)M
r_ 2y 7o (12) Especially, we have ao == [, d(cos 6) M Wthh
Ir = cw Ir =% should satisfy |Re(ap)| 5 > When you consider the

Here, mT, GL, Or,K; K, Y7,y are all real parameters,4
while y!7, yi" can be complex numbers. From now on,
we will turn off the parameters &, and y; for simplicity.

In Table I, we give the expressions of k;, yr, i, i in
three models. In Table II, we also give the expressions of
g L) g8 0% ). g % )" g% (vf)" in the VLQT and
VLQT + S models. Here, we want to show the feasibility to
constrain the FCNY couplings through the & — yZ decay
channel; thus, it is better to avoid drowning in elaborate
theoretical calculations and collider phenomenology
details. Although the FCNY couplings y!’ are not free
parameters in the mentioned VLQT and VLQT + S mod-
els, they can be free in more complex models because of
enough degrees of freedom. For example, we can extend
the SM by one pair of VLQs 7';, Tk and many real singlet
scalars. Here, we want to make a general analysis naively,
so we take them to be free.

III. CONSTRAINTS ON THE MODEL

A. Perturbative unitarity bound

From theoretical point of view, large couplings may
cause the problem of perturbative unitarity violation. One
famous example is the upper limit of Higgs self-coupling

“Tust as that we show in the above two models, 0, 0 may be
not independent rotation angles in specific models [21].

two-to-two Higgs and longitudinally polarized vector
boson scattering processes, S-wave unitarity will lead to
the bound.

Similarly, we can bound the Yukawa couplings i, from
fermion scattering [40—43]. Then, we need to consider the
two-to-two scattering processes with fermions. Obviously,
there are two kinds of fermion processes: two-fermion
and four-fermion processes. Actually, we only need to
consider the neutral initial and final states. To simplify the
analysis, we keep the y!7,y" couplings but turn off
the other couplings. After tedious computations, we get
the following constraints (more details are given in
Appendix A):

\/(Iy P+ vk P2+ 12y Py P+ VL P+ g PP < 16,
(13)

In Fig. 1, we plot the parameter space region allowed
by Eq. (13).

B. Constraints from direct search

In the minimal extensions, the decay final states of T are
bW, tZ, th. According to the Goldstone boson equiva-
lence theorem, the partial decay widths satisfy the identity
(T — tZ) ~T(T - th) ~3I(T — bW) approximately [or
Br(T — tZ) = Br(T — th) ~25%,Br(T — bW) ~ 50%].

075035-4
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FIG. 1. The allowed region from perturbative unitarity in the
plane of |y{"| — |yg|.

For the pair production of VLQs, the cross section is
determined by the strong interaction. It will give us the
model-independent bound on the 7 quark mass, but we
cannot get the information of 7 quark couplings. Assuming
Br(T — tZ) +Br(T — th) +Br(T - bW) =1, the T
quark mass below 700 GeV ~ TeV is excluded at 95% con-
fidence level (CL) [44,45]. The T quark can also be singly
produced through T6W coupling. In the singlet 7T quark
case, current constraints are |s; | < 0.2 [46].

Current experiments give strong constraints on minimal
VLQ models, but it will be relaxed in models with
additional states. The mass can be light as 400 GeV if
there exists an additional state mediated decay channels
[28]. For the more complicated flavor and scalar sectors,
there can be more than one mixing angle. The mixing angle
is allowed to be larger.

C. Constraints from electroweak
precision measurements

The singlet VLQ T, Ty will contribute to the S,T
parameters [47,48]. The oblique corrections are mainly
from the modification of SM gauge couplings and new
particle loops. Their analytical expressions have been
calculated in previous studies [19,49,50],

AS=5—§M
N?si[ 52212 + 54
. 2logry + ¢ 222 T3
187 T -y
6(1 + rip) (1 = 4rip + rir)
2 tT T 1T
1 )
N (A
AT=T-TM
NCm2s2 2 4
:%(_1—ci+%—%log’”>’ (14)
167sy,my, rg 1—rg

500 1000
mr (GeV)

1500 2000

FIG. 2. The constraints on my, s, from y>-fit of the S, T
parameters. Here, the green and red areas are allowed at 1o, 20
CL, respectively.

with r,7 = 7. Now, let us define the Ay? as

A= Y (0= 08 ()7 (0, - 0). (13)

ij=12

where O; € {AS, AT}, (6%);; = 6:p;;0;. Their values are
listed as follows [51]:

ASPP =0.02, 0,5=0.07, AT**=0.06, o457 =0.06,
[ 1 0.92} , [aAS 0] [aAS 0]
p= . o= P :
092 1 0 OAT 0 OAT
(16)

In this paper, we choose the parameters to be m; =
91.1876 GeV, my = 80.387 GeV, my;, = 125.09 GeV,
m, =172.74 GeV, G = 1.1664 x 107> GeV~2, and ¢y, =
my/my [51]. In Fig. 2, we get the constraints from the
global fits of S, T palrame‘[ers.5

D. Constraints from top physics

There are also constraints from the thW anomalous
coupling [52], which gives the bound V, >0.92 at
95% CL assuming V, <1 [53]. Then, we have

sp <1 -V, =0.3.

E. Constraints from Higgs physics

In Appendix B, we give the exhaustive computations and
analyses in both the SM and new physics model. When

4T mixing will also enter into Zbb coupling through one-
loop correction, but here we will not consider them anymore.
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FIG. 3. The contour plot of the Higgs signal strength deviation
for the gg — h — yy channel in the m; — s; plane.

we take k, = ¢] and yp = —"Zs7 naively, the following

expressions are obtained:

P o(gg = h)T'(h — yy)
T 6eM(gg - h)ISM(h — yy)
I'(h — gg)U'(h = yy)
M — gg)T™M(h — yy)
5 Ff(TT) 2
L Ff('ﬁ)
INCQF[c1 Fy(z,) + s7Ff(t7)] + Fy(zw)[?
INCQIF ;(7,) + Fy(zw)|?

