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Higgs-boson decays
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Why Particle
Physics?

A look back in time to
very early universe
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Study of early universe
matter formation and
long term stability of the
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The Particles of the Standard Model
(before 2012)

Masses of particles
span >10 orders of
magnitude

electro-
magnetic .
- How Is mass

generated in the SM?
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The Higgs Mechanism

- — M
) FoF forces
- .i .l/

(Most) particles have non-zero mass + eracti
' Interactions
- 7‘[% Y +hc via forces

-
Higgs field present everywhere

2 .
When “switched on” (10-12 s after Big Bang) W + 'R)ﬁl —\%@) :'ggﬁanism
and Z boson masses generated by construction

Interactions of particles with Higgs field

generate masses = added ad-hoc for fermions Dis s @+l Particle-Higgs
) interactions

The more they interact, the heavier

- New particle observable in experiments: Higgs boson
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Putting it all together...

Free parameter of the theory: mass of Higgs boson
4 | —> Discovery in 2012
el - Mass measurement (today): my=125.11+0.11 GeV

ts

Knowledge of mass fixes predictions for Higgs-boson
decay rates and production cross-sections

However, new (beyond SM) couplings or unknown particles
interacting with Higgs boson would alter these rates
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Why Study Higgs-Boson Decays to Bottom
and Charm Quarks?

= Dominates Higgs decay width
= Allows probing rare production modes and kinematic regimes

= But, largest yet undiscovered Higgs-boson coupling

5';'3/ = The same couplings for all quarks?
° = Different coupling mechanisms for 2"¢ and 3™ generation quarks?
= Different coupling mechanisms for up-type and down-type quarks?

Expected Higgs

boson branching ratios
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*  Experimental Setup: LHC and ATLAS

Large Hadron Collider:
Proton-proton collision energy = 13 TeV (2015-2018)
=1 in 1 billion pp-collisions produces Higgs boson

LHC
(27 km)

Higgs boson lifetime ~10-%2 s
- Only detect its decay products

Detector
(40x25 m)

ATLAS 2015-2018 data set:
140 fb! > ~8 million Higgs bosons

proton /
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+ ATLAS: A Higgs Detection Machine ‘.

New Small Wheel (NSW)

muon chambers barrel toroid magnet

Inner detectors: high precision tracking
(trajectories + momentum) and vertexing

endcap
muon chambers

EM calorimeter. electron and photon
energy measurements

endcap toroid . .
mognet , N Hadronic calorimeter. hadron energy
endcap calorimeters @ ’ .
i | measurements, esp. “jet” reconstruction
solenoid magnet

ATLAS

EXPERIMENT

Muon system: muon tracking and
identification
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Challenge 1: “Jets Everywhere”

proton - (anti)proton cross sections

c (nb)

10° =

[ wJs2012

10° [ M,=125 Gev{ wH
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Tevatron

ggH

aQ Qq

VBF

LHC!
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10

—3 10°

33 -2 -1
events/secfor - =10"cm*s

m Production of quarks (leading to jets)
abundant in proton-proton collisions

> Impossible to record all events containing jets
> Overwhelming amount of background events

> Target production in association with a
W or Z (=V) with V->leptons decays

W/zZ
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3 V-boson decay channels targeted:

+ VH(bb/cc) Experimental Signatures ‘

Z(vv)H (“0-lepton”) W(tv)H (“1-lepton”)

ETmiss - ®

Z(U)H (“2-lepton”)

Exactly 0 (but large missing transverse momentum, E;™ss), 1 or 2 electrons/muons
+ (at least) 2 jets

Kinematic regions with overwhelming background excluded (e.g. very low p;V)

Coarse selection based on expected correlation amongst objects for signal (e.g. minimum jet p;)

Elisabeth Schopf Jargon Alert: “Lepton” = lepton directly visible in detector = muon or electron (had. T considered in WH channel) 18.12.2025



+ Challenge 2: Still Too Much Background

2-lepton 2> ¢ /]
1-lepton 2> /{ \Y

v { O-lepton > V v
b
w
t o W+jets
] w/Z i L
t Z+jetS Invariant di-b-jet mass (0 lepton)
W > o T T T T
T ATLAS o Data ]
b (CD’ 14001 (5 - 13 Tev, 140 1" =\[I)::>‘o|l;1bb =05
2 [ 0 lepton, 2 jets, BB-tag B Z+hf ]
g @ 12001 150 Gev < p! < 250 Gev e ) .
v { > 2-Iepton §1000: SR, Post-Fit -;fm(lbb) o ]
w - e ingle top, t-/s-chan  —]
q g -> 0/1-lepton ey e ]
800[% | ! [ Uncertainty _ ]
- = SM VH,H— bb x5 :

Sub-dominant contributions from:
= WZJ/ZZ/WW production
= Single top-quark production
production (1 lepton only)

" S

A B B R
?//‘/ ! Tore //;/// A
Elllllllll‘Illllllllllllllllllllf
60 80 100 120 140 160 180 200
m,, [GeV]

