PHYSICAL REVIEW D 113, 015039 (2026)

Scalar leptoquark contributions to the gg — Zh process

Shi-Ping He®"
College of Physics and Optoelectronic Engineering, Taiyuan University of Technology,
Taiyuan 030024, People’s Republic of China

® (Received 14 September 2025; accepted 6 January 2026; published 28 January 2026)

In this manuscript, we study the general scalar leptoquark contributions to the gg — Zh process at a one-
loop level. We find that the contributions only show up for the off diagonal Higgs and Z boson interactions
with scalar leptoquarks, which can lead to new tensor structures different from the standard model. In the
one-field and two-field models, the contributions vanish exactly; thus, the contributions are possible at least
in the three-field models. We exemplify the contributions in the S; + R, + S5 model, which can appear in
the presence of scalar leptoquark mass splittings and CP violation. In view of the heavy scalar leptoquark
mass suppression, the leading contributions are typically small and difficult to observe at hadron colliders.
However, this work offers a quantitative and systematic investigation of scalar leptoquark contributions,
also making it valuable for the new physics studies in other models.
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I. INTRODUCTION

Searching for new physics beyond the standard model
(SM) is one of the crucial topics in elementary particle
physics. In the new physics theories and models, the extra
particles can be colorless and colored. For the colorless
scalars and leptons, they are widely considered. At hadron
colliders, new colored particles can lead to rich phenom-
enology because of the color nature of the initial states
governed by quantum chromodynamics (QCD). One typ-
ical class of colored fermions are vectorlike quark (VLQ)
[1], which naturally occur in the composite Higgs models
and grand unified theories. Meanwhile, the colored bosons
are ubiquitous in many new physics models, for example,
leptoquark (LQ) [2], scalar top partner [3], color sextet
scalar [4,5], and color octet scalar [5,6]. The LQ couples to
quark and lepton simultaneously; thus, they are able to
address many flavor problems in the quark and lepton
sector. Usually, they are classified as scalar LQ (°)LQ) and
vector LQ (*LQ) 2,71, depending on the spin. In this work,
we mainly concentrate on the LQ, of which the phenom-
enology has been investigated extensively. Currently, the
pair production of direct search sets the LQ lower mass
bound to be 2 TeV [8,9]. Their oblique corrections are
discussed in Refs. [10-13]. The constraints from Higgs

“Contact author: heshiping @tyut.edu.cn
'We add the upper script to distinguish it from the VLQ.
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signal strength are also considered in the diphoton
[11,14,15], diquark [16], and yZ decay [11,17] channels.
In Ref. [18], the authors studied the contributions in B
physics. Through the LQ Yukawa interactions, it can also
be a solution to the (g —2), anomaly [10,19-21].

However, none of the proposed new physics models have
been experimentally confirmed to date. The Large Hadron
Collider (LHC) operating at a center-of-mass energy of
/s = 13 TeV, has achieved an integrated luminosity of
nearly 140 fb~! and is projected to reach 3000 fb~! in
future runs. Therefore, precision measurements can play a
vital role in searching for new physics. Since the Higgs
boson’s discovery over a decade ago [22,23], the recorded
data have pushed the Higgs physics to a high precision
frontier. Currently, the main production and decay channels
have already been measured at the percent level [24,25].
Nevertheless, several rare production and decay channels are
still not observed yet. Generally, these loop-induced proc-
esses are sensitive to the effects of new physics. In particular,
gluon initiated productions can serve as a probe of new
colored particles. For example, the di-Higgs and gg — Zh
processes are two of the rare production channels. For the di-
Higgs production, we constrain the flavor changing neutral
Yukawa couplings in the VLQ models [26]. The effects of
colored scalars have also been extensively discussed in di-
Higgs production, for example, scalar top partner [27-31],
color octet scalar [32], and LQ [33-36].

Compared to the gg — hh process, the gg — Zh channel
can provide extra information through Z polarization and is
free of the triple Higgs coupling. Compared to the i — yZ
process, the gg — Zh channel can offer rich information
through the kinematic distributions. Consequently, the
gg — Zh channel is an important and compelling rare
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process. For the gg — Zh production, it was considered in
the SM many years ago [37]. Recently, the QCD correc-
tions are studied in several papers [38—44]. Furthermore, it
has also been investigated in various beyond the SM
frameworks, including the VLQ model [45], two Higgs
doublet model (2HDM) [45], and SM effective field theory
(SMEFT) [46]. In Refs. [45,47], it is stated that the squark
contributions vanish in supersymmetric models. However,
the contributions of *LQ remain to be investigated system-
atically, which is the dedication of this manuscript.

This paper is organized as follows. In Sec. II, we exhibit
the *LQ models including the one-field models and general
models with mixing. In particular, we present the related
Higgs and Z boson interactions in the two-field and three-
field models. In Sec. III, we investigate the general tensor
structures relevant to the gg — Zh process. Furthermore,
we derive the one-loop analytic contributions in the LQ
models. In Sec. IV, we perform heavy internal mass
expansion of the general *LQ contributions and obtain
the specific results in the three-field model S| + R, + S;.
Moreover, this process is discussed from the SMEFT
operators. The Sec. V is devoted to the summary and
conclusions. In Appendix A, we enumerate specific two
scalar leptoquark extended models as examples. In
Appendix B, we demonstrate absence of the diagonal
G’ —-LQ -LQ type interactions. In Appendix C, we
present the definitions and expansions of the loop integrals.
In Appendix D, we show the computation details of one-
loop amplitudes. In Appendix E, we exhibit the explicit
results of the form factors G| ; 3.

II. MODEL SETUP

For the loop-induced Z and Higgs associated production,
both the SM and °LQ interactions are involved. After
electroweak symmetry breaking (EWSB), the related
bosonic interactions in SM can be written as

z
22 n(0G0) — (#h)G) + Lz 70 (1)
2CW ZCW

Here, G° is the Goldstone of Z boson. The related
fermionic interactions in SM can be written as
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Here, the third component of weak isospin Ig is1/2(-=1/2)
for left-handed up-type (down-type) quark.

Typically speaking, there are five type of *LQ s [2],
which carry a conserved quantum number F =3B + L.
Here, the B and L are the baryon and lepton numbers. In

TABLE I. The °LQ representations.

SU@3)e x SU(2),
x U(1), representation

(3.3,1/3) S, = (53,813, 57217 -2

Label F

(3,2,7/6) R, = (R2/3,R§/3)
(3.2.1/6) Ry = (RZ°.R;'P)

(3,1,4/3) S, -2
(3.1,1/3) S -2

Table I, we list their representations and labels.> We take the
conventions from Ref. [2], then the singlet and triplet LQs
correspond to complex conjugate fields of those in
Ref. [48]. To summarize, we adopt ® to mark a general
(21 + 1) dimensional scalar multiplet. For 7 = 0,1/2, 1, it
leads to the singlet, doublet, and triplet, respectively. In the
following, we will investigate the °LQ interactions.
Hereafter, the covariant derivative on LQ is defined as
D,® = (d, —ig,YB, — ig,t"W}, — ig,T*Gj,)®. The t* and
T% = 29/2 are the generators of SU;(2) and SU,(3),
respectively. Here, the 1%(a = 1,2, ...,8) label the Gell-
Mann matrices.

A. One scalar leptoquark extended models

1. Gauge interactions of a single scalar leptoquark

For the scalar multiplet ®, the ®; Ilabels the I3
component of electroweak scalar multiplet ®. We have
hidden the color indices of ® for simplicity. For the
electroweak singlet of 7 = 0, the t”W,‘j is absent. For the
electroweak doublet of I = 1/2, the representation ¢ is just
0? /2 with ¢“ being the Pauli matrices. For the electroweak
triplet of I = 1, we have (1), = ie®>’

After EWSB, the relevant gauge interactions can be
written as

igZ ;
— (13— 01, 5%)[@] (0#®y,) — (0" D] )@y ]
W _ich<i
; i A a i A a
+ 19 Z (I)I3 EGM (aﬂcblz)_(au(l)h) ?Gﬂ q)13

—I<I;<I
+ (924 2 \1?
+ Z @;, [Cv;l(lg—th%v)JrgS(ZG”)] ;. (3)

—I<L;<I

In the above, the first line indicates the Z — LQ — LQ type
interactions, the second line gives the g — LQ — LQ type

*For the S, under the representation of (3,1, —2/3), it only
couples to a right-handed neutrino.

For the scalar triplet, it can also be parametrized in the matrix
form [12].
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interactions, and the third line shows the g — g — LQ — LQ
and g — Z — LQ — LQ type interactions.

2. Scalar sector interactions of a single scalar leptoquark
In this section, we derive the relevant scalar interactions.
For the gg — Zh process, the involved interactions are
physical Higgs type 7 —LQ —LQ and Goldstone type
—LQ —LQ. For a general electroweak multiplet ®,
the relevant gauge invariant scalar interactions can be
parametrized as’

—2 (DTD) — A (HTH)(®T®) — 1 (HTic*H) (DT it ®).

4)

After EWSB, the mass spectrums can be written as [49,50]

= (mg, —mg VI3 =~I,...1=1,1). (5)

The related physical Higgs interactions are

—vh Z (W + 13- 1) (@) @y (6)

—I<L;<I

For the single representation LQ models, there is no
—LQ — LQ type interaction.

B. Scalar leptoquark interactions with mixing:
General formalism
In the models extended by more than two fields of S;,
Ry, Ry, S,, S,, there can be mixing between the same
electrically charged LQ. After EWSB, the general mass
terms, physical Higgs and Goldstone interactions can be
parametrized as

ZMOIJ ¢J _UhZFOZj

1vG°ZFg(;] b)) b;. (7)

Typically, the M3 and '} are Hermitian matrices, while the

Fgo is anti-Hermitian. Then, we need to rotate them into
mass eigenstates through the transformation of

“For the doublet, there are also interactions of (®'H)(H'®)
and (H'ic,®)"(H"ic,®) [48]. However, they are not indepen-
dent interactions and can be converted into the standard
forms through the relations (6“);;(6%);; = 26;6; — 6;j0 and
€ik€j1 = 5ij5k1 - 5i15kj-

& b
) )

Ul . (8)
bn Pn

Here, U is a n x n unitary matrix, which can be para-
metrized in terms of rotation angle and phase parameters.
The mass matrix M3 is diagonalized as M’ =
: 2 2
d1ag{m¢l,m¢2,...,
which implies

mj } by the unitary transformation,

U'M3U = M? & M3 = UM?U". 9)

After diagonalization, we denote the & and G° coupling
matrices in mass eigenstates as I'" and I'¢", which are
Hermitian and anti-Hermitian, respectively. They are
expressed as

r=utriu, ¢ =UT§'U. (10)

Equivalently, the component forms are expressed as

= U b, Unp TG = ULTS,, Uy (11)

m,n m,n

Taking into account the mixing between different LQ,
the G°-LQ-LQ type interaction can appear [48].
However, there is no diagonal interaction G°(¢;)%¢;.
Only off diagonal interactions G°(¢;)7¢p; (i # j) is pos-
sible.” In Appendix B, we present the detailed demonstra-
tions for the two-LQ and three-*LQ models.

