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Introduction

e Since its discovery in 2012, the Higgs boson is being
investigated:

* Important to understand its properties

 Essential for testing the Standard Model — any
deviations could be a hint for new physics

* One key aspect is to measure Yukawa couplings to
fermions:

« b — largest branching fraction, becoming a
precision measurement

 Cc — challenging, not observed yet
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* Many measurements can be conducted with the Higgs N i : . 1]
boson, such as: wo | L]
> T 0get : 15t :2 2 jet 0-jet : 15t :2 2 jet O-iet  1-et > 2-jet
* Signal strength VBE WH(bb)

* (Cross-section and differential measurement using
Simplified Template Cross Sections (STXS)
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* Yukawa coupling, coupling modifiers (k) A = e e
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. . SM prediction
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* Re-analysis of full Run2 with significant changes: R S LA s

 |Improved flavour tagging with DL1r — gives
probability of jets coming from b-, c- or light-quark
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* First use of BDT for VH(cc) and boosted VH(bb)
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* New MC samples and increased statistics for
alternative samples

Different analysis regions

b-jet efficiency
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VH(bb/cc)

Flavour tagging

 Harmonised approach of b- and c-tagging:
e 2D pseudo-continuous scheme

* c-tagging bins were optimised for this analysis

 Dedicated control regions to constrain V+jets (C, V)
and Top (5C)

* Minor backgrounds: multijet, single top and
diboson

» Also CR defined by continuous cut on AR(j;, j,)

 Boosted VH(bb): only b-tagging — 85% WP b-tag SR
and 1 top CR

c-tag score 2410.19611
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light-jet: 6.5% light-jet: 0.13% light-jet: 0.05%
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VH(bb/cc)

BDT

* Use of BDT to discriminate signal from background

* Fully harmonised between VH(cc) and resolved VH(bb) (more details in back-up)

* |Improvement up to 30% for VH(cc) and up to 50% for boosted VH(bb)
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VH(bb/cc
( ) ATLAS VZ, Z— bb/ct, Vs=13 TeV, 140 fb™

Diboson cross-check ~Toalunc —Satne ot (St Syst)
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analysis strategy:.
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Results: Signal strengths

 Simultaneous measurement of VH(bb) and VH(cc)
sighal strengths:

uohy =0.92191% = 0.92 + 0.10 (stat.)*):13 (syst.),

uiy = 1.07575 = 1.0755 (stat) T35 (syst.).

* (Correlation between signal strengths is +5%

 Good agreement with the SM predictions

CC

VH
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|
ATLAS

/s =13 TeV, 140 b
VH, H— bb/ct

o’

- Observed 95% CL o SM
.-+« Expected 95% CL + Otggerved best fit
— Observed 68% CL (Wopp Wy )=(0.92,1.0)
==« Expected 68% CL
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L L
VH (b b / CC) ATLAS VH, H— bB/cT, ys=13 TeV, 140 fb”
— Total unc — Stat. unc Tot. ( Stat., Syst.)

Results: Signal strengths | Obs.(exp)
» VH(bb): first observation of WH(bb)! —

ZH,H-bb| F—e—p= 088 72 (912.5%)| 4.9 (5.6)0
e 283%/10% improvement for WH/ZH on total |l
uncertainties compared to previous analysis Comb. VH, H-» bb H—e—m 002 U8 (012,913)| 7.4 (8.0)0

* Improvement due to increased c-jet rejection, re- b
optimisation of BDT, etc.

A TLAS — Observed
* VH(cc) limit at 95% CL: <11.5 (10.6) = ~3 times better S B Expectod = 1
. . VH, H — bb/cc [ ] Expected + 20
than first full Run2 analysis N
o 17 SM
. . Obs.= 14 x SM
* Improvement mainly due to optmised flavour + enton
tagging and use of BDT En = 17 M
2 lepton
Exp.= 18 x SM
Obs.= 22 x SM

Combination

Exp.= 11x SM
Obs.=12x SM
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VH(bb/cc)

Results: STXS measurement

* Differential STXS cross-section measurement only for
VH(bb) :

—
o
o1

—h
<
ll'l IIIIIIII| IIIIIIII| IIIIIIII|

ATLAS VH, V — leptons, H— bb cross-sections
{s=13 TeV. 140 b ® (Observed == Tot. unc. = Stat. unc.

== Theory (SM) Theo. unc.

