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In the littlest Higgs model with 7 parity (LHT), we revisited Zbb couplings under current experimental
constraints including the LHC Higgs data and the precision electroweak data. We study the LHT effects in

the branching ratio R,,, the forward-backward asymmetry A%, and the left- and right-handed couplings g; ;,
grp- We find that the LHT effects in R,, are sizable enough to be observed at future Z-factories (ILC, CEPC,
FCC-ee) in the allowed parameter space, while these effects in A%, are weak so that it is difficult to detect at
the future experiments. The LHT model provides the large correction to the left-handed coupling g;,,
which can be limited by current and future experiments.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) [1] is a great triumph both in theory and
experiment. After this discovery, hunting for new physics
(NP) beyond the Standard Model (SM) will be the primary
task of the LHC at higher energies. Meanwhile, precision
measurements of electroweak physics at future e'e™
colliders will also offer powerful probes of NP.

Several compelling plans on the next lepton colliders
exist, including the International Linear Collider (ILC) [2],
the Circular Electron-Position Collider (CEPC) [3] and the
Future Circular Collider (FCC-ee)[4]. Such e™ e~ colliders
could collect a large amount of data around the Z-pole,
producing several orders of magnitude more Z-bosons than
what was produced at LEP, so they also are referred to as
Z-factories. The large amount of Z-pole data would greatly
improve the measurement of the several electroweak
precision observables (EWPOs), which could provide
strong constraints on NP.

The NP corrections to the Zbb couplings are particularly
interesting, and many relevant researches have been per-
formed [5,6]. At LEP, the left- and right-handed Zbb
couplings are mainly determined at the Z-pole by two
measurements: the ratio of the Z — bb partial width to the
inclusive hadronic width, R,, and the forward-backward
asymmetry of the bottom quark, A%;. As an extension of
the SM, the littlest Higgs model with T parity (LHT) is one of
the popular candidates that can successfully solve the hier-
archy problem. The LHT model predicts many new particles,
such as heavy gauge bosons, mirror fermions, heavy scalars
and heavy top partners. Among them, the top partner usually
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produces a large correction to the R, and A% . Moreover, due
to the presence of the mirror fermions and their weak
interactions with the ordinary fermions, the flavor structure
of the LHT model is richer than the one of the SM.

The LHT effects in Zbb couplings, especially in R),, have
been studied in the previous works [7] when the Higgs
boson was not discovered at the LHC. In this work, we
revisit this topic mainly for two reasons: (i) The current
experiments, especially the LHC experiments, have
severely restrained the LHT parameter space; (ii) given
the possibility of some future Z-factories like ILC, CEPC
or FCC-ee, a more precise measurement of Zbb couplings
will help probe the LHT effects. The paper is organized as
follows: In Sec. I we give a brief review of the LHT model.
In Sec. III we scan over the LHT parameter space and
display the LHT effects in RY, A%, and the left- and right-
handed Zbb couplings under current constraints. Finally,
we draw our conclusions in Sec. IV.

II. A BRIEF REVIEW OF THE LHT MODEL

The LHT model is based on an SU(5)/SO(5) nonlinear
o model [8], where the SU(5) global symmetry is broken
down to SO(5) at the scale f ~ O (TeV) by the vacuum
expectation value (VEV) of the ¢ field. The VEV also
breaks the gauged subgroup [SU(2) x U(1)]? of the SU(5)
down to the SM electroweak SU(2); x U(1)y.

After the electroweak symmetry breaking (EWSB), the
new T-odd gauge bosons Wff,,ZH,AH eat the Goldstone
bosons w*, »°,  and acquire masses, given at O(v*/f?) by

2 / 5 2
(1)
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with g and ¢ being the SM SU(2) and U(1) gauge
couplings, respectively.
The T-even W* and Z bosons eat the Goldstone bosons

7%, 7% and acquire masses, given at O(v*/f?) by

2 2
qu v qu v
Y72 < 12f2> ‘ 2cos€W< 12f2)
(2)

The photon A is also T-even and remains massless.
Here, v represents the Higgs doublet VEV, which can be
given by

f V2 1 23
vzﬁarccos —% = vgm 1+ﬁ% . (3)

where vgy = 246 GeV is the SM Higgs VEV.
To implement 7 parity in the fermion sector, it
requires the introduction of mirror fermions. The T-odd
mirror partners for each SM fermion are added and a

