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Abstract: Measuring the fermion Yukawa coupling constants is important for understanding the origin of the fer-
mion masses and their relationship with spontaneously electroweak symmetry breaking. In contrast, some new phys-
ics (NP) models change the Lorentz structure of the Yukawa interactions between standard model (SM) fermions
and the SM-like Higgs boson, even in their decoupling limit. Thus, the precise measurement of the fermion Yukawa
interactions is a powerful tool of NP searching in the decoupling limit. In this work, we show the possibility of in-
vestigating the Lorentz structure of the bottom-quark Yukawa interaction with the 125 GeV SM-like Higgs boson for
future e* e colliders.
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the vacuum expectation of the SM Higgs field) and
ay = 0 for massive SM fermions. Although the phase angle
@y could be removed by a redefinition of the fermion field

I. INTRODUCTION

After the discovery of the SM-like Higgs boson at the
Large Hadron Collider (LHC) [1,2], particle physicists
paid more attention to the investigation of the properties
of the SM-like Higgs boson. With the theoretical and ex-
perimental uncertainties, most of the results are consist-
ent with the SM predictions [3,4].

To verify the predictions of the SM, it is not enough
to check the strength of interactions between the SM-like
Higgs boson and other SM particles. Researchers need to

Yoy = e 2y )

for massless fermions, such redefinition will not work for
massive fermions because their phases have been fixed
by the mass m; € R* in the Lagrangian y ;(iD —ms)y s of
free fermion fields. Thus, either ys #ms/(V2v) or a; #0

investigate the Lorentz structure and the coupling con-
stants associated with each possible Lorentz structure.
For example, the generic form of the interaction between

will be the evidence of the new physics (NP) beyond the
SM.
Due to the large value of y;, the measurement of the

phase angle in the top-Higgs interaction e, is relatively
easy and has been proposed in a number of studies (for
example, see [5-21]). However, the af values of the
down-type fermions are also very interesting and import-
ant from a theoretical point of view. A well known ex-
ample is the "wrong-sign limit" in some types of the two-

the SM-like Higgs boson and the SM fermions is

Ly, = —yrhys(cosay +iyssinay)yy,
vr >0, ay € (-nm,xl, f =e,u,7,u,d,c,s,t,b. )

In the SM, we have y; = y?M =my/( V2v) (v =174 GeV is
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Higgs-doublet model (2HDM). Without any other devi-
ation from the predictions of the SM, a;, ~ 7 (because y,
is the largest y; in the down-type fermions, «; is prob-
ably the easiest one to be measured) is a strong hint for
these types of NP models.

Much effort has been made to measure a;,. Although
the direct measurement is very challenging at the LHC
[22,23], it can be measured indirectly in electric dipole
moment (EDM) experiments [24-26] or at the LHC with
additional model-dependent assumptions (e.g., in the
frame of 2HDM [27-36]). The constraints on the indirect
measurement are strong but suffer from the potential con-
tributions of exotic degrees of freedom in the NP. For this
reason, a direct, model-independent measurement is still
necessary.

In this work, we investigate the possibility of measur-
ing «, directly and model-independently at a future
Higgs factory.

II. THE PHENOMENOLOGY OF THE BOTTOM-
QUARK YUKAWA INTERACTION

To the leading order, the effective Lagrangian in Eq.
(1) modifies the h—bb decay width to

2
r(h—>b13)=r(h—>b13)SM(%) (cos?ay+;7sin @), (3)
Vb

where B, = \/1-4m}/m}. The precise measurement of

the decay branching ratio can only constrain the combina-
tion

2
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¢
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of y, and «;, in which the contribution from «; is numer-
ically small. Even if we keep y, = ylfM, the partial width
will be in the region of T'(h—bb)>™(1.0029+0.29%). This
small discrepancy is just below the sensitivity at Higgs
factories [37-39]. Thus, we have to look for other kin-
ematic variables that are sensitive to a;,.

To measure «;, we consider the interference effect in
the h—bbg process, whose Feynman diagrams are shown
in Fig. 1.