The ¢g—LQ—-LQ and g—g—LQ—-LQ type inter-
actions are still diagonal because of SU(3) gauge sym-
metry, which can be parametrized as

0|9 (5 0 ) @0 - @0 (S 6t )
+g%2¢< G“) (12)

After EWSB, the general Z—-LQ—-LQ and g—Z-LQ—-LQ
type interactions can be parametrized as

’In Ref. [51], the similar G°S; §; interaction is proportional to

(m? —mj), which also causes the disappearance of diagonal

interaction G°S;S;.
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: ‘G;:Zgo SO (13)

Here, we have gf,; = ggij = 15,6, — Q4 5%0;;. After
diagonalization, we denote the Z —LQ —LQ and g — Z —
LQ — LQ coupling matrices in mass eigenstates as ¢° and
g%, which are Hermitian. They are expressed as
g = 9" =g - Osiy,
gIZ: UTdiag{I&,/,l,Ii(pz,...,13.[/,2}U. (14)

Equivalently, the component forms are expressed as
9i; = D L34, UniUnj- (15)
m

Because of U(1) electromagnetic gauge symmetry, the
mixings merely occur between *LQs with the same electric
charge. Thus, the Q,ﬁis%[,éi ; part is automatically diagonal in
mass eigenstates. For the off diagonal interactions, we only
need to consider the g7 part.

Combing Egs. (11) and (15) together, we have the
following results directly relevant to the gg — Zh process:

Im(213¢,U Ui ZU* U >

(16)

Im (gl ij

Because g,Z and T are both Hermitian matrices, only the
i # j case is nonzero. Unlike the traditional two Higgs
doublet model, the °LQs interactions with Higgs are
strongly constrained by the SU(3) color symmetry. The

I, and M§, = are linearly correlated if m # n; thus, we
define a ratio x,,, = Fg yn/ M3y for simplicity. Then, we

find that «,,, = 1/v> (m # n) for the cubic type interactions
HLQ? and «,, =2/v> (m# n) for the quartic type
interactions H’LQ? in gauge eigenstates. Adopting the
transformation of mass matrix in (9) and the real number
nature of «,,,, we can obtain the following results:

- Z Z 13 D 1—‘0 mm
+ Z DD T, K,

m m#n a

Im (glz/ (U;/[Um’jU*ijmi)

xIm(U; ;U iUy i UaUngUni)- (17)
In the above, we have utilized the facts that T}, and ,,,

(m # n) are real. We can see that there are two terms in the
Im(g7,;T"%). The first term actually includes the fourth

order 1nvar1ant J& =Im(U;,,,U,y;U,,;Upi), just as the

Jarlskog invariant J =1Im(U,;Up;Uy;Up;) defined in
Ref. [52]. The second term 1ncludes the sixth order
invariant J(© = Im(U iUt iU iUnaUsaUyi), which also
appears in Ref. [53].°

When there are two LQ generations, we can check
J® = J© = 0. Let us take i = 1, j =2 for demonstra-
tions: The fourth order invariant is turned as J®*=
Im(U? ), UpyUipUp). I m' =m, we have J® =0
obviously; if m'=1,m=2, we have J® =
Im(U},U,U%,U,;) = 0 because of the orthogonal relation
U, Uy + U U =0; if m'=2,m=1, we have
J® =0 similarly.

As for the sixth order invariant, it is turned as J(©® =
Im(U? U2 Uy U g UngUyy) With m # n. For m = 1,
n=2, we have J© =Im(U:, U,,Ui,U1,Us,Us). If
m' =1,a=1,itis JO =Im(Ut, U, U, Uy U} Uy ) =0;
itm' =1,a=2,itis JO = Im(U;, U, Ui, U ,Us Uy ) =
|U | Im(U3, U, U3Uy ) =0; if m' =2,a=1, it is
J<6>:Im(U§1U22U’{2U”U§1U21):|U21|ZIm(U§1U22U’[2X
U )=0; if m'=2,a=2, it is JO =Im(U;,Upx
Ui,U,U5,Uy ) = 0. Form = 2, n = 1, we can also verify
J©) = 0. This agrees with the general results in two scalar
leptoquark extended models shown in Sec. II C.

In Refs. [57,58], the authors propose the condition of CP
invariance applicable to an arbitrary number of fermion
generations. We can perform analogous procedures for the
LQ generations. The CP violation here originates from the
interactions between Higgs and *LQ); thus, a quantity for
CP violation can be constructed from these interactions.
One key point is that such quantity should be weak
bais invariant, and we know that Tr[(M3)"(Th)*] =
Tr[(M?)"(T")%] is invariant under the weak basis trans-
formations, where r and s are non-negative integers. On the
other hand, CP transformation K acts as

K'M2K = (M2)* — (MZ)T’
KK = (T = (7M. (18)

In the above, the Hermiticity of M2 and I'"* is applied. Then,
we can obtain

K [M2. T K = [(M2)*, (T")]" = (O m2))T. - (19)
which leads to the identity Tr([M?,T"]") = 0 for odd r. We
can diagonalize the I'" through a unitary matrix V, namely

" = VIl Vi." When there are three *LQ generations, the

following quantity can serve as a physical measure for CP
violation:

%The Jarlskog-like invariants for scalars have been studied in
Refs [54-56].
"The V matrix should not be confused with the U matrix.

015039-4



SCALAR LEPTOQUARK CONTRIBUTIONS TO THE ... PHYS. REV. D 113, 015039 (2026)

Te([M2,T']3) = 6i Im{Te[(M2)2(T")2M>T"]}
=61 Im{Tr[(M2)2V(F§iag)2VTM2VF(}iliagVT]}

= 6i Z mgaméﬂ(rgiag,ii)zrgiag, i Im(V;j Vai VZ:‘V/J’./')

ap.ij
= 6i(mg, —mg,)(mg, —mg,)(mg, —mg,)-
X (ngag,l 1 ngag,22) (ngag.ZZ - ngag,33) (ngag,ll - ngag,33) Im( VTS Via V;Z Vs ) . (20)

It means that the CP violation will be not observable if any two of the three *LQ masses are degenerate, which is validated
explicitly in the S; + R, + S5 model in Sec. IV B.

C. Two scalar leptoquark extended models

For the case of two *LQ s, the unitary matrix contains one rotation angle and one phase parameter, which can be
parametrized as

cosf sin fe™®
v=| 7 . (21)
—sinfe™®  cos®
Inserting Eq. (21) into Eq. (9), we have the relations,
2 2 2 ein 2 2\ o 6
e my, cos? 0 +my sin*0  (mg —mj )sin6cos e’ 22)
0 (mj, —mg )sin@cos@e™®  my sin* @+ mj cos® 0

Inserting Eq. (21) into Eq. (10), the /& coupling matrix in mass eigenstates is computed as

I cos*0 + I ,5,sin*60
—sin@cos O e + (I ) e”] Py ,cos20e™ — (I |,)*sin*@e’® + sin@ cos (T 1, — 17 ,,)]
e~P[(Tf 1,) cos?Pe’®

—I0 o8in0e™ + sinfcos (I || —Thon)]  Thyisin?6 + I 5)c0s%0 4 sin@ cos O[T e~ + (I )" €]

It =

(23)
Note that I'?; and I'%, are real. For the I'?, and T4, we have the following relations:
I, = eP[[f ,co8?0e™? — (I 1,)*sin*Be + sin @ cos O || — T 5,)]
= e IE (m3, —m?, ) sinfOcos’0 — (08,2 (m3, —m?, )sin*0cos @ + sin@cos O(Th || —Th,,)
B MG 1, ’ ¢ (M5 1,)* s i ot
) = (M) (24)
Inserting Eq. (21) into Eq. (14), the g¢ coupling matrix in mass eigenstates is computed as
p I54,c08°0 + I5 4 sin’0 (134 —I5,,) sin@cos O’ (25)
" | (s, = 1y,) sin@cosBe™® Iy 4 sin?6 + I3 4, cos20
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Hence, the Im(g%,I'%,) is computed as

Im(g%zl“’gl) = Im(91z.12F£11)

Fh * Fh
= U3¢, — 13 m; — m; )sin-6cos<f - Im ; Cco0s“0 — ——sIn
[.(]51 I~¢z (2152 (2/51 in20cos20 - 1 (( 0212))* 29 0212 in20
0,12 0,12
. o
= (I14, — I 4,) (m3, — m3, )sin’Ocos?6 - Im (M2 ) (26)
0,12

We have known that the SU(3) color symmetry restricts the LQ interactions with the Higgs boson to be cubic type
HLQ? and quartic type H*LQ?. Consequently, the Im(g%,I™%,) is zero because the ratio I'}, |, /M3 |, is real, which is also

presented explicitly in Appendix A with specific two scalar leptoquark extended model examples. As reasoned in following
Sec. III B 2, it leads to the fact that the two-field models do not contribute to the gg — Zh process exactly.8

D. Three scalar leptoquark S; + I~€2 +.53 model
For this model, there can be mixing interactions of

— A (RVH)ST + Y 13HT (S46,)THS, + A33R}(S%6,)"H + Hec. (27)
After EWSB, there are mixings between the 2/3 and —1/3 electrically charged *LQ individually. For the *LQ with electric

charge 2/3, the 2 x 2 mixing terms are presented in the R, 4+ S; model of Appendix A. For the SLQ with electric charge
—1/3, the related mass terms and scalar interactions can be parametrized as

(s1)" (8"
=[5 &y s | BV | —onls, kst o] R
(857)1 (857"
(s1)"
—ivGO[Sl (R;') Sé“]l“go B (28)
(857!

In the above, the mass, & coupling, and G° coupling matrices are given as

ps, + 5 A, 0 \%A*{iv 1Y 1307
M(2> = ﬁAliv :“1%2 +% (’111?2 - %/121?2)”2 ﬁA%U )
1Yi0? A3 Hs, + 5 A5 0
[ Ais, ﬁAE Yi3 0 _¢l§1)ATi 0
I = ﬁAli Ak, —%/121?2 ﬁA% , Fg" = ﬁAli 0 ﬁAb . (29)
i Y, ﬁA% s, 0 —ﬁA% 0

Although we can diagonalize the mass matrix analytically through a 3 x 3 unitary matrix defined in Eq. (8), the
expressions will be quite lengthy and tedious. Assuming Y 30> < |A;5|v, |As;|v < m?, the unitary matrix up to O(v?) is
computed as

$This is not a surprise, because we know that physical CP violation can only appear when there are at least three generations in
the SM.
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1 AP _A g Chem e
4(m3;)? \/fmfi 12 2myyms,
Ao (3) ‘A12|2”2 ‘A23|2”2 Az (3)
~ +U 1- — -2+ U .
U Van 21 A(m2)? " a(mL)? Van, 23 (30)
(Yiymi, +A1AL )0 Asv + U(3) 1— A5 *0?
2mf3mfi \/Emg3 32 4(m§3)2
: 2 2 2 2 2 2 2 2 2 :
Here, we adopt the notations of My =g = My, M3 = Mg = Mgy, Mag = Moy = M Note that our U matrix agrees
2 3 2 3

with (W=1/3)T given in Ref. [48] up to O(v?). The explicit formulas of U (132)/21 /233, are given as

U — ALY 300 AIA [P0
2= 2 2 2\3°
2\/§m12m23 4\/§(ml§)

ud A5 Y07 AplA P A12|Ai3|21)3< 11 >

20 = P
2V2mEimiy  4V2(mi)P 0 2v/2(m3)? 2

2
mis m§3

Ug) _ Aj3Y 1307 _A§3|Ai3|2”3 As|A ) 0° (L_L)
2V2miym,  4V2(md)  2v2(md)? \mi;  miy
U — ATQYT3U3 A§3|Ai3|2”3 (31)
2 = .
2V2mimz, - 4V2(m3,)?
As shown in the following, the U %3;/21 /2332 Are of crucial influences to the gg — Zh process.
Inserting /3 (5, )+ = 0, 13,1?;‘/3 = —1/2,13’(5;/3),A = 0 into Eq. (15), the g,ZJ-j is computed as
1 *
g%,ij - _EUZiUZj' (32)
Taking the expressions of F(';’ ;i given in Eq. (29) further, we can obtain
1
Im(glz,ijrjli) =75 Im <U§i U2./‘Zanngﬁmn Um‘>
_ 1 h * * 1 h * * 1 2 * Ak
= _Ero,n Im<U2iU2jU1jU1i) - 5F0.33 Im(U2iU2jU3jU3i) - 2—@} | Ui Im(UZj 1,;A1§)
1 1 1
W Uy, Im(U3,U ;A 5) — Wl |U;? Im(U3,UsiA55) — Wl | Uil > Im(U; U343,
1 1
- Elm(UﬁiUszTijYB) - Elm(UZiUszﬁleiYﬁ)- (33)

Note that there is no sum over the indices i, j, and we can take i < j.
Adopting the approximations of the unitary matrix exhibited in Eq. (30) and Eq. (31), we have the following results of
Im(g7,;T%) up to O(v?):

,UZ

2 2
4m1§m§3

Im(glz,urgl) ~= Im(ATini% Yi5).