Yukawa-type interaction can be written down to give them
masses
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To stabilize the Higgs mass, an additional T-even
top partner 7 is introduced to cancel the large one-loop
quadratic divergences caused by the top quark. Meanwhile,
the implementation of 7 parity requires a T-odd mirror
partner 7~ with 7. The T-even quark 7" mixes with the
SM top quark and the mixing can be parametrized by the
ratio R = A, /4,, where 1; and 4, are two dimensionless top
quark Yukawa couplings. Then, the masses of the top quark
and its partners are given at O(v*/f?) by
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For the down-type quarks and charged leptons, there are
usually two possible ways (they are denoted as case A and
case B) to construct the Yukawa interactions [11]. At order
O(véy/f*), the corresponding corrections to the Higgs
couplings with respect to their SM values are given by
(d=d,s,b,t5F)

mT+ -
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—kiif (Phé + PiZoQE Q)W + He.,  (4)

Emirror =
where i, j =1, 2, 3 are the generation indices. After
EWSB, the mirror fermions acquire masses, given at

O(v*/f?) by

2

2

where k; are the eigenvalues of the mass matrix «.

As discussed in Ref. [9], the existence of four Cabibbo-
Kobayashi-Maskawa (CKM)-like unitary mixing matrices
Vi Vaa, Vi and Vg, is one of the important ingredients
in the mirror fermion sector. Note that V,, and V, satisfy
the physical constraint VLM Ve = Vexm and Vi and Vg,
satisfy the physical constraint VLUVHI = V;MNS’ where
Veumns 18 the Pontecorvo-Maki-Nakagata-Saki (PMNS)
matrix. We can parametrize Vp,; with three angles
04,, 04,04, and three phases &¢,, 845, 5¢; [10]:

my = \/EKif ) i,
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III. NUMERICAL CALCULATIONS
AND RESULTS

In the LHT model, the one-loop Feynman diagrams of
the mirror quark correction to Zbb vertex and the top
partner correction to Zbb vertex are shown in Figs. 1 and 2,
respectively.

To be clear at a glance, we show the Feynman diagrams
in the unitary gauge. If the 't Hooft-Feynman gauge is
chosen, the contributions of Goldstone bosons
(w*, 0", n, 7%) should be involved. We can see that the
flavor violating interactions between SM quarks and mirror
quarks are mediated by the gauge bosons W, Ay, Zy, Wi,
Each loop diagram is composed of some scalar loop
functions [12], which calculated by using LoopTooOLS
[13] straightforwardly.

In our numerical calculations, the SM parameters are
taken as follows [14]:

055025-2



REVISITING Zbb COUPLINGS IN THE LITTLEST ...

IR
O

Y \%\\)X\
IV V.V

(a)

FIG. 1.

PHYSICAL REVIEW D 95, 055025 (2017)

b b

N\’\ \(\

up VA (A, Zu)Wn

/7~

(©) )

One-loop Feynman diagrams of the mirror quark correction to Zbb.

FIG. 2. One-loop Feynman diagrams of the top partner correction to Zbb.

sin0y, = 0.231,
my, = 125 GeV,

a, =1/128, M, =91.1876 GeV,
m, = 173.21 GeV.

The LHT parameters related to our calculations are the
scale f, the ratio R, the Yukawa couplings x; of the mirror
fermions and the parameters in the matrices Vy,, Vg . For
the mirror fermion masses, we assume the first two
generations are degenerate:

mul.z = mdl.z = mle = myl.z = M12’
H H H H

Mg =mp =mp =my = M. (10)

u

Considering the constraint from Ref. [15], we scan over
these parameters within the following ranges:

500 GeV < f <2000 GeV,
0.1 <R<L33,

0.6SKl‘ 33,

where k; = k, # k3 though they have the same range.
For the parameters in the matrices Vg, Vy,, We con-
sider two scenarios as follows:

Scenariol: Vg, =1, Vo, = VEKM

R d _ sd _ d _ sSM
ScenarioIl: s{; = 0.5, 01, =05 =0, 6f; =257,
s = §3M otherwise.

ij ij
A. R, in the LHT

We employ the following notation for the effective Zbb
interaction:

Ly = Z,(grpbry"br + grpbrybr). (11)

cos Oy

where 6y, is the Weinberg angle.
We shall use dg; ;, and dgp;, to parametrize the corrections
of the Zbb couplings, defined as

9y = 9ot + 591, Iro = g + 8grp.  (12)

where g;M and gp)! are the SM predictions for gz, and ggy,
0g;, (A =L, R) is given by

89 =T (m%) — gFPE,, (m3), (13)

where I'y;(m%) denotes the vertex loop contributions and
X,,(m?) is the counterterm from the bottom quark self-
energy. In the numerical calculations, we applied the on-
shell renormalization scheme to remove the ultraviolet
divergences.