The transition amplitude can be written as

b b b
h h h
..... g - g - b
b b g

(a) (b) (©)
Fig. 1.
relative sign between the bottom-quark Yukawa coupling con-

The Feynman diagrams that are used to measure the

stant and the weak interaction gauge coupling constant.
M=% My + M, )

where M; represents the contribution from Feynman dia-
grams (a) and (b), M, represents the contribution from
Feynman diagram (c), both of which are @;-independent.
In Eq. (5), the sign before the phase angle a; depends on
the chirality configuration of the bb in the final state.

Because the hbb vertex flips the chirality of the fermi-
on line, while the ghb does not, if the b-quark is mass-
less, the interference term will vanish. It can only appear
when the b-quark is massive, in which case the chirality
is not a good quantum number. The terms M; and M,
can be non-zero at the same time due to the mass inser-
tion effect. The technical analysis of this can be under-
stood easily. Since in the massless limit the chiral sym-
metry is restored, and one can remove @, with the sym-
metry transformation of Eq. (2), @, should not have any
observable effect in this limit. Thus, any observable ef-
fect of a;, is expected to be proportional to ;.

Our next aim is to find the phase space region where
the interference effect is large. This will guide us to
design a suitable observable and cuts. The relative size of
the interference effect can be described by the ratio between
the interference term and the non-interference terms

&0 My M + 6 M: My
IMi ]2+ Mo

Myl M
IMi 2+ Mo’
(6)

=2cos(xay + @)

where ¢ is phase angle of M M. As a matter of fact, we
can only measure @, +¢ with this process. However, the
effective hgg vertex

A Chgg Chgg ~
+ —=|hG® G + —=—=hG* G 7
(12\/§7rv A ) W A W 2

can be independently and precisely measured at the LHC
[40-44], so that the model dependence from this part is
low, which is another advantage of this process. In our
work, we choose the SM value, cpeg = Enge =0 in the low
energy limit. To obtain a significant modulation effect,
we need to find the phase space region where |M;|-
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IMal/(IM1? + Mo is large. It is obvious that this quant-
ity reaches its maximal value when | M| = |IM;|. Because
yp > agmy /(12 V27v), generically we have |M,|> M.
Therefore, we should focus on the phase space region
where M, is more enhanced. Certainly, it is the region
where bb is collinear, because M, has a large QCD col-
linear divergence in this region and is largely enhanced,
while M; has no QCD divergence in the region. Guided
by this analysis, we define an observable as

_ 2E, Ep,
= 2
Ehl +Eb1

{u

c0SOp,p,

®)

where E;, is the energy of the ith b-jet in the Higgs rest
frame, and 6, is the open angle between the two b-jets
in the Higgs-rest frame.

A straightforward calculation gives the differential
partial decay width (to the order of mb)l)

d’r yimhas
= 1T , +2I1 s
Dradiy . dn { 11(x13,X23) 12(X13, X23)
niy, )
X —rcosayp + Il (x13, x23)r } ©
my
1+(1—x13—x23)?
I1(x13,x23) = D257 (10)
X13X23
(x13 + x23)(X13 — X23)* + 4x13X23
i (x13,x23) = (11)
x13x23(1 = x13 — x23)
)
X+ x
My (x13,x3) = —2—2 (12)
(I =x13—2x23)
where
Oy (mh) 1 (13)
F= — )~ =,
6 V2my, \ v 4

x13 = (pp +pg)2/mi, and x3 =(p; +pg)2/mi, in which
Pb.Dp, and p, are the four momentum of the bottom-
quark, the anti-bottom-quark, and the gluon in the Higgs-
rest frame, respectively. In this formula, the term IT;; is
from the amplitude square term
(M;Mj+M,»M;)/(1 +6;;). It is easy to verify our intuit-
ive analysis with this formula.