* New 75-150 GeV region for WH and different
boosted regions
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« Good agrement with SM predictions — 90%
compatibility
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Results: Higgs couplings

 Signal strength interpreted with coupling modifiers
(Kb’ KC):

» Constraint on k.. 1D likelihood scan while fixing «;,
to1 = |k.| <4.2at95% CL

» 2D scan with k3, k.. left floating

» Constraint on |k./k,| ratio: no assumptions on

Higgs width — Higgs coupling to charm is
weaker than Higgs coupling to beauty at 95%
CL

-A log(L)

-A log(L)

4.5

3.5

2.5

1.5

0.5
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- s =13TeV, 140 fb™ .
= VH, H— bb/ct E
- 95% CL Intervals: -
- Observed: [-4.2, 4.2] ]
- - - Expected: [-4.1, 4.1] N
= 95%. CL N s
- 68% CL N e =
- | | | | | | | | | | | ~|~-_h | J _I/r | | | | | | :
8 -6 —4 -2 0 2 4 6 8

KC
N I} | | | | | | | | | | | | | | | :I | _
- ’ ATLAS )
- 1 /s =13 TeV, 140 fb _
- s97ect o VH,H—bblcc -
-~ 95% CL Intervals: ]
- Observed: [-3.6, 3.6] -
B : - - Expected: [-3.5, 3.5] |
- “‘ S A A :' -
L 95% 0L e Y. A R —
m 68%.CL L N A S SRR .
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CONF-Note — 08/2023 ; Paper — 10/2024

Vector Boson Fusion (VBF) WH(bb)

Motivation d
* First VBF WH analysis — can use WH(bb) to probe u__‘m W

coupling to W/Z bosons ,
 Use H(bb) because of large branching fracton 7 777" H
U >
» Unique sensitivity to the relative sign of | Ay, | = ky/k;, T~ z
Interference
« Large cross-section enhancement if Ay, <0 — + o
W ™z
C)<0 ® 0 05 J
U
OVBF,WH & ARZ — 2Kz KWER[/%; My W W wr 2
~ K
= Kk2 | M, — 2 K7[Ay [ RIM, M ) ~~. g w
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o 800F 7iad | - - PRL 133.141801
§ 700:_ s =13 TeV, 140 fb™ — VBF WH, 7‘wz=‘1_:
L - Post-fit I .
VBF WH(bb) ="
. - on
Analysis in a nutshell i
« Two analyses in parallel: a00¢

200
100

Ay, =-1— Search for BSM scenario

DO NP O
TTTTTTTTTTT III|III TTTTTTT
|

Data / Pred.
ole) - =

e Ay, =1 — Setlimit on SM production

tt CR Wt CR’ W+jets CR’ SR’

e “Cut-and-count” approach with 2 SRs for positive Ay,

: g 700 ATLAS | ) "o Dala B
and 1 fOr negatlve A«WZ L% 600§— I\Eo;ls"[f:\é,.;40fb E:{/BFWHJ\NZ:HE
_ 500§_ =x:-jets —i
« Main backgrounds: 7f, W+jets and single top Wi- ol

channel — use dedicated control regions 300

200

100

Data / Pred.
ole) - =

[ N JN IR )
III|III|III*III|III|III|III

1
|
|
|
*
|
| ]
-9
L 4
1
1
1
1
4
1
1
1
1
1
1
1
1

——
1
1

Lol

tt CR®  WtCR" W+jetsCR* SR’ SR
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T T T T T T T T PRI 133.141801

= 120~ e Data
0] ~ {s=13TeV, 140 b —— VBF WH, &,,=1 -
,C:’ ool Postit o |:| ::BF WH, xwz_+1 N
VBF WH(bb) e
o 80— B W+jets ]
Res u ItS B Szz:zrrtainty i
60— —
 Negative scenario: kjy = 1l andk, = — 1 o -
» No enhancement was found a3 E
“y- . : . : -0'1'6_% f E
* Positive scenario: First limit on the obs. (exp.) signal Sz 4 ++ - # + 4
2 1l
strength: Uypr wrme) < 9.0 (8.7) X SM 3812$+++47+ E
40 60 80 100 120 140 160 180 200 220
m - [GeV]
» Exclusion of opposite sign for ky; and k, with o | -
significance >50 Pl
» This analysis excludes k, < 0 osf
n 2L SM pred. A (x1,%1)
of R

* Previous result from combined Higgs coupling : ;
measurement excludes ky, < 0 st

