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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa coupling.
The constraint is robust in the sense that it does not rely on the Higgs boson decay. Taking into account the
projection of the zH production by the ATLAS Collaboration, we obtained a bound on the Higgs boson
width, Ty < 2.57T3M, at the 14 TeV Large Hadron Collider with an integrated luminosity of 300 fb~!.
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I. INTRODUCTION

Four years after the Higgs boson discovery we still know
little about the Higgs boson width (I'y) and its couplings to
fermions in the Standard Model (SM). For its smallness, the
Higgs boson width cannot be measured directly from the line
shape of the Higgs boson resonance. One way to determine
I'y is through the g9 — H — ZZ channel by comparing the
production rate in the vicinity of the Higgs resonance with
the rate away from the resonance [1]. So far, only upper
bounds are obtained; for example, the current bounds on 'y
at a 95% confidence level are 'y < (4.5 ~7.5) x I'}M by
the ATLAS Collaboration [2] and T'y; < 5.41°3M by the CMS
Collaboration [3]. Similarly, the top Yukawa coupling (yy)
is not directly measured yet, although the Higgs boson
discovery indicates that the Higgs boson must interact with
top quarks to generate Higgs-gluon-gluon effective cou-
pling. The top Yukawa coupling can be measured in the rare
1tH production on the condition that the Higgs boson decays
exactly as in the SM. Precise information about the Higgs
boson width and the top Yukawa coupling will help us to
decipher the Higgs boson properties and also shed light on
new physics (NP) beyond the SM. In this work we discuss
the measurement of I'y; and yg,; in the four top quark (¢7¢7)
production and the ffH production at the Large Hadron
Collider (LHC). We demonstrate that the combination of the
two production channels imposes stringent bounds on I'y
and yy;.

As reported by the ATLAS Collaboration [4], the signal
strength of the {7H production process could be measured
with an ultimate precision of about 20% at the 14 TeV LHC
with an integrated luminosity (£) of 300 fb~!. Under the
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narrow width approximation, the production cross section
of pp — ttH — fixx is

o(pp — ftH — fixx)
FSM
= oM(pp — ttH — tfxx) X K%K)%FL
H

=oM(pp - 1tH — 1ixx) x p2,, (1)

where k; = yy,/YIM and Kk, = yy. /Y5 are the scaling
factors of the Higgs couplings. The signal strength p,,,
defined as

c K2K2 I'y

Uoy = —or = with Rp = M
H

(2)

GSM - Rr
is expected to be measured with uncertainties [4]

B, =100£038, %% =1.00%0.49,
B, =1.00+£074,  EP =100+032, (3)

at the 14 TeV LHC with £ = 300 fb~!. Here g5 refers to
the result of combining multiple Higgs decay modes. The
K;, Ky, and I'y; parameters in p;5 are independent; therefore,
one cannot determine them from the 77H production alone.
Bounds on the x,, k,, and R could be derived from a global
analysis of various Higgs boson productions and decays
[4]. Nevertheless, it is still valuable to consider one specific
channel to directly bound on the three parameters. Luckily,
there is a large hierarchy among branching ratios of the
Higgs decay modes. That ensures that we consider two
special cases:
(i) Ty =T%M: it is a good approximation for the
H — u"u~ and H — yy modes, because modifica-
tions on those rare decays would not dramatically
affect the total width. Thus, one can determine the
bound on the product of «, and «, as
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K%K% = ﬂtva (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

(i) «, = 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on k, and R is

Kt

R_F = Hin- (5 )
If the top quark Yukawa coupling could be directly
measured or constrained in one particular Higgs production
channel, then one can impose bounds on k, and R based
on Egs. (4) and (5), respectively. Below we show that the
ttft production is a powerful tool to constrain the top
Yukawa coupling.