III. THE COLLIDER PHENOMENOLOGY

In this section, we investigate the collider phenomen-
ology at future Higgs factories [37,39]. The lepton col-
lider is designed to run with 240 GeV collision energy
with roughly 5 ab ' integrated luminosityz). Some of them
also have a plan to run with 365 GeV collision energy
and roughly 1.5 ab ' integrated luminosity [39]. Here, we
provide the results of parton level collider simulation for
both 240 GeV and 365 GeV lepton colliders.

A. The 240 GeV Higgs factory

We generate parton level signal and background
events for a 240 GeV e*e™ collider using MadGraph aMC
@NLO [45] with the initial state radiation (ISR) effects
[46]. To include the NNLO corrections to the cross sec-
tion, the total cross section of e*e”—Zh is rescaled to the
value suggested in [47-49]. We analyze both leptonic and
hadronic decay modes of the Z boson. The interference
effect between the Higgs strahlung process and the Z-bo-
son fusion process in the e*e” decay case of Z boson is
considered in our analysis. The jet algorithm is the ee_kt
(Durham) algorithm in which the distance between ob-
jects i and j is defined as [50]

(B2 B2
dij = 2(1 —cos&,-j) —mm(Ei ’Ej),

N

(14)

where s is the square of the center-of-mass frame energy,
E; is the energy of the ith jet, and ¢;; is the angle opened
by the ith and jth jet.

We add pre-selection cuts when we generate the par-
ton level event

[Mjece1<2.3, AR;;>0.1, AR;>0.2,
Ej>10GeV, E¢q>5GeV.

The parameters of the smearing effects for different
particles are chosen to be [37]

o(Eie)  0.60
= ©0.01,
Ejet ﬁEjet/GeV
E,-
TEey) 016 oo,
Ee*,y ﬂEex,),/GeV

0.001

s 3/2
Py SN~ 7 6,

1
0'( ) =2x107 GeV~'®
PT

1) We would like to emphasize that the m;, in the formula, as the mass of the bottom-quark, only comes from the propagator of the bottom-quark, while the y, is
from the interaction vertices. We do not use the relation yj, = my/( \/Ev) for two reasons. First, it is a relation in the SM which might be broken in NP models. Second,
even in the SM, this relation is not good enough when people want to mimic some higher order effect.

2) In our simulation, we set the integrated luminosity for 240GeV Higgs factory to be 5.6ab". The result for 5ab™ integrated luminosity 240GeV Higgs factory will

be very closed to the result given in this work, and easy to get by a simple rescaling.
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1. Leptonic Decaying Z

After adding the smearing effects, we require that the
objects satisfyl’

|COS Bier.i:| < 0.98, d; > 0.002, Ey, > 15GeV,
ARift > 02, Eft > 10GeV.

The b-tagging efficiency is chosen to be 80%, while the
mis-tagging rate from charm jet (light jet) is 10% (1%).
After the preselection cuts, we require that the signal
events contain exactly two b-tagged jets, one non-b jet, a
pair of opposite sign same flavor charged leptons, and

My —mz| < 10GeV, [me- —myz| < 15GeV,

Opp- > 80°, FEr <10GeV,

124.5GeV < m (u* ™) < 130GeV, for u*u~ channel,
118 GeV < my(e*e™) < 140GeV, for e*e™ channel,

where the recoil mass m.(ij) is defined as

mij) = \s—2VSE+ED+(pitp . (15)

The dominant SM background processes for Z—¢*¢~
channel is

ete™ — (Y bbj
tem — (Tl cCj
Tem = (T jjj
ete™ — (0 h(—>cc))
Tem = "UTh(—jj))

The kinematic cut on the recoil mass of £*¢~ can remove
most of the background events from the first three SM
processes, while the last two can pass this cut. However,
the last two background events will be suppressed by the
charm-jet and light jet mistagging rate.

In our analysis, the 4-momentum of the Higgs boson
is reconstructed by summing the 4-momentum of the
three jets from the Higgs boson decay but not the recoil
momentum of the dilepton system. When the twob-jets
from the Higgs boson decay are nearly collinear and the
bb-system and the gluon jet from the Higgs boson decay
are nearly back-to-back, ¢y goes to its maximum value,
+1. In Fig. 2, we show the ¢y distributions for the SM
backgrounds and the signal with different values of «,.
The behavior of the distribution, especially in the last
several bins, is consistent with our intuitive analysis.

