PHYSICAL REVIEW D 99, 113003 (2019)

Limiting top quark-Higgs boson interaction and Higgs-boson width from
multitop productions

Qing-Hong Cao,"**" Shao-Long Chen,**" Yandong Liu,”** Rui Zhang,"" and Ya Zhangl’H
1Department of Physics and State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China
*Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
3Center for High Energy Physics, Peking University, Beijing 100871, China
4Key Laboratory of Quark and Lepton Physics (MoE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China
5Key Laboratory of Beam Technology of Ministry of Education, College of Nuclear Science
and Technology, Beijing Normal University, Beijing 100875, China
6Beijing Radiation Center, Beijing 100875, China

® (Received 19 January 2019; published 25 June 2019; corrected 25 October 2023)

We demonstrate that the multitop productions efficiently probe the CP property of a top quark-Higgs
boson interaction and the Higgs boson width at the LHC. The four top-quark production alone can exclude
a purely CP-odd top-quark Yukawa coupling at the 13 TeV LHC with an integrated luminosity of 680 fb~!,
regardless the size of the Yukawa coupling. Combining the single Higgs-boson production, the t7H
associated production, and the four top-quark production, we show that the CP phase of the top-quark
Yukawa coupling and the Higgs-boson width can be stringently bounded at the LHC with integrated

luminosities of 300 fb~! and 3000 fb~!.
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I. INTRODUCTION

Measurement of the rate of the association production of
a top-quark pair and a Higgs boson (named as the fftH
channel) provides a direct test of the Higgs-boson inter-
action with the top-quark, i.e., the so-called top-quark
Yukawa interaction. Recently, both the ATLAS and CMS
Collaborations confirm the top-quark Yukawa coupling (y,)
at the 50 C.L. [1-3]. The next task is to test the CP property
of y, [4-6]. As the strength of y, is comparable to the
coupling strength of strong interaction (gy), it has been
shown that the four top-quark (#7¢f) production can probe
the CP-even y, coupling and also the tiny Higgs-boson
width at the LHC and future colliders [7—-10]. In this work,
we first illustrate that the ¢7¢f production is good at probing
the CP property of the y, coupling, and then perform a
global fit to explore the sensitivity of the 13 TeV LHC on y,
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after combining the single-Higgs production and f7H
production.

The Higgs-boson width plays a crucial role in all the
Higgs-boson productions. Even though in the Standard
Model (SM) it is very tiny (~4 MeV) and hard to be
measured, the Higgs-boson width could distinguish various
new physics models, e.g., the composite Higgs model or
Higgs-portal dark matter models including Higgs invisible
decays, etc. As the Higgs width is much less than the
detector energy resolution, ~1 GeV, one can extract it
through the comparison of the processes involving the on
shell and off shell Higgs boson. One way is to examine
the on shell and off shell Higgs-boson effect in the gg —
H — ZZ* process [11]. Another way is to compare the fH
and ftf productions [7]. In this study, we explore the
sensitivity of the LHC to the Higgs-boson width through
the multitop productions.

The general top-quark Yukawa coupling y, is para-
metrized as following:

my .
['r?H:_TIHl(at+lthS)tv (1)

where m;, is the top-quark mass, v(= 174 GeV) the vacuum
expectation value, and the coefficient a, (b,) denotes the
CP-even (CP-odd) coupling, respectively. Figure 1 dis-
plays the representative Feynman diagrams of the f#f7
production, which occurs either through the gluon
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FIG. 1.