=|c? +s

(17)

In Fig. 3, we show the contour plot of (u,, — 1) in the
parameter space of mgy, s;. We find that the typical
deviation (u,, — 1) is at the level of —0.5% ~ —5%, which
is within the precision of current measurements [54]. As
with the results in Ref. [50], the constraints from Higgs
signal strength are quite loose.

F. Constraints from EDM

If there exists CP violation in the FCN interactions, it
will contribute to the electron electric dipole moment

(EDM). The neutron EDM and chromo EDM (CEDM)
will also be affected. Then, the imaginary parts of y’LT’R can
be constrained. Here, CP violation is only from the FCNY
interactions.

First, the FCN couplings can alter the electron EDM
through Barr-Zee diagrams at two-loop level [55] (see the
left and middle diagrams of Fig. 4). Here, the contributions
originate from the Z boson because there are no FCN
couplings for the photon. Because of the C invariance, only
vectorial couplings can contribute [55]. Now, we can make
a sketchy estimation. Compared to the photon diagram,
Z boson mediated Barr-Zee diagrams are suppressed by

2 =M 0,01, The CP-violated it coupling has

been bounded as |g,| < 0.01 [56], which comes from
the ACME experiment with the electron EDM limit
|d,| <87 x107% e¢-cm [57]. Currently, the limit is
improved to be |d,| < 1.1 x 107®¢ - cm [58]; then, we
can rescale the limit of &, as |%,| < 1.26 x 107>, From a
naive analog, the constraints on FCNY couplings are
typically 1.26 x 1073/4> ~ O(0.1). But this argument is
not persuasive because the two-loop results are unknown
for these FCN coupling mediated diagrams. Therefore, we
need to resort to other methods.

Second, the FCN couplings can be constrained from top
quark EDM and CEDM. The top quark EDM is constrained
to be |dFPM| < 5 x 10720 ¢ - cm at 90% CL [59-63] with
the ACME results [57]. Similarly, we can rescale the limit
of the top quark EDM to be |dFPM| < 6.3 x 1072!¢ - cm or
|m,d"™/e| < 5.5 x 107> with the improved data [58].
The severe constraint on top quark CEDM is inferred from
the neutron EDM with the magnitude of |dSEPM| < 2.1 x
1071 cm or |m,d**PM| < 1.9 x 1073 at 90% CL [61-66].
In the right diagram of Fig. 4, we show the Feynman
diagram contributing to the top quark EDM. When the
photon is replaced by a gluon, we can get the contribution
to top CEDM. The interactions induced at one loop have
the following form:

i _ i _
LD - 3 dfPMioh L, — % dEPMIs 1y 1Ga,. (18)

The expressions of d"PM and dFPM are computed as

FIG. 4. The Barr-Zee diagrams contributing to the electron EDM (left, middle) and the Feynman diagrams contributing to the top
quark EDM (right). For the fermion loops, counterclockwise diagrams should be included.
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geom _ €Qrmebr O7)" =y OR)']

S 1672 a

_meR ) =y %))
ace 2 ¢, (19)
where C; is defined as
1 2 2
¢, = am2 [Bo(man’mh) By(0, mT’mT)
1
+ (m2 —m? — m%)CO(m?,O, m?, mﬁ, m%, m%)].

[yd (yT ) yL T(y¥)*] can also be rewritten as
2i(Rey/TImy!l — Rey Tmy?] ) thus, dFPM | JCEDM il van-

are both turned off. If we
|

ish if the imaginary parts of y;' e

take my = 700 GeV, top EDM and CEDM set the upper
limits of [y (yi7)* — yiT (yi7)*| to be 0.21 and 4.9, respec-
tively. If we take my = 400 GeV, the corresponding upper
limits of [y (yi7)* — yiT (yi)*| are 0.12 and 2.8, respec-
tively. Thus, top quark EDM will give much stronger
constraints than top CEDM.

IV. PARTIAL DECAY WIDTH FORMULA
OF h - yZ

A. SM result

There are contributions from top and W loops for the
h — yZ decay. In Fig. 5, we show the Feynman diagrams
drawn by Jraxobraw [67]. The partial decay width in SM is
computed as [68—72]

Grotm3 mZ\ 3 20,53 2
IM(jh - yz) = 2F "(1——2> 2N¢ JA tr.Af) + Aty Aw)| - 20
(h—vZ) 64273 > zf:( 70r5) Swew #(pAp) + Aw(zw. Aw) (20)
Here, 7; and 4; are defined as
4m 4m? 4m? 4m?
f w f w
) ) j‘ =5 ﬂ =5 > 21
YTw T YT T 20

and the Ay, Ay are defined as

Af(va/lf) = 11 (va/lf) - Iz(Tf,/lf),

_>]11 (tw. Aw) +4(3 — l%v)lz(TwJW)}’

1 2 2
A =— 1+— )&, — (5
i = {1428 (55

TA 7272 722
(5.2) = 5+ 5 ) = P+ = o) = ()
(e 4) = =52 () = £ 2) (22)
Here, f(7) is given in Appendix B and g(z) is defined as
V7 — larcsin(-=), forz > 1
oe) = ) (23)

W1- {log”m lﬂ], for r < 1

The fermionic part is dominated by the top quark because of the largest Yukawa coupling. Numerically, we can get
(2N€Q,) = 13-20u5y Y Ap(t,, A) ~=0.65, Ay (ty, Ay) ~ 12.03, which means the gauge boson contributions are almost 18.5 times

Swew

larger than the fermionic ones. It is obvious that the fermionic part and gauge boson part interfere destructively in the SM.