2. Hadronic decaying Z

Although the analysis is more complicated than the

channels in which the Z boson decays leptonically, the
branching ratio of the hadronic decay mode of the Z bo-
son is much larger. Thus, it is worth making the effort to
include the information from this channel. After adding
the smearing effects, we require that the objects satisfy

|cosé;| < 0.98, d;j > 0.002, Eje; > 15GeV, £t < 10GeV.

To avoid an estimation that is too aggressive in the
jet-rich environment, for this mode, we assume that the
b-tagging efficiency is 60% (lower than that of the
leptonic channel), while the mis-tagging rate from charm
jet (light jet) is 10% (1%). After the preselection cuts, we
require that the signal events contain at least two b-
tagged jets and five jets in total. To reconstruct the Higgs
boson and the Z boson, we use the likelihood method.
The distributions of the truth reconstructed Z-boson
mass, the Higgs boson mass, the Z-boson recoil mass,
and the Higgs boson recoil mass are

Lz(m) = P(m;91.0GeV, 6.19GeV), (16)
Ly(m) = P(m;125.3GeV, 6.54GeV), (17)
L,7(m) = P(m;126.7GeV,8.43GeV), (18)
L,(m) = P(m;93.0GeV, 10.56GeV), (19)

respectively, where

(x—,u)z]

752 (20)

P(x;p,0) = exp [—

1
V2ro
is the standard probability distribution function (p.d.f) of

the normal distribution. We minimize a discriminator
defined as

A =-2InLz(m;;)—21InLy(m;;;.)
—2InL,z(Myecoit(i12)) — 21n Ly (Mirecoil (i3i415))
—70B(i3) —70B(i4) + 100B(is), (21)

where ii,---,is is a permutation of the five jets, m;..; is
the invariant mass of the ith, ---, and the jth jet,
Myecoit(i -+ j) 18 the recoil mass of the ith, ---, and the jth
jet, and B(i) is 1 (0) if the ith jet is tagged (not) to be a b-
jet. If iy,---,is gives the minimum A, we treat j;,j; as
jets from the Z decay, ji,,ji;, as the b-jets from the Higgs

1) The value of the d;; cut is based on the assumption that the future lepton collider has a resolution at least as good as the LEP [51,52].
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(color online) The ¢y distributions for the SM background, the SM bottom-quark Yukawa interaction (a; = 0), bottom-quark

Yukawa interaction with CP-odd scalar (e, =x/2), and the wrong-sign bottom-quark Yukawa interaction (e, =) at 240 GeV Higgs

factory with 5.6 ab '

integrated luminosity. (a) The ¢y distribution of Z—e*e™ channel; (b) ¢y distribution of Z—pu*u~

channel; (¢) ra-

tio of the event rates with respect to the SM case (@) = 0) of Z—e*e™ channel; (d) ratio of the event rates with respect to the SM case

(ap =0) of Z—u*u~ channel.

boson decay, and j;, as the gluon from the Higgs boson
decay. For the signal events, the reconstruction effi-
ciency is ~80%. We require that there are at least two b-
jetsin j;, ji, and j; , A <45, and 120° < 6;;, < 150°.
The dominant SM background processes for the

Z— jj channel are

ete” = jjiii

ete” — jjh(—cc))

ete” = jjh(=jj)).

After the reconstruction, we can obtain the ¢y distribu-
tion, which is shown in Fig. 3; we show the ¢y distribu-
tions for the residue SM backgrounds and the signal with
different values of «a,.