Worse for VH(cc) - smaller signal BR, larger

background cross-section, a(V+cc)>a(V+bb)
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Events /0.13

Data/(S+B)

Machine Learning for Signal-Background
Discrimination

®©

&)

"Fine selection” using machine learning (boosted decision trees)

S e e B
ATLAS > D -
I VH, H— bb (1=0.92)
10*E (s =13 TeV, 140 fb" I Diboson —
= 0 lepton, 2 jets, BB-tag = ;*hff ]
- +Mm’ —
L 150 GeV < p] < 250 GeV Top(ba/qa) _
I~ SR, Post-Fit Top(bb) =
L [ Single top, t-/s-chan -
I W+hf
3 Uncertainty |
10 = SM VH, H— bb x 25 3
10°
1121 T T T I BRI B w
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BDT,, output

probability based on event kinematics and topology
input: angular distances, E1™ss, momenta, etc.

Events /0.13

Data/(S+B)

L B e o

B ® Data 7

- ATLAS B VH,H - bb (u=0.92) |

 {s=13TeV, 140 10" [ Diboson 7

4| 1 lepton, 2 jets, BB-ta B Zijets |

10 = P <I v 9 Top(bg/qq) =

E 150 GeV < P, < 250 GeV Top(bb) 3

I SR, Post-Fit [ single top, t-/s-chan ]

~ Multijet -

= il I W+hf i
pup W+mf

103 — == Uncertainty —

E == — SMVH,H-bb x25
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Data/(S+B

>lInstead of rejecting (potential signal) events assign a signal

L B o o o LA e e
- ® Data —
- ATLAS ; B VH,H bb (1=0.92) |
L {s=13TeV, 140 fo’ [ Diboson -
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+* A Short History of H>bb Measurements

Evolution of VH(bb) sensitivity (in std. deviations)
-10'I"'I"'I"'I"'I"'I'

9F ATLAS
gf s=13TeV, VH(bb)

]

= 2018: observation of H=>bb decays

= Rejection of background-only hypothesis 5.40
= VH(bb) “contributing” 4.9¢ (4.30 expected)

JHEP 04 (2025) 075 %
EPJC 81 (2021) 178 +

Sca\'\ﬂg

- Discovery of Higgs-boson
couplings to quarks

optimtete

\

Observation
5 PLB 786 (2018) 59 T

Expected sensitivity [s.d
~

s E
= Latest VH(bb) measurement: 7.4 o 3+
> experimental precision improved o e 02 =
1 . ” — T T e e T ]
far beyond “just adding more data 175 a5 56 00130149

Integrated luminosity [fb™]
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+ VH(cc) Enters the Game ‘

m Same experimental signature as VH(bb) but with 2 c-jets instead of 2 b-jets

>Shares experimental challenges with VH(bb) but with increased “difficulty level”
> Much worse signal-to-background ratio
> ldentification of c-jets more challenging

B ! ]
10* - ATLAS ---- Pre-fit =

E Vs=13TeV,36.110" — Fit Result
- 2 c-tags, p? > 150 GeV EZ+jets

10° P24 =

Events / 10 GeV

>2017: first search for H->cc in the Z(#)H channel
- excluded enhancement factors of 110x SM expectation

> Next step: simultaneous study of VH(bb) and VH(cc) to
reach optimal sensitivity for both

fofe T=]\SEN

Data/Bkgd.
[ Yo J QU QU

m . [GeV]

PRL 120 (2018) 211802
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Hadrons containing b/c-quarks have measurable lifetimes

b-hadrons: ct ~450 to 500 ym
c-hadrons: ¢t ~150 to 300 ym

+ Challenge 3: b/c-Jet Identification ‘

L e e e L | T

0.14F=— b-jets n | | ATLAS Simulation o

[ cjets I |1 Vs=13TeV, 14010 1

o L == lightjets | 7 || PFlow jets: py >20GeV,|n| <25 ]
pp-collision 012 L || ttevents: pl > 75GeV .
- [ 3 Dpy1,(f:=0.018) ]
(primary vertex) i A ]

\
\

N Lz
N o
\ .
\ e
L P
N\ /,/
\ Z
X N\ v
3 \ s
™\ / =
o \ 72 —
)
\

0.08F

Normalised number of jets
o
=
T

N —— 0.06F
0.04F

0.02F

0.00r5 5" 0 50 15
b-tagging score

Combination of jet kinematics, SV and impact parameter information in neural-net algorithm
—> b-probability, c-probability, light-probability
-> Probabilities combined into a “tagging score”
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+ Challenge 3: b/c-Jet Identification

Hadrons containing b/c-quarks have measurable lifetimes

b-hadrons: ct ~450 to 500 ym
c-hadrons: ¢t ~150 to 300 ym

- c-tag score
4! pp-collision 45% c-jet
_(primary vertex efficienc
{Primaniieles y 70% b-jet
_ 17% b-jet efficiency
7.5% light-jet
" o 1O 8% c-jet
c-efficiency 0.20/0 ||ght'Jet