5
_ P
Z

FIG. 5.
be included.

v v

Typical Feynman diagrams contributing to 7 — yZ decay in the SM. For the fermion loops, counterclockwise diagrams should

075035-7



SHI-PING HE

PHYS. REV. D 102, 075035 (2020)

h

FIG. 6. Possible new fermion contributions to the & — yZ decay. For the fermion loops, counterclockwise diagrams should be

included.

B. New physics result

h — yZ decay has already been considered in many
models, for example, composite Higgs models [73,74],
minimal supersymmetric standard model (MSSM) [75,76],
next-to-minimal supersymmetric standard model [76,77],
extended scalar sector models [14,78,79], and other new
physics models [80]. In VLQ models, there are additional
fermion contributions: pure new quark loops, loops with
both SM and new quarks (see Fig. 6). The latter will be
induced by the FCN interactions. Such off-diagonal con-
tributions are always ignored in most studies [70,73]
because they are small compared to the diagonal terms.
|

l'./\/l:ieﬂ(pl) e, (P2)[(Papf -

8 Sy (Aw + A, + Ar + Ayp),

As a second thought, this channel can be sensitive to large
nondiagonal couplings. Here, we do not enumerate models
with more fermions, where the effects of nondiagonal
couplings will be diluted or concealed. Besides, we only
focus on the cases in which the scalar sector is extended
with real gauge singlet scalars. In more complex scalar
sector models, the charged Higgs contributions will also
attenuate the flavor off-diagonal contributions.

Now, let us consider the partial decay width of 7 — yZ
with the general interactions in Eq. (11). Because of
Ugm(1) gauge symmetry, the & — yZ amplitude possesses
the tensor structure

P11 P29 ) A+ VPP B] (e PP = e py Dy ),

62

B= 1B, (24)

872v

where Ay, A,, Ar, A7 denote the contributions from W boson, top quark, T quark, and 7 — T mixed loops, respectively.

Their expressions are given as

Ay = AW(TW’/IW)v

A = 2Ntht(gtL + g;e)KrAf(Tr»/lt) =2NF O,

A:

v
_ c T
A = —4N70rg; 2 2
m;, — my
2 2 .2 2 2 2
—m7.Cy(0, mz, my, my, my, my) —

2 2
—my

+ myRe(yd {(th -

2 2 .2 2 5 9
—m;Cy(0, m7, m;, m;, m;, my)

Similarly, the expression of B, is given as

By = _ZNgQTgtLTU[mtIm(YZT

_2NCQT— (gL + QR)Af(TT,ﬂT) = —2NCQT

4

_mZ

)Co(0, m7, mj,, mg,

1,2 _42

SCT —%8
L W

2 . A/’(Tn/lr)’
SwCw

Ay, A7),
mT SWCW

Re(vT m%_m%_zcozzzzz
m; e(yL) 2 m; | Co( ,mz,mh,m,,m,,mT)

g B ) el )|

2 2
mj —mz

2 2
mT>C (0. m3, mj,, m. my. mj)

ZBO(m%l’mtz’mT) BO(mZ’m%’m%") 1:| } (25)
2 2 :
mjy —mz
it m3) = meIm(yT)Co(O, m i m mit, ). (26)

®During the calculations, we have used Feyncalc to simplify the results [81,82].
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Taking the mass of ¢, T quarks to be infinity, A,, A; can be expanded as

1.2

A —gNzCQsz ci %V 53, [1 N 7m,112—|(—) 11m% O(mi, mii;z%m‘}ﬂ
Ar = =350y (- yT”) L R 1 2 ;)’;mz o(’"h’ M)
B 14) ) () -4 ). e
For the > suppressed contributions, we can get 7m1’2’;):nl’2m% ~5.5%, 7m1/2’2€:nl{n 7 < 1% if my 2 400 GeV. The expansion of A,

is a httle b1t complicated:

A = —4N ?QTQ’LT

rir) + 2log riy

"z T

2 24 2
my, —mz 2riplogrip — (1 —

2 _ 02 1— 2 3
5 v 5 {m,Re(y’LT) [mh sz ( rtT)(
m m m

4 2 2 4
Lo my,, mpms, my
4 2. 2 4

4(1 _r?T)3 myg, mymy, mp

i mTRe<y;{>[ !

=3 (i)

my 4(1 - r3)? m¢, m*m%, ms
~ =N§Orgf 5 mRe(y{)(3 + 2log %) — mRe(y{l ). (28)
my
Similarly, we can expand B,y as
c r v mh +m25+2(1 4 2r%) log
Bir % =2N$Qrgi —5 { mIm(y") |1 +log riy + 5
my my 4

mi +m% 1 + 4r2log r;

+ myIm(yi) [1 +r2log re +

In Table III, we list the expressions of A, + AT, A, By in
three models, where we have neglected the —— suppressed

terms but keep the log 2 enhanced terms.
The partial decay width formula is computed as

I'(h—>yZ)

_ Gra*m; <1 m%)*
64213 m;,
X [|A;+ A7 4+ A + Ay (tw. Aw)* + [B1 ). (30)

TABLE III.

because of the absence of a 7' quark.

