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Introduction and Motivation

C The masses of the charged fermions appear randomly chosen
102 j and span several orders of magnitude...
E What is the origin of this pattern?
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C d Almost ten years since the discovery of the Higgs boson and
103U verification of the Brout-Englert-Higgs mechanism, are we
F—e any closer to fundamentally understanding fermion mass

generation?
T



Fermion masses in the Standard Model (SM)

“Yukawa” couplings between the Higgs (¢) and fermion () fields are possible:
Acfermion = —Yyr- [1/_1L¢1/1R + 1ZRQ§¢L]
If V(¢) has a non-zero VEV, expansion leads to (h is the physical Higgs field):

V2 V2

mass term coupling term

Lfermion = _M . 7;'1/) - i . h'lzw
~——

Leads to Higgs—fermion coupling proportional to the fermion mass (yr = \/imf/v)

m Gauge invariant fermion mass terms in SM ' f
m yr computed in SM given knowledge of v and my H

(v =2Mw/g =~ 246 GeV from EW observables) v/
m Offers no fundamental insight into the observed fermion 7

mass hierarchy X

While Yukawa couplings provide concrete predictions for Hf f interactions, they fail
to describe the fundamental origin of the fermion mass hierarchy...

Physics beyond the SM is clearly required to explain the fermion mass pattern!




Experimental verification of the Yukawa picture

ATLAS and CMS measurements of the Higgs boson confirm couplings to 3™
generation fermions and the muon are consistent with the SM Yukawa expectation

>> - T . ‘, -
m Given the shortcomings of El> e %Tiﬁs}fv’i'? AP 2473
the Yukawa model, there's no u?; Fm,=12500GeV, [<25p,=10% & 3
guarantee the couplings to g 1071 T SM Higgs bosan A -
other fermions will behave 8 E
in the same way 102 ) -
= Any discrepancy could E o 7
provide an important 107 e E
insight into the fundamental E ig(my,) used for quarks
mechanism behind the 0 ‘ ‘ .3
fermion mass pattern ¥ 1afF ‘ ‘ T
= We must endeavour to o L2r E
measure the couplings of | —— { -------------------------- % ¥~
the Higgs boson to all of 08fE ‘ { ‘ =
the fermions 10 1 10 10°

B ) Particle mass [GeV]
The frontier now lies at the
charm quark...
Figure from ATLAS-CONF-2021-053, annotations are my own
e —


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

The Hcc coupling in the SM and beyond

Why is the interaction of the Higgs boson with the charm quark interesting?

m The smallness of the SM charm quark
Yukawa coupling (= 4 x 107%) make
possible modifications from
potential new physics easier to spot

0.01%

174

0.01%

38.9%

m H — cC decays constitute one of the
largest expected contributions to 'y
for which we have no experimental
evidence

m Some BSM explanations of the O H — bb

. OH — cc

fermion mass spectrum could naturally Y s o3

lead to an enhancement of Higgs O H — other
. t d

boson couplings to the 1% and 2" SM my = 125 GeV H — g4 branching fractions,

generation quarks to the level of the H — wii/dd too small to show!

SM b-quark coupling’

Confronting the scenario y. = y;¥ (around 4.6 x y™) is an
important step on the path towards testing the SM prediction!

T See for example: Phys. Rev. D 98 (2018) 055001, Phys. Rev. D 94 (2016) 115031 and Phys. Lett. B 755 (2016) 504



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.055001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.115031
https://doi.org/10.1016/j.physletb.2016.02.059
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Experimental probes of the Hcc coupling at the LHC 6

Several methods to study the Hcc coupling have been proposed in the literature,
the ATLAS experiment has explored’ three of the most promising with Run 2 data:

Idea 1 - Exclusive H — J /v~ decays

m The rare radiative decay H — J/v~y (with J/2) — u* ™) has been proposed as an
experimentally clean probe of the Hc€ coupling [Phys. Rev. D 88 (2013) 053003

Idea 2 - Inclusive H — cC decays

m Manifestly sensitive to the HcC coupling, use c-jet tagging to identify decay

Idea 3 - Charm quark initiated Higgs boson production

m Contributions to H + jet production such as gg — Hg (via c-quark loop),
gc — Hc and c¢C — Hg are directly sensitive to the HcC coupling via cross-section
and kinematic features (e.g. p?) [Phys. Rev. Lett. 118 (2017) 121801]

Other possibilities, not yet investigated by ATLAS:

m Direct identification of cH production [Phys. Rev. Lett. 115 (2015) 211801]

m WEH charge asymmetry [JHEP 02 (2017) 083]
m Constraints from global combination and limits on 'y [CERN-2019-007]

t Equivalent CMS studies: 1 - Eur. Phys. J. C 79 (2019) 94, 2 - JHEP 03 (2020) 131, 3 - Phys. Lett. B 792 (2019) 369



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.053003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.211801
https://doi.org/10.1007/JHEP02(2017)083
https://cds.cern.ch/record/2703572
https://doi.org/10.1140/epjc/s10052-019-6562-5
https://doi.org/10.1007/JHEP03(2020)131
https://doi.org/10.1016/j.physletb.2019.03.059

H — J /v ~ decays - Introduction

The radiative decay H — J /1)~ could provide a
clean probe of the Hcc coupling at the LHC

I/

m Interference between direct (H — ¢€) and indirect
(H — ™) contributions

m Direct (upper diagram) amplitude provides sensitivity to  --------
the magnitude and sign of the HcC coupling

m Indirect (lower diagram) amplitude provides dominant
contribution to the width, not sensitive to Hcc€ coupling

m Very rare decays in the SM, but rate dominated by
indirect component, sensitivity to Hcc coupling rather e

diluted ‘

Foc A — Ap - i |? H
| A =20 x |Ap]
B(H — J/v¥~) = (3.01 £0.16) x 10~° { ~

T For more details see: Phys. Rev. D 100 (2019) 054038 (arXiv:1907.06473), JHEP 1508 (2015) 012 (arXiv:1505.03870),
Phys. Rev. D 90 (2014) 113010 (arXiv:1407.6695)



https://arxiv.org/abs/1907.06473
https://arxiv.org/abs/1505.03870
https://arxiv.org/abs/1407.6695

H — J/v ~ decays - ATLAS Run 2 result (phys. Let. B 786 (2018) 132) i
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ATLAS has performed a search for H — J /v v with 36 fb~! of 13 TeV pp collision
data (analogous V4 decays and {1/}(25) T(nS)}~ channel also considered)
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Observed 95% CL limit: B(H — J/v¢~) < 3.5 x 10~*

m When the sensitivity is far (= 100x) from the SM prediction, interpreting this
branching fraction limit in terms of the HcE coupling is a delicate matter®

/\ Can be roughly interpreted as a bound of |y./ysM| < ©(100) i

t See Phys. Rev. D 100 (2019) 073013 and Phys. Rev. D 92 (2015) 033016 for more details



https://doi.org/10.1016/j.physletb.2018.09.024
https://doi.org/10.1103/PhysRevD.100.073013
https://doi.org/10.1103/PhysRevD.92.033016

H — J /v ~ decays - Prospects for HL-LHC (ariprys-pus-2015-023)

Prospects for the H — J/v ~ channel in a HL-LHC scenario with /s = 14 TeV
and 3000 fb~! were assessed based on a projection of the original ATLAS Run 1
H — J /v ~ result [Phys. Rev. Lett. 114 (2015) 121801]
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PR « Data (Bkg. Only) ] m In addition to the “cut-based” approach used
S 700F s 4 . e
S o oackound ] in the Run 1 and 2 analyses, the sensitivity of

600F CnSinax 100 ; ;
E S searie” 1 an MVA-based event selection was considered

2222 m The MVA-based expected 95% CL branching
300E fraction limit was found to be:

sook B(H — J/¢~) < (447%%) x 107

100F m Projected sensitivity remains far (15x) from

SM expectation of B(H — J/¢ ) ~ 3 x107°

FRRTRTI I | | E
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New ideas likely required to approach SM sensitivity
in a HL-LHC scenario with this channel!


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-043/
https://doi.org/10.1103/PhysRevLett.114.121801

Inclusive H — cc¢ decays - Introduction

)
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N/ //

Inclusive H — cc decays are perhaps the most

obvious probe of the Hcc coupling — Charged particles
—— c-hadron products

H — cCdecay vertex
Neutral particles

m Compared to H — J/1~y, a SM branching
fraction of 2.9% is huge! Furthermore, the
decay width scales directly with y2 v/

m Every 1fb™! of \/s = 13 TeV pp collision data
contains around 1600 H — cC decays v’

m This is still orders of magnitude below the
huge multi-jet background at the LHC... X

How can we mitigate the background problem?

m Charm quark initiated jets (c-jet) will typically
contain a c-hadron, while most of the jets
produced in LHC pp collisions will not

m Use c-jet tagging algorithms to exploit the
presence of c-hadrons within the jets

What else can we do to help?

/)
,
.




VH, H — cc - Introduction

Focus on VH production (V = {W, Z})

m V — leptons offer convenient trigger strategy

m Enhanced S/B w.r.t. inclusive production,
particularly at high py

“Tried and Tested” - VH sucessfully exploited by

w,Zz
ATLAS and CMS to observe H — bb decays!