Tllustrative Feynman diagrams of 717 productions.

mediation, the electroweak gauge-boson mediation, or the
Higgs boson mediation in the SM. We name the corre-
sponding matrix elements as M,, My, and My. The
contribution of My to the #ftf production cross section is
proportional to yf, and that enables us to measure y,
through the 77¢7 channel. We assume QCD and electroweak
interactions of top quark are the same as other light quarks
and do not consider the uncertainties of QCD and electro-
weak interactions of the top quark. See Ref. [12] for the
global fitting result of top quark QCD and electroweak
couplings. In the study, we consider only the top Yukawa
coupling might differ from the SM value. The cross section
of it production is parametrized as follows:

o(tttt) = o(ttt1) ;. 7/, + o(titl); + o(1itl) y,  (2)

where

2

’

o(1117) 4 7/, & [ My + My,
o (t111);, o Mg+Z/yML + MZﬁZ/yMH’

o(11t) ;o | Myl?. (3)

We calculate o(#717) at the leading order using MadEvent
[13] in terms of the H;/4 scale scheme and PDFsets of
LUXqed_plus_ PDF4LHC15_nnlo_100, which yields

o (1) 13ty = 7.724 — 1.164a? + 2.434b?
+0.910a} + 2.183a2b? + 1.424b%,  (4)

where we ignore mixing terms of a,b,, ab,, and a,b} as
their contributions are about one thousandth of those terms
shown above. The first term on the right-handed side
denotes o(fftf) ., 7,,, the second and third terms represent
o(t1tt);,, and the last three terms label o(717),.

It is worth noting that, in the interference contribution
oM (titt),,, the CP-even contribution (« a7) is negative
while the CP-odd contribution (x b?) is positive. In the
oSM(f#ft),, the CP-even and CP-odd contributions as
well as their interference are all positive. Moreover, the
CP-odd contribution is larger than that of the CP even
in the oM (r#t7),, and o°M(titf),; therefore, it is more
promising to observe the pseudoscalar effect through the
ttft production.

The CMS Collaboration has searched the four top-quark
production at the 13 TeV LHC with an integrated lumi-
nosity of 35.9 fb~! [8]. The signal significance is 1.6¢ for

the SM process contribution (¢, = 1 and b, = 0), even after
utilizing the combined multiple signal region analysis. It
can achieve 2.0¢ with the data sample collected before the
LHC shutdown by means of naive integrated luminosity
rescaling. In our study, we adopt a signal region in the
collider simulation and analysis. Thus, a larger data sample
is needed to exclude/discover the four top-quark production
at the 13 TeV LHC; i.e., the integrated luminosity has to be
accumulated to ~240 fb~'. While for the purely CP-odd
top quark-Higgs boson interaction (@, = 0 and b, = 1), itis
shown that the integrated luminosity of ~115 fb=! can
probe the four top-quark production with a significance of
20 due to the positive interference contribution as shown
above. As to be discussed below, the discovery potential
further suffers from the renormalization/factorization
scale uncertainties; that makes the four-top quark obser-
vation more challenging. Taking the scale uncertainty into
account, one is able to exclude or discover the purely
CP-odd top quark-Higgs boson interaction by the four
top-quark production at the confidence level of 2o with the
integrate luminosity of ~345 fb~!. Thanks to the high
luminosity of HL-LHC, it is easy to observe the four top
quark production, regardless of the scale dependence of the
production rate.

In the following study, we separate our analysis into
two steps based on the time line of the LHC operation: one
is the low luminosity case in which the four-top-quark
production is not observed yet; the other is the high
luminosity phase in which the four top-quark production
is well observed and measured precisely. In the former case,
we obtain a bound on the top quark-Higgs boson inter-
action from the null four top-quark events, while in the
latter, we derive the range of the top quark-Higgs boson
coupling that produces the observed four-top events.