70% b-tag score
b-efficiency

Combination of jet kinematics, SV and impact parameter information in neural-net algorithm
—> b-probability, c-probability, light-probability
-> Probabilities combined into a “tagging score”
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Events /0.13

102

Data/(S+B)
OO —_ =
[ X I V)

VH(bb) and VH(cc): Side-by-Side

Example from 1-lepton

Same kinematic selection, only difference is b- vs. c-tagging

BDT,,, output
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BDT,,, output

JHEP 04 (2025) 075

‘

Diverse background
composition, but the two
regimes, cc-enriched and

bb-enriched, “can learn
from each other”
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+ Challenge 4: Monte Carlo is not the Reality ‘

m Expected background contribution estimated from simulated samples

>Simulation inaccuracies (x-section prediction, prediction of kinematic
distributions) are major contributions to VH(bb/cc) measurement uncertainties

> Known issues: top pr spectrum too hard, V+bb/cc x-section underestimated, regime of small
distances 4R between 2 b-jets (or 2 c-jets) mismodelled in V+jets, ...

> In addition to using bb-enriched and cc-enriched regions simultaneously, large set of
“control regions” defined to perform auxiliary measurements of backgrounds to

> Determine normalisation of major backgrounds
> Correct mis-modelled kinematic distributions

Simultaneous

Impact from BG norm 6% 20,
WH(bb) Impact from other BG modelling 10.3% » 9.5%

Contribution of BG norm to tot. unc. 8.6% 1%
VH(cc) Contribution of other BG modelling to tot. unc. 359, 32%
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+ don’t attempt

to read...

JHEP 04 (2025) 075
20

A
Flavour tagging
Hce
>1 tight c-tag 2 jets 3jets > 4 jets 2 jets 3jets > 4 jets 2 jets 3 jets > 4 jets 5 9 L I . h d .
Lepton flavourep | & Topeucr Top e CR Top ep CR Top ey CR Top ep CR Top ey CR Slg na -en rl C e reg |OnS
2 jets 3jets > 4 jets 2 jets 3jets > 4 jets 2 jets 3jets >4 jets m S I 't 1 I t h |
- a = plit in lepton channels
1notag |° CR CR .
= Split in bb-tagged and cc-tagged
1loose c-tag | _ CR o o & CR R IT 1IN a ed and cc-1a e
(CLN tag) I O
= CR CR CR CR CR CR u Spllt |n pT
2 jets 3 jets >4 jets 2 jets 3 jets >4 jets 2 jets 3jets > 4 jets | S pl It I n n u m ber Of Jets
_ SR SR SR SR
1 no c-tag o High AR CR High AR CR High AR CR High AR CR = .
e m m 97 background-enriched regions
(CTN tag) ~| High ARCR High AR CR High AR CR High AR CR High AR CR High AR CR
1 SR SR SR SR SR SR EEE =
N1 High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR u A R(J ,J) Sldebands
1 loose c-tag 2 jets 3jets = djets 2jets 3jets > 4jets 2 jets 3jets > 4jets m Va ryl n g tag g | n g Crlte rl a
T - _ SR SR SR SR
1 tzghécttag; o High ARCR1 | High ARCR 1 High ARCR 1 | High ARCR 1
a . %
ToLtag _ SR SR SR SR SR SR 1 Note: High AR CR split into 1 loose c-tag + 1
+ ~| HighARCR1 | High ARCR High ARCR 1 | High ARCR1 High ARCR1 | High ARCR 1 tight c-tag and 2 tight c-tag regions
2tightc-tag | | SR SR SR SR SR SR
=l . . 5
(CTCT tag) High AR CR 1 High ARCR 1 High AR CR 1 High ARCR 1 High ARCR 1 High AR CR 1 2Note: 4+jets in 2-lepton, =4 jets everywhere else
Common Top CR
. 2 jets 3jets 4 jets 2 jets 3 jets 4 jets 2 jets 3jets 4 jets
1 tight c-tag
1 b_tag 5 Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR
(BCrtag) | )
—| Top(bc)CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR
Resolved Hbb Boosted Hbb
2 jets 3jets >4 jets 2 2 jets 3jets > 4 jets 2 2 jets 3 jets > 4 jets 2
- - - - - - SR SR
3 SR SR SR SR SR SR 3
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR Top CR Top CR
2 b-tag
Low AR CR Low AR CR Low AR CR Low AR CR Low AR CR Low AR CR SR SR
(BB tag) SR SR SR SR SR SR =
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR Top CR Top CR
= SR SR SR SR SR SR SR SR SR = SR SR
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR
T T »
75 GeV 150 GeV 250 GeV 400 GeV 600 GeV PV
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JHEP 04 (2025) 075
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*¥ Results: Simultaneous VH(bb) and VH(cc)

«BR
Signal Strengths u = (@*5™) measured

o I 25: T | T T | L | T T T | T T 1 | 1T T | 1T T | T :
o> b ATLAS -
200 Vs =13 TeV, 140 b E

£ VH, H— bb/cc ]

15 E

10 E

50 -

0= E

_5;— _;

~10F -

- — Observed 95% CL o SM E

—15¢ Expected 95% CL + Observed best fit .
oof— Observed 68% CL (kypp 1)=(0.92,1.0) 7

~“VE ... Expected 68% CL ]
_25: | | 11 1 | 1 1 | | 11 | | 11 1 | 11 1 | 11 1 | | .