Im(g%13F§1) ~

57 Im(AL;A5YT),

o (AT A5 Y). (34)
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E. Three scalar leptoquark R, +I~{2 + .55 model
For this model, there can be mixing interactions of

Y,5(RH)(H io,R,) + AR} (S%6,) H + Hee. (35)
After EWSB, there are mixings between the 2/3 and —1/3 electrically charged *LQ individually. For the *LQ with electric

charge —1/3, the 2 x 2 mixing terms are presented in the R, + S5 model of Appendix A. For the LQ with electric charge
2/3, the related mass terms and scalar interactions can be parametrized as

R§/3 R§/3
-l@®Py ®Py s M| RE | e [®P @) s R
(5571 (55771
R
-G [(RPY (R s RP (36)
(83°°)°

In the above, the mass, & coupling, and G° coupling matrices are given as

_ﬂ%g2 +% (lle —%/121;2)1)2 %Yﬁvz 0
M; = 2 Y507 Mz, +3 ('111?2 + %'121?2) v? —A30 :
- 0 —A3v ps, +5 (s, = sy )02
[, — Lo, Y3 0 0 Y5 0
Iy = Y Mi, tahr,  —vAm |, r§' = |-Y; 0 —jAxn | (37)
0 —%A% Ais, — Aas, 0 %A% 0

Assuming Y 30? < |A 5|0, |As;|v < m?2, the unitary matrix up to O(v?) is computed as

Y502 3)
1 o Ul
23
Yi? |As; 0% Aszv (3)
U~ 222 1— 232 5 zg +U . 38
2mzi 2<mi3) M3 2 ( )

Al v 202
vy - vl -l

33

: 2 2 2 2 2 2 2 2 2 :
Here, we adopt the notations of M5 = Mooy = Moy My = Moy = My, M3y = Moy = Moy Note that our U matrix
2 2 2 3 2 3

agrees with (W*2/3)" given in Ref. [48] up to O(v?). The explicit formulas of U 233)/31 /233, Are given as

* * 3 * _ 12,3
U(3) _ _’M U(3) _ _A§3Y2§U U(3) _ Ai3|Ai3|2”3 U(3) . _AQ3|A23| v 39
13 — 2m2 m2 ’ 31 — 2m2 m2 ’ 23 — 2(m2 )3 ’ 32 — 2(m2 )3 ( )
23M54 25123 33 23
Inserting /5 pos = -1/2, I3 s = 1/2, Iy oy =1 into Eq. (15), the g7,; is computed as
VA 1 * 1 * *
91ij = 75 liUlj+§U2iU2j+U3iU3j- (40)

Taking the expressions of F’(}Y ;i given in Eq. (37) further, we can obtain
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1
gZz] ]z) __Elm<UTtU1JZU FOan’ll>

m,n

+ Im<U3lU3JZU* rh U, >

m.n

1 h * *
=- Ero,zz Im(UuUljUszzi)

1
—§|U1i|zlm(U§lejY§§) +

20

1
—|——FO’HIm

5 (U3UyU7;Uy) +

2
1
+§|U2j|2 Im(U3Uy;Y35)

1
_EFS,B Im(
1 . . 1
——Im(Uy,U,;U5;U3A55) + 5 o
1 h * *
51033 Im(U3,Uy;U5;Us;)

1
o ‘U2j|2lm(U§iU3iA§3)

+ —Im

1 *
D) (UZIUZJZU an1nU )

12U U5, Us) —%|U1j|2lm(UTiU2iY2§)
Im(Uy;Uy;U3;UxA5;)
+§|U2i|2 Im(U7;Us;Y53)
—2_1U|U2i|21m(

+17¢,, Im m(U3,Us;U7;Uy) + T2 Im(U3,U5;U5,Us) JFIm(U;iUSjUTjUZini)

+Im(U3,U5,;U5;U,Y55) —

1
—|U3i|21m(
v

5;UsjAs3) — |U3j|zlm(U3lU2lA* )- (41)

Again, there is no sum over the indices i, j, and we can take i < j.

Adopting the approximations of the unitary matrix
exhibited in Eq. (38) and Eq. (39), we have the following

results of Im(g7 ;") up to O(v?):

Im(g7 ,1%5) & Im(g7 13T%)) & Im(g73T%) ~ 0. (42)
Note the approximation is valid for |Y;;|v* < |A;;|v < m?.
If |Y;;|v* ~ |A;j|v < m?, we need to take into account the
O(v*) corrections.’

ITII. CONTRIBUTIONS TO THE gg — Zh PROCESS

A. General amplitude structure

For the g(k)g(k,) = Z(p,)h(p,) process, momentum
conservation requires k; + ko, = p; + p,; then, we can
choose ki, k,, p; as independent momenta. The
Mandelstam variables are defined as s = (k; +k,)> =
(P14 p2)t=(k=p1) = (ko= p2)*u= (ky = py)* =
(ky — p;)?>. The amplitude can be written as
M = MHP(ky, ky, py)ei(ky)eg (ky)e,(py), in which a is|

MEL (ki Ky, py) = {Fl[(kl “ky)er e — Khethiha] 4 F, (Plf -

F H
+ 3(pl k]'

+ Fy[—(ky - ky)etvrrr — gverkikar 4 kggypklp]

the color index of gluon. Generally, M***(ky, k,, p;) can
be constructed from the basic tensor structures: momentum
{KS/ K4/ pt K2 [R5}, metric tensor {¢#, ¢#7. ¢}, and
anti-symmetric  tensor  {{e""*}, {e!V*, P, e},
{7, e %} 1. Here, the symbol “x” labels the
contraction with &y, k,, p;. For the physical amplitude, the
Ward identity requires

kl,ﬂM”W(kl»kz»Pl) = ko ,M*P(ky, Ky, py) = 0. (43)
Moreover, the Bose symmetry requires
M (ki ko, pr) = M (ky. ki, py). (44)

Then, the possible amplitude structure can be constructed
respecting the Ward identity in Eq. (43) and Bose symmetry
in Eq. (44).

Considering the Levi-Civita tensor, the general CP-even
amplitude is constructed as

Pi ki
ki - ky

klzl) €VPk1 ko

> whopy 1 (k) <> (kz,l/)}

— kll/eﬂﬂkzpl]. (45)

In Sec. IV B, we estimate the leading order results under heavy internal mass expansion, which shows the negligible effects
compared to the SM contributions. Therefore, there is no need to perform the hard diagonalization at O(v*).

"The {K", k5, p

'} terms do not contribute because of the polarization conditions kel (k;) = 0, kel (ky) = 0, and pfe,(p;) = 0.
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Here, F 534 = F|3.4(s, t, u) are the form factors. The contributions in SM are in the form of M&%, (k, k, py) [37,59], in
which Fy(s,t,u) = —F4(s, u,t).
Without considering the Levi-Civita tensor, the general CP-odd amplitude is constructed as

Miia(ky ko, py) = Gy koY = (ky - ko) g™ K]
+ Gy [k i = (ky - ko) pY 4 (p1 - ko) g7k = (py - ko) g KT

-k -k -k
k)P _ P 1k;24p7k;2> + (p1 - k) (P 2)gypk;24
ki -k ky -k

+ G5 | phipiks — (p1 + (ki p) < (ky,v). (46)

Note that M~ contains three complete new tensor structures. It is not only induced by the SLQ interactions in this paper,
but also can appear in many other new physics models. Here, G| 53 = G, ;(s, t, u) are the form factors. For simplicity, we
can denote G, (s, u,t) as G; = G(s, t,u).

For the squared amplitude, we average the initial spin and color degrees of freedom and sum over spin of final states.
There are no interference terms between the CP-even and CP-odd tensor structures. For the CP-odd structure

MBS (ky, ks, py), the squared amplitude is calculated as

l(m = 0Gy + m3Go? | (o

256| M|* =
M o
B sz(m‘% —1) G\Gy— s2(m% —u)

— M)Gg, + SGz]z

2 —u)G, + miG,)? N (tu — mym%)?

8m% 8my7

= N S ~ ~
G1G2 + (tu—m%lm%) <—2G1G3 —§G1G3

+ (tu — mﬁm%){ [z 5,

2
s -
+ (tu — mam% — m%s) {—GIGI +
4m?

Note that there are no G,G; and G,G; (G;G

B. Contributions in the scalar leptoquark models

1. Gauge independence of the contributions

We classify all the related Feynman diagrams into three
pieces, which are shown in Figs. 1-3. In fact, only the one-
loop Feynman diagrams in Fig. 1 can contribute. Then, we
investigate their contributions in the following Sec. III B 2.
In Fig. 1, there are no Z, Goldstone, and ghost propagators.
Note that all the vertexes do not rely on the gauge
parameter &.

For the diagrams (a), (b), (c), (d), (e) in Fig. 2, the
amplitudes vanish due to zero color trace. For the diagrams
(e), (), (g) in Fig. 2, the amplitudes vanish due to absence
of diagonal G° — LQ — LQ interactions, which is illustrated
in Appendix B.

For the diagram (a) in Fig. 3, there are exact cancellation
between the clockwise and counterclockwise diagrams,
which is demonstrated evidently in Appendix D 2. For the
diagram (b), (c), (d) in Fig 3, the amplitudes vanish due to
the identity 2B, (k3, m?, m?) + Bo(k%, m?) = 0, which
is also demonstrated ev1dent1y in Appendlx D2.

0=, + 5GP
2s
mE —1)(m% —u - fu — m2m>
( Z 4)}1222 )G2G2_( 2sh Z)G G3:| (47)
VA

1) terms because of the Lorentz contraction.

Therefore, gauge independence of the total amplitude is
guaranteed.