The one-loop LHT correction to R;, can be expressed as

2RM(1 = R3M)
9, (3 = ) + 265,
X [gvs(3 = B*)89vs + 294sP*09as).  (14)

SRLHT ~

where the SM prediction R3™ = 0.21578 £ 0.00011,
gvp = —1/2 +2sin> @y, /3 and g,, = —1/2 are respec-
tively the vector and axial vector couplings of tree-level

Zbb interaction, = /1 —4m3/m% is the velocity of

bottom quark in Z — bb, and gy, dgs, are the corre-
sponding corrections, defined as [16]

055025-3



BINGFANG YANG and JINZHONG HAN PHYSICAL REVIEW D 95, 055025 (2017)

T T T T T T T T T T T T T T T T T T T T T T T T
1.4x10°1 g 1.4x10° e
1.3x10° g 1.3x10° g
1.2x10° g 1.2x10° g
N I 1 &
© 14x10°+ 4 “© 14x10° g
1.0x10° g 1.0x10°| - g
9.0x107 e 9.0x10*} e
8.0x104 P I R RN S R B B R | 8.0x104 P I RN RRRPUR R R T BRI B |
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
My(TeV)
0.0 UL U N LSOO AU AU
1.0x10° § .
-2.0x10°} E
3 f(GeV) 1
R o
X .3.0x10°F 2000 &
[
i 1625
3| 1438 |
-4.0x10 -
o 1063
B 875.0
-5.0x10° 687.5 . ; .
. 500.0 Scenar!o | 1
r 1 -0.005 - Scenarioll] |
-6.0x10° e 1 . 1 P S TR R B
0 2 4 6 8§ 10 12 14 0.6 0.8 1 12 14 1618 2
mr.(TeV) f(TeV)

FIG. 3. The scatter plots of the mirror quark one-loop effects (top left and top right), the top partner one-loop effects (bottom left) and
the R, (bottom right) in two scenarios.
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FIG. 4. The plots of survived samples on dR,,, showing the constraint of the Higgs data in two cases and the constraint of the oblique
parameters S, 7', U, where the samples with and without the relevant constraints at 2¢ level are displayed.
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FIG. 5. The plots of survived samples on 6R,,, showing the combined constraints of the Higgs data and the oblique parameters S, T, U

in two cases, where the samples with and without the combined constraints at the 2¢ level are displayed. In the right panel, the survived
samples on the R, are displayed, where the experimental value R} = 0.21629 =+ 0.00066.
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In Fig. 3, we show the scatter plots of the mirror quark
one-loop effects and the top partner one-loop effects in R,
which corresponds to the one-loop Feynman diagrams in
Figs. 1 and 2, respectively. We can see that the contribution
of the mirror quark is positive and the contribution of the
top partner is negative, of which the contribution from the
top partner is dominant. For scenario I, the matrix Vy, is
diagonal so that the first two generation mirror quarks do
not contribute to the corrections. For scenario II, this is a
large mixing scenario and the first two generation mirror
quarks can contribute to the corrections due to the presence
of the off-diagonal elements. Comparing scenario I with
scenario II, we can see that the samples from the mirror
quarks fall in almost the same range though the distribu-
tions are somewhat different. It is worth noting that the
changes in 0R, for the two scenarios are tiny, which is
because the dominant top partner correction is independent
of the matrix Vg, Since the 6R, only has a weak
dependence on the Vjy,; choice, we will take scenario I
as an example in the following analysis.

In Fig. 4, we show the plots of survived samples on 6R,,
under the current Higgs data in two cases and the constraint
of the EWPOs. We perform the fit of Higgs data by using
HiGGSSIGNALS-1.4.0 [17], which includes the available
Higgs data sets from the ATLAS, CMS, CDF and DO
collaborations. For constraint of the Higgs data, we can see
that the SR, can respectively reach —0.003 and —0.004 for
case A and case B at the 20 level. The EWPO can be
described in terms of the well-known S, 7, U oblique
parameters [18]. We perform the EWPO fit by using
the formulas in Ref. [19] and taking S = 0.05 +£ 0.10,

T =0.084+0.12, U = 0.02 + 0.10 [14]. For constraint of
the oblique parameters, we can see that the 5R;, can reach
—0.002 at the 20 level. Furthermore, we can see that the
constraint of the oblique parameters can exclude more
samples than the Higgs data while it restricts the scale f
relatively loosely.