04 06 08 1 12 14 16
bb
v
Hyrep) = 0.92 £ 0.10 (stat.) I3 (syst.)
Moy < 11.5 x SM expectation (95% CL)
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Higgs coupling modifiers (k=1 for SM)

-A log(L)

T I I I W | I I I | I I I | I I I | I I I | I .I I I LI
- . ATLAS q 7
5 i Vs =13 TeV, 140 fb" ’ _
N b VH, H— bb/cT i
4 :_ ‘-‘ 95% CL Intervals: :J _:
- t Observed: [-3.6, 3.6] [ .
B X - - Expected: [-3.5, 3.5] ! i
3 - 1 - |Kcycl=|Kbyb| ] _]
ol cenor ] e A I =
1__ “‘ ] ]
N \‘ l’ ______________ :_
S T ;;' """" .
0 B | 1 I 1 | | | 1 1 1 1'~| I — J. [ — 141 1 1 1 I I 1 | | 1 1 ]
—6 —4 -2 0 2 4 6
K/ K,

K. *m, < Kk, *m, at3o-level
Higgs-boson coupling to charm quark
weaker than to bottom quark

No SM
assumptions
injected

18.12.2025



T Why keep improving VH(bb)?

>“Nail down” the by far biggest piece of the “Higgs-boson decay pie”

>Enable precise measurements of WH and ZH production
> Probe for new beyond-SM physics

W/Z H— bb
Unexpected loop 5
contributions? S =
- Higher sensitivity 0.5 L | |
for gg—>ZH at higher 1x 1.2

- ] L] ] E '_‘“
jet multiplicity g ’ 2 oi| po
o 06 Cer,33="0.02
3) 0.4 _ 7- C(:,) =0.04
anomalous effective couplings? ® 02 a
<

: . : SN Yo)‘f\“@o%\o?«e
Effective field theory expansion of the SM @%ﬁ;ig <
. LSO
Lagrangian (SMEFT) . X, R

> ngh SenSitiVity at hlgh transverse momenta JHEP 11 (2024) 097
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R=1.0

+ Introducing: Boosted VH(bb) ‘

-1

e /A/:/ sran At large transverse momenta, two jets from Higgs-boson decay

-

i . IS start to overlap
S8 l | - Reconstruct Higgs-boson decay as one large-radius jet
TN = j\\B:ad}on
S ‘\ /' Reconstruction efficiencies
o my (2 small-R jets vs. 1 large-R jet)
AR(blab2)z H o 12—
pr S ATLAS Simulation Preliminary
q>) ’ pp — WH — Iv bb, Vs = 13 TeV, 1-lepton selection
s | —— Resolved only
© : —— Boosted only
V © 0.8 — Overlap
At pt¥ = 400 GeV boosted 5 -
reconstruction more efficient g 0o
- Switch from resolved to boosted 0.4
to extend high p; reach 0.2

0
250 300 350 400 450 500 550 600 650 700
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T Results: Differential WH and ZH x-Section

Q' 10
Eﬁ 10*
X 108
S
T 107
X 10
o
1
107"
2
AR
o 0
o i
T
oC
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%r ATLAS VH, V — leptons, H— bb cross-sections 1§|
_? {s=13 TeV, 140 fb'1 ® Observed == Tot. unc. Stat. unc. E—
= == Theory (SM) DTheo. unc. =
E V=W V=27 =
= 0 =1Ji 0J =1J, 0d =1J, | 7
T o =1 | e
— —_— L — | | | — .
E?ﬂ = R - Most precise WH and
= : — _tﬂ' | ZH cross-section
E | — ' 1 1 '+_ ' measurement to date
= + : : L
= = l : [
— | | | | —
C I — I ! _— [ N
- - 7 ) S S F T .
— % S R = - . £ T R i I
— ‘[Flf ﬁ | | - - e —
—:I — ¥ | | | | _—
> 7 o) g Yol % P 7 2. 9 Yoo o

3. 5 S 0, ; 3. S oY )

V;ky" 0% W, 0% W, 0% % 3600 T’?\e’v 0% <t SO<s T,Oei A6‘00
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ATLAS-CONF-2025-006
25

ATLAS Higgs-Boson Couplings Landscape

VH(bb)-VH(cc) is the main contributor to H>bb, WH and ZH sensitivity and
sole contributor to H->cc sensitivity

