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Abstract

The charge asymmetry of the W boson associated Higgs production via H —
77 is analyzed for indirect constraining the light quark Yukawa couplings. The
WH of full run 2 data (2016 — 2018) are split by charge categories of the
W boson. The inclusive signal strength and invariant mass spectra modified
datacards are compared with those obtained from the original charge category
for validation. The current best-fit value of the inclusive charge asymmetry
A= % is 0.152f8:§§g. The upper limit of k. obtained from

projection based on /s = 13 TeV, and L = 3 ab’! is 96.8.
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1 Introduction

The coupling of Higgs to second generation quarks is one of the next milestone of the LHC physics
program. However, there are several ways to constrain the couplings of the Higgs. Measuring inclus-
ive charge asymmetry of WH is an interesting way to evaluate the consistency of the Higgs particle in
the standard model. the light quark Yukawa couplings of the first- and second-generation fermions can
indirectly be constrained with the measuring of WH inclusive charge asymmetry. [1] This is the first
measurement of WH charge asymmetry with full run 2 data (2016 — 2018). Analysis of associated pro-
duction of Higgs via I — 77 is analyzed for the charge asymmetry. In this work, the WH production
with leptonic decay (electrons or muons) of W boson, and leptonic decay (electrons or muons) and had-
ronic decay states of /77 are studied. Therefore, four decay modes of WH, namely puty,, ummh, €u7h,
and e7),7),, have been investigated from the published CMS results, “Measurement of WH with Higgs
boson decays to tau leptons with full Run-2 data™. [2]

In section 2, theory and motivation of constraining light quark Yukawa couplings are described. In
section 3, the methodology of constraining the light quark Yukawa couplings 1s discussed. The results
are then presented in section 4. The conclusion and outlook of the project are discussed in section 5.

2 Theory and motivation

The flavor hierarchy is a crucial property of the standard model which has been unknown. The Higgs
coupling to the light flavor quarks provides more insight to the question. The ways to get the constraint
of light Yukawa couplings still present challenges, e.g., the dominant background and jet in the charm-
Higgs associated production. It has been proposed that it is possible to indirectly constraining the light
quark Yukawa couplings with the W boson associated Higgs production.

u W

Figure 1: Higgstrahlung diagram [1]

da . h

Figure 2: Yukawa-mediated contribution diagram [1]

The Higgstrahlung process (Figure 1) is supposed to dominate at the LHC. This leads to the WH
charge asymmetry. If larger Yukawa couplings to quarks, Yukawa-mediated diagrams (Figure 2) of
WH production play a larger role and changing the asymmetry indirectly constrain enhanced Yukawa
couplings. The charge asymmetry defined as eq. 4. of the W boson associated Higgs production can be
plotted as a function of the modified Yukawa scaling factor in eg. 2.
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In Figure 3, the inclusive charge asymmetry is plotted as a function of the modified Yukawa

scaling factor. This plot translates the inclusive charge asymmetry of the vector boson associated Higgs
production to the upper limit or the constraint of light quark Yukawa couplings. [1]

A

2

03

ol

Inclusive A at NLO QCD

0.0 1

Expected 95% statistical uncertaimty
3ab~' LHC

ol Suistoutovd . - - PP . - - et
05 10 so o0 00 w0

Ky

Figure 3: The plot of inclusive charge asymmetry A as a function of individual Yukawa rescaling factors for up,
down, strange, and charm quark generated using MadGraph v2.4.3 [1].
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3 Methodology
3.1 Project Overview

Overview of the analysis

4

Modify Charge Category ]

Configurations of the WH

4

[ Reconstruct Invariant Mass :I

Caleulate Inclusive Signal
Strength

4

Signal Extraction ]

4

Calculating the Impact of Each
Uncertainty

4
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3.2 Datacards

In this project. the datacards from the published CMS experiment, 1.¢., Measurement of WH with Higgs
boson decays to tau leptons with full Run-2 data (2], have been analyzed. the WH production with

leptonic decay (electrons or muons) and hadronic decay states of tau are shown in the following table.

Table 1: All channel and year for the WH production

Channel 2016 2017 2018
HPTH v v v
HTHTh v v v
EpLTh v v v
EThThH v ¥ v

3.2.1 Charge Category Modification

From the onginal datacards, it is necessary to split the charge categories of the WH into plus and minus
charges in order to measure charge asymmetry. After separate the charge configurations, the uncertainties
of processes in cach datacard are added. However, some theoretical uncertainties on from the standard

modeling of the signal are being neglected because when the charge category have been modified, we
assumed that those uncertainties are not directly applied. Then, the datacards are prepared to be analyzed
for the inclusive charge asymmetry.