Combine c-tagging and VH production to
EUROPEAN ORGANISATION FOR NUCLEA FESEARGH (CERY search for H —» c& decays with ATLAS

e

m New result extends earlier Run 2
analysis’ based on 36 fb~! dataset and

Direct constraint on the Higgs—charm coupling / 3
from a search for Higgs boson decays into charm Z(EZ) H( CC) Cha n nel a IOn €
quarks with the ATLAS detector

Jan 2022

m Complete ATLAS Run 2 /s =13
TeV 139fb~! pp dataset used

m Both Z(¢¢,vv)H and W(¢v)H
production channels considered

The ATLAS Collaboration

arXiv:2201.11428 t
Submitted to EPJC }

2201.11428v1 [hep-ex] 2

t Phys. Rev. Lett. 120 (2018) 211802

arXiv



http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12
https://doi.org/10.1103/PhysRevLett.120.211802

VH, H — cc - Event selection strategy “in a nutshell”

Strategy closely linked to ATLAS VH, H — bb analyses and based on 3 channels,
each targeting a distinct sub-mode of VH production:

v, v
, / 0 lepton channel
bbby m Target the Z(vv)H(cT)

/ signature with large ET"*°
™ v / 1 lepton channel
Yy (Y m Target the W (£v)H(cc)
/}‘M H signature with EJ™ and
. P exactly one e or p
¢ P
z / 2 lepton channel
T m Target the Z(€£)H(cc)
/ signature with eTe™ or utp~
¢

Identify high pY VH, V — leptons signature in each of these channels, in addition
to at least two jets, consistent with H — ccC, by means of c-jet identification
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VH, H — cc - Design of c-tagging algorithm T

A dedicated flavour tagging working point, optimised for the VH, H — ¢ search,
is built from two components:

T T
ATLAS

V=13 TeV, 80.5-139 fo™

VH, H- cC 27% c-tagging efficiency working point
DL, c-tag + MV2 b-tag veto 1
—c-jets —b-jets —light-jets 7

m 1) - DL1 (Deep NN) algorithm
implemented as a c-tagger

m 2) - MV2c10 (BDT) b-tagger
implemented as a veto at the 70%
b-jet efficiency working point

Jets are “c-tagged” if
both conditions are passed

. 50 100 150 200 250
m Together with a b-tag veto on jetp, [Gev]

non-signal jets, this ensures
orthogonality of the event selection

Data c-tagging efficiency + total uncertainty
o
N

. T . Jet Flavour Class | Efficiency (rejection
with the VH, H — bb analysis - y (rej )
c-jets 27% (-)
For more details on ATLAS flavour tagging algorithms, see: b-jets 8% (13)
Eur. Phys. J. C 79 (2019) 970 Light flavour jets 1.6% (63)

“Truth-flavour Tagging” - To maximise the statistical power of the main background
samples, events are weighted by their probability (parameterised by jet pr, || and ARj)
of being c-tagged, as opposed to accept/reject based on DL1 and MV2c10 discriminants

-


https://doi.org/10.1140/epjc/s10052-019-7450-8

VH, H — cc - Calibration of c-tagg

T T
ATLAS

[T
. 0 ]
Dedicated measurements of the oy \5= 13 Tev, 805 fb* »
_ H ] H . 2 VH, H-. ¢C 27% c-tagging efficiency working point 1
c-tagging efficiency in data: g DL g + MV2 1o et ]
E c-jets ]
m Deploy baseline methods also used by SR R T —
ATLAS for b-tagging calibration °
m Efficiency in data measured relative to —+— Scale factor (data-based, total unc)
. . " " Scale factor (smoothed, extrapolated) ]
simulation as a “scale factor” (SF) B Uncertainty (data-based, smoothed) |
. . .. . I | | |
with a typical precision of 5 - 10% 50 100 150 200 250
jet P, [GeV]
W ]
% 16 ATLAS . — é 14 ATLAS | ‘ 1
g Vs= 13 TeV, 139 fb ] g Vs= 13 TeV, 139 fb™* ]
S 14 VH H- cT 27% c-tagging efficiency working point 7 2 VH, H- ¢C 27% c-tagging efficiency working point 1
s DL, c-tag + MV2 b-tag veto ] $ 121 DLY, ctag + MV2 b-tag veto =
g 1 of antets o 2 b-jets ]
3 S _
8 g
° ]
] 08 1
0.8~ 4 Scale factor (data-based, total unc.) 3 + Scale factor (data-based, total unc.) ]
———— Scale factor (smoothed, extrapolated) 0.6 Scale factor (smoothed, extrapolated) ]
0.6 I Uncertainty (data-based, smoothed) — BN Uncertainty (data-based, smoothed) ]
L L L L L ali I | | | | | 1
50 100 150 200 250 300 04775100 150 200 250 300 350
etp, [Gev] jetp, [GeV]
Light flavour jets - Measured with a Mc-jets (uppher) and lb-jefts (Iqm{er) o
sample of Z +jet events easured with a sample or semi- eptonlc

and di-leptonic tt events, respectively



VH, H — cc - Signal and Bac

und Simulation

Monte Carlo (MC) event generators are used to model both the VH, H — cZ/bb
signal processes and main background processes, normalised to the most accurate
cross-section predictions available:

Process ME generator ME PDF PS and' . Tune Cross-section
hadronisation order
PownEG-Box v2
- VH
a4 H &/bb + GoSam NNPDF3.0NLO PyTHia 8.212 AZNLO I—jll\fl%g((lg\sf?)
(H = ce/bb)  \iNLO
88 ~>ZH _ pouuscBoxv2 NNPDF3.ONLO  Pyrma8212 AZNLO  NLO+NLL
(H — ¢¢/bb)
_ NNLO
tt PowneG-Box v2 NNPDF3.0NLO PyTHiA 8.230 Al4 +NNLL
#/s-channel Pownec-Box v2  NNPDF3ONLO  Pyrmia 8230  Al4 NLO
single top
Wi-channel Pownrg-Box v2  NNPDF3ONLO  Pyruia8230  Al4 Approx.
single top NNLO
V+jets SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
qq > VV SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
gg - VV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 Default NLO

Generators used are typically NLO and normalised with at least NLO (or higher
order) cross-section predictions



VH,H — cc - H — cc candidate selection

H — ccC candidate selection

> T T T T
[}
. B . (U] ATLAS Slmulallon’
m Jets built with antl—kT (R = 04) o 0025 zﬁqueV'utSQM A
applied to calorimeter clusters 2 oo T ey 2o
>
P i}
® Any muons within pr dependent AR oogsl.©  Sandard Caibraton (s0)

a4 Muon-in-jet Correction

cone are used to correct the signal jet
4-vectors (recover energy in 0.0

=

o [GeV] (csm -0)/ O /

semi-leptonic b/c-hadron decays) 27 %
0.005 151 5%
m At least two central jets required, one ‘ LN
C'0 20 40 60 80 100 120 140 160 180 200

with pr > 45 GeV
me, [GeV]
m Two highest pr central jets (denoted

the signal jets) form the H — c¢
candidate

Invariant mass of H — cc candidate,
Mmcc, is primary S/B discriminant

m pY-dependent AR(jet 1,jet 2)
requirement (see table —)

. . . . . AR(jet 1, jet 2

m All non-signal jets must fail 70% b-jet VpT (et 1 jet 2)
ffici bt . Ki int 75 < pr < 150 GeV <23
efficiency b-tagging working poin 150 < pY < 250 GeV <16
central jets: |n| < 2.5, py > 20 GeV pY > 250 GeV <1.2

forward jets: 2.5 < |n| < 4.5, pt > 30 GeV



VH, H — cc - 0 lepton channel

ATLAS

EXPERIMENT
Run: 350440
Event: 1105654304
2018-05-16 23:55:11 CEST

Candidate Z(vv)H(cc) event with EFF'sS = 155 GeV and m. = 125 GeV




VH,H — cc - 0 lepton channel
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Event Selection and Categorisation

mgc distribution for 0 lepton, 1 c-tag, 2 jet signal region |

- . H . 3
m Trigger events with Ef'™° signature > B3
8 E ATLAS e e mackound
. r —— Signal + Backgrouns -
m No leptons with 7 GeV S 16 {s=13Tev, 139 fb? = o eegy

p pT S

- 14: 0 lepton, 2 jets, 1 c-tag -‘\;\V/‘/;(CQ)(FO“) |
. 2 r » =
m E}'° > 150 GeV S [ SRpjzis0Gev top(other) ]
i ) ;
m Requirements on angular variables 1ok wemf ]
. . . WHE -
built from hadronic signatures and E o ]
miss i 85 zir E
ET"** to negate multi-jet background E —eri ]
61— Uncertainty -
Four Signal Regions 4 T SMVH(- B x300 - 3
1 c-tag, 2 jets | 2 c-tags, 2 jets ) 1
1 c-tag, 3 jets | 2 c-tags, 3 jets ]

g Ar L ] % 1| ——
& sl el = g8:3‘mumHmumumumumum
r o 1 60 80 100 120 140 160 180 200
r - 1
06~ .- ATLAS 3 mg; [GeV]
L Lad Data 2015-2018, {5=13 TeV |
04 - - . .
F o 2w evens 1 Complicated background dominated by
r -k o 1 . .
02~ —_— e = W +jets, Z+jets and
C sl —=— 2018 7 0 - . -
L alSE | =
I , with sub-leading contributions