=)

C. Comments from the viewpoint
of low-energy theorem

As a matter of fact, we can also understand some
behaviors of the 7 — yZ amplitude resorting to the low-
energy theorem [83,84]. Just as the calculation of & — yy
amplitude from photon self-energy contribution [85,86],
we may get the & — yZ amplitude through y — Z mixed
self-energy contribution [87]. But what confuses us is that
there seems no off-diagonal fermion contributions to the
y — Z two-point function because photon can only couple

The expressions of A, + Ay, A,r, B,y in the SM, VLQT, and VLQT + S. Here, we extract the common

factor — ;V =T for convenience, that is, redefinition of A(B) with — N ?T A(B). We take Ap =

0 naively in the SM

A, +AT AtT BtT
SM 1-842 X x
3°W
VLQT 1-3s3 —2s3c} 3s7ci[l = rip(3 +2log riy)] 0
VLQT + S co(1 =353 —257¢3) + sspepfspepco(l—rp(3 +2logryy)) + —a SicLersoim(yy)
et (s —asiel) " solsier —rir(3 4 2log rir)sey )
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to the same flavor particle. The reason is that off-diagonal
couplings are proportional to the mixing angle, which is
suppressed by the heavy fermion mass. Thus, off-diagonal
contributions to the 4 — yZ amplitude vanish in the limit of
pr — 0, consistent with the corollary of low-energy theo-
rem. In other words, this channel will give looser con-
straints on off-diagonal couplings once one flavor of the
loop particles becomes heavier.

V. NUMERICAL RESULTS AND
CONSTRAINT PROSPECTS

Just similarly to the VLQT model, we take k, = ¢?, y; =

— 257 for simplicity but let Re(y"), Re(yy ), Im(y{"),
Im( ) be free. Then, we can choose several benchmark
scenarios and estimate the constraints on the magnitude and
sign of the FCNY couplings.

Since the branching ratio of # — yZ is about 1.5 x 1073,
the modification of hyZ partial decay width will cause
negligible effects on the Higgs total width. At the high
luminosity LHC (HL-LHC), hyZ coupling can be measured
accurately [88,89]. The expected 1o uncertainty of
Br(h — yZ) is 19.1% [88], which gives the following
constraint:

IT(h - yZ)/TS™M(h - yZ) — 1] £19.1%.  (31)

It means |(|A|> + |B|*)/|ASM]? — 1] £ 19.1%. From now
on, we will choose m; =400 GeV and s; =0.2. As
mentioned above, there are four interesting parameters:
Re(y!"),Re(yd), Im(y!"), Im(y/). In the following, we
will plot the reached two-dimensional parameter space
by setting two of them to be zeros or imposing two
conditions.

In Fig. 7, we plot the parameter space regions allowed by
perturbative unitarity in Eq. (13) and the expected con-
straints at HL-LHC in Eq. (31) in different scenarios. The
reach regions are shown in blue at 16 CL, and the 2¢
bounds in & — yZ decay are weaker than the unitarity
constraints. When evaluating the scalar loop functions,
LoopTools is employed [90]. In the first plot, we can find
that 4 — yZ decay gives a little stronger constraints than
perturbative unitarity in the first and third quadrants in
the case of vanishing imaginary parts of y/’,yi. In the
presence of imaginary part, the real part can be constrained
to be less than 3 roughly in the positive direction, while it
will give a looser bound than the unitary constraints in the
negative direction. In the case of vanishing real parts of
yiT, i, the imaginary parts can only be constrained by
unitarity. When the couplings are pure left or pure right, the
real parts are also constrained to be less than 3 roughly in
the positive direction. For the cases of equal or conjugate
yiT, yiT| the real parts can be bounded to be less than 1.5 in
the positive direction and greater than —3 in the negative
direction.

As a matter of fact, the behaviors in Fig. 7 can be
explained by the results in Sec. IV B qualitatively. In
|A;, + Ar + A + Ay (tw, Aw) |, A can interfere con-
structively or destructively with Ay (zy, dy), while
|B,r|? always enhances the partial width. It will give strong
constraints for the constructive case because of double
enhancement from A,r, B,y. A, is proportional to real parts
of yL g» While B,y receives the contribution from the
imaginary parts of ytLT Thus, real parts of yL g are more
tightly constrained than the imaginary parts because of the
interference with the large Ay (7, AW) term. If A, > O (or
[mrRe(yi) — (3 + 2log r%)m,Re(y)] > 0), it will inter-
fere constructively with AW(rW,/IW) The appearance of
B,y will enhance the partial width further; thus, this case is
more strongly bounded. If A,7 <0, there will be some
cancellation between the destructive interference with
Aw(tw,Adw) and the enhancement from B,;. Thus, this
case is more loosely bounded.

Although the m,y!" term is suppressed by the factor -+
compared to the mzy{ term, it is log r%. enhanced. Thus
we should take both of them into account. Because of
A~ [mTRe( ) (3 + 2log 2, )mRe(y!1)], the regions
of Re(y'l), Re( ) with same sign are more strongly
bounded than those with opposite sign. Because of
B~ [m,(1 +log r2)Im(yT) + myIm(y)], the regions
of Im(y'T), Im(y') with opposite sign are more strongly
bounded than those with same sign [compare y!T = y/T
case with the y!T = (yi)* case in Fig. 7].

Although the attempts show that the constraints are quite
loose, it is still worth investigating the FCNY couplings
through the 4 — yZ decay mode. The contributions of FCN
couplings are suppressed by both s; and _*-. If 5/ is not very

small, it can give considerable constrarnts on the FCNY
couplings. When s; becomes very small (say, s; = 0.1),
h — yZ decay will lose the power to constrain FCNY
couplings (looser than the perturbative unitarity bound).
When my; becomes very heavy (say TeV), it will also lose
the power to constrain FCNY couplings.