The complete next-to-leading order (NLO) corrections
to the signal process are large and yield a k factor (Kj)
as 1.58 for the SM (a, =1 and b, = 0) [9]. With the
assumption that the CP property of the top quark-Higgs
boson interaction affects the NLO corrections mildly, in the
study, we rescale the LO cross section of the signal process
by an overall Ky = 1.58 to mimic the high order QCD
effects in both the CP-even and CP-odd cases; i.e., we
multiply a global k factor in Eq. (4). The drawback of the
t1tt production is that it suffers from a large dependence on
the choices of the renormalization scale and the factoriza-
tion scale [14,15]. Even worse, including higher order
quantum corrections only improves the scale dependence
mildly [9]. We conservatively consider the cross section of
the signal process exhibits a 50% uncertainty of the scale
dependence throughout our study, i.e.,

o = o0y £ do,, d6, = 50% x oy, (5)
where o, denotes the central value of the cross section and
00, is the variation from the scale dependence.
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II. PURELY CP-ODD y, COUPLING

In the previous study [7], we explored the potential of
the LHC on the CP-even y,, considering the event topology
of the tftf production consists of same-sign charged
leptons, lots of (b) jets and missing transverse momentum.
Such a collider signature has been studied by the CMS
Collaboration [8] to constrain a purely CP-even y,. Now,
we first extend our study to the purely CP-odd y, and then
address the CP-mixture case. To probe purely CP-odd top
quark-Higgs boson coupling, we consider two benchmark
cases: CP-odd I (a;, =0and b, = 1) and CP-odd Il (a;, =0
and b, free).

The kinematics distributions of the final state particles
are affected only mildly by the CP phase such that the top
quark-Higgs boson couplings with different CP phases
yield almost the same cut efficiencies. In the work, to
demonstrate the judgement, we utilize the cuts in [8] named
SR6 as a typical example which are listed as follows:

ph > 20 GeV, IS 5 40 GeV,  pb > 25 GeV
In‘| < 2.5, p/ies/b| < 2.4,

N1:2, NbZ4, NjetSZS,

Hy >300 GeV,  p™ss > 50 GeV, (6)

where Hy is scalar sum of all jets transverse momentum py
and ps is the missing transverse momentum. Figure 2
displays efficiencies of the 7717 production after applying all
above cuts as a function of the CP phase 8 of y,, where

0 = arctan(b,/a,). (7)

The horizontal dashed curve denotes the cut efficiency of
gauge boson mediation contribution. While, the blue and
red curve represents the cut efficiency of the interference
contribution and the Higgs-boson mediation contribution,
respectively. The three curves are close together in the
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FIG. 2. The cut efficiency of the interference contribution
(blue) and the Higgs-mediation contribution alone (red) in the
titt production as a function of the CP phase 6.

whole range of CP phase 6. Therefore, we can use the same
strategy from the experimental collaboration to probe the
potential of the LHC on the y,. In our study, we adopt the
cut flow used by the CMS Collaboration [8], which is
optimized for searching the SM 7t production; see Eq. (6).
The CMS study shows that there are 0.7 events of the
SM background after all the cuts at the 13 TeV LHC with
an integrated luminosity (£) of 35.9 fb=! [8]. We thus
estimate the number of the SM background events (N,) as
Nj, =0.0195L at the 13 TeV LHC.

Next, we simulate the signal process of the four top-
quark production from the QCD, electroweak, and Higgs
Yukawa interactions; see Eq. 2. We generate four top-quark
events at the parton level using MadEvent [13] at the
13 TeV LHC, and then pass them to Pythia [16] and
Delphes [17] for parton showering, hadronization, and
detector simulation. After that we apply cuts listed in
Eq. (6) to the events and then obtain the cut efficiency. The
signal events number is Ny = o(t11f) x € x L at a given
integrated luminosity, where e is the cut efficiency and L is
the integrated luminosity. It is shown that 3.06 events of the
signal (N,) in the CP-odd I (¢, = 0 and b, = 1) and 1.56
events of the background (N,) survive all the cuts with the
current integrated luminosity of 80 fb~! in terms of N, and
N, depicted above. As there are few events of both the
signal and the backgrounds after the kinematics cuts, we
estimate the significance of excluding the purely CP-odd y,
coupling using [18]

b N\] =2. (8)