\ ,
250 300

. Po(kh) [Gev] from VW and VZ production
EF'SS trigger efficiency in data (JHEP 08 (2020) 80)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2019-01/
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VH,H — cc - 1 lepton channel 76

EXPERIMENT
Run: 329964
Event: 500775771
2017-07-18 06:31:13 CEST

Candidate W (ev)H(c€) event with m{’ = 62 GeV and m.. = 124 GeV




VH, H — cc - 1 lepton channel

Event Selection and Categorisation

Trigger events with single electron or
E1"° signatures (muon sub-channel)

Exactly one isolated electron or muon
with pr > 27(25) GeV

No further leptons with pt > 7 GeV
pY > 150 GeV

m¥ < 120 GeV and EF* > 30 GeV
(electron sub-channel only) to reduce
multi-jet background

Four Signal Regions

1 c-tag, 2 jets | 2 c-tags, 2 jets

1 c-tag, 3 jets | 2 c-tags, 3 jets

Background dominated by W+jets and
with sub-leading contributions from VIV and VZ production

Small contribution from

mgc distribution for 1 lepton, 1 c-tag, 2 jet signal region |

X
N B L o oo e L0 s e e o

%) zojATLAS —e- Data %
o = — signal + Background |
S  18f— (s=13TeV,139 10" B VZ(- cT) (i=116) —
- 16: 1lepton, 2 jets, 1 c-tag -:z"l‘)’:;h?’;(uw%) |
< C SR,pY 2150 Gev top(b) 3
[} | T -
>4 multi-jet + other ,
it} E B W+hf ]
= W+mf |
12¢ WHE B
10! I VH(- bb) =
E . Uncertainty |
8: L} = SM VH(- ¢T) x 300 |
= —] i
E — E
6 =
4 L =
2 =
E L P s T e e S | =
s llgr e T e
©
&) 1'051 S TR, —o— TR SN A
go.gs 3 ! ! \_‘_ ! -‘r“ I \\ \M\A
09Erl o b b b b b b i 1
[a]

60 80 100 120 140 160 180 200
m. [GeV]

(primarily tt and Wt),

modelled with data-driven method




VH,H — cc - 2 lepton channel

ATLAS

EXPERIMENT
Run: 309892
Event: 4866214607
2016-07-16 06:20:19 CEST

Candidate Z(u* ™ )H(cc) event with m,.,— = 92 GeV and m.. = 123 GeV




VH, H — cc - 2 lepton channel

Event Selection and Categorisation
mgc distribution for 2 lepton, 1 c-tag, 2 jet,

m Trigger events with single electron or high pf signal region
single muon signatures > LA B B B e
8 ATLAS : gagt:a\ + Background
m Exactly two electrons or two muons, S 1800 {s=13Tev, 139 fb™ = \Vlﬁf( ca)(leolgs;)

1 . -~ 2lepton, 2 jets, 1 c-tag — €q) (u=(
with pr > 27(7) GeV required for the £ 16005 g v L 1g0 Gev o Bk
(sub-)leading lepton & 1400 - zemt

ti + others
i 1 i I VH(— bb)
m Require consistency with Z boson oy

— SM VH(~ ¢T) x 300

mass, 81 < mye < 101 GeV
m pZ > 75 GeV

Eight Signal Regions
75 < pf < 150 GeV (“low p%")
1 c-tag, 2 jets 2 c-tags, 2 jets

1 c-tag, > 3 jets | 2 c-tags, > 3 jets
pf > 150 GeV (“high pf")
1 c-tag, 2 jets 2 c-tags, 2 jets

Data/Pred.
OO pPk
0O N

60 80 100 120 140 160 180 200
m; [GeV]

1 c-tag, > 3 jets | 2 c-tags, > 3 jets

Background entirely dominated by Z+jets, with sub-leading contributions from
VW and VZ production along with in the low p? categories



VH, H — cc - Control Regions

T

ATLAS

5= 13Tev, 130" ety

1lepton, 3 jets, 1 c-tag - h“‘ et

109 CR, p 2150 Gev )
Wt

The complicated background composition calls for
three classes of dedicated control regions (CR) to provide §
data-driven constraints on background modelling;:

1) Top CRs to constrain modelling of top quark processes

m 0/1 lepton - Invert b-tag veto in 1 c-tag, 3-jet events

m 2 lepton - et ;T events with 1 c-tag o i i e
m [Ge!
E O TLAs '
S 2000F 13 7ev, 199 1*
% 1800F- 2 lepton, = 3 jets, 1 c-tag
£ seo0f-sncmpy =000y
% 1400
1200 2) AR;; CRs to constrain modelling of the W /Z+jets
1000 —_—
800
600 m Events with ARj; above nominal selection criteria, up
400}
o to ARj; < 2.5
ML T
5 osph X L L
3o 100 150 200 250 300
m, [GeV]

3) 0 c-tag CRs to constrain normalisation of W /Z+jets light flavour component

m Events in 1 and 2 lepton channels where neither signal jet is c-tagged and any

non-signal jets must fail the b-tagging requirement
- -



VH, H — cc - Statistical Analysis

Binned likelihood fit to the m.. distributions of 16 SRs and 28 CRs used to
quantify the presence/absence of a statistically significant VH, H — ¢ signal

m Di-boson processes VI/(cq) and VZ(cc) provide in-situ validation channels
m 3 parameters of interest: signal strengths for VH(c¢), VW (cq) and VZ(cc)

m Experimental, signal / background modelling and MC statistical uncertainties
implemented as nuisance parameters in the likelihood fit

1 mgc distributions for high purity 2 c-tag, 2 jet categories for 0, 1 and 2 lepton channels |

> T T T T T T T T > 450 T T T T T T T T > T T T T T
8 ool ATLAS == S« Backgrouna 3 ATLAS Juat:pe— 3 ATLAS jnatApP—
S f5=13Tev, 139 o . VZ(- F) (4=116) S 400F fs=13Tev, 139 fb" . VZ(- F) (4=L16) 9 f5=13Tev, 139 b . VZ( - CF) (4=116)
S gsof Olepton. 2jets, 2ctags VWL ca) (083) N Llepton, 2jets. 2ctags 8 VW c0) (083 N 2lepton. 2jes, 2cags WL €0) (1-089)
a v Wekg 9 35 © top(other) P v Wkg
g SR,pY 2150 Gev top(other) g SR,pY 2150 Gev 10p(b g SR.pY 2150 Gev
& 300] top(b) z g

250

Uncertanty
200f S =
150 £ Uncertainty
— SMVH( cT) %300
100|
50
=S e e SSIS
o 15T T T T T T T < 15FT T T T T T < 15FT T T T T T 7
B DU SO o e M Tt e TR R T
o= B S ¥ < . ==t 3 a
2 ot el B osbo 3 BosEer o Tt L L
e 60 80 100 120 140 160 180 200 e 60 80 100 120 140 160 180 200 e 60 80 100 120 140 160 180
m [GeV] m. [GeV] m [GeV]

Categorisation and statistical model designed to maximise constraints from data
and minimise reliance on MC simulation for background modelling




VH, H — cc - Signal and Bac

Floating background normalisation parameters determine
the main background normalisations from the data itself:

m Three separate flavour component parameters each for
W + jets and Z + jets (six in total)
m Three separate parameters for top quark processes, 0
and 1 lepton (with/without a b-quark), 2 lepton
hf = {bb, cc}, mf = {bl, cl, bc}, If = {ll, 7X}

For each signal and background processes, four categories
of uncertainty are considered:

m Cross-section and acceptance uncertainties (where a
floating normalisation parameter is not used)

m Flavour or process composition uncertainties
m Inter-category relative normalisation uncertainties
m mc shape uncertainties

Each uncertainty is estimated from theory uncertainties
associated with cross-section / branching fraction
predictions and / or alternative MC generator samples

ound Modelling

VH(— bb)
WH(— bb) normalisation
ZH(~ bb) normalisation

27%
25%

Diboson
WW/ZZ|WZ acceptance

Py acceptance

109%/5%/12%
4%

Nje acceptance 7%-11%
Z +jets

Z + hf normalisation Floating
Z +mf normalisation Floating
Z +1f normalisation Floating
Z+bbto Z + ccratio 20%
Z+blt0 Z+cl ratio 18%
Z+beto Z+cl ratio 6%
pY acceptance 19%-8%
Nje acceptance 109%-37%
High-AR CR to SR 129-37%
0- to 2-lepton ratio 49-5%
W+ jets