_W1oobs. --1cexp. --1cobs.
20 0bs. 20 exp. 20 0Obs. 7

50 0bs. 5cexp. --500bs. __

“{s=13 TeV, 140 fb"
Vs.=13 TeV, 36.1-139 fb"

05 0
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Paper — 05/2024

Inclusive H+cC

Analysis in a nutshell

* First inclusive H+c search using H — yy:

« 94 ¢ — H+ c up to two leading order diagram
IS considered

* Includes ggF, VBF, VH, ttH and bbH
* Two categories based on c-tagging:
* |eading and/or subleading jets being c-tagged

* Neither of them being c-tagged

» c-tagging: €.~ 40%, €, % 20%, ¢, ~ 5%

2407.15550

Requires

AR(y1,,¢) > 1
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- T 450F —
E‘D’. 4000 § T =tt =
Inclusive H+c  wpprpad |
Res u ItS L% 300 ;_ ----Signal (pre-fitx5) _;
250 aras . Nonesonant ackground re )
+ Binned profile likelihood fit to ., observable: ool P Tomsmgaapon
100?- \¢ Data ' _i
. . 50F e =
* Obs. ( eXp ) best fit value for the cross-section: 5.3+3.0 o O b L b
1 3 E =
Soopt’ by Tt T

] . . s 120 121 122 123 124 125 126 127 128 129 130
* With a significance of 1.7 (1.0) o m,, [GeV]

* Set an upper limit on the inclusive H+c cross-section:

> 3000;— --- Signal (pre-fitx5) _;
o - ----Resonant background (pre-fit)
SOOE ATLAS ----Non-resonant background (pre-fit)
2000 ;— \s=18 TeV, 140 b Total background (post-fit) —;
Category c-tagged Non c-tagged Combined 100 o T eanebsekaround (post)
1000F- ¢ Data =
500 =
Obs. (ex limit at 95% ot I e [y iit ! L -
(exp) 15 (9.6) 11 (14) 10.4 (8.6) 2 105F T =
CL [pb] 3 ST T T TN b4y
g 1 ;+ + NI \¥<\ < *\\$\\\\<<+\\$ * ; +’
% 0.95F T
= 120 121 122 123 124 125 126 127 128 129 130

m,, [GeV]
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 Using decays in b- and c-quarks is crucial to probe Higgs :
boson coupling properties: v ”
 Higgs couplings to W and Z bosons have the same sign A
| | | % E '\“'| l?_I'I'I.IAlslllll _'1'|':," E
* Higgs coupling to charm is weaker than to beauty A TR
E . 05% CL Intervals: 4 ]
] ] 4:_ ". Observed: [-3.6, 3.6] ' _:
* First observation of WZ(bb) and WH(bb) 13 e A E
 But also set upper limit on rare processes: e o R i -
» With the most precise limit on VH(cc): u < 11.5 X SM o NS
ATLAS  —obseed e Ke/K,
s=13 TeV, 140 fb” = Eigzgtzg - ATLAS VH, H— bb/cT, Vs=13 TeV, 140 fb'
VH, H — bb/ct [_] Expected .20
_________________ — Total unc — Stat. unc Tot. ( Stat., Syst.)
Combination
Exp.= 11x SM
Obs=i2xSM | . WH, H—> bb ——e——  0.95 02 (914, 1012)
0 ) 10 15 20 25 30 35
95% CLlimiton ., 06 08 1 12 14 16 18 2 22
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VH(bb/cc)

Flavour tagging

c- and light-jet
rejection with different
taggers at 70% rtr WP

C-jet rejection

/70

60

50

Large improvement for future analyses

SR A L L B
= ATLAS Simulation Preliminary
Vs =13 TeV

- ttjets, €p = 70%

FTAG-2023-01

Run 3 reco

DL1d

2017 2018 | 2019 | 2020 2021

Year

Tagger used in the
VH(bb/cc) analysis

2022

GN2

2023

1500

12500
12000
11500

11000

tion

jec

[re

_Je

Light
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VH(bb/cc)

BDT inputs

Res%lvedVH " H — bb, cc

BooostedVH H — bb

2410.19611

Variable

O-lepton 1-lepton 2-lepton

O-lepton 1-lepton 2-lepton
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v
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v
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\
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N (track-jets in J)

N(add. small R-jets)
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HT _I_Errrniss

w
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7
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(pT — EX™)/pr

Myy

\
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VH(bb/cc)