In Sec. IIIF, we have illustrated that the top quark
EDM may give some bounds on the FCNY couplings.
Because we have the identity y¥ (yiT)* —yiT(yd)* =
2i(Rey Tmyt! Rey I Tmy!! ) the blind directions from
top EDM are y =0, y? =0, y! =y, Imy! =
Imy? = 0, and Rey!” = Reyl = 0. For the three cases
Im(y Ty=Re(y?d)=0, Re(y/") = Im(y¥) =0, and y!’
(yi)*, the top quark EDM can give strong constraints. In
Fig. 7, we also show the allowed regions from top quark
EDM at 90% CL and perturbative unitarity (yellow) for
these three scenarios. From these plots, we can find that the
off-axis regions are strongly bounded by top EDM, while it
loses the constraining power in the near axis regions.

By the way, h — yy depends only on the same flavor
Yukawa couplings, while 4 — yZ decay is also controlled
by the FCN couplings. By combing & — yy, yZ together, it
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(T T\ _ Ty _ T\ _
4 Im(y!T)=Im(yT)=0 4 Im(y")=Re(/)=0 4 Re(y)=Im(yz)=0
2 2 2
T o R
& E
-2 2
-4 —4} ©hoyZat 10 Chand unitarity —4} ©hoyZat 10 Chand unitarity
EDM at 90% CL and unitarity EDM at 90% CL and unitarity
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
Re () Re (v} Im ()"
4 ")=Re(y5)=0 4 VRO 4 V=0
2 2 2
S S E
-2 -2 -2
-4 -4 -4
-4 -2 0 2 4 -4 -2 0 2 -4 -2 0 2
Im (y}") Re (v Re (vd)
I 3
AT_ {
Ol Vi =0R)
2 2
1 —~ 1
= S
s o 5 0
> Ea
£ =
-1 E -1
-2 -
[ h->yZat 10 CL and unitarity
EDM at 90%.CL and unitarity
-3 -3
-2 -1 0 1 -3 -2 -1 0 1 2 3
Re ()" ) Re (v} g)

FIG. 7.

The reach regions of y!7, yiI in several scenarios. In the above plots, we take Im(y?’) = Im(y/ ) = 0 (upper left), Im(y!") =

Re(y) = 0 (upper central), Re(y/7) = Im(y) = 0 (upper right), Re(y!") = Re(y¥) = 0 (middle left), y{¥ =0 (middle central),
' =0 (middle right), yi¥ =y (lower left), and y7 = (y?)* (lower right), respectively. Here, only the three scenarios

Im(y;") = Re(y) = 0, Re(y{") = Im(yg) = 0, and y" = (v )*

can be constrained by the top quark EDM constraints. The blue

region means that it can be reached by the 7 — yZ decay at 16 CL and allowed by the unitarity bounds, and the yellow region means that

it is allowed by the EDM at 90% CL and unitarity bounds.

is possible to disentangle the FCNY couplings from the
same flavor Yukawa couplings. For the doublet and triplets
VLQ cases, there are extra heavy quarks besides the T z.
The new heavy quarks can contribute to the 4 — yZ decay;
thus, the FCNY coupling constraints will be quite loose.
Certainly, the FCN couplings can show up in other
processes, too. For example, we can search for new
physics through the di-Higgs production [91-93], while
the gg — hh process suffers from the anomalous hhh
coupling. The eTe™ — hy production at electron-positron
colliders is also an interesting process, and it has drawn

much attention of the community. It can also be a probe
of the anomalous hyZ and hyy couplings. The SM
analysis for this process is given in Refs. [94-96]. There
are also some works on this process in many new physics
models, for example, the MSSM [96-99], extended
scalar sector models [100,101], VLQ models [102], effec-
tive field theory framework [103-106], and simplified
scenarios [107]. Besides, we can also probe the FCNY
couplings through direct production processes pp —
Tth,Tt, ThW,Thj. But they suffer from a low event rate.
Although the FCNY couplings may also be constrained
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from other processes, the detailed analyses in these
channels are beyond the scope of this work.

VI. CONCLUSIONS

There can exist FCN interactions between the top quark
and new heavy quark. To unravel the nature of flavor
structure and EWSB, it is of great importance to probe such
couplings. Unfortunately, it is difficult to constrain the FCN
couplings at both current and future experiments. Here, we
show how to bound the FCNY couplings in simplified
singlet T, Tk extended models generally.

In this paper, we have summarized the main constraints
from theoretical and experimental viewpoints. By turning
off other couplings naively, we get the perturbative unitarity
bounds on [y!.|. After considering the constraints from
direct search, S T parameters, top physics, and Higgs
signal strength, we take m; =400 GeV and s; = 0.2 as
the benchmark point to get the optimal situation. Under this
benchmark point, we consider the future bounds from

parts of y{. in the negative direction, they are mainly
bounded by the perturbative unitarity. Finally, we find that
top quark EDM can give stronger bounds (especially the
imaginary parts of y!’ ) than the perturbative unitarity and
h — yZ decay in the off-axis regions for some scenarios.
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APPENDIX A: PERTURBATIVE
UNITARITY ANALYSIS

1. Two-fermion process analysis

For the two-fermion process, we take the 17 — hh
process as an example. In Fig. 8, we give the Feynman

h —yZ decay at HL-LHC numerically. The real parts of  giagrams.” The amplitude with general helicity can be
yi'r in the positive direction can be limited to be less than  \yritten as
1.5 ~ 3 because of the double enhancement. For the real
|
. - 1 1 * *
iMP(tf — hh) = =it (py) (v o + V¥ w+)< + )[(yﬁeT) w_+ () o, ]u (p))
—ki—my pr—f—
oo [me( Po- + YR Poy) + me(f R ) o+ yE 0 ) @y) = (v Po- + [y§ Pw )k
=-w (Pz) 2
(p1=k)? = m3
mr(yy Po_ + g Poy) + me(f 0F) o- +y§ OF ) @, ) = (W] Po_ + R Po)k]
_|_ "y 3 u’(p1).
(p1 = ko) —m7
(A1)
In the high-energy limit p?‘z — 00, it can be approximated as
(i ) 9 ) (o P+ P [ B B e
(P —ki)*=mp  (p1— k)" —my