W+ hf normalisation Floating
W+ mf normalisation Floating
W+ If normalisation Floating
W+ bb to W+ cc ratio F-10%
W+ bl to W+ cl ratio 31%-32%
W+ be to W+l ratio 319-33%
W = Tv(+c) to W+ cl ratio 1%
W — Tv(+b) to W+ cl ratio 27%
W = tv(+]) to W+ ratio 8%
Njex acceptance 89%—14%
High-AR CR to SR 15%-29%
W — v SR to high-AR CR ratio  5%-18%
0- to I-lepton ratio 19%- 6%
Top quark (0- and 1-lepton)

Top(b) normalisation Floating
Top(other) normalisation Floating
Niet acceptance T9-9%
0- to I-lepton ratio 4%
SR/top CR acceptance (i7) 9%
SR/top CR acceptance (Wr) 16%
Wit ratio 10%
Top quark (2-lepton)

Normalisation Floating
Multi-jet (1-lepton)

Normalisation 20%-100%
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VH, H — cc - Results of likelihood fit

Post-fit background subtracted m. distributions for the sum of all SRs help to
visualise the sensitivity of the analysis to the three processes of interest:

R L L e | 300 LR LA L B
3500 TLAS —e— Data ] TLAS —e- Data
(s=13Tev, 139 fb™ Il VH(~ cT) (u=-9) Vs =13 TeV, 139 fo™ Il VH(- cT) (u=-9)
0+1+2 leptons B VZ(- cT) (u=1.16) 250 0+1+2 leptons Il VZ(- cT) (u=1.16)
8000E" | ¢ 1ag, all sR I VW(- cq) (1=0.83) 2 c-tag, All SR I VW(— cq) (4=0.83)
B-only uncertainty 200 B-only uncertainty

2500

— SM VH(~ ) x 26 — SM VH(- cT) x 26

150

100

N R R R R

Events after B-subtraction / 10 GeV
Events after B-subtraction / 10 GeV

o b b b b b I

N\
Lo Do b b b b Loy 1 A e b b b b Lo Ly 1

60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
m, [GeV] m, [GeV]

!
a
S

T

1 c-tag (left) categories drive sensitivity to VI//(cq), while the 2 c-tag categories
(right) provide most sensitivity to VZ(cc) and VH(cc)
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VH, H — cc - Results of likelihood fit 76
e e
ATLAS Vs=13 TeV, 139 fo* ATLAS VH,H- ¢ Vs=13 TeV, 139 fo*
—Total — Stat. (Tot.) (Stat., Syst.) —Total — Stat. (Tot.) ( Stat., Syst.)
oL et 8 G (304
2w 1o 3 (323 | e e E (33
2L —t—i -4 (1S
VW, W - cq 083 M 4011 +0.22
-0.23 -0.111 -0.20 Comb. by 9 :ig (:ig , :ii
| | | 1 | | 1 | 1 1 | 1 |
1 0o 1 2 3 4 5 6 7 60 -40 20 0 20 40 60 80 100 120
u “VH,H« cT
m VW(cq) and VZ(cc) signal strength POls found to be consistent with SM
predictions — validation of the analysis methodology v
m VH(cc) signal strength similarly consistent with zero and unity

— no evidence for signal at the SM rate
m Probability of compatibility with SM (all 3 POI at unity) found to be 84%

m Measurements in individual lepton channels very consistent with combination

For baseline 3 POI fit, correlations coefficients between the POls are found to be:

VH(cc) vs. VW (cq): +17%, VH(cE) vs. VZ(cE): +16%, VW(cq) vs. VZ(cc): -17%
T — S — T —



VH,H — c€ -

nderstanding the sensitivity

The magnitude of statistical and systematic uncertainties are comparable for the
VH(cc) signal strength POI:

Source of uncertainty HVH(cE)  HVW(eq) HVZ(cE)
Total 15.3 0.24 0.48
Statistical 10.0 0.11 0.32
Systematic 115 0.21 0.36
Statistical uncertainties
Signal normalisation 7.8 0.05 0.23
Other normalisations 5.1 0.09 0.22
Theoretical and modelling uncertainties
VH(— c¢) 2.1 <0.01 0.01
Z +jets 7.0 0.05 0.17
Top quark 39 0.13 0.09
W+ jets 3.0 0.05 0.11
Diboson 1.0 0.09 0.12
VH(— bb) 0.8 <0.01 0.01
Multi-jet 1.0 0.03 0.02
Simulation samples size 4.2 0.09 0.13
Experimental uncertainties
Jets 2.8 0.06 0.13
Leptons 0.5 0.01 0.01
EpS 0.2 0.01 0.01
Pile-up and luminosity 03 0.01 0.01
c-jets 1.6 0.05 0.16
Flavour tageing b-jets 1.1 0.01 0.03
sging light-jets 0.4 0.01 0.06
T-jets 0.3 0.01 0.04
Truth-flavour tagging AR correction B 0.03 0.10
e Residual non-closure 1.7 0.03 0.10

Largest contributions to the total
systematic uncertainty for f1yp(ce)
include:

m Background modelling, particularly
for Z + jets

m Statistical uncertainty from limited
size of MIC samples available

[ (though use of
the method still provides a ~ 10%
sensitivity gain)

Sensitivity to VZ(c€) and VW/(cq) more
clearly limited by systematic
uncertainties, with hierarchy of
contributions similar to that of VH(cc)



VH, H — cc - Results

Events / 10 GeV (Weighted, B-subtracted)

- ATLAS
[ (s=13Tev, 130 1"

0.4~ 0+1+2 leptons

0.3

0.2

0.

r 1+2c-tags, All SR
L Weighted by Higgs S/B

—-e—Data ]
Il VH(~ cT) (u=-9) 4
Il VZ(- cT) (u=1.16) ]
I VW(~ cq) (u=0.83) -
B-only uncertainty
— SM VH(- ¢cT) x 26

100 120

140 160 180 200
m; [GeV]

0 lepton
Exp.= 40 x SM
Obs.= 35 x SM

1 lepton
Exp.= 60 x SM
Obs.= 50 x SM

2lepton
Exp.=51x SM
Obs.= 49 x SM

Combination

Exp.= 31x SM
Obs.= 26 x SM

ATLAS (e
\5=13 TeV, 139 fo* Clz2o

----- Expected
VH,H - cT —— Observed

100

95% CL limit on uVH( 5
CC,

0 20 40 60 80

VW (cq) observed (expected) significance 3.8 (4.6)c
VZ(cc) observed (expected) significance 2.6 (2.2)o
Observed (expected) CLs limit on puve ez is 26 (311%) at 95% CL
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VH, H — cc - Interpretation within x-framework 76

The result is interpreted in terms of the Hcé coupling based on the k-framework',
inspired by the leading-order contributions to production and decay processes

8 g5 = ~ Bprrrrrrre H“é”b‘(“b‘)wuu
I o S _§ r — Comb. (obs.
= 300 E s 4.5? ATLAS ----Comb. (exp.) E
£ E ;::" at (s=13 TeV, 139 ! — 0.lepton (obs.) E
25 E n F VH, H- c& 1-lepton (obs.)
200 ATLAS E 350 kI <85at95%CL 5 iepton (obs) E
15; S é F E
10; lim,__ ., uwm(xc):l/ B ;=346 é E
E 2 E
s by = e E E
£ @) 1+B,  z(KZ-1) B
> e b b e b e ey
% 5 10 i5 20 25 30 E
Kl B
m Simple scenario considered where only F g
Higgs boson decay is parameterised Ob i N
. sm -30 -20 -10 0 10 20 30
in terms of ke = yc/ye ‘
c
m All other couplings remain fixed to ob F p - .
their SM values, no BSM particle SCIVE gexPi;ti ) cog"s;a'gt ©
contributions to 'y considered e < 8.5(12.4) at 95%
v Easy to understand X Sensitive to 1 For more details, see LHC Higgs Cross Section Working
assumptions on the Higgs total width I'y Group Yellow Report 3 and Yellow Report 4



https://doi.org/10.5170/CERN-2013-004
https://doi.org/10.2172/1345634

VH, H — c&/bb combination - In

g 40FATLAS - Daia E ATLAS VH, H- bB  (5=13 TeV, 139 fir*
15} E {s=13Tev, 139 fb" Bl VH, H - bb (u=1.17) 7
S 35F oss21eptons I Diboson E —Total Stat.
e E 2+3jets, 2 b-tags [N B-only uncertainty 7
5 30; Dijet mass analysis E Tot. (Stat, Syst.)
o C ]
2 25; Weighted by Higgs S/B E WH e 0.95 :,3557 jﬁg i :g'ig
3 E E
£ 20F E
f= L ]
5] E E
= 15- E ZH o 1.08 025 (*017 018
= . F ] ] . . 2017+ 015 )
> 10 B -0.23
8 E |
3 ° E Comb.
] omb. 0.18 0.12 +0.14

PR A t"*ﬁ e 1.02 r0.17 Y011 o1
c P IR I IO AT IV I B N | R RS P IR AR T WA B IR S
Qo 40 60 80 100 120 140 160 180 200 0 05 1 15
w ubb

my, [GeV] VH

The careful design of the VH, H — cC flavour tagging strategy allows for a
straightforward combination with the ATLAS VH, H — bb (resolved) analysis

m The signal regions of the two analyses are entirely orthogonal

m A combined analysis allows correlations in the signal strength coupling
parameterisations (via 'y and ovy) between the two processes to be exploited