AR control region

% 1 06 g_ ATLAS . Data —§ %) 5 T T | T | | | | | | | | | | | | | | | .I |D |t | | | | | | | | |
O — B VH, H— bb (u=0.92) o 107 ATLAS ata L bE (e =
< - {s=13TeV, 140 fo I Diboson - - : B VH, H~bb (u=092) 3
) —25 £ o 5 '°7 ’ : . Q ~ {s=13TeV, 140 fb I Diboson N
=) : : : S = 1075 1lepton, 2jets, BB-tag B Zujors = 2 ~ 1 lepton, 2 jets, BB-tag B Z+jets .
Z High-AR CR ATLAS Simulation i % [ pYa75Gev L Tortbasa) = ST Top(ba/aa :
_ - c . . = 4l Pr= W Top(bb) _
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Control regions & fit variables

Channel | Region BB ‘ CtN ‘ CtCy ‘ CtCt | BCy C.N
High-AR CR Norm. Only * —
0-lepton | BCr Top CR — mj j —
V+If CR — Norm. Only *
Low-AR CR | BDTLow.aRCR | _
High-AR CR pY O my _
1-lepton
BCt Top CR — mj i, _
V+If CR — 24
High-AR CR pY O my _
2-lepton | Top eu CR — ‘ Norm. Only " — —
V+If CR — py

* Only event yield is used in the fit

2410.19611
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Truth tagging

 Lack of MC statistics to well model the backgrounds

. S 0= e
because of the tagging strategy that suppress & 012:_Agffss%ggnmat.onprel.m.nary = D
baCkgrOund dOmlnated events % : E L;?On;]p_llieg,;zo/oOP, Large-R jet pr > 250 GeV -+- Map
0.10

ATLAS-2022-041

e Solution: truth tagging — reweight events based on the 0.08

probability to pass tagging requirements 0.061L
. Use of GNN which considers kinematic properties >
and correlations between jets 0021
o.ooi:“:l'*_‘— — —
* Large reduction of mismodelling and good closure I

within statistical uncertainties 0.2 0.4 0.6 0.8 1.0
AR (track-jet,track-jet)
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VH(bb/cc)

Background composition Boosted VH(bb)
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Source of uncertainty . _u .
Results Breakdown tab'e VH,H - bb | WH, H—bb ZH, H— bb || VH, H— c¢
Total 0.153 0.204 0.216 5.31
Statistical 0.097 0.139 0.153 3.94
Systematic 0.118 0.149 0.153 3.57
Statistical uncertainties
Data statistical 0.090 0.129 0.139 3.67
tt eu control region 0.009 0.014 0.027 0.08
Background floating normalisations 0.034 0.049 0.042 1.24
Other VH floating normalisation 0.007 0.018 0.014 0.33
Simulation samples size 0.023 0.033 0.030 1.62
Experimental uncertainties
Jets 0.027 0.035 0.030 1.02
Exiss 0.010 0.005 0.021 0.23
Leptons 0.003 0.002 0.010 0.25
b-jets 0.020 0.018 0.026 0.29
b-tagging c-jets 0.013 0.017 0.012 0.73
light-flavour jets 0.005 0.008 0.008 0.66
Pile-up 0.008 0.017 0.002 0.23
Luminosity 0.006 0.007 0.006 0.08
Theoretical and modelling uncertainties
Signal 0.076 0.074 0.101 0.72
Z + jets 0.042 0.018 0.081 1.77
W + jets 0.054 0.087 0.026 1.42
tt and Wt 0.018 0.033 0.018 1.02
Single top-quark (s-, -ch.) 0.010 0.018 0.002 0.16
Diboson 0.033 0.039 0.049 0.52
Multijet 0.005 0.010 0.005 0.55
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Results

STXS measurement: correlation matrix

[ ] [ ] W, t | | | | |
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pT
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B T
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Results

VH(bb) VH(cc)
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Results
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Increased statistics for alternative samples

e Some alternative samples have limited statistics

— use CARL (Calibrated Likelihood Ratio Aot o B eitod ot o
Estimator)

* Deep neural network which reweight the nominal
sample so it will match the alternative sample

 Can benefit from large statistics of the nominal
sample and a smoother distribution

Ratios

DO0000 o

||II‘IIII‘|III ||||’||||

Difference between the
alternative and reweighted
samples

NMONOO WAoo

||II\|III‘|III‘III|’||||

Shape from CARL Shape from alternative
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VBF WH(bb)