2. Explicit amplitude formulas
in the scalar leptoquark models

As aforementioned, only the one-loop Feynman dia-
grams in Fig. 1 can contribute. Here, we investigate their
contributions. The computation details are presented in
Appendix D 1. Our results confirm the new tensor struc-
tures constructed in Eq. (46), and the form factor
G1,3(s,t,u) are expressed in the form of

g2gsIm i z
G123:_Z 27[Cj J ZG123

ZQZQ& Im(g#Th)v

i< 27[ Cw

10 10
d) e R
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FIG. 1. Triangle (a)-(c) and box (d)—(f) Feynman diagrams contributing to the gg — Zh process. Both the clockwise and
counterclockwise diagrams should be included for each diagram. The Feynman diagrams are generated by FeynArts [60].

b2
LQ &
9 s LQ
LQ e
g 3o
(a) (b) (c)
L L
ggl,.qw?’ gg,..q‘z
Sz Nh .._.‘Go~h
g LaQ \ g LQ :
(d) (e)
g
% LQ j’/
LQ! e---of 4
W”LQGO ? ,———- ¢
g
()

FIG.2. Feynman diagrams without contributing to the gg — Zh process. In the two rows of upper panel (a)—(e), the diagrams wrapped
by the square frame vanish automatically because the color trace is zero. In the row of lower panel (f,g), the diagrams vanish
automatically because the diagonal G° — LQ — LQ interactions are absent.

Here, the G\)4(i <> j) stands for substitution of m; <> m; in G\";. By means of FeynCalc [61], the GE"&(m =
1,2,...,10) are simplified in terms of following ten loop functions:

By(s). Dy (s.1)/Dy" (s,u)/Dg" (1, u)
Cy(5)/Cy’ (mi, 1)/ Cy’ (mi, )/ € (. 1)/ € (miy, )/ CF (. 3. ). (49)
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FIG. 3.

TR z \\
LQ \\
(d)

Feynman diagrams without contributing to the gg — Zh process. In the row of upper panel (a), both the clockwise and

counterclockwise triangle diagrams should be included, which make the zero total contribution. In the lower panel (b)-(d), the

bubblelike diagrams vanish after loop integration.

The shorthand notations are defined in Appendix C, which
are basically scalar integrals B,/Cy/D, with specific

variables. In Appendix E, we present the explicit expres-

sions of Gg"& Note that the contributions in Eq. (48) are

universal for the color triplet and electroweak multiplet
scalars, and the explicit expressions of Im(g? ij ) are model
dependent.

As pointed in Ref. [47], the h — G° - Z, Z - LQ — LQ,
and g—LQ—LQ couplings linearly depend on the
momentum. If the total number of such vertex is odd,
the amplitude will change sign under the reversed loop
momentum flow. Thus, the contributions from diagonal
interactions vanish when adding the clockwise and counter-
clockwise diagrams together, which is obvious in Eq. (48).

For the contributions from off diagonal interactions, the
gZ and F are model dependent. In Secs. I A and I1 C, we
demonstrate Im(g7; ﬂ) = 0 for i # j, which means that the

contributions exactly vanish in the one-°LQ and two-LQ
|

2
[m — 8m®m3 + 8mim§ — m% + 12m}m] log =%
J

models. For the three-LLQ models, there can be nonzero
contributions in the presence of three different LQ mass
and CP violation as expected in Eq. (20). In Sec. II D, we
find that Im(g#T";) does not vanish at O(v?) in the S, +

R, + S5 model, which implies there are enough degrees of
freedom such that CP violation can generate physical
effects in this process. In Sec. IIE, we find that
Im(g#T™;) vanishes at O(v?) in the R, 4 R, + S5 model.

IV. HEAVY INTERNAL MASS EXPANSION OF
THE CONTRIBUTIONS

A. General expansion results

In the limit of m3, m%, 3,1, i < mﬁQ, we can obtain the
one-loop *LQ contributions under heavy internal mass
approximation. Adopting the expansions of the loop
integrals in Appendix C 2, the coefficients G, 3 defined
in Eq. (48) can be expanded as

- ZQZQS Im ngFh>

= 212 cy

24mim; (m; —m3)*

ZQZQx Im gg jl) 3(1’}’!? N mj)

o 2t cy I 12(m; — m3)*
_ 2929? Im 95 ]1) O( 1 )

= 2 ey mgQ .

+4m2m2+m)log 2 < 1 >1
L o(—)|.

(50)

As we can see, the loop functions are at O(1/ miQ). Because the mixings are usually suppressed by the heavy *LQ mass,

there can be extra suppressions from off-diagonal coupling product Im(gﬁ ,z) The expansion results above have been

checked by the LoopTools numerically [62]. For simplicity, we define a mass splitting quantity m2 = m;

2_ m which is

015039-12
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usually subject to constraints from electroweak precision observables. Based on the expansion results in Eq. (50), let us
consider the following small and large L.Q mass splitting scenarios.
(i) Small gLQ mass splitting scenario
If m - < m?, the expansion results above can be further approximated as

l_]’
929s Im(gg ]l) mlz] 1
Z —% + O — /|
12072 ¢y m?

i<j J mLQ
2 h 2
929: Im(g,Tl v [m; 1
G, = —” Yrol—)|. 51
: ; 7207y m?+ me (1)

(i) Large LQ mass splitting scenario
If there is a large mass splitting between m; and m;, things are a little complex. For a moderate large mass splitting,
we should take the full form of Eq. (50). For a extreme large mass splitting, the expansion results in Eq. (50) can be
further approximated as

1 1
Z 9295 Im( g,j j,)v  24mim? + O(m_go) , form; < m;
i<j 2mcy s 4m‘%m§ - O(ﬁ) . for m;>m;
Zgzg RUCAYILES RET (log w3 OGs) o formi<m, (52)
272 2 .
i<j T Cy —ﬁ<log::—§— ) +(’)(W+EQ) . for m; > m;

B. Expansion results in the S; + R, +S; model

In the S; + R, + S5 model, there are three LQ mass scales M, Myl Mg/, which are abbreviated as m, ms, ms,
respectively. For the heavy internal mass expansion results, we consider the following three scenarios: small mass splitting,
two splitting mass scales, and three splitting mass scales.

(i) Scenario with small LQ mass splitting.

In this scenario, there are small splittings between the three mass scales m;, m3, m3. Inserting approximate
Im(g?I" - ) from Eq. (34) into Eq. (51), we find that

2 2
Im(g7,1%;) M5 + Im(g5%)) ) mis + Im(g%%,) M3

4 2 4 2 4 2
mLQ mLQ mLQ mLQ mLQ mLQ
2 ) 2 2
= - Im(A% A5 Y) m17+"61” M5y, (53)
m5M5, miq

This leads to G; = G, =0 at Im(ngj ) - O(1/mi ;) level, which means that the LQ contributions vanish for small

mass splitting scenario in the S; + R, + S5 model. This behavior is expected because the G 3 are exactly canceled
for the same loop particles from Eq. (48).
(ii) Scenario with two splitting mass scales.
In this scenario, there are two splitting mass scales, which covers the following six cases:

my & ms < my, msy <K my ~ms, mrmy << ms,

ms << my X ms, ms & my <K my, my <K ms & ms. (54)

Inserting the approximate Im(g? ]F”) from Eq. (34) into Eq. (52), we find that
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3
DG v 1
Gy, = —71 A* A5 Y- O — ). 55
1,2 2” CW4 12 %3 ( 12 23 13) < gQ) ( )

This behavior is just expected by the CP violated quantity presented in Eq. (20). Due to the nearly degeneracy of two
SLQ masses, it can be also understood and treated as a two-field model in nature. Meanwhile, we have demonstrated
that the LQ contributions vanish for the two-field models in Sec. II C.
(iii) Scenario with three splitting mass scales.
In this scenario, the three mass scales are all split. Inserting the approximate Im(gﬁl“jll) from Eq. (34) into Eq. (52),
the G, can be expanded as

1 ~
24m?m? m% , form; < ms; K ms
1 ~
Ttai? 0 L0 My KMy <L
92921)3 W s for ms; K my K nmjy
s
G~ — ]2 I (A*§A§3YT3) : 1 . (56)
ew ~ S for my Kmy L my
2
" St 0T my < my <L mj
24m2—£n‘2‘m2 , for my; < ms <K ny
Inserting the approximate Im(g#I" ’ ) from Eq. (34) into Eq. (52), the G, can be expanded as
2
12m m- (10g m2 3) , for my K ms; K mjy
12m4m4 <log i 3) , for my < my < ms
5220 12m°m2 (log mo_ 3) , for ms < m; < my
s
Gy~ = 812c I (A AZ3YT3)' (57)
W <log 3) , for ms; < my < m
2
1zml§mé <logz—é - 3) . for my < my < mj
2
1 m3
l2m%mg <10gm—% - 3) P for ms K m3 K ny

Note that the CP violation appears in the form of Im(A}3A3;Y7;). The A5 and As; are dimensional couplings in front
of the cubic type HLQ? interactions, which can be taken as the *LQ mass scale. Therefore, G| , are suppressed by the
factor 1/ mgQ eventually, which are further explained from viewpoint of SMEFT in the following Sec. IV C.

In SM, the F; is expanded as [59]

F, = 1920 i O(m ) (58)
t

1677 ch 6m,

Since \/s > my + my, and \/2m, =~ v, we can take (m% — t)/(6m?s) as 1/v? roughly, and this is enough to capture
the magnitude. At leading order, the ratios between *LQ and SM contributions are naively estimated as

Gis 19 Tm(A*5A5,Y5)
Fl mEQ '

(59)

Note that the coupling Y5 can be taken as (1) and the lower limit of SLQ mass is typically at 2 TeV. Then, we can
obtain G ,/F; ~ v°/ me < 1079, Even if the interference contributions can be extracted through Z polarization and

differential distributions, the 107° effects are too small. In fact, the magnitude estimation is quite general for the color
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triplet and electroweak multiplet scalar contribu-
tions. The contribution in Eq. (48) is a model
independent formula for general 7 — LQ — LQ and
Z — LQ — LQ interactions, which are valid for the
color triplet scalars. Meanwhile, the off diagonal
coupling product Im(g,-zjl“j.'i) (i #j) is of order
O(v*/mi,), which makes the loop expansion in
Eq. (50) to be vGy, ~ v*/mf,.

Currently, the V(W/Z)h associated production
has been observed [63,64], while the gg — Zh
channel is still not observed yet. The cross section
of gg — Zh isroughly 15% of the pp — Zh process
at the center-of-mass energy of /s = 14 TeV [65].
At near future high luminosity LHC (HL-LHC), the
projection is performed by extrapolating the present
measurements in the 4 — bb channel. From simul-
taneous three-parameter fit of the processes Wh,
qq — Zh, g9 — Zh, the expected uncertainty for

G4,G"(D,H)"(D’H),

G, G" (DpH)T (D’H),

gg — Zh production is ~40% at lo confidence
level [66]. Therefore, measurements of the
v8/mf o < 1070 5LQ effects are quite challenging.