3.2.2 Invariant Mass Spectrum Reproduction

To check the validity of the modified datacards, the invaniant mass spectra are reconstructed using both
charges of the modified datacards and compared with the onginal spectra in the publication, which are
obtained from the original datacards. For example, in the Figure 4-night, with the split charge categories
of W bosons, the modified datacards are valid if 1t still can reproduce the original datacards in Figure
4-left.

CMS Prodminary  », AN (1 Te)
"‘oMz WE«% Bz -u LU . o
C Peducide IWH M or IINOM v Usoaniainty

$ M3 G u.‘n‘.mm A0 e Oy

{11 Tt et ] e
441 1‘).‘:.&..-«9 1 4‘,! H

0 00 1% 9 ™ 2 M
m, (GeV) ) m, GeV)

Figure 4: left: An example of Ditau invariant mass distributions in bins of the W boson py in the gurs channel
2018 from "Measurement of WH with Higgs boson decays to tau leptons with full Run-2 data" [2]. right: An

example of Ditau invariant mass distributions in bins of the W boson pr in the ppury, channel 2018 obtained from
the combination of plus and minus charge categories of the modified datacards.
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3.2.3 Charge Misreconstruction
The charge misreconstruction has been estimated for all the categonies. With the data cards of a single
charge configuration, the misreconstruction of the W charge 1s calculated by integrating the number of

the opposite charge of W in each year and cach decay channel, e.g.. number of W+ in the W- charge
category of 2016 up),. As shown in Table 2, there are less than | percent misreconstructed W in all

datacards.

Table 2: The charge misreconstruction for WH charge category modification

Channel year W hinminus W hinminus % W hinplus W hinplus %
2016 0.7907 0 0 0 1.4247 0
BT, 2017 1.0037 0 0 0 1.4872 0
2018 1.4663 0 0 0 2.0672 0
2016 0.9907 0 0 0 1.5873 0
T 2017 1.3378 0.0013 0.0013  0.0003 19090 00131
2018 2.2092 0.0022 0.1014  0.0023 31861 0.0679
2016 1.0148 0 0 0 1.4831 0
euTy 2017 1.3321 0.0030 0.2250  0.0025 19642  0.1280
2018 1.9604 0.0049 02488  0.0025 28712 0.0856
2016 0.5216 0.0036 0.6848 0 0.7069 0
eThTh 2017 0.7351 0.0020 02695  0.0028 1.0751 0.216
2018 1.1367 0.0054 04725 00013 1.6875 00791

3.2.4 Inclusive Signal Strength

To venfy the modified datacards, the inclusive signal strength of each year and final state are fitted with
the statistical tool used for signal extraction inside the CMS Collaboration (combine) [4]. The inclusive
signal strengths for WH obtained from the split charges in Table 3 are compatible with those obtained
from the onginal charge category. However, not all uncertainty sources have been considered. Some of
the theoretical uncertainties have been neglected for the moment, as mentioned in the previous section.
Morcover, the modified datacards have the double number of bins compared to the onginal datacards
which means there are more information to the analysis. As aresult, the inclusive signal strength obtained
from the modified datacards shightly differ from in the publication in Figure 5.

Channel 2016 2017 2018 Combined
euty, 431 +2.71 +233 2.18+¥ 15 26+I a7
eT, Ty, 256’5‘.”g 1. 19‘Hg -1.26* 026“‘%2

+§y’ 531418 2.25 #Z‘? -?g
HUTy

J}Q $ iy JS
KTRTH [ e i g7l P
All WH 2 59+ 1 49+ 0.71* l 48‘

Figure 5: Inclusive signal strength for the WH analysis with the original datacards [2)
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Table 3: Inclusive signal strength obtained with the modified datacards of both charge categories

Channel 2016 2017 2018 Combined
BT A7 e G035 212723  3.707 10
(TR Th o.egfz;g -043+1% 1.38f?‘32 0.377‘% 35

e ant s sl anhy  snhy
eTHTH 2_m$2:w lGQf;J _2-1201.' 2 _0.050.6.
AIWH 2 ntz'ﬂ 18500 ggrtoM g0l

3.3 Signal extraction

After combining all year and final state datacards in to a single final datacard, the likelihood of the WH
is fitted with scaling functions in eq. 3, alpha for the W™ and beta for W™ to obtain the inclusive charge
asymmetry A (eq. 4) and signal strength uyy (eq. 5).