Such a combination has the power to derive more comprehensive and less
model-dependent constraints on the Hcc and Hbb couplings
For more details on the ATLAS VH, H — bb (resolved channel) analysis see: Eur. Phys. J. C 81 (2021) 178
S



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/

VH, H — cc/bb combination - Extent of “cross-contamination”

46

At the SM rates, VH, H — bb contributions to the VH, H — c€ signal regions
(left) are 2(8)x the VH, H — c€ contributions in the 2(1) c-tag regions

> T T @ R R o B B e B
() —e— Data | — Data _

o ATLAS — Signal + Background S 10 ATLAS - UHC. bb) -

9 {s=13TeV, 139 fb™ B VZ( - cT) (p=1.11) = > \s =13 TeV, 139 fb™ Top E

- 2lepton, 2 jets, 2 tags WS oo < 2lepton, 2 jets, 2 tags = Yo boco b 3

E SR, p¥ > 150 GeV B Z+hf 3 o SR, 150 GeV Sp¥ <250 GeV -gﬁ' |

> . Z+mf B £ Uncertainty 3

w Z+f 1 — SMVH(- cT) x5000 3

t — — SMVH(~ bb) x5 ]

Uncertainty 1 7

—— SM VH(~ ¢t) x 200 4 =

—— SM VH(~ bb) x 200 | 3

5 = 5 15E T T T e

@ E o E 3
a 5 A e}

s _F 1 8 _F MR ananE

s E PN RN NRRN SR N RSP BRI N S0.5ﬁuwu‘\H‘\H‘\‘H\H‘mumumuHﬁ

60 80 100 120 140 160 180 -1 08 06-04-02 0 02 04 06 08 1

m [GeV] BDT,,, output

However, VH, H — cZ contributions to the VH, H — bb signal regions (right) are
very small (note the factor of 1000!)




VH,H — cE/bE combination - Procedure and Results

Combination Procedure

m Experimental systematic uncertainties common to both analyses are treated as
correlated (except b/c—tagging, due to differing calibration procedures)

m Background modelling uncertainties and normalisation parameters are treated
as uncorrelated between the two analyses

m The alternative choice of correlating background normalisations was verifed to
have no impact on the results

[ O .|

§ 80L ATLAS =

. = 60— Vs=13TeV, 139 b

Combined Result sk VL H - BET E

HvH(eg) = —9 £ 10 (stat.) & 11 (syst.) 200 E

_ 10.15 E E

Bvresy = 1.06 £0.12 (stat.) 773 (syst.) 2or E

Consi . : -40F e

m Consistent with results of the g0l --- Expected 68% CL oam E

. F L — Expected 95% CL ]

individual analyses 80l - Omonved oo oL +Expected bestfit |

m Correlation coefficient between -100E ‘Obse“’e‘d st ‘ Observfd beSt’m‘ E
two parameters is -12% 06 08 1 12 14 16

uVH(bE)
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VH,H — cE/bE combination - Interpretation within x-framework

The VH(bb) and VH(c&) signal strengths are parameterised in terms of k5 and
K¢, for both VH production and Higgs boson decay

m Fix other couplings to SM values, only SM production / decay channels considered

O o e B A B e g T n
£ ATLAS ] £ ATLAS ]
20% Vs =13 TeV, 139 fb™* 4 20 Vs =13 TeV, 139 fb™* i
E. VH, H - bb/ct 3 n VH, H - bblcT ]
10 10 e
o ] o ° =
~10f* : 10 :
_205' -- Expected 68% CL  OSM 3 205 Observed 68% CL 0 SM -
E —— Expected 95% CL  + Best-fit E E Observed 95% CL Best-fit E
aob e L b b b b b bl aob b b b b b b b il

S 0 1 2 3 B | 0 1 2 3
Kp Kp

1 Expected and observed constraints in the kp vs. k. plane from combined
profile-likelihood scan, best fit value is (kp, kc) = (—1.02,0)
m Only b-quark (not c-quark) loop contributions to gg — ZH parameterised, leading
to small likelihood asymmetry in the k, direction which is absent for k.
m Log-likelihood difference between (kp, kc) = ({—1.02,41.02},0) is 0.02

For more details on the parameterisation, see ATLAS-CONF-2021-053
RS


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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VH,H — cE/bE combination - Interpretation within x-framework 2

The VH,H — bl_)/cE signal strengths can also be parameterised in terms of the

ratio of coupling modifiers k¢ /kp 4.5 et
_.‘;” F ATLAS - Expected
~. 4? s =13 TeV, 139 fb* Observed 1
o - = 350 VHH- bb/ct —Key =Ky Y,
m Ratio insensitive to 'y, no T

assumptions on decays to BSM 3F
particles required 25b i
u Profllelllkellhood scan.of the ratio Sfospcty ]
Ke/kp is performed, with kp i i
treated as a free parameter — 150 E
i ]
0.51..68% CL
Observed (expected) constraint of “r

|ke/Kb| < 4.5 (5.1) at 95% CL T

Observed constraint is smaller than the ratio of the b-quark and c-quark masses
mp/m; = 4.578 &= 0.008 [Phys. Rev. D 98 (2018) 054517 (from lattice QCD)]

Experimental confirmation that the Higgs boson’s coupling to the charm quark is
weaker than its coupling to the bottom quark!



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.054517

VH,H — cE/bE prospects for HL-LHC - Introduction

Prospects for the VH, H — cE/bt_w analyses at the HL-LHC are assessed based on
an extrapolation of the sensitivity of the existing Run 2 analyses:

Uncertainties Scale Factor
Er™ 0.5
Lepton 1
@ ATLAS PUB Note y Jet 1
ATLAS ATLFHYS PUB 2021-039 i Flavour tagging c-, b- and -jets 05
M i Flavour tagging light-jets (MV2c10 in V H (b)) 0.5
Flavour tagging light-jets (DL1 in V H(cc)) 1.0
Extrapolation of ATLAS sensitivity to H — bb and Luminosity 0.58
H — & decays in V H production at the HL-LHC Signal modelling 05
Background modelling 0.5
The ATLAS Collaboration
N MC statistics 0
Truth-tagging uncertainties ( VH, H — c¢ only) 0
ATL-P HYS' PU B'2021‘039 1 Extrapolation uncertainty scale factors 1

m Signal and background event yield predictions scaled from 139fb™! at /s = 13
TeV to 3000fb™* at /5 = 14 TeV

m Experimental and theory uncertainties are based on Run 2 values, but scaled to
account for reductions in their statistical components and potential improvements
in analysis techniques associated with the larger dataset

Event selection, signal/background modelling and statistical analysis remain
unchanged with respect to the Run 2 VH, H — cc/bb analyses described earlier



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/

Prospects for HL-LHC - VH, H — cc analysis

e}
T T T T Tx I — T — n
ATLAS Preliminary Ctlo HF oK ATLAS Preliminary 1
Projection from Run 2 data [+20 > 258 Projection from Run 2 data i
o L - 1 4
----Expected = C \s = 14 TeV, 3000 fb 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ! L VH(- ct) 4
0 lepton C -
Exp.=8.1x SM 2: ]
7777777777777777777777777777777777777 - — Combined (exp.) 4
C — 0 lepton (exp.) ]
1lepton 1.5 *
Exp.= 11.2 x SM| = 1 lepton (exp.) ]
C — 2 lepton (exp.) ]
2 lepton 1 -
Exp.=10.5 x SM| C 1
IR 0.5F -
Combination C ]
Exp.= 6.4 x SM L ]
A R N R R B ot e !
10 15 20 - -2 0 2
95% C.L. limiton p K

VH(ct)

Expected limit on VH(cc) signal
strength of 6.4 at 95% CL

Expected constraint of
|ke| < 3.0 at 95% CL

Extrapolating to a HL-LHC scenario with 3000 fb~! of /s = 14 TeV pp collision

data, the existing VH, H — cc analysis is not expected to reach SM sensitivity

Further innovation required in order to overcome systematic uncertainty limitations

and improve sensitivity towards testing the

SM prediction for the Hcc!