N, + N,
\/—Z[Nb log%

Figure 3 displays the production cross section of the signal
process as a function of the y, coupling, where the red and
black curves denote the purely CP-odd coupling b, and
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FIG. 3. Cross section of the t7¢7 production as a function of a
purely CP-even coupling a, (black) or a purely CP-odd coupling
b, (red). The solid curves represent ¢, while the dashed curves
denote 6 — d0,,. The horizontal lines represent the upper limit of
the production rate with an integrated luminosity of 345 fb~!
(green) and 680 fb~! (purple).
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FIG. 4. Allowed parameter space in the plane of a, and b, at the 95% confidence level with an integrated luminosity of 80 fb~! (a),
345 fb~! (b), and 680 fb~! (c) if a null result of the #7{7 production is reported at the 13 TeV LHC. The symbol “4- denotes the CP-odd I

(a, =0 and b, = 1).

the purely CP-even coupling a,, respectively. As men-
tioned above, the #7tf production suffers from large scale
dependences. For illustration, we plot both the central
value of the signal production rate o (solid curve) and the
lower value oy — do, (dashed curve). Those horizontal
lines show the projected upper limit of the cross section of
the 71t production obtained at the 13 TeV LHC with an
integrated luminosity of 345 fb~! (green) and 680 fb~! if
only a null result is found in the four top-quark production
measurement.

Figure 4 displays the allowed parameter space in the
plane of a, and b, at the 95% confidence level for
various integrated luminosities: (a) 80 fb~!, (b) 345 fb~!,
and (c) 680 fb~!. The cross symbol denotes the CP-odd I
(a; = 0 and b, = 1). The shaded regions are still allowed if
the ##f is not observed for a given integrated luminosity,
where the blue (green, red) region is obtained when con-
sidering the lower, central, and upper value of the signal
production rate, respectively. Even though the current data
cannot probe the CP-odd I when taking the scale uncertainty
of the signal production into account, as shown in Fig. 4(a),
collecting more data is able to constrain the CP-odd
coupling. For example, one can exclude the CP-odd I at
the 26 C.L., even considering the lower value of the signal
production, when an integrated luminosity of 345 fb~! is
accumulated; see Fig. 4(b). Furthermore, CP-odd II can be
excluded when the integrated luminosity reaches 680 fb~!,
which is depicted in Fig. 4(c).

III. GLOBAL ANALYSIS OF MULTITOP
PRODUCTIONS

Now we turn to the case of CP-mixture coupling. The
CP phase of y, plays different roles in various Higgs-boson
production channels, e.g., the single-Higgs production, the
ftH associated production, and the ¢7ff production. For
example, the #7H production is modified as [19]

o(gg — 1tH)

- =™ = g% 4+ 0.46b2,
o(g9g = 11H)gy Haan = i t

©)

while the single Higgs-boson production through gluon
fusion (g9 — H) is modified as [19]

o(99 — H)

o9 ) m 2 oo,
o(gg — H)gy Mo = 4T '

(10)

Obviously, the scalar component of the y, coupling
dominates in the former process while the pseudoscalar
dominates in the latter. Therefore, combining the two
Higgs-boson production channels with the #777 production
would yield much tighter constraints on y,.

When dealing with the signal strength measured in
various Higgs-boson production channels, one needs to
pay some attention to the Higgs-boson width effect,
which could dramatically alter the branching ratios of
the Higgs-boson decay mode. Define Ry as the ratio of
the Higgs-boson width (I'y;) to the SM value (T'3V), i.e.,

The ratio describes the new physics effects either from
the modification of the Higgs-boson couplings to the
SM particles, or from unknown decay modes such as
the invisible Higgs-boson decay in the Higgs-portal
dark matter models [20,21]. Recently, the t7H production
is measured in final states with electrons, muons, and
hadronically decaying 7 leptons by the CMS Collaboration
[22]. As those leptonic modes are not sensitive to the top
quark-Higgs boson couplings, we can parametrize the
signal strength in the 7H production as

pian = (af +0.46b7)/Ry. (12)

On the other hand, the best mode to measure the single-
Higgs production is through the diphoton mode H — yy,
which is also affected by y,. Using the so-called narrow
width approximation, we parametrize the signal strength of
gg — H — yy as
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o(gg— H = yy)
o(99 = H = y7)sm
| 0.0237(-8.33 + 1.83a,)? + 0.185b2
Rr '

= (a? +2.29p?)