To calculate the above amplitude, we need to choose a reference frame. In the c.m. frame of initial particles, we can
parametrize the momenta p;, p,, ki, k, and spinors as follows [41,108]:

pi = (E,.0.0.|p]),  ph=(E,.0.0,-[p|)
K = (E. |k|sin6,0, |[k|cosB), K = (Eg. —|k|sin6,0,—|k|cos ),
= (p1+p2)* = (2E,)*, t=(p1—k)* u=(p;—ky)?
_ Iﬁlﬂ u_(pl)_[\/mf‘]’ §+_H’ 5__{0}
VE, +1plet VE, = 1plE 0 1

"The diagrams mediated by s-channel Higgs propagator vanish in the high-energy limit because of the (

[
=Y "i"ﬁ] =

Ep - |ﬁ|77_
E,+|pln

b=l

1 .
——3 > Suppression.
P1 ‘*'Pz)z—m,z1 pp
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In the high-energy limit, we have

P~ (E,0,0,E), ph~(E,0,0,—E),
K{ ~ (E,Esin6,0, E cos 6), Ky ~
s~ (2E)?, t~—2E%*(1 —cos @),

o= vEE[ D] i< vEE|

oL Y

J

Thus, we derive the following results:

(E,—Esin0,0,—Ecos0),
ur —2E*(1+ cos0).

oI (v 0} ™

1 1
M (17 _ 2
M > ) & =il [(mz 2 —m2)/(2E%) = (1 —cos@)  (m2 +m? —m2)/(2E%) — (1 +Cos9)]’
1 1
A+ (47 T2
ML = ) =i S“”’[( Tl — )] QEY) — (1 —cosB) _ (ml + m —m})/(2E%) — (1 +cose>]
1 |
M-t (17 _ 2
M = ) & =i S“‘QL w? =) (2EY) = (1 = cos6)  (nd + mi2 = ni)/(2E%) = (1 +cos6>]
1 1
— ~ 2
M > hh) il [(mg 2 —m2))(2E%) — (1 —cos@)  (ml +m? —m2)/(2E%) — (1 +cos€)} (A5)
|
As we can see, there is no S-wave in this channel, namely, iMPoP (it — TT)
_ I —a tT\* tT\*
ST (61 = hh) ~ a5 (6 = hh) ~ al~(1F — hh) T k) -m (k) (O ) @- + 0L ) @)
ay (11 = hh) = 0. (A6) xu’(p))0°(p2) Y w- + yF o, )vP (ky). (A7)

Of course, there are many other two-fermion processes
(for example, tT — hh,Tt — hh, TT — hh,{t - W W,
tt > ZZ,tt - Zh) depending on the initial and final state
particles. Actually, all the two-fermion processes do not
contribute to the S-wave [40].

2. Four-fermion process analysis

For the four-fermion processes, we take the 17 — T
process as an example. In Fig. 9, we give the Feynman
diagram. The amplitude with general helicity can be
written as

tLpup | bk Lp1,p \\ // bl
N4
T T N
tpvo | hk bena LT N bk
FIG. 8. Feynman diagrams for the /7 — hh scattering process.

FIG. 9. Feynman diagram for the 7 — TT scattering process.

In the c.m. frame of initial particles, the representations of
spinors are listed as follows:

i -

(o)~ VEE| || o VEE| |
(] 0

oo VEE || v O
. [0 ] _ E
ut (k) ~V2E| . |, u(kl)z\/ﬁ{#},
L 0
77" ] 0

vt (ky) ~ V2E .t U—(kz)zﬂi{ N_],
LY -n

1

S

_ [0 5 —Iyy 0
n = , V= )

-1 0 I

- [ cos? . —sin

=1 .l &= 0 s
| sin? cos$

. [—cos§ . sin4

= g = ol (A8)
| —sin? —cos?

Then, we can get the polarized amplitudes:
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IMTH (1 > TT) ~i

IM (i = TT)

IMYF (i > TT) = iMT+ (1 - TT)
RIMTT (11 > TT) = 0,
is|y’|* sin?§
(p1 = ki)> = mj”
IMHH (- TT) = iM~+ (it - TT)

~iM (1 = TT) 0,

IMP (1 — TT) ~ —

_ s|yT|2 sin? 2
IM™(tt > TT) z——l i | 2,
(p1 =k ) —my
sin? ¢
lM——++( TT) syL (y ) 22’
(Pl - kl) —my

iM (i > TT) m iM~+ (i > TT)

~IMT (it > TT) ~ 0. (A9)

In general, the initial and final states both can be
t1,tT,T1,TT. Thus, the coupled channel matrix is
16 x 16 (four states plus four helicity cases) even if we
do not consider the color degrees of freedom. To make the
problem as simple as possible, we only turn on the yi7, y'
couplings. Under this consideration, the nonzero coupled
channel amplitudes are

o SYR () sin®
MTFT(tt > TT) v ————5—=
(p1 = ky)? = mj,
i} _ s|yiT|?sin? ¢
MV (i > TT %_—2’
A P
2020
M= = TT) z——ly sin®y
(p1 = k1) = %l
— - = sy7 (yg )*sin %
M=t > TT) v ———5—= (A10)
(pr = ki)* = mj
|
O OR)
1 0
tT - Tt
( ) 1671’ 0 (y
0
-viyg 0 0 0
0 0 T\ (T 0
ao(T7 = 1T) = YL YR ’
16 0 yiryd 0 0
0 0 0 -k
(A16)