Prospects for HL-LHC - VH, H — CE/bE combination

Expected signal strength precision: R
~ 3 ey
mn = 1. o E r 1
K vH(bb) 1.00 + 0+2(2 < ot ATLAS Preliminary ]
- = o = =i Projection from Run 2 data |
pvH(ce) = 1.0£2.0 (stat.)™5 " (syst.) g L S ]
2} VH(- bb,ct) {
K T T T g 1
10: ATLAS Preliminary ] 1.5~ !
8 Projection from Run 2 data | I +
E V5= 14 Tev, 3000 fo* E F ]
6 VH(~ bb,cd) 4 1; E
£ ] £ — Expected ]
aF 3 0.5~ =
2F = G‘:‘\H“\“H\\\mw AT
C | -4 -3 -2 -1 0 1 2 3 4
0: ] Ko/ Ky
_oF - - Expected 68% CL i
r — Expected 95% CL ] .
e + SM 3 Expected constraint of
v T b b b by by 5000007 0,
2 A5 -1 05 0 05 1 15 2 |ke/Kb| < 2.7 at 95% CL
Kp

Extrapolating to a HL-LHC scenario with 3000 fb~! of /s = 14 TeV pp collision
data, the existing VH, H — cc/bb analyses fail to test SM prediction for x./ks

A Assumes no new innovation in analysis design or b/c-tagging performance i

Many yet to be exploited opportunities exist, including designing the
VH,H — cc/bb analyses in a more complementary manner!
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Interpretation of p#’ spectrum - Introduction 76

The rate and kinematic features of inclusive Higgs boson production are sensitive
to the HQQ (Q = c, b) couplings in two main ways (+ many sub-leading effects):

m Loop-induced gg — H(g) production ,i’ " — Ke=-10 ]
C . =
m Quark-initiated production processes, 3 —Ke=-5
such as gQ — HQ and QQ — Hg B2l Ke=0
I . = —_—Ke=5
m Modifications to the HQQ S
couplings will alter the relative =10
contributions of these processes to §. I
inclusive Higgs boson production E 0.8F ]
m Results in changes to cross-section 2
. . H - . . ~ \ \ \ \
and distortion of py distribution 0 20 40 60 80 100
Gl
c e " prn [GeV]
N 41 Shape effect on p-f—' associated with modifying y¢, from
H Phys. Rev. Lett. 118 (2017) 121801

Shape of p¥ is a relatively clean (exp.

g & T ¢ and th.) indirect probe of y. , but
modifications to rate are difficult to

factorise from associated changes in 'y

Examples of relevent Higgs boson production diagrams

involving the Hcc coupling



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801

Measurements of p#’ - Introduction

Recently, the H — ZZ* — 4¢' and H — ~~* fiducial differential cross-section
measurements based on the complete 139 fb~! ATLAS Run 2 dataset were
statistically combined:

= 22 T T T T
E ATLAS Preliminary . w7z
2 o vy H-
m Precision of the H - ZZ* — 4¢ 4 el +_ Combinaion
S 18 '-13Tev.1e9m [ Systematic Uncertainty
e Total Uncertainty

and H — ~+ measurements is

2 16 MG5 FxFx K=1.47, +XH
o ResBos2 K=1.14, +XH
comparable B 14 SCETIb K=, +XH
©
m Combined measurement of p! 1.2 s XHVBF+VHsfiH+bBH- tH

remains dominanted by
statistical uncertainties

o
@©
[JRRIRSNERENRRRRRERNRRRRRARRRRRY

——
I =

m Compatibility of combined p¥
measurement with SM prediction
is 20% 0

. RadiSH K=1, +XH 7
- NNLOPS K=1.1, +XH —

ATLAS-CONF-2022-002

Theory/Data
T = T
i

0 10 20 30 45 60 80 120 200 300 650 1000

Eur. Phys. J. C 80 (2020) 941, i arXiv:2202.00487
1 y: (2020) } arXiv:2202.00487 ¥ [GeV]

The individual and combined measurements are compared to a variety of
theoretical predictions for gg — H production 1


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://doi.org/10.1140/epjc/s10052-020-8223-0
https://arxiv.org/abs/2202.00487

asurements of p#’ - Interpretation within x-framework

Only the measured shape of the p!' distribution is interpreted

m This removes assumptions associated with variations in branching fractions caused
by xp,c dependence of 'y

E | ATLAS Preliminary —+— Data ] E [ ATLAS Preliminary —+— Data 1
Fise K] Ky=1,Kc=1(SM) q _ K Ky=1.Kc=1(SM)
a E_?ZIeV’ Rl K= 18.x0=79 (BestitH . 22) 8 10?5_ 13TeV 139t k4= 61,5007 BestitH - E
= b Ky =8.3,k, = 83 (Bestfit Comb,) _| = EA-yy ——— ky=383,k. =83 (Bestfit Comb)
o E B = r e Ky =10,k =1 3
8 1 § L ot ]
E ] °
2 E b =z
g P A 1 L adtt + ]
,,,,, i © £ E|
107 E 7
E ] 107 E
0 10 20 30 45 60 80 120 200 10 0 5 10 15 20 25 30 35 45 60 80 100120 140170200
Py GeV] Py [GeV]

4 Expected fiducial pt' differential cross-section for a variety of k. and ks
scenarios, with measurements overlaid

m For example, large positive values of k. would reduce the cross-section at high pt,
while increasing it at low p! (see r. = 20 scenario shown )
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Measurements of p¥ - Constraint in kp vs. k. plane 4=
T 46

68% and 95% CL contours from H — ZZ* — 4¢, H — ~~ and their combination

| Expected | 1 Observed |
o AQFETTTTT T T T T T T LSBT == B B B e =
* [ ATLAS Preliminary % Standard Model  ----68%CL x [ ATLAS Preliminary % Standard Model ~ ----68%CL |
CH-2ZZH~yy A Exp.H - 2Z* —95%CL 1 CH-ZzZH - yy A Obs.H - 2Z* ——95%CL 1
30 <. . V Exp.H ~ yy — 30 " V Obs.H — yy —
[ ¥5=13TeV, 1391 # Exp. Combination 1 [ 5=13TeV, 13010 # Obs. Combination b
20 4 201 B
10 . 10F 7
o 4 o 4
10 ] -10r ]
S N N AN s srarers WU B IR B R A I B IV e W B B E

- _4 -

Kp Kp

Combined expected constraint more stringent individual channels, though observed
combined constraint is typically less stringent than that from H — ZZ* — 4¢

m Effect due to data fluctuations in some of the p¥ bins, differing best fit values and
double log-likelihood minimum associated with quadratic dependence of
differential cross-section on rp. ¢



Measurements of p#’ - Constraint on kp

Log-likelihood scans for kp, determined while profiling .

| Expected |

| Observed |

E 7jL‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\\\Ji < 7?“”“”“”“”H“H“H“H‘t
= F ATLAS Preliminary Exp. H - ZZ* 4 £  ATLAS Preliminary —— Obs. H ~ 2Z* 9
CT‘ FH-ZZVH ~ yy —— Exp.H ~ yy A ‘I\‘ FH-ZZH ~ yy —— Obs.H — yy i
[ Vs=13TeV, 139 fb" Exp. Combination 1 [ fs=13Tev, 139 1b" —— Obs. Combination B
5 E 5 E
4= = e | o]
3 E 3 E
2F E 2F E
- —— ey 1 — i
Eovve it e NG B 1 Eolvvitiin sl A1
0 2 6 8 10 R R T
Kp Kp
L Whil i
Channel . 95% Confidence Interval fle e-xpe.cted combined
Best Fit Expected | Observed constraint is weaker than that
H—2Zz* > 4¢| 18 | [3693] | [1.963] from VH, H — bb, it offers
H — vy 6.1 [2881] | [-3.7.10.2] complementary sensitivity to the
Combination 33 | [2274] | [2.17.4] sign of




Measurements of p#’ - Constraint on k.

Log-likelihood scans for k., determined while profiling

| Expected |

| Observed |

E 7jL\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\At < 7jL\‘HH‘\H\‘\\H‘\H\‘HH‘HH‘HH‘HH4:
= F ATLAS Preliminary Exp. H - ZZ* 4 £  ATLAS Preliminary —— Obs. H ~ 2Z* 9
CT‘ FH-ZZVH ~ yy —— Exp.H ~ yy A ‘I\‘ FH-ZZH ~ yy —— Obs.H — yy i
[ Vs=13TeV, 139 fb" Exp. Combination 1 [ fs=13Tev, 139 1b" —— Obs. Combination B
5F = 5 =
e 2oL S N | _esz 0
3- = 3 =
2- = 2F =
- —— e 1 —— e
Oboliitin ST Qb iy AN
-5 -10 -5 0 5 10 15 25 -15-10 -5 0 5 10 15 25
KC KC
Ke E . .
Channel Best Fit 95% Confidence Interval xpected combined constraint
est Fi
Expected Observed comparable 1:0 that of
H— 2Z* —4¢| 79 | [142195] | [9.0,18.5] VH,H — cC (|rc| < 12.4), yet
H = vy 07 | [12.0-17.7] | [145,19.1] subject to different assumptions
Combination 83 | [10.316.6] | [10.1,18.3] | @and sources of uncertainty




45

Summary of kp vs. k. constraints from ATLAS 6

Strong complementarity between the observed constraints in the kp vs. k¢ plane
from interpreation of VH, H — bb/ct signal strengths and measurements of p¥
from H — ZZ* — 4¢ and H — ~~

>‘t.) 40_ L S s s B S S B S S B
- ATLAS Preliminary  --- Obs. 68% CL *SM ]
30— Vs=13 TeV, 139 fb* — Obs. 95% CL +Best-fit _]
E — H-ZZ* L 4l+H - yy p:' shape E
n VH,H- bb/ct .
20_— -]
10~ —
oF =
-tof- .
- C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 8 1 I 1 1 1 I 1 N
204 -2 0 2 4 6 8



Conclusion

L B R I ISR A B BN BN AL RN I
---- SM prediction 3

— Run 2 VH, H — c& (arXiv:2201.11428)

------ HL-LHC VH, H — cZ (projected) (ATL-PHYS-PUB-2021-039)

Run 2 p} (ATLAS-CONF-2022-002) '

95% Confidence Intervals '

'
N
o

-15 -10 -5 0 5 10 15
SM
Ke = Ye/Ye

ATLAS is exploring the Higgs boson’s coupling to the charm quark in a
channels, providing several complementary constraints!