C. Analysis in the effective field theory

In Sec. III A, we construct the traditional CP-even and
new CP-odd tensor structures from Ward identity and Bose
symmetry in Eqgs. (45) and (46), respectively. Then, we
compute the form factors in the LQ models. As matter of
fact, they can also be analyzed and confirmed within the
SMEFT framework respecting SU(3) x SU(2) x Uy(1)
gauge symmetry. Only high dimensional contact operators
can contribute to the gg — Zh process directly, and the
lowest order is at dimension-eight level. The CP-even (CP-
odd) tensor structures are induced by the operators with
(without) dual field strength tensor G** = "Gy /2. In
view of the independent dimension-eight operators listed in
papers [67,68], the three relevant operators are given as

G, G (D"H)"(D,H). (60)

After EWSB, we can check that none of the three operators above can produce the ggZh contact interaction.
In Refs. [69,70], the authors present nine redundant operators which are removed in the traditional basis. Here, we list the
nine G>H?D?-type operators, which can appear in a new basis. Containing dual field strength tensor, the four operators are

given as

Oeven,la = GZDG”D#HJF (DZH) ’
Oeven,Za = (Dﬂ GZU)GW.(IHT (D/)H) s

<9even,lb = Gzyle’a (D2H)TH’

Oeven,Zh = (D”G;v)éyp’a (D/)H)TH' (61 )

Without containing dual field strength tensor, the five operators are given as

Ocda,1a = Giu G “H' (D*H),

Oodd,Zu = (DHGZD)GU/L“HT (D/)H) ,
Oodd,3 = (D”Gzp)(DuGyp’a)HTH'

Oodd,lh = GﬁuG’w’a(DzH)%H’
Oodaz» = (D*G4,)G**(D,H) H,

(62)

Note that the operators Oeyen 24(26)» Oodd 24(26)» Ooaa,3 €an not produce the ggZh contact interaction. After EWSB, the
H'(D?*H) can lead to the terms h(0*Z,) and Z,(¢"h). However, the h(0“Z,) part do not contribute for on shell Z boson.
Therefore, the operators Ogyen 14(15) in Eq. (61) will lead to the following mass eigenstate interaction:

Oeven.l = G/(juélw‘azp(aoh)' (63)
The operator O, in Eq. (63) implies the F, tensor structure (k; - ky)e"?*> — khe*?*1%2 which is also checked by

implementing the fr file to FeynRules [71]. Moreover, the tensor structure can be confirmed by the heavy quark expansion of
SM results in Ref. [59], where the F; and F, parts satisfy

2 2 /8 2 2
|:ng, (% €prk2 - k«‘zlel//)klk2> - (plll + :S\,mz k’;) €l/pk1k2 + (kl ’ ﬂ) (k2’ 1/)

= (Pl .kl)eﬂl//)kz — prEV/IklkZ — (p1 . kz)eﬂyﬂlﬂ + p’-{eﬂf)klkz' (64)
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FIG. 4. Typical triangle (left) and box (right) diagrams contributing to the ggZh contact effective operators. Here, the indices i, j, k
label three different fields. The diagrams are generated by JaxoDraw [73].

Applying the Schouten identity, the above result is just
phe"fik | which causes no physical effects because of the
transversality condition €, (p;)pf] = 0. As a result, only
one form factor F'; can survive in Eq. (45) at dimension-
eight level.

Similarly, the operators Oyq4,14(15) in Eq. (62) will lead to
the following mass eigenstate interaction:

Oodd,l = quGﬂy'uZp(aph)' (65)

The operator O,qq; in Eq. (65) implies the G, tensor
structure [KhkY — (ky - ko) g™ ]k.

As established previously, the presence of at least three
SLQ generations is necessary to generate nonzero contri-
butions. In Fig. 4, we show the diagrams that can be
contracted into a ggZh vertex from gauge eigenstate fields.
Because G? is already of mass dimension four, the
incorporation of H* and W3/B fields can not yield the
dimension-eight operators and the leading operators are
induced at dimension-ten level.'' That is the reason why the
SLQ contributions are negligible as confirmed by our heavy
internal mass expansion of the LQ contributions in
Eq. (50). Considering 1/ m%Q suppression associated with

the off diagonal coupling product Im( ng]Fﬁ‘Z) the two form

factors G, and G, only survive at O(1/ mEQ). The strong
suppression arises from symmetry cancellations in the
specific *LQ models.

V. SUMMARY AND CONCLUSIONS

In this manuscript, we systematically investigate one-
loop contributions to the gg — Zh process in the general
SLQ models quantitatively. Based on the Ward identity and
Bose symmetry, we construct new CP violated tensor
structures. Starting from the most general *LQ interactions,
we derive the one-loop contributions in the R gauge in
Eq. (48), which verify these new tensor structures. The
gauge independence of amplitude is validated evidently by
the vanishing color trace, vanishing diagonal G° —LQ —LQ
interaction, and the identity 2B;(k3,m?, m?) + By(k3,

m?,m?) = 0. In light of the analytic contributions, we find

"part of dimension-ten operators are shown in [72], while
systematic analyses lie beyond the scope of this work.

that there should exist both the off diagonal 7 — LQ — LQ
and Z — LQ — LQ interactions to produce nonzero contri-
butions. In the one-field and two-field models, the con-
tributions vanish exactly; thus, the contributions are
possible at least in the three-field models. Concretely,
we exemplify the contributions in the S, + R, + S,
model, which require the presence of scalar leptoquark
mass splittings and CP violation in the form of
Im(A}5A5;Y1;). From the SMEFT perspective, the *LQ
contributions are indeed described by the dimension-ten
operators. Numerically, the leading contributions are small
because it is heavily suppressed by the LQ mass.

Although we deduce the results in the L.Q conventions,
it is general for the renormalizable color triplet and
electroweak multiplet scalar models, which can also serve
as a useful reference for studying the contributions in other
new physics models. Given that the colored scalar con-
tributions in the gg — Zh process are negligible, our study
quantitatively reveals the screening effects of the color
triplet scalars in this channel. If there is a anomaly observed
in the gg — Zh channel in the future, we can exclude the
models extended solely by color triplet scalars. The new
CP-odd tensor structures are foundations of studies in other
new physics models. Our preliminary attempts indicates
that such tensor structures can also arise in the CP violated
fermion loops. Crucially, colored scalars only contribute to
the CP-odd tensor structures, while fermion loops can
generate both the CP-even and CP-odd tensor structures.
For example, the hfiy’t interactions can lead to the
contributions at dimension-eight level. The new fermion
loops and modified SM couplings will be studied exhaus-
tively in the future works.
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APPENDIX A: SPECIFIC TWO SCALAR LEPTOQUARK EXTENDED MODELS

In the following, we enumerate the five two-field models with mixing: S, + R,,S, + 5.5, + S5. R, + R,
R, +S; [10,48].
(i) S7 + R, model.
For this model, there can be a mixing interaction —A 5(R}H)ST 4 H.c. After EWSB, the related mass terms and
scalar interactions can be parametrized as

($1)f (S o (S1)
5—1/3 5—1/3 ; 5—1/3
-[s, (Rzl/ )T]M(Z)[R—lﬂ} —vh[s, (Rzl/ )T]Fg |:R—l/3:| - ”’GO[Sl (Rzl/ )T]Fg [R—l/3:|’ (A1)
2 2 2
In the above, the mass, & coupling, and G° coupling matrices are given as
K3, + ks v ALY
M = 1 2 41 1 2|’
5BABY Mg ta (Miez - 5/121?2)”
_ 1 * 1 *
" s, EAli ) 0 _EAQ
Iy = J Iy = (A2)
LA As —La L A 0
Vau 12 1R, — 272R, Va2 12
As for the I3, they are given as
1
Ly =00 Lgos=—3. (A3)

(i) S; + S; model.
For this model, there can be a mixing interaction Y3 H T(Sgaa)TH S; + H.c. After EWSB, the related mass terms
and scalar interactions can be parametrized as

3 (Sl)T (Sl).'L
=[5, Sé/‘}M(z)[(S;B)T}_ﬂh[Sl S;ﬁ]rgl(sé/»*y

— G, syPIrg L(SSOT ] (A4)

In the above, the mass, & coupling, and G° coupling matrices are given as

2 1 2 1 2
% _ /’tsl +§AIS1'U EYI’)’D Fg _ |:/115] Y]3:| Fgo _ |:0 0:| ' (AS)
3Yis0° ﬂi + 3 A1, 07 Y3 i, 0 0
As for the 15, they are given as
I3,(S])T - I},(S;/})T - O (A6)

(i) S, + S; model.
For this model, there can be a mixing interaction Y13 H (ic,)(S50,)H S’; -+ H.c. After EWSB, the related mass
terms and scalar interactions can be parametrized as

-[(&)7 <S;‘/3>"']M%[S4}3}—vhuw (S;‘”)*]F’a[sfia}—ivGO[(Sm (sy°)7Ir§ [;m]- (A7)
3 3

In the above, the mass, /& coupling, and G° coupling matrices are given as

015039-17



SHI-PING HE PHYS. REV. D 113, 015039 (2026)

M2 o ﬂ%[ +%/11§1 1]2 \/LEYI:‘KUZ

0= . ,

\/LEYT3U2 '“§3 + 3 (Ais, + Aos, ) 0

o [ by, V2V o _ [ 0 ﬂyﬂ "

0 . ) 0o — . .

V2Yi Ay, + s, -V2r:;, 0
As for the 15, they are given as
L =0 Lgn=1 (A9)

(iv) R, + R, model.
For this model, there can be a mixing interaction Y3 (R;H )(HTio,R,) + H.c. After EWSB, the related mass terms
and scalar interactions can be parametrized as

2/3

2/3 2/3

~ RZ ~ R2 . ~ & 0 R2
“[(RP) (RS)"IM; { /} —vh[(R)" (R3™)T G { /} -G [(R*)" (RYP)1ITE {/ . (A10)
R R R
2 2 2
In the above, the mass, /& coupling, and G° coupling matrices are given as
, ﬂ%eZ +3 (/11R2 - %/121%2) v 5Yo50°
M = ,
I Y500 M, +2 ('111?2 + %’121?2) v?
- [ AR 228, Yy o 0 Yy
o= Y* dew 1|7 e = -Y* 0 | (Al1)
i 55 1R, T340k, 2
As for the 15, they are given as
1
Lgp=-5 Lps=5. (A12)

(v) R, + S5 model.
For this model, there can be a mixing interaction A§3I~€§(S§’aa)*H + H.c. After EWSB, there are mixings between
the 2/3 and —1/3 electrically charged *LQ individually.
@ For the *LQ with electric charge 2/3, the related mass terms and scalar interactions can be parametrized as

k2/3 R2/3 R2/3
_[<R2/3)—}- S—2/3 ]M(Z) 2 _ Uh[(RQ/fi)T S—2/3 ]Fg 2 _ lUGO[(R2/3)T S—2/3 ]F(();O 2 )
. (8571 . (857 R (8571
(A13)
In the above, the mass, & coupling, and G° coupling matrices are given as
M2 B #%2 +% </11R2 + %/12[?2) UZ —A§3U ‘|
0= )
—AgY #s, 3 (s, = Aos, )0°
o La — 1A _1a.
-3 A5, As, = 4os, 2 A3, 0
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As for the I3, they are given as
1
]3,R§/3 =5 I, 2y = 1. (A15)

3,57

@ For the *LQ with electric charge —1/3, the related mass terms and scalar interactions can be parametrized as