N ) S L) LR |

£ ' ATLAS Preliminary e
Current VH(cc) sensitivity allows for couplings measurements [ | =13Tev.361-1401" :
. . . . = [ my=125.09GeV, |y,| <2.5 ]

with fewer assumptions (k. left free floating rather than fixed) 5 3 /0"
S |§ 10 E_ ¥ K. is a free parameter, pSM=90% _E
ATLAS Pre“minary kedData (Total Unc.) [ Syst. Unc. [l SM prediction ) - SM prediction -
fs=13TeV, 36.1-140 fb ", m,, = 125.09 GeV, lv,<25p,,=84% o o o B b 7]
LI LI | [ | | | | | | | | | [ | | LI L 10‘2:— /i Leptons Quarks —
tH H&H - | E
- : 0. ook
ggF +bbH %I 10_3 = u Force carriers Higgs boson —]
+ - =
1 ’ E| 11 1 Lol 1 1 @ 1 | 1 E
VBF 'H_| ¥> 1.4_I.III| T T IIIII|| T T IIIIII| T T [IIIII| ]
WH HeH —— HEEsH o 12K .
& L B 1 .
zH II-%-I | | | I-@-I | | | | |-EI_I | | ] 1 ] | 1 U 1 1 1 C l i { E E ]
08 1 1.2 05 1 15 2 05 1 15 1 2 3 0 1 2 o 1 2 3 1 2 3 0 5 10 08 - —

bb WW TT ZZ y;/ ll't/'t Zy CC :IIIII 1 1 1 IIIIII 1 1 | IIlII| 1 1 1 IIIlI|
6 x B normalized to SM prediction 107" I 1 I 10 102

Particle mass [GeV]
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+ Data: more is yet to come...

—> HL-LHC (upgraded accelerator and experiments)

— i 39500
| inal —
_ ate 7 3000 o
12500 = |
. ] D ~3 times more data by
| 1 2000 é end of 2026
: =
| 1 1500 = ~20 times more data to
1 1000 & Dbedelivered by HL-LHC
| | GB;
] 1 500 1=

Q30 2035 2040

Available mid next year

2010 2015 2020 2025
Year

In presentation today
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ATL-PHYS-PUB-2025-012

+ Impact of Improving Experimental ¥
Techniques

ATLAS Preliminary i

VH. H 2 iocti Run 2: .
" f,H — cc projection Measurement (Eur. Phvs. J. C 82 (2022) 717)

(@)
o

A O
o O

Legacy Run 2:
® Measurement (arXiv:2410.19611) (2024) .Improvements
implemented for

VH(bb)-VH(cc)
measurement are
equivalent to factor
8.5 increase in data

Solely improving
experimental

: -=-= extrapolation
techniques
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Expected u{7, upper limit @ 95% C.L.
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ATL-PHYS-PUB-2025-012

Elisabeth Schopf 18.12.2025



Honing Identification of Hadronic
Higgs-Boson Decays

—— Db Individual sub-jets (with correlation)

—— 2VRDEN?  Individual sub-jets (no correlation)

— pg¥2x " Full large-R jet information

H(bb) ID efficiency vs. improvement in BG rejection

- no
3 o

Improvement (wrt Dyy,)

. — ———___ top-quarkdecays _

[\
T T T

—_
T

4 4

- QCD muiltijet (e.g. g%qq) ]

S ettt S _.:

e v

________ 7

____________ /A

C | L 1 1 L | 1 L L ! | 1 L L 1 | L 1 L LTt .
0.5 0.6 0.7 0.8 0.9 1.0

H(bb) efficiency

ATL-PHYS-PUB-2023-021

Elisabeth Schopf

‘

Boosted Higgs-boson decays: use all
information about tracks associated to a
large-radius jet in a transformer neural-net
algorithm

= Previously: identify sub-jets with shrinking cone
and then apply b-tagging to those

-> Significant improvements will boost high
pt Higgs boson measurements

~Q o \\

Higgs gluon 18.12.2025



ATL-PHYS-PUB-2025-012

+ What to Expect at HL-LHC I

Expected VH(cc) significance Impact of uncertainties on
(different scenarios) WH(bb) and ZH(bb) precision
5. 1.4 ATLAS Preliminary — ——s-- Baseline - - z " ArLaAs Preliminary e Bassline |
S VH, H — ct projection Baseline + MCstat scaled £ ZH.H — bb projection Baseline + MCstat scaled
S Ve=14TeV —+— Run 2 syst. S (.14 V3=14TeV —+— Run2-syst. -
5 e -~ - Baseline+ GN2 ___+ | gjﬁ ~-o-— Baseline + GN2
o _-+"2 assuming improved 2
& =" . e 8 0.12- .
g 1.0r JO% o ‘ c-jet identification 9
08k i 0.10r- —
;\
0.6 _ 0.08f- s ee— _
: ‘—-*>-3$____3
0.4 1 1 1 l 0.06 1 L 1 I —
"~ 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Integrated luminosity [fb"1] Integrated luminosity [fb“]
>10 estimated at HL-LHC using latest Reducing MC modelling uncertainties
(2025) c-jet identification techniques will be key to improve precision
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30