The corresponding S-wave amplitudes are calculated to be

_ B tT( tT)* |y |2
(o TT) 2R IL) ag T (i—>TT
ay T (t1=>1TT) 16 (t=>TT) ==
Wel> e YEOR)
t—TT T —L 2R
=T e ay (= TT) o
(All)
In the basis of ++, +—, —+, ——, we can get the following

coupled channel matrix for this process:

0 0 0 —RO
0 0 T2 0
ag(i>TT)= brl
167 0 IR o 0
=7 Og) 0 0 0

Similarly, we can get the following coupled channel
matrices for the other processes in the basis of ++, +—,
__i_’ _—

0 0 0 —yROI)
0 0 |ygP
0

) 0
TT =) =—
ao(TT — 1) T6n W2 0 0 ;
—vfOR)* 0 0 0
(A13)
|J’[T|2 00 )’R ()’L)
o 0 00 0
ao(tT — 1T) = —— . (Al4
of )=T6n o 00 o (A14)
yEOR) 00 —|yFf?
0 0 0
0 Vi) (R )" 0 (AL5)
Iy () 0 0
0 0 - OR)*
[
—yg > 0 0 yg(y{)
0 00 0
T7—Ti Al7
oTt=T=71 0 o0 o (A17)
yrOR) 00 —|yf?
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In the basis of 77, TT, tT, T, we can get the following coupled channel matrix for all the four-fermion processes without
regard to the quark color:

04><4 ao(ti i TT) O4><4 O4><4
o — aog(TT — 17) O4x4 044 O4x4 (AI8)
0 04)(4 04><4 Clo(tT - tT) ao(tT g T?)
04><4 O4x4 ao(Tf g ZT) ao(Ti = Ti)

In the above, we write the coupled channel matrix in the block form. Obviously, this square matrix is 16 x 16. Then, we
can get the eigenvalues of a as,”

1 1 1
/1+ tT2’ AT =—— tT2’ j,+ tT2, o= —— tT27
! 16 Y T 2 ly 27 Tlexn K
M= Iy %4 == Iy |y
1
/1+:_(\/ 2 121viT 121y |2 2 sz)’
i =35 (VP + IR P2+ 12y PR 1P = v 12 = R
1
13 = o (=7 P+ P + 12D PP =~ b7 P = b P). (A19)

where A7, A; are doubly degenerate and 17, A5 are fourfold degenerate. S-wave unitarity requires that all the eigenvalues
must satisfy |[Re(4;)| < 3. It will lead to the following constraints’:

\/(Iy P+ vk P2+ 12l PR P+ P+ R P < 16 (A20)

Note that [y7| < v/8x, |y¥| < v8x, and /|y!||[y¥| < V87 hold automatically in the above bound.

APPENDIX B: h — yy CHANNEL ANALYSIS
1. SM result
The partial decay width of & — yy for SM is given in Refs. [69,71],

%0~ 1) =L (S ONEQRE (ap) + Fow i iy B1)
= (7 T T = LTy = ,
T T g TR W T T S T T
with the Fy, Fy defined by
Ff(Tf) = —2Tf[1 + (1= Tf)f(ff)]’ Fy(tw) =2+ 3ty + 3tyw(2 — 7w ) f(zw),
2 L
. arcsin (ﬁ)’ fort>1 )
f T) = 2 . BZ
11—z _
[Iog gy m] , forz<1

For the fermionic part, the top quark is dominated because of the largest Yukawa coupling. Numerically, we can get
NEQ7Ff(t,) ~—1.84, Fy(ty) ~ 8.32. This means the gauge boson contributions are almost 4.5 times larger than the
fermionic ones.

$When we take the quark color into account further, the matrix will become 48 x 48. Although the unitarity bounds may be improved,
the matrix will be quite large and complex to deal with.
“Remember that the bounds are just a rough estimation. If we turn on the other couplings (say yr, k;), these constraints may be altered.
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2. New physics result

Because of Ugy (1) gauge symmetry, the & — yy ampli-
tude possesses the following tensor structure:

iM = ie,(p1)e,(p2)(PhP% — pi - prg™) A
2

e

A7 = ——— (=Fy (vw) + Al + AL). (B3)
8z°v
The expressions of A/, A% are given as
v

A= -NEQIF,(x).  Ap=NEQRITFi(er). (B4

Taking the mass of 7z, T quarks to be infinity, they can be
expanded as

4 Tm?
Al =NE O (<30 )

3 90m?
v onC2 TV _f_ 7’”%
ATNNTQTmT< 3 90m3})’
Tm? Vv Tm?
v NC 2 _yrv h T h
At ArraNiO; K my e 120m?  my 120m2 ]’
(B5)

The partial decay width formula is computed as'’
|

TABLEIV. The expressions of A7 + A%. in the SM, VLQT, and
VLQT + S under the heavy quark limit. Here, we extract the
common factor N¢Q? for convenience, that is, redefinition of A”
with NEQ?A7. We take A; = 0 naively in the SM because of the
absence of a T quark.

Al + A}
v Tm: v Tmy,
General %[(Kt ) K 120n72 = 120mT:|
SM Tm?
30+ 120m’)
m? m;
VLQT T+t 5 = 207 1;0::13.)
VLQT + S 4o ——/Re(y )soci+
s2eg 7mh
(ctco = 7-Re(yf)sp L") - 120m?
Tm 2
(s2co — m—TRe()’T)SHCLCR) ' |20m§
T(h—yr)
Gpa m’
=283 h3 A + A7 = Fy (zy)
Gra*m; Y ’
:T\/an NEQ? |:K‘th(Tt)——Ff(TT):| +Fy(tw)

(B6)
In Table IV, we list the expressions Of Al + A% in several
models, where we have neglected the -—— suppressed terms.