R;1/3 R;1/3 REI/S
_[(R;l/3)-[— S1/3 ]le ] —Uh[( 1/3) Sl/?]rhl l’l}Go[( 1/3) S1/3}FGOl ]
(85°)7 $3°)" (857"
(A16)
In the above, the mass, & coupling, and G° coupling matrices are given as
. [HE 3 (/%iez _%’121?2) v A 1
MG = ,
- %A%U /'4%'3 +%/11531]2
[ A1k, — l/121? LAis 0 %Ais
v A P v o (A17)
i \/-UA Ais, \/'@A 0
As for the I3, they are given as
1
13.1"3;1/3 = —5 N 13‘(5;/3)1- = 0 (Alg)

APPENDIX B: VANISHING OF THE DIAGONAL G’ -LQ-LQ TYPE INTERACTIONS

1. Two scalar leptoquark extended models

Inserting Eq. (21) into Eq. (10), the G° coupling matrix in mass eigenstates is computed as

o _ —sin@cos O[[§ e — ([§1,)e?]  eP[[§),c0820e~ + (I),)*sin*0e™] B1)
—e~P[(T§},) cos’0e® + T ,sin0e=?]  sin@cos O[S, — (L§,)* e
Based on the expression of M, shown in Eq. (22), we have the following relations:
¢ = —sin@cosO[[§ e — (§},) e?] = —2isinOcos O - Im(L§,e~)
FGO
= =2i(mj — my )sin*0cos*6 - Im( 12 ) (B2)
2 1 M
0.12

Again, the cubic type HLQ? and quartic type H?LQ? interactions leads to the result ']’ = 0 due toreal I['§,,/M3 , in the
two-field models, which is also illustrated explicitly in Appendix A with specific two scalar leptoquark extended model

examples. Because of tr(FGO) =0, the Fg = 0 is valid. Consequently, off-diagonal G° — LQ — LQ interactions are absent
in the two-LQ models.

2. Three scalar leptoquark S; + R, +S3 model

Inserting expressions of an given in Eq. (29) into Eq. (11), the diagonal G° coupling matrix in mass eigenstates is
computed as
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(r); = \/—U( Ut UsiA}; + U3 UniA s + U3 UsiAyy — U UpAL) (B3)
Note that there is no sum over the index i.
Inserting expressions of M3 given in Eq. (29) into Mj = UM?U", we have the following relations:
1 2 * 2 * 2 *
%Aliv =ms5 UnUp + M UnUiy +mgUnUis,
1
B = m§, UnUsy + mi s UnUsy + 11 UnUs. (B4)
Inserting expressions of A5 and As; given in Eq. (B4) into Eq. (B3), the (FGO) - is computed as
VA([9),; = m} (=U5,UsUy U3y + U UyUy Uy + UpUsUs Uy, = U Uy Usy Usy)
+my s (U UpUnnUsy + U3 Uy U Uty + UsUsUnUs, = U Uy U3 Usy)
2
+ 21/@( Ut UsiU13Uss + U3 Uy Uss Uty + U3 U3 UnsUsy — U3 Uy UssUsg). (B5)
Especially, the (I'6"),, is computed as
Iy = m%;/3[U§1U22(U11U”{2 + U3 Us) = Un Uny (U Urp + U5, Uy
+ m§;/3[U§1U23(UUU’1‘3 + U3 Us3) = U U3 (U Uy + U5, Uss ). (B6)
The unitarity of U matrix leads to the following identities:
UnUiy + U3 Uz = =Un U, UnUi; + U3 Usy = Uy Uy, (B7)

Thus, we have (I'°");; = 0. Similarly, the (I'°"),, = 0 also holds on. Because of tr(I'?") = tr(I'§") = 0, the I'§, = 0 is
valid. Consequently, off-diagonal G° —

LQ — LQ interactions are absent in the S; + R, + S; model

3. Three scalar leptoquark R, +R2 +S3 model

Inserting expressions of Fg given in Eq. (37) into Eq. (11), the diagonal G° coupling matrix in mass eigenstates is
computed as

0 * * * 1 * 1 * *
(C9); = UjUpiY o5 = UinuYﬁ—;UinyAia +;U3iU2iA§3

(B3)
Note that there is no sum over the index i
Inserting expressions of M3 given in Eq. (37) into M} = UM?U?", we have the following relations:
§Y22”2 = mi;/sUnU& + még/sUuUﬁz + m§§/3U13U§3,
—A§31J = miiﬁ U21 U;l + mégﬂ U22U§2 + mim U23U§3,
0 = m,, UnUs, + m%g/s UnUs + m?sﬁ” UiUs (B9)
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Inserting expressions of Y,5 and As; given in Eq. (BY) into Eq. (B8), the (FGO) ;i 1s computed as

UZ(FGO)Z_Z_ — miiﬁ(ZUTiUinllU;l - ZUEiUliUZIUTI + U;iU:iiUZlU;l - U;iUZiUMU;l)
+ m§§/3(2U’f,-U2,-U12U§2 —2U3,U,;Un Ui, + U5, U3 UpUs, — U3 Uy U3, Usy)

+ m§2/3(2U’1‘iU2,~U13U§3 —2U3,U;Uxs Uiy + Us U3 Uy Ul — US Uy Uz Usy).
3

Especially, the (I'6"),, is computed as

V() = még/s@UﬁUleuUﬁz — 205U UnUty + U3 U3 UpUs, = U Uy Us, Usy)

+ m§§/3(2U71U21U13U§3 — 203U U Uts + U3 U3 U Uz = U5 U Us3 U).

The unitarity of U matrix leads to the following identities:
UTIUIZ + U§1U32 - —U;1U227 UTIU13 + U§1U33 - —U§1U23.
Adopting the unitary relations above, the (FGO)H in Eq. (B11) can be converted as

(%), = 3m%§/3(—U71U12U31 2+ ULULURUS,) + 3m§§/s(—UT1U13U31U§3 + U3UnUsUy))

=3UnUs (m%m Ui, Usy + mém Ui3Uss) = 3U7, U31(m%2/3 UpUs, + mém Ui3U%).
2 3 2 3

(B10)

(B11)

(B12)

(B13)

Considering the third line in Eq. (B9), we can verify (I'?"),, = 0. Similarly, the (I'®"),, = 0 also holds on. Because of
tr(M%") = ([§") = 0, the T'§; = 0 is valid. Consequently, off diagonal G° — LQ — LQ interactions are absent in the

R2 + Rz + S3 model.

APPENDIX C: DEFINITIONS AND EXPANSIONS OF THE LOOP INTEGRALS

1. Definitions and shorthand notations of the loop integrals

For simplicity, we adopt the following abbreviations for the scalar integrals B,/Co/Do'*:

B (s) = Bo(s.mj. m7),

Ci(s) = Cy(0,0, s, m?, m?, m?), Céii(m%l,m%,s) = Cy(m2, m%, s, m?, mf,mz)
”’( 1) = Co(0,m2, t,m? m,,mf), Cf)”(mh, u) = Cy(0, mh,u,m%,m%,mjz-),
Cy(m%, 1) = Co(0, m%, t, m? ,m;, m3), Cy(m%,u) = Co(0, m3, u, mi, m;, m3),
DY (s,1) = Dy(0,0,m2, m%, s, 1, m?, mi, mi, m3),

””(s,u) = Dy(0,0,m2, m%, s, u,mz,mz,mz,mi),
””(t, u) = Do(0,m3,0,m%, t,u, m?, m?, mf,mf)

(C1)

The tensor integrals are defined in Ref. [74], which can be reduced into scalar integrals with the help of FeynCalc [61].

"Similar notations apply for the exchange of i <> j.
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2. Heavy internal mass expansion of the loop integrals

In this appendix, we list the related heavy internal mass expansions of the scalar loop integrals B,/C,/D, which are
checked by the Package-X [75], and part of the results are obtained in our paper [26]. According to the explicit results of
form factors G ;3 in Appendix E, the highest power of *LQ mass in front of the loop integrals are 1 - B, miQ Cy, and

mLQ D,. Therefore, the loop integrals should be expanded at least up to 1/ mLQ for By, 1/ mLQ for Co, and 1/m" for D,
respectively.

a. Related heavy internal mass expansion of B, function

The B, function is defined as

2ru)*P 1
B kz,mz,m2 E<./qu
ok mo. 1) = @ —m)(g + &7 — ]
1 2 4 (1= x)m? = x(1 — )2
— A, - A dx log M0 x);l =9k L o). (C2)

where A, = 1 /e — yi + log 4z with y being the Euler’s constant. Here, D = 4 — 2¢ is the spacetime dimension, and y is

the renormalization scale.
(i) When the two internal masses are equal, the B, function can be expanded as

6m 60 420m® ms

1

m? k2 k* k® Kk®
Bo(K*,m?,m?) = A, — log— e +— 6om? +—"+ (’)<—8> (C3)

b. Related heavy internal mass expansion of C, function

The C, function is defined as

. 1
/ 4 TP =m)(a+ k) —ml][(q+ ky)? = m3]

S(x+y+z—1)
dxd dz ' C4
/// Y m§ + ymi + zm3 — xyki — xzk3 — yzki, “

(2ﬂﬂ)

212 12 .2 .2 2\
Co(ki, ki, k3, mg, my,m3) =

where k12 = kl - kz.
(1) When the three internal masses are all equal, the C function can be expanded as

1 2012 02 2 20 (12 4 12)2 2. 1232
Colk2. Iy, I3, m2, m2, m2) = __2_k1 "‘kzi‘klz (k4 k3)* + (ki +kl§) + (k3 + k1))
2m; 24m; 360m;

3(k3 + K3 + k3,) (kT + K5 + k1,) + 4k3k3k3, Lo s
3360m? mi)’

i

(C5)
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(i) When the first two internal masses are equal, the C function can be expanded as

Co(kT, ki, k3, m7, m7, m3)
Nl—i—logr - ,zj
4 6 2
2+6r log ry 4 3r7, —6rf, 1% 542(1+2r) log rf; — 4r3;
12mtr (l—rl])4 ! 4mi(1—r7)*
_3—30r,2j—20rj.*j(1+3logr2)+60r —15/% +2r};)k4
180mer (1 128
10+ 977+ 3(1 + 677, + 3rf) logri; — 181}, = ¥
+ ’ oS (1= 12 17 4 1388, + )
3+44r +12r5(2 + 3r7) log r7; = 3618 = 1210, + 1%
36m(’r2 L(1 = ru)6
(1= i) (47 +239r7; + 13178, 4+ 3r%) 4+ 12(1 + 1217, + 187, + 4r5,) log r;
(k3 + k3,) (K3 + kb
+ B (1= )P (ky + kip) (K3 + k)
i)~
2

(k2+k 5)

LIS + k)

(1- ru)(—4 - 159rl2j - 239r 19r + 7
8.2 8
240mjr”(1 — i)
(l—r (= 2—|—34r —|—319r +79r — 1173 +r1°)—|—60r (3+4r ) log r2;
240m (1 - rl])8
6 10 12 6
(1 =r3) (=4 + 38r7; = 214r}; = 3197, + 10175, = 2510 4 3r[?) — 4209, log r}; ' (C6)
1680m8r%,(1 — r2,)® i

N 60r? ( +4r?; +2ru)log lez

(3k3 + 3kt, + 4k3k3,)

_|_

i3 + k)

+

The r;; is defined as r;; = m;/m;. In the above, the expansions agree with Eq. (C5) in the limit of m; = m; (or

rij = 1) If the first and third 1nternal masses are equal, the C,, function can be correlated with the case where the first
two internal masses are equal, through the relation of

Co(k3, k2, k3, m?, mjz,m) Co(k3, k2, k3, m?, m?, mf) (C7)

c. Related heavy internal mass expansion of D, function
The D, function is defined as

2712 12 12 72 12 2 2 2 2
D (ky, ki, ka3, k3, k3, ki, mg, mi, m3, m3)
1

(27TM) D
/d (g% = m§)[(q + ky)* = mi][(q + ka)* = m3][(q + k3)* = m3]

o -1
/ / / / dXddedW s +2y — J2r - )2 2 2 2727 (C8)
mj + ym? + zm3 + wm3} — xyk] — xzk3 — xwk3 — yzk3, — ywk}; — zwk3,]

where we have k|, = k| — ky, ko = ky — k3, and k3 = k| — k3.
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(i) When the four internal masses are all equal, the D, function can be expanded as

Do(ki, kty, k35, k3, K3, ks mi, mip, m )

1 l+k%+k§+k§+k12+kl3+k§3+ 1
6m? 10m? 280m?
+ (k] —k33)* + (k3 — k§3)* + (K3 — kiy)* + k) + k3 + k3 + &y + ki + &35

2(k2 + k5 + k3 + k3, + k35 + k35)?