II. COLLIDER SIMULATION

Figure 1 displays the representative Feynman diagrams
of the f#ff production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name the
corresponding matrix elements as M,, My, and M.
There are two advantages of the Higgs-induced 717
production: (i) no dependence on the Higgs boson width,
(ii) the cross section proportional to the top quark Yukawa
coupling to the fourth power, i.e.,

o(1ttt) y o kFo M (1itt) (6)

where 65M(1t17) ;; denotes the SM production cross section.
The not-so-small interferences among the three kinds of
Feynman diagrams are also accounted for. Since the QCD
and electroweak gauge interactions of top quarks have been
well established, we consider that only the top Yukawa
coupling might differ from the SM value throughout this
work. As a result, the cross section of f7ff production is
o(1ttt) = oSM(1t11) ., 5/, + k7o' + ki M (1111) . (7)
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FIG. 1.

where

Tllustrative Feynman diagrams of ¢7f7 productions.
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SM(1t1) 7/, < |IMy+ My, |2
= M, + [ My
+ MM, + MMz,
= oM(it17),, + oM (rt11) ),
+ SM(1H17) 1 7/ o
SM(tit) y o« | Myl?,

SM(1111)j < Mygsz)y M+ M,

My. (8)
As shown in the above equation, "M (7717),, denotes the
interference between the Higgs mediation processes and the
gluon and Z/y mediation precesses. We use MadEvent [5] to
calculate the leading order cross section of ¢7¢f production
in the SM. The numerical results are summarized as
follows:

8 TeV 13 TeV 14 TeV
aSM(ﬁﬁ)ﬁZ/y: 1.344 tb,  9.997 tb, 13.140 fb,
oSM(1ith) - 0.171 fb, 1.168 fb, 1.515 fb,
Mt ! —0.224 b, —1.547 tb, -2.007 fb.
©)

The numerical results shown above are checked with
CalcHEP [6]. A highly integrated luminosity is needed
to reach a 50 discovery of the rare ¢7ff production.
However, null searching results in the low luminosity
operation of the LHC are also useful because they can
be used to constrain the top Yukawa coupling. For example,
a 95% C.L. bound, o(f7t7) <23 fb, is reported by the
ATLAS [7] and the CMS Collaborations [8] at the 8 TeV
LHC. The upper limit of the o(¢7¢7) is about 18 times larger
than the SM theory prediction. That yields a bound of
k; < 3.45 in terms of Eq. (7) and the tree-level cross section
listed in Eq. (9). Recently, the CMS Collaboration updated
their measurement of the four top quark production at the
13 TeV with an integrated luminosity of 2.6 fb~!, yielding
an upper limit of o(r1t7)/o(11tt)gy < 10.2 [9]. That gives
rise to an improved bound of «, < 3.03.

We notice that including higher order QCD corrections
to the f7ff production mildly affects the limit of «,. For
example, we take the QCD corrections into account by
introducing a constant K factor. Reference [10] calculated
the next-leading order QCD corrections to the 77 pro-
duction only through the gluon mediated channels and
obtained a factor of K = 1.27. Since the interference term
contains a QCD contribution as well, we multiply the tree-
level cross section o(#7f7) in Eq. (7) by a constant K factor
of 1.27. The upper limit of x, changes from 3.45 to 3.25.

Next, we examine how well the top quark Yukawa
coupling could be measured in the fz¢f production at the
future LHC. A special signature of the /7 events is the
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same-sign charged leptons (SSL) from the two same-sign top
quarks. The ATLAS and CMS Collaborations have exten-
sively studied the same-sign lepton pair signal at the LHC
[11,12]. The other two top quarks are demanded to decay
hadronically in order to maximize the production rate.
Therefore, the topology of the signal event consists of two
same-sign charged leptons, four b quarks, four light-flavor
quarks, and two invisible neutrinos. In practice, it is
challenging to identify four b jets. Instead, we demand that
at least five jets are tagged and three of them are identified as
b jets. The two invisible neutrinos appear as a missing
transverse momentum (E;) in the detector. Thus, the collider
signatures of interests to us are two same-sign leptons, at least
five jets with three of them tagged as b jets, and a large E;.

The SM backgrounds for same-sign leptons can be
divided into three categories: (i) a prompt same-sign lepton
pair from the SM rare process, including the diboson and
WEW=*jj; (i) a fake lepton, which comes from a heavy
quark jet, namely b decays, and the dominant one is the
ft+ X events [13]; (iii) charge misidentification. As
pointed out by the CMS Collaboration [12], the back-
ground from charge misidentification is generally much
smaller and stays below the few-percent level. Thus, we
ignore this type of background in our simulation and focus
on those nonprompt backgrounds ¢ + X and rare SM
processes contributions. For the four top quark production
process, another feature worthy of being specified is that
multiple b jets that decay from the top quark appear in the
final state. Same-sign leptons, plus multiple b jets, have a
significant discrimination with the backgrounds. Another
SM process that can contribute to the same-sign lepton is
the diboson production; however, it can be highly sup-
pressed by the request of tagging multiple jets in the final
state. Therefore, the major backgrounds are from the 17 + X
and WEW=jj channels.