Signal regions

PRL 133.141801

Variable Description SR~ SR} .. SR’ ohi
myp, Invariant mass of the two b-jets (bb system). € (105,145)GeV € (105, 145)GeV € (105, 145) GeV
AR, AR between the two b-jets. <1.2 < 1.6 <1.2
pa? pr of the bb system. > 250 GeV > 100 GeV > 180 GeV
m;j; Invariant mass of the VBF jets. — > 600 GeV > 1000 GeV
Ay Rapidity separation of the VBF jets. > 4.4 > 3.0 > 3.0
I lant f the W and eith
mi? YATII TIEes OF FE I Ane A > 260 GeV > 260 GeV > 260 GeV
P b-jet that is closest to 172.7 GeV (myop).
| Ywpi =Yl N
Evn A Where Yypp (v57) 1 the <0.3 <0.3 <0.3
rapidity of the Wbb (VBF-jet) system.
AG(Wbb. i ) Azir_nuthal separation betw.een the - - oY
Wbb system and the VBF-jet system.
veto Number of nontagged, non-VBF jets <1 _ 0

jets

with pt > 25GeV and |n| < 2.5.

Marion Missio - Higgs 2024
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VBF WH(bb)

Control regions

PRL 133.141801

Variable ¢f CR™ tt CR* W+jets CR™ W+jets CR™ Wt CR™ Wt CRY
My, > 145GeV > 145 GeV <70 GeV <70 GeV > 145GeV > 145 GeV
AR,; <12 <12 <2.23-0.007pk?/GeV < 2.23-0.007pk?/GeV > 1.5 > 1.6

pkb >200GeV — e (150, 250) GeV > 80 GeV >250GeV > 180 GeV
myer > 260GeV > 220 GeV > 275 GeV > 260 GeV >320GeV > 320GeV
Ayijj €(3,44) >3 > 3 > 3 > 3 > 3

mj; - € (400,1000) GeV  — > 500 GeV — > 500 GeV
Njféo — <?2 - <1 - <2

p¥ - < 350 GeV - — >250GeV > 250 GeV
my — — — < 200 GeV — —

pl! - - > 70 GeV > 70 GeV <350GeV < 350 GeV

Marion Missio - Higgs 2024
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Postfit plots
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Inclusive H+cC

Background modelling

« Main backgrounds: non-resonant yy, ¥ + jet and di-jet
processes

 Use a data-driven approach based on Gaussian
Process Regression (GPR)

* GPR method:
* Linear preprocessing

« Use GPR to estimate background in SR and full
covariance matrix from data in sidebands

e Binned likelihood fit to SR with GPR means as
expected background

Marion Missio - Higgs 2024

00)
o
o

Events / 0.5 GeV

200f '
- ATLAS " -

600}

400F

— GPR Mean |

GPR 10 Cl
GPR 20 Cl 1
¢ Data

c-tag signal region

s=13TeV, 140 fbo-

1.00

—
N
Q1o

0.75¢

Data / GPR Mean

Events / 0.5 GeV

4000t

2000¢f

Data / GPR Mean

8000

6000¢F

- ATLAS
s=13 TeV, 140 fb!

g Mt 44t
Y . i +|¢ H+ ¥ ?+W"'+"';
T30 0 60
my, [GeV]

— GPR Mean

GPR 10 Cl -

GPR 20 Cl 1
¢ Data T

Non-c-tag signal region

2407.15550



https://arxiv.org/abs/2407.15550

2407.15550

Inclusive H+cC

Results
E .I_ L L L L L I 1l | L L 1]
= 14 ATLAS -
: (s=13TeV, 140 b7 -
. . ) . 1.2~ H+c, H—yy -
Process c-tag signal region Non-c-tag signal region -\ . -
Signal Resonant background Signal Resonant background 1 . h ]
ooF H 39 82 110 1800 N ]
VBF H 17 13 34 220 0.8 B ~
WH 9.5 4.7 23 59 T -
ZH 4.5 5.1 7.8 50 B |
tTH 7.0 4.6 20 24 0.6 —
bbH 0.11 1.9 0.35 16 — -
Yye-sensitive H+c¢  0.37 0.046 0.78 0.48 o4 T~ TTm--C ]
- - - -observed 68% CL. ]
| | | | - — observed 95% CL. 5
Approximate expected yields of different physics processes 0.2 + observed best fit —
- » SM pred. s

O | 1l 1 1 | | | I I | | I I | I | I I | | | I I I | I I L 1 1 | I 1| 1 1 1 I ]
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Profile likelihood scan of ji;,,, and py,;, on the
observed data
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