1
+ T360m (K + &3)* + (kK + K3)* + (K + K3)® + (K3, 4 Kk33)° + (K3, + k33)° + (k5 + k35)°

+ (k§ + K3) (k35 + k35)* + (kT + Kk3) (KT, + k33)* + (K3 + K3) (KT, + ki5)?
+ (kT3 + k33) (kT + k3)* 4 (kT 4 k33) (kT + &3) + (ki + ki3) (k3 + K3)?
+ 3(kT + k33) (k3 + ki3) (k3 4 kip) + kS 4 kS + kS 4 K9, + kS5 + kS + 243, (kT + k3) (kT + k3 + k7,)
+ 2k35 (k3 + K3) (kT + K3 + ki3) + 263, (K3 + K3) (K3 + K3 + K3) — kik35 (kT + k33) — K3h3s (K3 + K3)
kS
- 08 + ) ~ I, = T, — R, + K33 + O ) | (©9)

i
(ii) When the first three internal masses are equal, the D, function can be expanded as

212 12 12 12 2 .2 2
Do(kpkn’k231k3’k2’k131m m;, m; m)

1 L2 dogr =l (K3 + k3 4+ k3;) 1+ 6r5(1+rf) logr + 9r7, = 9rf; = 1%,
) m; o1 =)
4
+(k%—|—k%+k%2).l—8r — 12} log rj; + 8rY; _”j' c10)
mj? 24r¢ (l—r )3

In our Mathematica code, we expand the D" (s, r) function up to O(1/ m}?). Here, we only present the results up to
O(1/m® ) because the 1/ m and 1/ m10 terms are quite lengthy. If the last three internal masses are equal, the D,

functlon can be correlated Wlth the case where the first three internal masses are equal, through the relation of
Dy (ki kty, k33, k3. k3. Kkiz.mi . mi mi, m3) = Do(kis. kiy. k3. K3, k3y, &k mG m, mi, m3). (C11)

(iii) When the first two internal masses are equal, the D function can be expanded as

272 12 12 12 12 2 2 2
(kl’klz’k%’k3’k2’kl3’m mi, mi, m;)

i My
L 2+ (U +r)logr—2rf B4R+, + Ky 3+ (1+4r] +r)logry —3rf;
N——p- ; _ . ] ‘
m] (1—r,]) m 2(1_’"11)
k2 1—|—6r%. lo r +9r —9r rf’- k2 1+6r12. lo r —|—9r —9r —r
+—5 Mt r) og EAE [43. (15 ) log < i(C12)
nj 6ry;(1—r3) m; 6(1—ru)

In our Mathematica code, we also expand the D"’ (¢, u) function up to O(1/ m?). If the second and third internal

masses are equal, the D, function can be correlated with the case where the first two internal masses are equal,
through the relation of

Do (kt, k. k33 K3, K3 ki3, mi. m3, m2 my; ) Do (k3. k3. k. k3. K3 ki3, 3, m2 m2 m;). (C13)
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APPENDIX D: COMPUTATION DETAILS OF THE AMPLITUDES

1. Nonvanishing contributions of the amplitudes

(i) For the clockwise trianglelike diagram (a) in Fig. 1, the amplitude is calculated as

2 9Z1h

92985 Thyv (29 + k)"

MZ](;fkf# (k) (k ) p gb /
T oy VeI (7 = m)l(g+ K =m?]l(g+ pr = ko)* = 7]
. 2 gZ
ig9:95 Tliv a a *
- Té}eﬂ(kl)ev(kZ)ep(pl)gw(pl - kz)”Cz(O,mi,u, le,ml.Z,mf). (1)
w

For the counterclockwise trianglelike diagram (a) in Fig. 1, the amplitude is calculated as

929295 F / (2g = ky ¥
MCOUH[CI' — k k .
kel (p)g? @ —mD)(a -k — (g + o= pr) — ]
19,99 Fh X
7871 JC eu(k1)€5(k2)€p(l?1)gyp(k2 - p1)'Gy(0, m%u u, m%’ mlz mjz) (D2)
w

Due to the physical polarization condition, we can drop the terms such as e (k) kY, e (k2)k%. € (p1) p}. Utilizing the
Hermitian conditions g% = (¢%)" and I"" = ("), we have g7, Fh = (gj’jz)*(l";‘l)* Then, the total amplitude for the
trianglelike diagram (a) in Fig. 1 is calculated as

lMa i lMclock + lMcounter

a,iij a,iij

Z1-h
9295 Im(gf; T )v .
Tw’eﬂ(kl)ei(kz)ep(pl)g””(pn — ko )*C5(0, mj, u, m7, mi, m3). (D3)

(ii) For the trianglelike diagram (b) in Fig. 1, the total amplitude can be derived through the replacement of (u,v) <>
(v,u) and (ky, ky) <> (ko, ki) in M. Then, it is calculated as

9202 Im (g7 T )
dn’cy

iMyjij = — ei(ky el (ka)ep(p1) g (py = k)Y Co(0, m, 1, m7, m7, m3). (D4)

(iii) For the clockwise trianglelike diagram (c) in Fig. 1, the amplitude is calculated as

2 7ZT1h D
929595 v dPq (2q—py)
IMEock = = U el (ky el (ky e (p g’”’/
P ey RGPS | s (=t — kP ~ mEllla = p -]
i g il
- W “(ky el (ko )en(p1) g PAC (5.3 . m3, m? m3). (D5)
w

For the counterclockwise trianglelike diagram (c) in Fig. 1, the amplitude is calculated as

0 geglT (2¢ + p1)’
lMcounter B A L k k € /
oy wkE RGPS | D B G ke + k) = (g P =
2 . 7ZT1h
19295951 v, . . y
= —grer ket (ka)es(pr)g PAC (5. . . ). (D6)
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Then, the total amplitude for the trianglelike diagram (c) in Fig. 1 is calculated as

l'MC i = Mclock + lMcounter

c,iij c,iij
929 Im(g7T);)v .
= —uﬂ—cl‘;ﬂ es(ky e (ka)ey(p1) g pHCi (s, myy, my, m7, mi, m3). (D7)

(iv) For the clockwise and counterclockwise box diagram (d) in Fig. 1, the amplitude is calculated as

h
it — 2200 s ey )
w
x / d°q (24 + k1) (29 = ko) (29 +2k1 = p1)”
(27)? (¢ = m})[(q + k1)* = mi][(q = k2)* = mi][(q + Ky = p1)* = m3]
2 . Z1h
vt = - 200 et ey ()
/ d°q (2q — k1)"(2q + k2)* (29 — 2k, + p1)’ (DS)
2n)P (q* = m})[(q — ki)* = m7][(q + ko)* = m?][(q — ky + p1)* —m3]

Then, the total amplitude for the box diagram (d) in Fig. 1 is calculated as

iM i = IMGSES + M

d,iiij
_ e AT I“C‘fvgg E0° o ket e ()
/ d°q (29 + k)" (2q — k)" (2q + 2k; — py)*
27)P (¢* = m})[(q + k1)* — mf][(q — k»)? —m][(q+k1 p1)? —mj]
929: Im(g7T) ) v

= —T%(k1)€f(k2)€;(P1){9””[(Doo + Doo1 + Doo3 )k = Dopo k5]
w

+ ¢ [(Doo1 + Do)k = Doospi] + ¢ (=Donaks — Doos Py

+ K5k [=(D13 + Da3 + Dy1y + Dazz + 2D1p3)k] + (D122 + D3 )K5)]

— DYk (D13 + D33 + Dyy3 + D333 + 2Dy33) — piksk5Doos

+ P Pi[(D33 + D33 + D333) K} — Das3ks)]

+ PiK{K5(Das3 + Din3) + PYKSKT (Do + Dosy + Do)} (D9)

Here, the variables of D functions are (0, s, m3, 1,0, m%, m?, m?, m?, mf)

(v) For the box diagram (e) in Fig. 1, the total amplitude can be derived through the replacement of (u,v) <> (v, u) and
(ki,ky) <> (ky, ki) in M. Then, it is calculated as

2
g Im(gi T )
T e, LI el (ky)ed (ka)en(p1){ 9 [(Doo + Door + Doo3 )k — Dooak!]

+ ¢ [(Doo1 + Doo3)ks — Doo3 Py] + ¢ (=Donak — DoospY)

+ K5k [=(D12 + Doz + Dy1y + Dozz + 2D1p3)k5 + (D1ng + D3 K]

— Pik5K5 (D13 + D33 + Dyy3 + D333 +2Dy33) — prkikiDos

+ P Pi[(D33 + Di33 + D333)ks — Das3kf]

+ PYKSKY (D33 + Din3) + pikiKS(Das + Dozz + Digs) }- (D10)

iM,iij =

Here, the variables of D functions are (0, s, m2, u,0, m%, m?, m?, m?, mjz)
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(vi) For the clockwise and counterclockwise box diagram (f) in Fig. 1, the amplitude is calculated as

ity — -2 gc’z; "=k )et (k)es (p1)
x/ d°q (2q + ki —2p1)" (29 — k2)"(2g — p1)’
27)P (¢* = m})[(q — ka)* = m3|[(q = p1)* = mi)[(q + ki — p1)* —m3]’
, o DG B(p
iMeeumter — =L e (ky)ed (ke (py)

SoJjii 2cy
X/ d°q (2 — ki +2p1)" (29 + k2)" (29 + p1)” (D11)
27)” (¢ —m)[(q+k2) —m”(Q+P1) -m?|[(qg—ki + p1)? —mi]

Then, the total amplitude for the box diagram (f) in Fig. 1 is calculated as

i Mf . Mclock 4+ A counter
Fijjii =

figjii fidjii
l s m ) hl
- —%eﬁ(h)eﬁ(b)eﬂm
/qu (2q + ki —2p )" (2 = k)" (2q — p1)°
2n)P (¢* = m3)[(q = k2)* = m3][(q = p1)* = mi][(q + ki — p1)* — m]]
_ 90 Im(g,,Fh )v

2 ea(ky)eg (ky)es(pi){ 9" (Doosk, — Dogi k)
T~ Cyw

+ ¢ [Dooskt = (Dooy + Doo3) Pl + ¢ [=Doo1ks — (Doo + Dooz + Doos) Pl

+ Kok (=D\33k] + Dy13k5) — Pk K] (D33 + Dazz + Dozz) — pikskS(Dya + Dyys)

+ PiPi[(D33 + Dos + Dyzz + D3 + 2D233)k] — (D1y + Di3 + Digg + D3z + 2Dj53) k)]

+ PRk (D13 + D33 + Din3) + pikok{(Dis3 + Dig3) }- (D12)

Here, the variables of D functions are (0,u,0, 7, my, mj, m7, m3, m7, my).