In Fig. 5, we show the plots of survived samples on 6R,,
under the combined constraints of the Higgs data and the
oblique parameters S, T, U in two cases, where the samples
with and without the combined constraints at the 2¢ level
are displayed. In order to see the overall situation of R, we
also show the survived samples on R, with the combined
constraints at the 2¢ level in the right panel of Fig. 5. We
can see that most of the survived samples fall within the 2¢
region of its experimental value, which means that the
current R, measurement restricts the LHT model param-
eters relaxedly. In Table I, we show the estimated precision
reach for the observables most relevant to constrain the Zbb

TABLE 1. The estimated precision reach for the observables
most relevant to constrain the Zbb coupling at future colliders. In
each entry, the number at the top shows the total uncertainty while
the number at the bottom (in parentheses) shows the correspond-
ing systematic uncertainty. The last row shows the expected
number N, of Z events that will be collected.

Precision
Observable Current CEPC ILC FCC-ee
Rg 0.00066 0.00017 0.00014 0.00006
[0.21629] (0.00050)  (0.00016) (0.00006)
A(}‘Z 0.0016 0.00015
[0.0992] (0.0007) (0.00014)
N, ~2x 107 ~2x 107 ~10° ~1012
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FIG. 6. Same as Fig. 4, but for A%,

coupling at future colliders. From Table I, we can see that
the future colliders will give more severe constraints to the
LHT model parameters.

B. AL, in the LHT

In addition to R;,, we also show the LHT effects in the
forward-backward asymmetry A%, in the decay Z — bb:

9vbO9vi + 90y,
5 A?{EHT - Az;.gM( vbO9ve T 9apr09ap
9ab9vp
o 9vp(3 = B*)dgyi + 29Abﬁ259Ab> (16)
9y (3 =) +293,8° '

b.SM

where the SM prediction Agg™ = 0.1032 4 0.0004.

In Fig. 6, we show the plots of survived samples on 5A%,
under the current Higgs data in two cases and the constraint
of the oblique parameters S, T, U, where the samples with
and without the relevant constraints at the 2¢ level are
displayed. In Fig. 7, we show the same result as Fig. 6, but
for the combined constraints of Higgs data and oblique
parameters. We also show the survived samples on A%, in
the right panel of Fig. 7, and can see the plots of A%, are
entirely out of the 20 region of its experimental value.
Recently, the global electroweak fit results using newest
next-to-next-to-leading-order theoretical predictions [20]

show that the experimental value A%Z;"P

the SM prediction AZ}EM by —2.5¢. Some people believe
this significant deviation may be a window into the NP.
For the LHT model, we can see that it cannot alleviate

the tension between experimental measurement and SM

still disagrees with
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FIG. 7. Same as Fig. 5, but for A%, where the experimental value A2 = 0.0992 + 0.0016.
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for all measurements.

prediction of A%, substantially since it cannot provide a
large correction to the A%j.

For the future precision of A%, measurement, the CEPC
would produce 2 x 10° Z-bosons and probably measure
Ab . with an uncertainty of 1.5 x 107, which is marked
on Figs. 6 and 7. Unfortunately, we can see that it is quite

difficult to test the LHT effects in A%, measurement at
the CEPC.

C. g1, and gg;, in the LHT

In Fig. 8, we show the preferred regions in the
(691.5,09rs) plane for case A (left) and case B (right),
assuming SM central values for all measurements. We can
see that the LHT model gives a sizable correction to the
left-handed coupling ¢;;, while little correction to the
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FIG. 9. Correlation between SR, and SA%,.
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Preferred regions in the (5g; ,,09r,) plane for case A (left) and case B (right), assuming SM central values and current precision

right-handed coupling gg,. The dotted and dashed lines
of the contours are respectively 68% C.L. and 95% C.L.
corresponding to the current precision, which has been
obtained by global fit in Ref. [6].

D. Correlation between 6R;, and 5A%,

In Fig. 9, we show the correlation between SR, and
5Ab% ., where the combined constraints of Higgs data and
EWPO are not be taken into account. From Fig. 9 we can
see that 5R;, and SA%, are strongly correlated. Actually,
both SR, and SA%, are the linear combinations of the
left-handed correction 6g;;, and right-handed correction
dgrp, combined with dg;, > dgg;, as shown in Fig. 8, so
that 6R, and A%, must be almost proportional to
each other.

IV. CONCLUSIONS

In this paper, we revisited the LHT effects in Zbb
couplings under current experimental constraints including
the LHC Higgs data and the EWPOs. We scanned over the
LHT parameter space and displayed the LHT effects in R,
Al and couplings g; 5, gg,- We found that the LHT effects
can alter R, with a magnitude sizable enough to be
observed at future Z-factories (ILC, CEPC, FCC-ee)
although the LHT parameter space has been severely
restrained by current experimental data. The LHT effects
in A%, are weak under current experimental constraints so
that this effect is difficult to detect at the future CEPC. The
LHT correction to Zbb couplings focuses on the left-
handed coupling g;;, which will be restricted by current
and future measurements.
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