The Higgs Boson sits at the heart of the Standard Model, playing a crucial role in
the emergence of mass in the universe

The experimental study of Higgs-boson couplings to bottom and charm quarks
shines light on quark masses and probes for new beyond-SM effects

Experimental sensitivity with ATLAS 2015-2018 data reached unprecedented
level due to significantly improved experimental techniques

Setting promising precedent to reach next milestones in Higgs-boson physics
with (HL)LHC data

Elisabeth Schopf 18.12.2025



+ Typical Track and Pile-up Density
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BDT Input Variables

Boosted VH, H — bb

Resolved VH, H — bb, ¢¢

Variable

O-lepton  1-lepton 2-lepton

0-lepton

1-lepton  2-lepton

myg

v

v

v

M joj3

T
P

72
Pt

SN ENENEN
SN ENENEN
S ENENEN

v
v

73
Pt

NENEN

NENEN

Ypy.i>2

binDDLlr (.]1)

binDDL]r (.]2)

py

1SS

SENENEN

NENEN

miss
ET

ANERIANENEN
SNENANENEN

ANENENEN

ET™ /51

|A¢(V. H)|

|Ay(V, H)|

AR(j1. j2)

SNENENEN

ANRNAN

NENEN

min[AR(j;, jror j2)], i > 2

NN
NENENEN

N (track-jets in J)

N(add. small-R jets)

colour ring

NENEN

NENEN

SNEANEN

[An(j1, j2)I

miss
Hry +ET

w

mp

Mtop

min[A¢ (€, ji or j2)]

NENEN

i

(= EF™) /pY

mee

cos 0" (£~,V)
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Events /0.2

Data/(S+B)

ATLAS

Vs =13 TeV, 140 b

0 lepton, 2 jets, BB-tag
p¥ > 150 GeV

SR, Post-Fit

Events / 10.0 GeV

L L L
® Data
I VH, H— bb (1=0.92)
[ Diboson
B Z+ht
N Z+mf

Top(bg/qq)

Top(bb)
I single top, t-/s-chan
I W+hf

Wimf
[ uncertainty
= SM VH, H— bb x 50

ool il

1| S

10
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60— Vs =13TeV, 140 o [ Diboson

[ 2leptons, > 1 large-R jets =§+h'f

+m

50 } 400 GeV < p: < 600 GeV
- SR, Post-Fit
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Z4ll
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Events / 2
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Events /20.0 GeV
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.

T

400F- ATLAS
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v

T
N
3
e
<
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e

SR, Post-Fit

T

A
8
8
®
<

I S R Sy

T T
® Data
Il VH, H - bb (1=0.92)
[ Diboson
B Z+jets
Top(ba/qq)
Top(bb)
I Single top, t-/s-chan
Multijet
Il W+hi
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[ Uncertainty
—— SMVH, H- bb x5

I:
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- 150 GeV < p! <250 GeV  ebaa) .
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Background Normalisations

p¥ interval Number of jets H W+ hf ‘ W+mf ‘ W+ If
2 109 +0.06 | 1.20 £0.03 | 1.03 + 0.04
75-150 Gev >3 130+ 0.07 | 1.16 +0.04 | 1.07 + 0.05
2 100+ 005 | 131003 | 103 = 0.03
150-250 Gev >3 128 +0.07 | 1.31+£0.04 | 1.07 +0.04
2 097+ 008 | 1.35+007 | 1.05 « 0.03
250-400 GeV >3 146 +0.12 | 1.32£0.07 | 1.10 + 0.04
400600 GeV - 149+ 025 -
> 600 GeV - 2.03+ 025 -
py interval | Number of jets Z+ hf Z+mf Z+If
2 120+ 0.04 | 1.04 £0.04 | 1.12 + 0.03
75-150 GeV >3 149 +0.06 | 1.11 £0.05 | 1.12 + 0.05
3/>3 0.77 + 0.03 _ _
2 130+ 004 | 1.08+0.04 | 1.17 = 0.02
150-250 GeV >3 159 + 0.07 | 1.14+0.05 | 1.17 + 0.04
3/>3 0.80 + 0.04 _ _
2 140+ 0.07 | 1.31 £0.08 | 1.16 £ 0.03
250-400 Gev >3 1,78 + 0.09 | 1.32 £ 0.07 | 1.20 + 0.04
3/>3 0.74 + 0.04 _ _
>400 GeV - 1.63 + 0.13 -