2. Vanishing contributions of the amplitudes

In this section, we illustrate how the contributions vanish explicitly in R: gauge.
For the clockwise triangle diagram (a) in Fig. 3, the amplitude is calculated as

ipeloek _ _ 939imz (1 = Osiy) € (ki )el (ka)e ,,(pl)/ d"q !
e 2¢ (ki +ka)> =m7 ) (27)P (q* = m})[(q + ki) = m][(q = k2)* — m7]
(29) - (k1 + ko) (ky + ky)”
2+ Kk )F(2q —ky) | (29 + kg —kp)P = (1 = . D13
R B A R e s 013
For the counterclockwise triangle diagram (a) in Fig. 3, the amplitude is calculated as
j\Mcounter — _g%g?mz(h _ QS%V) eﬁ(kl)eﬁ(kZ)e/t(pl)/ dD 1
e 23y (ki +k)? =my ) Qo) (@ = m})l(q = ki) = mfll(g + ko)? = mif]
(2q) - (ki + ky) (ki + ky)?
29—k )F(2q+ ko) | (29 + ky — Ky )P — (1 = D14
0=k Qa + k) |2q + ko= by - (1 - PO T (D14

clock counter __
We can check that Mgesy + MEsie = 0.
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For the bubblelike diagram (b) in Fig. 3, the amplitude is calculated as
iMpgay = gzgsgj my €, (ky)e 3(k22)€;(1721) ¢ —(1—¢) (ky +k2)”(2kl + k;)’)
Ciy (ki + ka)* —m3 (ky + kp)* = Em3
_ / d°q (29 + k)"
(2m)P (q* = m7)[(q + k1)* — m7]
~ (kK - 2B, (ki m7. m7) + By (ki m7, m7)] = 0. (D15)

The identity above holds on because of the transversality condition of the gluon. Furthermore, the equality
2B, (k3,m?,m?) + By(ki, m?,m?) = 0 is also true indeed.

For the bubblelike diagram (c) in Fig. 3, the amplitude is identified as zero through the replacement of (u,v) <> (v, u) and
(ki ky) <> (Ko, ky) in Migs,,.

For the bubblelike diagram (d) in Fig. 3, the amplitude is calculated as

5) (ki+ky)-(2q+k, +ko) (ki +ky )"
(ky+ky)2—=Em?,

M _ G grgimy € ki)e 2‘(kz)€}§(pl)§/‘”/ dPq (2q+k +ky)’ = (1 -
TG i+ k)?-mE ) (20) (@® = m)[(q + ki + ky)? = m]]
ot hoy|1- oy otk ][zB«k Tk m, m2)) + Bo((ky + ko) m2))]
1 2 (kl + k2)2 —fm% 1 1 2) 0 1 2
—0. (D16)

APPENDIX E: EXPLICIT RESULTS OF THE FORM FACTORS G, ;
In Eq. (48), the form factor G, 3 is given as

Fh

9293 Im(g#T0)
G123——Z Py CJ ’ ZGIZS (E1)

In the following, the expressions of G(I";)g are enumerated explicitly. First of all, let us define the 4 function as

Ax,y,2) = x> + 9> + 722 — 2xy — 2xz — 2yz. (E2)

Hence, we have

Mo m3.s) = mid 4 5% = 2m2md = 2s(m 4 m3) = (i + u)? — 4mim, (E3)

- . = (m)
1. Ten explicit expressions of G,"

2 2 2 2 2

=) | mz(u—m3) mz(s +mz —mj,) ;

G’ = h—m2 22+ﬂ 2 2 " 5+ | Bo(s). (E4)
(tu —mym3) (mj,, mz, s)(tu — mym3)
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Gl_ 2 222

~)  [mZs2mE —t—2u) mZs(mf —u)2mims — (1 + u)?)
2(tu — mym%)? 2(tu — mim%)?

2
s [lu=—m37)(t+u) 1 2_ 2
+ mzs[ (tu—mim%)®  2(tu — mim3)? (i = m3)
2 2 2V (2 _ 232
m3 1 mzs(u—mz)(m; —m3;)*\
+ (m7 —u) {_ (tu—m2m2)2+S(tu—m2m2)]m'2+ (tu — m2m%)’ =0 Ci(s). (ES)
WMz WMz WMz
&l _ (m%—u)  myt(t—m?)
: 2s3 2(tu — mim%)?
4 2 2 2 2
my(1 — mj) my(t — mj) (u—m3) iij
[(tu - mym3)? - 2s(tu — mim%)? * 252 (tu — m2m%) (mf =) g mi, = )G o 1) (E6)
2 2 (2 2 20,2
~(4) (u—mz)  mz(mz—u)u mz(mz —uwu 2 2 iij; 2
G’ = c —ms —u)C Ju). E7
1 [ 253 2(tu—m%m%)3 (tu—m,zlm%)3 (m; mj) (my, —u)Cy’ (mj,, u) (E7)
2 4 2 4 2 2
~5)_ [(u=—m7) — mit(t—my) my(t — mj) mz iij
o= { 2s° 2(tu — mim%)>3 " (tu—mZm2)>  2(1u — m2m3)? (mf = m}) g = )G 0). (ER)
&6 _ (m% —1) mu(u —m3) m%(m3 — u)
: 253 (tu—mim%)  2s(tu—mim%)®  2s%(tu — mim%)?
2 2 2
m3(u—mj,) (t—m3) iij
" L(tu — mymy)? * 2s%(tu — mam3)? (m = m) g (= )G (o 0) (E9)
o[ mstmEomd)  mdmd— )t A s)  mlt 2u— 2w u)~ 2mdn)
b e, m3, s) (tu — mam3) 2(tu — mim%)? 2(tu — mim%)?
| [mz(mg = w)d(mj. . 5) | m3(t+3u —4m7) mz(mj, —my = s) (2 — ) V2 i)
(tu — mim2)? 2(tu — m2m%)? Am2, m%, s)(tu — mam?) T 0 WMy Mz 5)-
WMz WMz W Mzs Wz
(E10)
~) _ [ mys(my—u) (2 — m2)? 3mys(t—mj) m%s (2 = m2)?
! 2(tu —mim%)> / 2(tu —mim%)?  (tu—mim%)? | 1
3mz(m% — u) u—mj PR 3myst(t —m3) mst 5 s
* {Z(W — mim3)? * 2s(tu — mim%) (i = mimj) 2(tu —m2m%)?  2(tu — mim)? (i = m3)
" b 3my(t — mj) m3(u — m3) o myst(t—mp) Dl (s, 1) (E11)
_ 2.2\2 — 2,2y — 2,233 (0 S 1)
25 2(tu—mymz)*  2s(tu —mymy) 2(tu — mym3)
2 (2 2 2
~0) _ [ mzs(mz—u) , s, SMmgsu(mz —u) -, 212
GO =) 22\ Mz =) e 23 222z ) 0 e
! {2(tu —mim%)? (7 = m3) 2(tu — mim%)? (= m3)
3m%(m% — u) u—ms 4 ooy BmEsut(mi—u) o,
I RY) ) (mi_mimj) 3. 2\3 (m,-—mj)
2(tu —mymz)*  2s(tu — mpmy) 2(tu — mymy)
3mZu(m? — u) u(u —m2) mZsud(m% —u)) i
Z_ g 22 — 222 m; + 2 — zZ 233 Dy (s, u). (E12)
2(tu — mymz)*  2s(tu — mpmy) 2(tu — mymy)
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3m%(m% u) (” - m%) 2.2 4 (m% Lt) 2
2 > | (mimy —mj) + 2 i
2(tu —mim%)?  2s(tu — mim%) 2s
(my—u)  mzu—my) | ,  (mg—u)(tu—mpm))\ i
) Dl (s,
i { 52 2s(tu — mam%) i 253 0" (f:1)
- . = (m)
2. Ten explicit expressions of sz
a0 _ m>s 1 1 (m% — 1) + mys
2 tu—mim3)?  2(tu—mim3)  Ami,m,s)  A(mi,m3,s)(tu—mim3)
2mzt +u*—12) N m%s2(£2 + u?) m%s*(t + u) s(mZ + u) (m? =
4(tu — mym%)? 2(tu —mim%)®  |(tu—mim%)?  2(tu—mim%)*] !
2 2.2
mzs 2 mzs § 2 2\2 | i
- —m5)” »Co(s).
ST A e e R R

g _ [myt(mi = 0)(m =) | i(mj —0)(t =m3) | (mj, —1)(m7 —1)
2 2(tu — mym%)? 4s(tu —mim2)? 45> (tu —mim%)

m3(mj = t)(m7 = 1)

(0 =) o = 0 ).

(1u—mm})?

aw_ [ 1 u? msu’
2 48 A(tu—-mim3)? 2(tu—mim)?
2
m3su u ;
- {_ (tu — mam%)? 2(tu— m%m%)z] (m? = m?)}( —u)Cyl (m, u).
o) _ 1 n t(t —2m2) ~ m2st?
: 45 A(tu—mim%)*  2(tu —mim%)?
2 2
mzst my y
- [_ (tu— mim%)3 B 2(tu — mﬁm%)2:| (mlz N m%)}( - t)C J(mz? ).
6(6) _ (t - m%) m%u(m%l - u) (m%u 4osu— m%m%)
P s —mymy)  2(tu—mimz)  As(tu—mym3)?
m%(m?% — u) 1 o
{(l‘uz— n%lm%f . 2(tu — m%m%)z] (le - m?)}(m% - M)ZCOJ(m%, u).

|46

2(tu — mim%)? 4(tu — mym%)?

~(7) {_ mys(t +u)A(my, m%,s) 4mymz(mZ — ) + (1 + u)(2mym% — 2m%t + 4m%s + 2 — u?)

my(md =)l — s —md) [ msA(mi.md.s)  dmds + m(md 1) + m}(m}
2 . 5) (10 — ) (1w~ mim3)’ 21— mim)?

2,2 t J

2 _ A\ (md 4 s — m2
+ (m§ 2)(mz = m) ](nﬂ - mz-)}C’Oj’(m%l,m%, 5).
A(my, m7, s)(tu = mjm3)
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2.2
—(8) WLZS ) 2
G — —_ ¢ —_ ~
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~—
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2(tu —mim%)?  2(tu — mim%) 2(tu —mym3)°  4(tu — mym7)
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2 2
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3. Ten explicit expressions of Gg’")
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_ > 2y 4 SNTE) 2 v L),
N [ 2(tu — mim%)? * (tu — mym3%)? ] (i = mj) + (tu — mym%)3 (i = m)) } ols)
~3) _ st(mj —t)(m5 —1) "\ i
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