(13)

It is shown that a global analysis of combining multitop
productions can probe I'y; from the above analysis.

The recent measurement of the {ZH production and the
gg = H — yy process by the CMS Collaborations yields
[3,22]

PP = 096703, L=41517",
Ex —
pod = L160%, £ =36.6fb". (14)

As very complicated statistical methods have been used in
the experimental analysis, it is difficult for us to estimate
how large the statistical uncertainties should be when
collecting more data. Therefore, we adopt the uncertainties
shown above to explore the sensitivities of the LHC with an
integrated luminosity of 300 fb~!.

We begin with the case of Ry = 1, ie., Iy =T3M. In
Fig. 5(a), we plot the parameter space in the plane of @, and
b, that is consistent with the current measurements of the
gg = H — yy channel (green) and the ffH production
(blue) at the 1o confidence level. The blue ellipse of the
11H production centers around (a,, b,) = (0, 0) as expected
from Eq. (12). On the other hand, the gg - H — yy
channel is affected by the y, coupling in both the produc-
tion and decay. That makes the green oval shifts towards to
positive a, region; see Eq. (13). For the four top-quark (#717)
production collider simulation, we apply the same pro-
cedure as the purely CP-odd case. The red region denotes
the allowed parameter space at the 95% C.L. if only null
results were reported in the search of the 77/ event at the
13 TeV LHC with an integrated luminosity of 300 fb~!.
Note that the 7t production suffers from a large scale
dependence in the theoretical prediction of the production
cross section. In order to make a conservative estimation of
the parameter space, we use the lower value of o(f77)
allowed by the scale dependence, i.e., 6y — 60, in our
global analysis. It turns out that the bound from the 77
production is loose in comparison with the constraints from
the other two channels. As a result, the allowed parameter
space is determined by the gg — H and the #7H produc-
tions. The bounds on @, and b, read as

0.73 < a, < 1.14, -0.51 < b, <0.51. (15)

That corresponds to a constraint on the CP phase of y, as
following:

IA
D)
IA

(16)

Wy
Wl

[T T T

(a)

2T S5
F 7H
£ st

by
=

FIG.5. Parameter space in the plane of a, and b, consistent with
the current measurements of ggH(—yy) (green) and the 7H
production (blue), and the projection of the 77 production (red) if
a null result is reported at the LHC with £ = 300 fb~!. We fix
Rr =1 in the Fig. (a) but relax it in the Fig. (b).

Making use of the fact that the shape of parameter space
of the diphoton channel is sensitive to the y, coupling,
we can vary the Ry parameter to check the consistence of
the three channels. As shown in Eq. (13), increasing I'y
requires larger values of a, and b, to compensate the
suppression effect of 'y in the denominator. Meanwhile,
the cancellation between the W-boson loop and the top-
quark loop further distorts the shape of the green eclipse.
For a large Ry, one cannot even find a common parameter
space consistent with the three channels; see Fig. 5(b). That
yields a constraint on the Higgs-boson width as

Ry < 3.04, (17)
or
Ty <3.04 x TSM~ 12,19 MeV, (18)

which is comparable to the upper limits of the Higgs total
width given by the ATLAS and the CMS Collaborations
[23,24] which determine the Higgs-boson width from
the comparison of the on shell and off shell effects in
the gg > H — ZZ* channel.