Elisabeth Schopf

p¥ interval Number of jets || Top(bb) | Top(bq,qq) | Top 2L
2 1.02+0.04 | 0.98+0.05 | 1.05+0.05
75-150 GeV 3 097 +0.03 | 098 +0.03 | 0.98 +0.05
2 089+005 | 083+004 | 1.07+0.16
150-250 GeV 3 0.91 +0.03 | 0.86 + 0.03
4 097 +0.02 | 095003 | 0P =014
2 0.78 £ 0.08 | 0.82 = 0.05
250-400 Gev 3 0.83 +0.04 | 0.80 0.03 | 1.10 = 0.50
4 0.93 £ 0.05 | 0.86 + 0.04
200-600 GeV - 0.83 + 0.05 -
>600 GeV - 0.69 = 0.07 =
18.12.2025



+ VH(bb)-VH(cc) Breakdown of Uncertainties

Luminosity 0.006 0.007 0.006 0.08 Jet flav. comp. uncert., Higgs ——————

1
b-jet tagging efficiency 0 _O— -

Theoretical and modelling uncertainties

@ Constrained param. Experimental ATLAS
. a, ® Normalization param. Bkg Modelling _ -1
Source of uncertainty _ _ _ ] ; . Vs =13TeV, 140fb
VH, H — bb ‘ WH, H — bb ZH, H — bh H VH, H — ¢¢ +ia Postf!t Impact on u Sig Modelling
—10 Postfit Impact on . .
Total 0.153 0.204 0.216 531 H: VH,H > bb signal strength
Systematic 0.118 0.149 0.153 3.57 \ { | \ \
Statistical uncertainties VH FSR E é i
Data statistical 0.090 0.129 0.139 3.67 Whf Low AR CR-SR extrapolation (150-250 GeV) i é _._E.
tf ey control region 0.009 0.014 0.027 0.08 Zhf High AR CR.SR extrapolation (2-jet) i E
Background floating normalisations 0.034 0.049 0.042 1.24 i i i
Other VH floating normalisation 0.007 0.018 0.014 0.33 VH QCD Scale A7 : *
Simulation samples size 0.023 0.033 0.030 || 1.62 VH QCD Scale A{"" I ¢ !
: - VH QCD Scale A9 | ®
Experimental uncertainties i
Wbb Sh2211-FxFx Carl (AR <1, 150-250 GeV) | ——

Jets 0.027 0.035 0.030 1.02 Wbb Sh2211-FxFx Carl (AR = 1, 150-250 GeV. E o
Emiss 0.010 0.005 0.021 0.23 PP Carl (R =1, 150-250 GeV) ! .
Leptons 0.003 0.002 0.010 0.25 VH QCD Scale A% : .’

b-jets 0.020 0.018 0.026 0.29 VH QCD Scale A% : #
b-tagging c-jets 0.013 0.017 0.012 0.73 WZ Sh2211-Sh221 Carl (75-400 GeV) E o

light-flavour jets 0.005 0.008 0.008 0.66 e ation (2 i H
Pile-up 0.008 0.017 0.002 0.23 Whf Low AR CR-SR extrapolation (250-400 GeV) E :'—Q—

'
‘

Signal 0.076 0.074 0.101 0.72 Zhf High AR CR-SR extrapolation (3-jet) i —.—!
Z +jets 0.042 0.018 0.081 1.77 Whf normalisation (2-jet, 150-250 GeV) H 1

1 1
W + jets 0.054 0.087 0.026 1.42 H - bb branching ratio : &
t and Wt 0.018 0.033 0.018 1.02 27 $h2211-Sh221 Carl (75-400 GeV) E o
Single top-quark (s-, -ch.) 0.010 0.018 0.002 0.16 | E
Diboson 0.033 0.039 0.049 0.52 WH parton shower e
Multijet 0.005 0.010 0.005 0.55 Whf normalisation (2-jet, 250-400 GeV) ! E

1 1 i 1 1 1 i 1 Il 1 I Il 1
-1 0 1

Parameter value
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T VH(bb)-VH(cc) Results: More Numbers