3. Data Analysis
We define the binned likelihood function by

e Hs(@)=b,
b

Lga)= l—l [/ls(a)l +b;" 22)

where u is the signal strength, s(a); is the number of sig-
nal events in the ith bin under the hypothesis a; = @, b; is
the number of SM background events in the ith bin, and
n; is the number of total events observed in the ith bin.
Thus, under the assumption that @, = ag, the logarithm of

the ratio of the likelihood function will be

L(u,a)
—2AlogL =-2log —————
¢ ¢ Lo, o)
Nbin

2—22{#05(ao)i—ﬂs(6¥)i+ [kos(ao); +b;]
=1

( us(@)i +b; )}
Hos(ao); + b;
With —2AlogL = ¢, we can estimate the go- confidence
level (C.L.) exclusion region under the SM hypothesis
ap =0. We present the result in the complex plane for the
complex parameter defined by Y, = y,e'® /ysM. The result
is shown in Fig. 4.

We can estimate the measurement uncertainty da for
arbitrary aq by solving

(23)

L({t,a0 + )

=21
& L a0)

=1, (24)

where /i is chosen by minimizing the quantity on the left-
hand side of Eq. (24). The result is shown in Fig. 5. The
larger uncertainty for a;,—0 and a,—x is due to the smal-
ler derivative of the cosine function in these regions. This
effect can be checked easily if we compare the behavior
shown in Fig. 5 with that shown in Fig. 6, in which the

023105-5



Qi Bi, Kangyu Chai, Jun Gao et al.

Chin. Phys. C 45, 023105 (2021)

N
o
&

(s = 240 GeV, J. L dt=5.6 ab™

JjJj channel

Events/bin

et
~ 1.5 T

? L 4
Q r Vs =240 GeV 7
g L 4
£ [ fichame ]

r R s S
3 7 e ; i
zZ [ o
L _ .
0.5~ 7
L - 0,=n/2, CP-odd bottom Yukawa 1
r | ——- o,=m Wrong-sign bottom Yukawa 7

P RS R SO B R R

037 05 0 0.5 1
S

Fig. 3. (color online) The ¢y distributions for the SM back-
ground, the SM bottom-quark Yukawa interaction (a; =0),
bottom-quark Yukawa interaction with CP-odd scalar
(ap =n/2), and the wrong-sign bottom-quark Yukawa interac-
tion (@) =) at 240 GeV Higgs factory with 5.6 ab ' integ-
rated luminosity for hadronic decaying Z. Upper panel: the ¢y
distribution; Lower panel: the ratio of the event rates with re-
spect to the SM case (a;, =0).

Ie

Fig. 4. (color online) The constraint for ¥, at 240 GeV

3.0f
30C.L.
25¢ 95% C.L.
10 C.L.
20
3
~ 1.5~
3
1.0F
0.5f

%80 05 10 15 20 25 30
ap(in)
Fig. 5. (color online) The a; measurement accuracy for the
240 GeV Higgs factory with 5.6 ab ' integrated luminosity
after combining the leptonic and hadronic decaying Z chan-
nels;a,(in) is the real input of the phase angle, and ap(out) is
the measured value with uncertainty.

1.0
30C.L.
95% C.L.
_ %% 1oclL
5
o
S 00
[2]
Q
(&)
-0.5
-1.0 ‘ ‘ :
-1.0 -0.5 0.0 0.5 1.0
cos ap(in)

Fig. 6. (color online) The cosa;, measurement accuracy for
the 240 GeV Higgs factory with 5.6 ab ' integrated luminos-
ity after combining the leptonic and hadronic decaying Z
channels; cosa,(in) is the real input of the phase angle, and
cosap(out) is the measured value with uncertainty.

Op-¢- > 60°. For the hadronic decaying Z channel, the like-
lihood functions of the invariant mass distributions and

coil mass distributions are changed to

Higgs factory with 5.6 ab ' integrated luminosity after com- Lz(m) = P(m;91.1GeV, 5.58GeV), (25)
bining the leptonic and hadronic decaying Z channels.
Ly(m) = P(m;124.9GeV, 6.14GeV), (26)
variables are cosa;, but not «;.
B. The 365 GeV ¢*e collider Lyz(m) = P(m;131.88GeV,23.84GeV), 27
For the 365GeV e*e™ collider, we generate the events
with the same method, choose the smearing parameters L,,(m) = P(m;102.6GeV,30.27GeV), (28)
and the k-factor with the same values as those for the
240GeV Higgs factory, and use the same smearing for- and the recoil mass distributions do not help us signific-

mulas. The kinetic cuts are modified slightly. For the antly. Finally, we combine the result from the 356 GeV
leptonic decaying Z channel, the 6., cut is changed to lepton collider with the result from the 240 GeV Higgs
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factory shown previously. The combined results are
shown in Fig. 7, Fig. 8, and Fig. 9.