L=LiaW" 4+ 8W"~ + B). (3)

_ a(W*h) —o(W"h)

A= CWh) To(W-h) )

_ signalopeerve NTowFee | Npostfit o Npreitt 4 pNTrofit

B= signalie — MW T NEeR  Nprefd = Tyt el ©)
Both alpha (eq. 6)and beta (eq. 7) contain all parameters of interest, i.c., A and mu. Here the standard

model cross-sections (eq. 8) from the yellow report 4, o 'h — 0.86 pb and o b =0.53 pb [6], are
applied. Other Higgs processes and backgrounds are constrained to the Standard Model expectations.

o= BlltAgm (6)

250 h

_ p(1 = A)oem
g

0]

- 4
Osm = O’?m "t U:tn o (8)
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34 Likelihood Scan
The Asimov dataset [5] can

be used to construct the expected profile likelihood of the inclusive charge

asymmetry, A. As in Figure 6, with negative log likelihood, the 68% confidence level (CL) range of
uncertainty on the parameter can be obtained from the intersection of the negative twice log-likelihood

ratio with the line y = 1 [3].

8
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Asimov dataset likelihood testing

Figure 6: Asimov dataset likelihood testing plot of inclusive charge asymmetry A

3.5 Impacts

After performing likelihood testing on the Asimov dataset, the impact calculation is performed to in-
vestigate the cffects of the systematic uncertaintics on the parameters of interest [4]. The top 30 largest
impacts that affect the signal strength are shown in Figure 7. This impact calculation is performed on
Asimov dataset. It shows that this measurement 1s statistically dominated, and no major constraint is
seen in the systematic uncertainties.
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Figure 7: The list of the top 30 largest impacts of the Asimov dataset

3.6 Projectionon Hrr

The projection based on /5 = 13 TeV, and L = 3 ab”' is shown in Figure 8. Asymmetry is expec-
ted to be similar at 13.6 TeV, though cross-sections are slightly larger (xs = 0.919 pb, xs = 0.575 pb
vh@nnlo+NNPDF31). It shows that the better constraint on the inclusive charge asymmetry can be
expected from run 3 and run 4 High luminosity LHC
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Figure 8: The projection of inclusive charge asymmetry A based on /5 = 13 TeV, and L = 3 ab”’
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3.7 Constraining light quark Yukawa couplings
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Figure 9: The plot of constraint on the rescalings of the Higgs Yukawa couplings x (red lines) on the projection
of inclusive charge asymmetry A based on /5 = 13 TeV,and L = 3 ab! via Hrr channel

With such an uncertainty, some level of constraint on the rescalings of the Higgs Yukawa coup-
lings x can be obtained from the projection in Figure 9. Here, the uncertainty on A is translated to
an expected exclusion limit on k. and u(H — oc). In Figure 10, the x-axis 15 a modified coupling

K, = &%}Ar = SUMeY . [1]. Therefore, the projection gives the expected exclusion limit
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Figure 10: The plot [1] showing the translation of uncertainty on A to an expected exclusion limit on x,. and
u(H — ee) (red line). The dotted lines show expected exclusion limits on & in case the uncertainty on A is
reduced to =0.05.

on k. to be 96.8, comparing to the expected upper limit from direct /{cc analysis which is x,. less than
34(7).

4 Results

On the Asimov dataset likelihood testing, Inclusive charge asymmetry can be constrained at a certain
level of uncertainty. And the best fit value of the inclusive charge asymmetry from Ditau data taken
in LHC run 2 (2016-2018) is 0.152" {51, However, this value is not yet the final value since some
uncertainty sources are being neglected for the moment. Nevertheless, only a shight difference on the fit
value is expected. And the expected exclusion limit on .. is 96.8.

5§ Conclusion and Outlook

With Ditau Run 2 data (2016 - 2018), we can start the measurement of the charge asymmetry A; for the
moment, limited capability of adding a constraint to the Higgs Yukawa couplings. A projection to the
sensitivity on the x. has been presented. Possible systematic that may affect directly the asymmetry will
be studied in the future. Other decay modes, e.g., i — bb, H — ~vy, and H — WW, will also be
investigated for additional information of the constraint on light quark Yukawa couplings.
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