L I B L L B IR LN I L A L L IR
ATLAS VH, H-> bb/cT, Vs=13 TeV, 140 fo! ATLAS VH, H— bb/cT, Ys=13 TeV, 140 fb"!
— Total unc — Stat. unc Tot. ( Stat, Syst.) — Total unc — Stat. unc Tot. ( Stat., Syst.)
0.25 018 +0.18
- | 4021 (+0.14  +0.16 VH, H— bb 0L = = 0.84 ) (&).17 ) r0.15)
WH, H— bb —er—=—  0.95 '3, (4).14 , 4).14)
VH, H-> bB 1L e 0.95 53 (54 540)
ZH, H— bb = 0.88 tggg (fg:g,fg:Z) [3) 40— T T T T LI B B N B L L T T T T
___________________________________________________________ VH HobB2L | m——e—t—— 092 U2 (02 :01%) . - ATLAS :
— -1 ]
Comb. VH. H— b ——e—l 0,02 *OI8 (1010 LOIB) | 30 s=13 TeV, 140 fb -
- VA, 92 015 \-0.10 > -0.11 - +0.16  (+0.10 +0.13 u VH, H— bb/ct ]
T Comb. VH, H— bb ===l 0.92 2015 (—0.'10’—0-‘11) 20;—_ ’ -
06 08 1 12 14 16 1.8 2 22 I T T T T .
bb 06 08 1 12 14 16 18 2 22 C ]
u L _
VH be 10— -
VH C -
oF =
A l T T I T T ‘ T I T L L L L L L UL UL _10__ __
ATLAS — Observed g 20F I I ' i - ]
{s=13 TeV, 140 fo’ -~ Expected - ATLAS ] - .
VZ H _fbg,ca B Expected £ 1o 15( s=13TeV, 140 fb" “ -20— —
> [] Expected + 26 E VH, H— bb/ct E C 95% CL VH,H— bb/ct = Observed ]
0 lepton ; 10 - _30 — 68% CL VHH- 0BT T7" Expected =
Exp.= 17x SM ' r ] C — 95% CL H-> ZZ+y, p, shape + VH,H-> bb/cT Obs. best fit .
Obs.= 14x SM : 5C ] — 68% CL H— ZZ+yy, pl shape (Kb'Kc)=f0'90' 0.93)
E : : _40 1 | | I | 11 | 11 | 11 1 | 11 1 | | I 11 11 | 1
1 lepton - . -8 6 —4 —2 0 2 4 6 8
| oF 1
S.= 21x d C ]
; - ] K
B - ] b
2 lepton : -5 -
Exp.= 18x SM ] - 3
Obs.=22x SM E _10._ -
------------------- aapenm -l - Observed 95% CL o SM ]
Combination v - Expected 95% CL + Observed best fit B
Exp.= 11x SM ; _15E= — Observed 68% GL (K, %2)=(0.90, 0.93) ]
Obs= 125N BT T T - »++* Expected 68% CL ]
0 5 10 15 20 25 30 35 _20_| v b b b e b b b 0|
95% CL limit on =2 A 0 1 2 8 4
° Humen 18.12.2025
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+* VH(bb) STXS - Migrations and Correlations

ATLAS Simulation VH(— bb), Vs = 13 TeV

g‘ WH, p!"' > 600 GeV [ T Tozial T T T Toal a8 . 1 [T
D WH, 400 <p."' <600 GeV 0202 01 14 0.1 3.1 1.8 {85 0.4
g WH, 250 <p"' <400 GeV [0.3 0.3 02 0.6 04 02 25 1.4 68 41 0.4
0 WH, 150 <p,"' <250 GeV [0.8 0.5 0.2 13 0.6 51 27 02 0.1
o WH, 75 < p!"' < 150 GeV 29 1102 04
92} WH,0<p" <75 GeV 0.2 0.1
ZH, p!"' > 600 GeV 0.1 7.9 184 05 0.5 06 6.6
ZH, 400 <p."' <600 GeV [0.1 27 16 08 16.10.3 0.1 0.1 05 02 01 0158 01
ZH,250<p, ' <400 GeV,> 1jet [0.3 1.8 1.0 0.6 4.1 28 0.2 0.2 0.3 16 1.9
ZH,250 <p; ' <400 GeV, O jets [5.2 0.9 125 2.4 0.3 0.4 0.2 02 04 0.1 0.3 46 07
ZH, 150 <p,"' <250 GeV, > 1jet [0.6 3.8 23 0.1 0.1 0.1 03 15 1.4
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Efficiency [%)]
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Background rejection

Top ratio

Multijet ratio
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H(bb) efficiency

Background rejection

H(bb) ratio

Top ratio

Multijet ratio
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Expected u{’},’_, uncertainty

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

VH(bb) HL-LHC Extrapolation:

ATLAS Preliminary
VH, H — bb projection

V5= 14TeV, 3000 fo~"

Baseline scenario

WH

0.067

0.027

I Total unc.

0.072

Data stat. unc.

VH modelling unc.
Bkg modelling unc.
I Experimental-une. —

ZH
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WH, 75 < p{"! < 150 GeV

WH, 150 < p"! < 250 GeV

WH, 250 < p{"! < 400GeV -

WH, 400 < p}"! < 600 GeV

WH, p{"! > 600 GeV

ATLAS Preliminary
WH, H — bb projection

o Baseling, v/s = 14TeV, 3000/
e—i| Run 2, /s=13TeV, 140"

——

1
Loovv o by v v by 1y

1.0
x B normalised to SM

o-
a o

ZH, 75 < p5' < 150GeV, nd =0
ZH, 75 < p¥' < 150GeV, nd > 1
ZH, 150 < pf' < 250GeV, nJ =0
ZH, 150 < p! < 250GeV, nJ > 1
ZH, 250 < pf' < 400GeV, nJ =0
ZH, 250 < p%! < 400GeV, nJ > 1
ZH, 400 < p¥' < 600 GeV

ZH, p%‘t > 600GeV

ATLAS Breliminary
ZH|H — bb projection

o Baseline, /s =14 TeV,3000fb™"
e Run 2, vs=13TeV, 140"

p—

10 15
B normalised to SM
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