Both the signal and the background events are generated
at the parton level using MadEvent [5] at the 14 TeV LHC.
The higher order QCD corrections are taken into account
by multiplying the leading order cross sections with a next-
to-leading-order K factor, e.g., Ky = 1.4 for the 7t pro-
duction [14,15], Ky = 1.22 for the 7#tW™ channel and
Ky = 1.27 for the W~ channel [16], K = 1.49 for the
#tZ production [17-22], and K = 0.9 for the WEW=jj
channel [23,24]. We use Pythia [25] to generate parton
showering and hadronization effects. The DELPHES
package [26] is used to simulate detector smearing effects
in accordance to a fairly standard Gaussian-type detector
resolution given by 6E/E = A/+\/E/GeV @ B, where
A is a sampling term and B is a constant term. For
leptons, we take A =5% and B = 0.55%, and for jets
we take A =100% and B = 5%. We require that the
charged lepton has a transverse momentum p4. greater than
20 GeV, rapidity || <2.5, and its overlap with jets

AR, = \/(An)* + (A¢)* > 0.4. The E; is then defined
to balance the total transverse momentum of visible objects.
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FIG. 2. The numbers of the reconstructed jets (a) and b-tagged
jets (b) in the signal and background events at the 14 TeV LHC
with an integrated luminosity of 1 fb=!. To better characterize the
signal distribution, the cross section has been rescaled to 1000
times. No cuts except for same-sign lepton pair have been
applied.

Figure 2 displays the numbers of reconstructed jets
(a) and b-tagged jets (b) in the signal and background
processes. It is clear that the signal event often exhibits
five or more jets. Demanding at least three identified b
jets would efficiently reject those SM backgrounds. In
the simulation we impose kinematics cuts listed as
follows:

Basic: pJ’ > 20 GeV, lnif| < 2.5,
SSL: Nfi - 2,
Jets: Njets > 5, Nb—jets > 3,

ET: ET Z 100 GeV,
mT: my > 100 GCV,

HT: HTZ7OO GeV. (10)

Here, m; denotes the transverse mass of the leading
charged lepton (#)) and the E;, defined as
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TABLE I. The numbers of the signal and background events at the 14 TeV LHC with an integrated luminosity of
300 fb~!. The kinematics cuts listed in each row are applied sequentially.
Basic SSL Jets Er mr Hy
ity 577.22 9.82 4.68 243 1.33 1.21
ity 7/, 5006.34 78.15 37.02 19.25 11.09 10.16
Ittt —764.67 —12.79 —6.19 -3.23 —1.93 -1.77
1t 2.5 x 108 28802.4 44.1 18.9 0 0
nw 32670 2359.5 36.9 17.7 12.3 8.7
nw- 16758 1397.1 49.5 9.9 4.5 4.5
174 24516 2309.4 20.1 10.8 10.8 9.3
WEW*jj 4187.7 1147.5 0.11 0 0 0
my = \/20 Er(1 = cos Ag), (11) 20
i i L oV R
where A¢ is the azimuthal angle between the £, lepton HitH HitH
and the Ey. The my cut is to remove those backgrounds 1.5 e
involving leptonically decayed W bosons. The Hy 1's'the Excl. by # (300fb™))
scalar sum of the transverse momenta of all the visible
) - K, 1.0t .
particles and the missing energy Er.
Table I shows the numbers of the signal and the background
events after a series of kinematics cuts at the 14 TeV LHC with 0.5}
an integrated luminosity of 300 fb~'. The ## production
channels through the gluon, the electroweak gauge-boson,
and the Higgs boson mediation share similar kinematics; O'OO 1 ) 3 4 5

therefore, all the 7f7 production channels exhibit similar
efficiencies for each cut shown in Table I. The major back-
grounds in the SM are from the W+ and f7Z productions.
About 22.5 background events remain after all the cuts.