Finally, we explore the potential of the high luminosity
phase of the LHC (HL-LHC) which is going to collect an
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FIG. 6. Parameter space consistent with the measurement of ggH (— yy) (green) and 77H (blue) productions at the 16 C.L., while the
red region is allowed by the #7¢7 production measurement with 50% uncertainty at the 13 TeV LHC with an integrated luminosity of
3000 fb~!. In (a) and (b), the Higgs boson total width is taken to be the same as the SM prediction, while in (c) 1.17 times and (d) 0.54

times as the SM prediction.

integrated luminosity of 3000 fb~'. Thanks to the unprec-
edented high luminosity, the gg — H — yy and {tH pro-
ductions can be measured very precisely. For example, it is
shown that [25]

Hitr = 10025141,
”?gL—*H—W = 1.0025¢3- (19)
In addition, the #7¢f production can also be discovered, and
we assume the contribution from the Higgs-boson media-
tion can be measured with an accuracy of 50%. Figure 6
displays the parameter space in the plane of a, and b,
allowed by the projected measurements of the gg - H —
vy process (green), the t7H production (blue), and the #7¢f
production (red), assuming Ry = 1. Now the 7f7 channel
yields two isolated ovals in the plane of (a,, b,), of which
only the one around the SM value (¢, =1 and b, = 0) is
allowed. See Fig. 6(b) for the details. Combing the three
channels yields a constraint on a, and b, as follows:

0.93 < a, < 1.08, -0.21 < b, <021, (20)

which corresponds to

2T g2
277 27

Again, setting R as a free parameter sizably alters the
parameter space of the diphoton channel and gives rise to a
tight constraint on the Higgs-boson width. For R > 1, the
green eclipse stretches toward to a large a, region; see
Fig. 6(c). A good news is that the HL-LHC is able to probe
a small Ry. If the Higgs-boson width is smaller than the SM
value, i.e., R < 1, a smaller value of a, and b, are needed,
and for that reason, the green oval shrinks; see Fig. 6(d).
By varying Ry, we are able to obtain a more stringent
bound on R as following:

0 (21)

0.54 < Rp < 1.17, (22)

i.e.,

22 MeV <Ty <47 MeV. (23)

IV. SUMMARY

The multitop production is a powerful tool to probe the
CP property of the top quark-Higgs boson interaction,

m .
Ly = —ij(a, + lbﬁfs)t,
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and the Higgs-boson width I'y; at the LHC. After consid-
ering the large scale uncertainty (~50%) of the signal rate,
we showed that the four top-quark production alone can
exclude CP-odd I top-quark Yukawa coupling (a, =0
and b, =1) at the 13 TeV LHC with an integrated
luminosity of 345 fb~!. Furthermore, increasing the inte-
grated luminosity to 680 fb~! excludes a purely CP-odd
coupling, regardless the size of the Yukawa coupling.

As the top-quark Yukawa coupling and the Higgs-boson
width play different roles in various Higgs-boson produc-
tions, combining different channels would impose tighter
constraints on the CP phase 6 = arctan(b,/a,) and Higgs-
boson width. In this study, we considered three production
channels as follows:

(1) the single-Higgs production with a subsequent decay

of H— yy,

(2) the ttH associated production,

(3) the four-top production.

After considering the current and projected experimental
measurements, we showed that, assuming the Higgs-boson
width is not altered by the new physics effect, the CP phase
is bounded to be |§| < Z, if only a null result is found in the
search of rfff events at the LHC with an integrated

luminosity of 300 fb~!. Furthermore, varying the Higgs-
boson width dramatically distorts the parameter space of
the g9 — H — yy channel and even leads to nonconsistent
parameter space for all the three channels. We found
that [’y < 3.04IM ~ 12.19 MeV.

At the high luminosity phase of the LHC with an
integrated luminosity of 3000 fb~!, all the three channels
are expected to be measured precisely. We demonstrated
that, if the Higgs-boson related 717 production is measured
with an uncertainty of 50%, the combined analysis yields
stringent constraints on the CP phase as |0| < 27/27 with
the assumption of 'y = I'’M. Varying the Higgs-boson
width yields 2.2 MeV <T'y <4.7 MeV.
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