N
o

variety of

m The combination of the VH, H — bE/cE analyses provide experimental

confirmation HcE coupling is weaker than Hbb coupling

m Existing analyses, extrapolated to HL-LHC conditions, will probe important BSM

scenarios, but likely fall short of testing the SM predictions

Plenty of scope for exciting new developments to meet the challenge of testing
the SM prediction and shedding light on the mystery of the fermion masses!



Additional Slides
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Summary of kp vs. k. constraints from ATLAS 6

Expected constraints in the kp vs. k. plane from interpreation of VH, H — bE/cE
signal strengths and measurements of p¥ from H — ZZ* — 4¢ and H — ~~

o 40— S O s ey B S Sy s S S S B B S e p

N4 - -
= ATLAS Preliminary  ---Exp. 68% CL ‘SM ]
30— V(s=13 Tev, 139 fb! — Exp. 95% CL ]
r— H-ZZ* 4l+H - yy p:' shape ]
L VH,H_ bb/ct ]
20_— —
10 -
o -
-10[~ -
onl e Lo b Sy sy Ly ey T

204 = 0 2 4 6 8
Ky



The ATLAS Detector at the LHC in Run 2

General purpose detector, well suited to studying heavy flavour jets

:E f ) \
- 1 v
\ % | N %) ;
' o, B A\
\ h | £ LA hadronic end-cap and
| i forward calorimefers
Toroid magnets “\ LAr electromagnetic calorimeters X r
Pixels

|
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

Inner Detector (ID): Silicon Pixels and Strips (SCT) with Transition Radiation
Tracker (TRT) |n| < 2.5 and (new for Run 2) Insertable B-Layer (IBL)

LAr EM Calorimeter: Highly granular + longitudinally segmented (3-4 layers)
Had. Calorimeter: Plastic scintillator tiles with iron absorber (LAr in fwd. region)
Muon Spectrometer (MS): Triggering |n| < 2.4 and Precision Tracking |n| < 2.7
Jet Energy Resolution: Typically o¢/E ~ 50%/+/E( GeV) @ 3%

Track IP Resolution: o4, = 60 pm and o, ~ 140 pm for pr =1 GeV (with IBL)
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H — J/v ~ decays - ATLAS Run 2 analysis 2

ATLAS has performed a search for H — J/14~ and H — 1)(2S) ~ decays with
36 fb—! of 13 TeV pp collision data

m Analysis exploits the experimentally clean v(nS) — uu~ decay channels
m Dedicated photon + single muon triggers implemented to identify the distinctive
event topology

p'® > 18 GeV

Photon Selection Ap(,v) > /2 pised 5 3 GeV

m “Tight” photon ID
requirements

m Isolated in both tracker Di-muon Selection

and calorimeter m Oppositely charged pair of muons

m Isolated in tracker (accounting for
neighboring muon track)

m Ly /o1, <3 toreject b — (nS)

pY > 35 GeV

Phys. Lett. B 786 (2018) 134 (arXiv:1807.00802)
(analogous rare Z decays and T(nS)~ channel also considered)



https://arxiv.org/abs/1807.00802

VH, H — cc - Understanding the sensitivity, continued...

o
-6 -4 -2 0 2 4 6
H\‘\H‘H\‘H\‘\H‘H\‘\H‘\H‘
Z+hf SR m, shape med p!’ 2 jet
Top(ba) TOpCR extrap. uncertainty 17 /” ‘
. M 7.
Z+htm, shape med pY 2 jet %
Signal stength i, Gor-e— ‘
Signal srengih N
Top ndetaccepance ; ‘
Wi+cc 2 jet TT dR uncertainty
Z+hi SR m; shape med p} 3 jet ‘
240026t T R unceriamy F/
stat. OL SR, 11ag, 2 jet, bin 7 W ‘ L ‘
Z+hf m,, shape med p! 3 jet | 2
et shpe et 23 | |
VH(cc) m_shape PyHwg7
Z+mf med p! , shape ‘
Wemf normalisation Lel]
Vs =13 Tev —e— Pull: @- 8,80
ATLAS T2 Nomaisanon
139 fbt —e— Signal strength
PZZ77) +1o Postiit Impact on
VH(- cc) [ -Io Postfit Impact on
b b b b b
-2 -1 0 1 2



VH, H — cc - Floating Normalisation Parameters

Background Pt Jets Value

Top(b) 0.91 +0.06
Top(other) 0.94 +£0.08
2 0.76 £ 0.22

v

pr > 150 GeV

17 (2-lepton) 3 0.96 +0.13
2 1.08 + 0.08

\%4
75 < pp <150 GeV 3 1.06 £ 0.07
W+ hf 1.16 £ 0.35
W+mf 1.28 +0.14
2 1.02 +£0.04
Wi 3 097005

v
Z+hf pr > 150 GeV 1.19+0.22
75 < py < 150 GeV 1.25+0.25

v
Zimf pr > 150 GeV 1.10+0.15
75<p¥<lSOGeV 1.11+0.15
2 1.07 £ 0.03

v

pY. > 150 Gev

Z+if 3 1.08 £ 0.05
2 1.12 +0.04

\%
B<pp <130GeV 507 40,06




VH, H — cc - Post-fit event composition: 0 lepton

0 lepton, p‘T/ > 150

1 c-tag 2 c-tags

2 jets SR 3 jets SR 2 jets SR 3 jets SR
Z+If 14800 +2100 10800 + 1700 110 + 30 81 + 23
Z+mf 13800 =+1900 11500 + 1700 230  + 40 195 =+ 34
Z+hf 3500 + 600 2900+ 500 390 + 60 370 + 40
W+ 13700 +1700 8800 + 1300 125 + 26 69 + 18
W -1y 12200 +1500 12300+ 1200 204  + 31 205 + 28
W+hf 1500 + 400 1400+ 400 170+ 50 140 =+ 40
Single top #-channel 163 + 12 178+ 18 1.8 = 1.1 43 + 1.1
Single top s-channel 222+ 27 22+ 1.9 0.88+ 0.08 0.67+ 0.07
top(b) 2570 + 210 6230+ 350 110 =+ 10 269 =+ 17
top(other) 1010 + 110 2300+ 200 192 + 25 4 =+ 5
VZ(— c0) 380 + 150 200+ 100 57 + 22 38 + 14
VW (- cq) 1100 + 300 1000+ 270 20 + 5 19 + 6
VV Bkg 740 = 60 720+ 70 205 + 2.6 189 + 25
VH(— bb) 57 £ 12 41+ 8 24 = 05 1.6 + 0.33
Total background 65500 + 280 58300+ 250 1468 + 35 1450 + 30
VH(— c¢) -60 =+ 110 -50+ 90 -9 =+ 15 -10 =+ 10
VH(— c¢) (expected) 8 =+ 100 6+ 80 1 + 14 I = 10
S/B (expected) 4.06 x 10~ 2.53x 107 2.53x 1073 1.32x 1073
Data 65490 58212 1462 1432




VH, H — cc - Post-fit m.. distributions:

Events / 10 GeV

Data/Pred.

Events / 10 GeV

Data/Pred.

0 lepton SRs

x10° x10°
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VH, H — cc - Post-fit event composition: 1 lepton

1 lepton, p]‘f > 150

1 c-tag 2 c-tags

2 jets SR 3 jets SR 2 jets SR 3 jets SR
Z+If 1000+ 100 860+ 90 8§ = 2 10.7 = 32
Z+mf 570+ 70 640+ 80 87 + 25 114 + 22
Z+hf 132+ 13 132+ 12 16 + 4 19 + 4
W+If 22000+4000 14200+2700 170 =+ 50 110 =+ 30
W — v 38000+£4000 35000+3000 620 =+ 70 580 + 60
W+hf 4300+1200  3600+1100 500 +100 400  +100
Single top ¢-channel 365+ 32 500+ 70 109 = 1.1 17 = 2
Single top s-channel 47+ 4 40+ 5 1.62+ 0.16 093+ 0.28
top(b) 8400+ 600 20000+1000 380 =+ 30 880 + 50
top(other) 3200+ 330 7200+ 600 62 + 8 130 + 19
Multi-jet () 1500+ 800 600+ 330 21 = 17 7 = 6
Multi-jet (e) 900+ 400 950+ 270 3 0+ 29 22+ 19
VZ(- c¢) 220+ 90 180+ 70 34 =+ 13 28 + 11
VW (- cq) 1600+ 400 1300+ 400 29 + 8 23+ 6
VV Bkg 720+ 70 760+ 80 184 + 24 208 + 2.8
VH(— bb) 56+ 14 39+ 11 23 + 0.6 1.6 + 04
Total background 84020+ 320 86420+ 350 1890 + 40 2260 + 40
VH(— cc) -60+ 110 -50+ 80 -8 + 14 -10 =+ 10
VH(— c¢) (expected) 7+ 100 5+ 170 1 = 13 1 = 9
S/B (expected) 2.76 x 1074 1.38x 1074 1.59 x 1073 6.26x 1074
Data 83947 86316 1897 2277