Next we discuss how well the top Yukawa coupling can
be probed in the 7#ff production at the future LHC. As there
are few events of both the signal and the backgrounds after
the kinematics cuts, we obtain a 2o exclusion limit on the
tttt production rate using [27]

\/—2 [n,, In (”S i ”b) - ns] —2,
np

where n; and n;, are the numbers of signal and background
events, respectively. If a null result is observed on top of the
22.5 background events, then the number of signal events
cannot exceed 10.9, from which we obtain k, < 1.34 with
L = 300 fb~! using Eq. (7) with a confidence level of 95%.
Bounds for other integrated luminosities can be derived
similarly, yielding «, < 1.94 for £ =100 fb=!. In our
analysis, we focus on the k; > 0 region. The option of
negative k, is forbidden by the current experiment con-
straints of Hyy coupling [28,29].

(12)

FIG. 3. The relative uncertainty on the signal strength pzy
projected in the plane of k; and x, (a) and in the plane of x, and
Rr (b) at the 14 TeV with £ = 300 fb~! for H — yy (yellow),
H — putu~ (blue), H — ZZ (gray), and also the combination
(green). The red meshed region is excluded by the 777 production
with £ = 300 fb~! with a 95% confidence level, respectively, if
null signal events were observed.
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Taking into account the /7H measurement projection at the
14 TeV LHC with £ = 300 fb~!, one can derive a lower
bound on «, and an upper bound on Rp. Figure 3 shows
the relative uncertainty on the signal strength y,75; projected in
the plane of k, and k. (a) and in the plane of k, and Rr- (b). The
blue band represents the 17H measurement in the H — u*p~
mode, the yellow band denotes the H — yy mode, and the
gray band labels the H — ZZ mode. The green band is the
result of combining different channels of the Higgs produc-
tion and decay. See Eq. (3) for details. The red meshed regions
are excluded by the #7#7 production with £ = 300 fb~!, if null
results were reported on top of the SM background.

First, we consider the correlation between k, and k, in the
case of [’y = M. In Fig. 3(a) we plot constraints on rare
Higgs-decay modes, H — yy (yellow) and H — puu (blue),
assuming that all of the Higgs couplings, except the top
Yukawa coupling, are the same as in the SM. The «,
exclusion limit derived from the 7¢7 production requires
that «, > 0.38 and «, > 0.59 with £ =300 fb~'. The
combination of multiple Higgs production channels yields
a slightly tighter constraint.

Secondly, consider all of the Higgs couplings as in the
SM, i.e., k, = 1. We obtain the correlation between k;
and Rp shown in Fig. 3(b). The yy (ZZ, u"p~) mode
demands R < 2.9 (3.5, 6.9), respectively, at the 14 TeV
LHC with £ =300 fb~'. The combination analysis
demands ['y; < 2.6I5M.

III. SUMMARY

In the article, we propose a novel method to measure
the top quark Yukawa coupling in the #7f production.

PHYSICAL REVIEW D 95, 053004 (2017)

The channel exhibits two advantages over other Higgs
production channels: (i) the production cross section is
proportional to k7 such that it is sensitive to the top quark
Yukawa coupling; (ii) the channel is independent of the
Higgs boson decay as only the off-shell Higgs boson are
involved. Our simulation shows that a 95% confidence
level limit of x, < 1.94 and k; < 1.34 could be obtained at
the 14 TeV LHC with an integrated luminosity of 100 and
300 fb~!, respectively.

The Higgs Yukawa coupling can also be measured
in the ffH production, but it will be contaminated by
the Higgs boson decay. Combining the ¢7tf and (iH
productions enables us to probe the correlation among
the Higgs-Yukawa coupling and other Higgs properties,
e.g., the total width and its couplings to the SM particles.
Two special cases are considered in this article:
() k?k? = jigy in the case of 'y =T3M, ie., the new
physics (NP) effects only modifying the rare decays
of the Higgs boson; (ii) ;—i:ﬁt;H for x, ~ 1, ie., the
NP modifying the Higgs boson width sizably. If no
deviation is observed in the {7/ production at the
14 TeV LHC with an integrated luminosity of 300 fb~!,
then we obtain constraints on «, , and I'y; in the two cases:

(i) x, > 0.59 and x, > 0.38, (i) 'y < 2.6I5M,
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