We can see that the A7 + A% in VLQT and VLQT + S
models are close to those in SM. In fact, it is difficult to
detect VLQ in the hyy decay channel [21].

APPENDIX C: ASYMPTOTIC BEHAVIORS OF THE LOOP FUNCTIONS

The B, function is defined as [108]

(2ap)*P 1

Bo(kz, m(z), m%) =

in? /" T @ =md)(g+ k> = m]

2

1 1= x)m2 — x(1 — x)&? 1
— Ag_/ irlo gxm1 + (1 —x)m§ — x(1 — x) <A€ — _y, +logdn, D :4_26), (C1)
0 U €

In the limit of k> < m3, m3, the B function can be expanded as

Kokt
k2+0< ——7> 4>

mo m()ml my

4

OB (K2, m2, m?
Bo(k2 m(%,ml) Bo(o mo, m%) + 0< 8]:;10 ml)
2 2
m(z)log';%0 %log%
=A4A+1- M2 — m2
0 1

The C, function is defined as

mg — m} + 2mim? log% ®oor
Tk A+ O(

=2 (@
2(mg — mi)? myy" mgmy mi‘)

"“The h — gg partial decay width is similar to the fermionic part in the yy decay.

075035-16



HIGGS BOSON TO yZ DECAY AS A PROBE OF ... PHYS. REV. D 102, 075035 (2020)

(Zﬂﬂ)4_D D 1
n° /d N =m3) g+ k) —m[(q+ ko) —m3]

S(x+y+z-1)
dxdydz . C3
/// Y (vky + zky)* + xm} + ym? 4+ zm3 — yk} — zk3 (3)

Co(ki, ki, k3, mg, mi,m3) (ki = ky —ky) =

Then, we have

Co(0. m3. m3. m?. . m}) = co<o mz,m%,m%,m%,m%

(x+y+z-1)
- dxdydz 5 3 > 5 5
o Jo Jo ypi +z2(p1 + p2))> + (x + y)mi + zmz — yp1 — 2(p1 + p2)

1 1 1 S -1
- / / / dxdydz 3 3 gx j yrizl) 2 2 2" (C4)
o Jo Jo yz(my, —mz) + z2mj; + (x + y)m; + zmy — zmj,

In the limit of my,, m; < my, the Co(0, m%, m7, m?, mzf, mj%) function can be expanded as

1 mi + m% m}, mym%, m%
Co(o, m%,mi,m},mj%,mj%) = _ﬁ |:1 +127+O T . (CS)
f f f
In the limit of m;,, my < m;, my, the Co(0, m%, m3, m7, m?, m) function can be expanded as
0Cy (0, m%, m%, m?, m%, m>
Co(0,m%, m3, m?, m?, m3) = Co(0,0,0, m?, m?, m%) + (0, mz h2 M, ) ms,
a’nh (m,=0,mz=0)

2 02 2 2 9
0Cy(0, m7, mj, m;, m;, mg.)

4 .0 2 4
m,,m;m m
7: My
m%—l—O( 6 Z’ 2h 5 6)’ (Co)
m®, mtmz, m2ms., m.

2
amZ (m),=0,m,=0)

with

1 1—7r% +logr
Co(0,0,0, m2, m2, m3) = CO(OOOmT,m%,m%):—ZM( ﬁ)
mr

(1 _”%T)2

2 02 2 2 9 2 02 2 92 9
0Cy(0, m7, m3,, m;, m;, ms.) B 0Cy(0, m7, mj,, m;, my, mz,)

2 - 2
a’/nh (m),=0,m,=0) amZ

(m),=0,m,=0)
_ 1 2(1 4 2r) log rjy +5 = drip — 1y (©7)
m‘} 4(1 - ”zZT)4
Thus, we have
1 2 254+2(142r%)logr?
Co(0,mZ . m}, m}, m}, m3) ~ — [1 + log 12y + b +2mZ +2(1 4 2ry) log r’T} (C8)
my my 4

For the case of Cy(0,m%, m3, my, my, m?), we can get the corresponding results via the replacement m, <> my. For

example, we have

1 2 21+ 4rklog r?
Co(0,m%, m3, my . my,m?) % —— |1+ rilogri + e +2mz AT 08 Tir | (C9)
my my 4
Here, we also give the heavy m, expansion of the functions

2 4 6 2 4

my, mj mp 4 Tmy mj
)= O . Fit)=—-— o2 C10
7@ = g AT <m§.> 1) =3 90m? <m;&> (C10)
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and
m2 By(m?, m2%, m%) — By(m%, m%, m%
Af('rf,ﬂf) e — —fm2 {(m%l - mZ —4m%)CO(O,m%,m%,mJ%,m%,m%) -2m? ol / nj;z — m(;( 27T f) -2
n 4 n z
3 360mf m}
In the following, we list some special limits of the loop integrals:
. . 4
llme(Tf) = 0, lim Ff(Tf) = --,
1‘[—>0 Tp—00 ' 3
llmOFw(Tw) - 2, lim Fw(Tw) - 7,
Ty —> Ty —>00
limhy (5. 4) =S f(0) -5, limb(s) =L f()
1 5 -~ ) ) == 9
e INVF 2 I\ T o 2V 2/
) Tf 1
Ap=00 2 4
Jim Ay (2w, Aw) = T [(5 = £3)tw (2 = Tw) f (tw) + 2 + Stw — 15, (2 + 7w)]. (C12)
Ww—>00 w
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