VH, H — cc - Post-fit m.. distributions: 1 lepton SRs

x10° x10°
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VH, H — cc - Post-fit event composition: 2 lepton “low p7”

2 lepton, 75 < p¥. < 150

1 c-tag 2 c-tags

2 jets SR 3 jets SR 2 jets SR 3 jets SR
Z+Hf 16000  +4000 14400 2700 130 +40 120 £30
Z+mf 19000  +4000 18400  +2700 300  £50 310  +40
Z+hf 5300 =+ 800 4100 =+ 600 590 +50 490  +50
W+1f 47 + 13 12 + 4 - -
W — 1y 16 =+ 11 18 + 6 0.14+ 0.03 -
W+hf 1.5 + 04 185+ 024 - -
Single top W-channel 72 £ 6 86 + 6 28 £ 0.7 232+ 0.32
Single top z-channel 155+ 034 28 £+ 07 - -
Single top s-channel 0.07+  0.03 02 £ 0.1 - -
t 1080 + 40 1690 + 50 438 + 34 61 =+ 7
VZ(— cc) 200 =+ 80 140 = 60 36 +16 23 £ 9
VW (= cq) 380 =+ 110 460 + 140 6 =2 79 £ 25
VV Bkg 390 £+ 30 530 = 60 10 =1 139 = 1.9
VH(— bb) 24+ 6 2 = 7 094+ 0.23 0.84+ 0.26
Total background 42460 + 220 39850 + 240 1118 +32 1020 +29
VH(— c¢) -20 + 40 -30 =+ 50 -3 +5 -3 =5
VH(— c¢) (expected) 3+ 40 3 0+ 40 04 = 52 03 £ 44
S/B (expected) 2.04x 1074 1.58 x 1074 1.13x 1073 7.73 x 1073
Data 42448 39808 1133 1009




VH,H — cc - Post-fit mc. distributions: 2 lepton “low p5” SRs

x10°
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VH, H — cc - Post-fit event composition: 2 lepton “high pt

2]epton,p.‘r/ > 150

1 c-tag 2 c-tags

2 jets SR 3 jets SR 2 jets SR 3 jets SR
Z+If 2900  +400 4100  +600 24+ 5 33 0+ 8
Z+mf 3100  +400 4900  +600 49 =+ 7 79 + 13
Z+hf 800 +150 1300 +200 92 + 13 157 + 19
W+If 1.07+ 0.28 4.1 £ 28 - -
W -1y 29 + 05 1.5 + 08 - -
W+hf 0.05+ 0.05 049+ 0.15 - 0.02+ 0.01
Single top Wt-channel 6.6 £+ 0.7 157 =+ 14 0.04+ 0.03 0.28+ 0.08
Single top ¢-channel 0.17+ 0.02 02 = 0.07 - -
Single top s-channel 0.02+ 0.01 - - -
tt 22 + 6 92 =+ 12 087+ 0.24 29 + 04
VZ(— cc) 67 + 27 71 + 28 1+ 4 2 + 5
VW (- cq) 118 + 35 200 + 60 22 + 07 35 + 1.1
VV Bkg 110 + 10 202 + 26 3 0+ 034 5 = 1
VH(— bb) 129 + 32 16 + 5 055+ 0.14 06 + 02
Total background 7100  + 80 10800  +100 182 + 9 293 £+ 13
VH(— c¢) -13  + 22 -18 £ 32 -1.7 £ 3.1 -2 + 4
VH(— cc) (expected) 2 = 20 2+ 28 02 + 29 03 =+ 34
S/B (expected) 7.11 x 10~ 4.78 x 107 5.51 %1073 3.36 % 1073
Data 7074 10812 189 302




VH,H — cc - Post-fit m. distributions: 2 lepton “high p5” SRs
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VH, H — cc - Comparison with 36 fb—! ATLAS analysis

Source of uncertainty HVH(cé)
Total 21.5
Statistical 16.2
“The improvements in this analysis relative to the Systematics 140
. - Statistical tainties
previous ATLAS search for ZH, H — c€ are e toere e
ope . . Data statistics only 13.0
quantified by performing a fit in the 2-lepton channel  giuing normatisations 72
to the 2015-2016 data, corresponding to 36 fb~'. Theoretical and modelling uncertainties
Using the same signal regions as the previous VH(> cd) 2.1
. . . e Z+jet 7.7
analysis a 36% improvement in the expected limit is 750 4 s6
found, with most of the improvement due to better Wjets 3.4
. . . Diboson 0.8
flavour-tagging performance. After also including the vu »h) 038
new 2-lepton signal and control regions introduced in ~ Muli-Jet 10
Simulation statistics 5.1

this analysis, a 43% improvement in the expected
limit is found. Adding the full Run-2 dataset, along

Experimental uncertainties

. .. Jets 3.7
with the 0- and 1-lepton channels, the expected limit  Lepions 0.4
.. . . . s o5
is |m.proved by a fa_ctor of five in this a’?aly5|s, Ple-up and Inminosity 0z
relative to the previous ATLAS search. s 3

. Flavour tagei brjets 12

From arXiv:2201.11428 avourtagging light-jets 0.7
T-jets 0.4

Truth-fl r taggin AR correction 3.0

uth-flavour fagging  pesidual non-closure 1.4



http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12

VH,H — cE/bE - HL-LHC projection uncertainty breakdown

Source of uncertainty AM?/EH
Total 3.21
Statistical 1.97
Systematics 2.53

Statistical uncertainties

Data statistics only 1.59
Floating normalisations 0.95

Theoretical and modelling uncertainties

Source of uncertainty Aulg’H A,ulé‘z’, H
Total 0.070 0.081
Statistical 0.034 0.039
Systematics 0.063 0.070
Statistical uncertainties
Data statistics only 0.031 0.037
tt ey control region 0.006 0.003
Floating normalisations 0.017 0.028
Theoretical and modelling uncertainties
Signal 0.047 0.031
Z+jets 0.017 0.010
Wtjets 0.004 0.022
single top 0.005 0.012
tt 0.007 0.017
Diboson 0.020 0.027
Multi-Jet < 0.001 0.001
Experimental uncertainties
Jets 0.022 0.032
Leptons 0.006 0.011
s 0.006  0.005
Pile-up and luminosity 0.009 0.009
b-jets 0.018 0.009
Flavour tagging c-jets 0.004 0.035
light-jets 0.006 0.009

VH,H — c¢ 0.27
Z+jets 1.77
Top-quark 0.96
Wtjets 0.84
Diboson 0.34
VH,H — bb 0.29
Multi-Jet 0.09
Experimental uncertainties
Jets 0.59
Leptons 0.20
Ep™ 0.18
Pile-up and luminosity 0.19
c-jets 0.61
. b-jets 0.16
Flavour tagging light-jets 051
T-jets 0.19




VH, H — bb - HL-LHC projection results

T T T
T T T T ATLAS Preliminary
ATLAS Preliminary Projection from Run 2 data
Projection from Run 2 data VH, H - bb V5=14 TeV, 3000 fb*
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VH, H — cE/bE combination - k-framework parameterisation
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Figure from: ATLAS-CONF-2021-053



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Measurements of p#’ - Bin-to-bin correlations
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Measurements of p#’ - Fiducial region definitions

H— vy

Photon and jet definitions

Photons: All photons except for those originating from hadron decay
pr > 15 GeV, |n| < 1.37 or 1.52 < |n] < 2.37
Er°(AR < 0.2,pp > 1 GeV, charged) < 0.05 Eq

Jets: pr > 30 GeV, |y| < 4.4

Event selection
Diphoton fiducial: N, >2, p}‘ > 0.35m.,., p;’f > 0.25m.,,
Mass window: 105 GeV < m,, < 160 GeV

Lepton and jet definitions

Leptons Dressed leptons not originating from hadrons or 7 decay
pr > 5 GeV, |n| <2.7
Jets pr > 30 GeV, |y| < 44
Lepton selection and pairing
Lepton kinematics pr threshold for three leading leptons: > 20, 15,10 GeV
Leading pair (m;3) SFOC lepton pair with smallest [my — my,|
Subleading pair () remaining SFOC lepton pair with smallest |m — mg| as nominal.

Event selection (at most one quadruplet per event)

Mass requirements 50 GeV< myy < 106 GeV  and 12 GeV < mgy < 115 GeV
Lepton separation AR(l;,6;) > 0.1

Lepton/Jet separation AR((;,jet) > 0.1

J/ veto m(l;,£;) >5 GeV  for all SFOC lepton pairs

Mass window 105 GeV < my, < 160 GeV
If extra lepton with pp > 12 GeV  Quadruplet with largest ggF matrix element value

H— ZZ* — 4
RS