IV. CONCLUSION AND DISCUSSION

In this work, we investigate the possibility of measur-
ing the phase angle in the bottom-quark Yukawa interac-
tion for a future Higgs factory. We find that, for a
240 GeV Higgs factory with 5.6 ab ' integrated luminos-
ity, the accuracy of the measurement could reach
6(cosayp) ~ +£0.23, which changes a little for different val-
ues of cosa,(see Fig. 6). If the Higgs factory runs at 365
GeV and accumulates 1.5 ab ' integrated luminosity, the
accuracy could increase to d(cosa,) ~ £0.17 (see Fig. 9).
This result, combined with the hgg interaction measure-
ment result from the LHC, can help us fix the phase angle
in the bottom-quark Yukawa interaction with the 125
GeV SM-like Higgs boson discovered at the LHC. With
such an accuracy of the measurements, NP models with
anomalous bottom-quark Yukawa interaction, such as the
wrong-sign limit of the type-Il 2HDM, will be dis-
covered (or excluded) with a C.L. of at least 30-.

In our simulation, we generated the Monte Carlo
events with tree level amplitude. The infra-red (IR) diver-
gence in the cross section is avoided by adding kinematic
cuts. There have been a number of studies on the higher
order correction to the h—bb decay channel since the
1980s (for example, see [53-66]). Some of these studies
include the interference effect with the h—gg channel.
Because the phase space region that makes the dominant
contribution to the measurement is the nearly collinear re-
gion of the two b-jets, a calculation including resumma-
tion effects in that region would probably result in a sig-
nificant improvement in the accuracy of the theoretical
prediction.

The b-tagging efficiency used in this work is high. It
is probable that the b-tagging efficiency at future Higgs
factories will not reach the assumed value. There are
some potential causes for a decrease in theb-tagging effi-
ciency. For example, because the two b-jets are nearly
collinear, it may be difficult to tag both of them with high
efficiency. Second, the b-jet in this process is not ener-
getic enough; therefore, the mis-tagging rate of the
charm-quark jet could be higher than that of our assump-
tion. However, these will not be severe problems. One
may require only one b-tagged jet in the signal events and
accept a higher c-mis-tagging rate, because the simula-
tion shows that these SM backgrounds are still small
enough. When researchers try to analyze the data with a
hadronic decay Z boson, these problems will be more
subtle. A more realistic simulation is necessary in this
case. Because the hadronic Z decay branching ratio is
much larger, these data may improve the results. Never-
theless, this topic is beyond the scope of our work.
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Fig. 7. (color online) The constraint of ¥, for the 240 GeV
Higgs factory with 5.6 ab ' integrated luminosity combined
with 365 GeV lepton collider with 1.5ab ' integrated luminos-
ity after combining the leptonic and hadronic decaying Z

channels.
3.0t
30C.L.
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=
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Fig. 8. (color online) The a;, measurement accuracy for the
240 GeV Higgs factory with 5.6 ab ' integrated luminosity
combined with the 365 GeV lepton collider having 1.5 ab ' in-
tegrated luminosity after combining the leptonic and hadronic
decaying Z channels; a,(in) is the real input of the phase
angle, while a;(out) is the measured value with uncertainty.
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Fig. 9. (color online) The cosa;, measurement accuracy for
the 240 GeV Higgs factory with 5.6 ab ' integrated luminos-
ity combined with the 365 GeV lepton collider having 1.5 ab '
integrated luminosity after combining the leptonic and had-
ronic decaying Z channels; cosa,(in) is the real input of the
phase angle, and cosaj(out) is the measured value with uncer-
tainty.
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