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Historical retrospective

2018: H - bb observation by ATLAS and CMS with Run |/
partial Run |l datasets EhsLettB 786 (2018) 59

Phys. Rev. Lett. 121, 121801 (2018) q

e/p/v

- most sensitive channel: VH( - bb)

e/p/v

— leptonic vector boson decay: Ziws s b
suppression multi-jet background . <
b

several updates (more data, modelling, MC statistics, ...)
observation of VH( - bb) in 2018 (ATLAS) and 2024 (CMS)

Phys. Rev. D 109 (2024) 092011

all measurements in agreement with the SM


https://www.sciencedirect.com/science/article/pii/S0370269318307056?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092011

VH( - bb): recent results
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CM Phys. Rev. D 109 (2024) 092011 ATL AS arxiv:2410.19611
< EXPERIMENT
<A \\
e signal strength signal strength
M =1.15 % 0.14 (stat.):518 (syst.) M =0.92 £ 0.10 (stat.):513 (syst.)
* observed (expected) significance: observed (expected) significance:
6.3(5.6) 0 7.4(8.0) 0
« first observation of VH( - bb) process (CMS) first observation of WH( - bb) process
- first addition of boosted Higgs boson combination of H( - bb) and H(- cc)
reconstruction (CMS) measurement
«  VH(- bb) measurement in exclusive jet bins most fine-grained measurement to date
\ J U



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092011
https://arxiv.org/abs/2410.19611

VH( - bb): recent results
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Main backgrounds

V+jets
! 7wt o SRV
diboson
e/w/v
> single-top
g - multijet
* no bb-dijet resonance « flat m distribution
* relative importance increases with pr(V)  « in semi-leptonic/ hadronic channels more
* modelling main limitation of analysis additional jets



Background prediction

e all (CMS)/ majority (ATLAS) backgrounds from simulation
- multijet background 1-lepton: inverted lepton isolation

- tt 2-lepton: different flavour ep control region

e [imitations in MC statistics addressed Image credit: K.Gedia

reject

- Increase statistics:
optimizing simulation, stitching samples, ...

- ATLAS: MC efficiencies via reweighting

Efficiency weights
for each jet/event
wrt swp



https://indico.cern.ch/event/1159913/contributions/5036480/attachments/2540795/4373947/ML4Jets_GNN_krunal_v2.pdf

MC generators (backgrounds)

V+jets
diboson

tt
single-top

=

MadGraph 5. aMC@NLO
+ PYTHIAS

* cross section order; NLO *

 ME merging procedure: FxFx
JHEP12(2012)061

* 2016 dataset: LO, MLM matching
scheme

Powheg Box v2 + PYTHIAS

* Cross section accuracy:
(N)NLO(+NNLL)

ATLAS

EXPERIMENT

SHERPA 2.2.11

cross section order: (N)NLO

modelling and computational

improvements

- electroweak input scheme
parton-shower splitting kernels

- scale-setting scheme
JHEP08(2022)089

Powheg Box v2 + PYTHIAS

* Cross section accuracy:

(N)NLO(+NNLL) 8


https://link.springer.com/article/10.1007/JHEP12(2012)061
https://link.springer.com/article/10.1007/JHEP08(2022)089

MC generators (signals)

= ATLAS

qq — VH Powheg Box v2 + MINLO Powheg Box v2 + GoSam
+ PYTHIAS + MINLO + PYTHIAS
» cross section order: NNLO(QCD)  cross section order: NNLO(QCD)
+ NLO(EW) + NLO(EW)

* (q-ZH normalized after
subtracting gg - ZH

Powheg Box v2 + PYTHIAS Powheg Box v2 + PYTHIAS
Jgg - ZH  cross section order: (N)LO  cross section order: NLO+NLL



Event selection & categorization

SR

#additional jets /

c-tag & btagged jet sub-lead b-tag /

AR(j1,j2)
tt-enriched LF-enriched
CR CR

CMS,

A
KT

| SATLAS

EXPERIMENT

M(j1)2) / AR(1.)2)

 each SR and CR further subdivided to target STXS categories

. total: 27 SR, 97 CR (ATLAS)

90 SR, 153 CR (CMS): split per year/ lepton flavour
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Background normalization

ATLAS

EXPERIMENT

# jets
A

@0
ON

dedicated SR/CR

® OO0

o0

00 00
@ o0

* V+jets: 42 scale factors
- processes: V+bbl/cc, V+light, V+mf
- flavour defined by Higgs jets
- boosted: V+hf/V+mf fully correlated

- W+hf constraints improved from
multi-classification BDT

o tt: 18 scale factors

- top(bb), top(bg+qq) floated
iIndependently

pr(V)
11



Background normalization

ATLAS p¥ interval ‘ Number of jets H W+ hf ‘ W+ mf ] W+ lIf
EXPERIMENT
2 1.09+0.06 | 1.20+0.03 | 1.03 +£0.04
dedicated SR/CR 757150 Gev >3 1.30£0.07 | 1.16 £ 0.04 | 1.07 £ 0.05
2 1.00+0.05 | 1.31 £0.03 | 1.08 +0.03
150-250 Gev >3 1.28 +0.07 | 1.31 £0.04 | 1.07 = 0.04
2 0.97+0.08 | 1.35+0.07 | 1.05 +0.03
250400 Gev >3 1.46 £ 0.12 | 1.32 +£0.07 | 1.10 £ 0.04
400-600 GeV - 1.49 + 0.25 —
‘ Q Q > 600 GeV 2.03 +£0.25 —
[ N
e scale factors increase with pr(V)
o0 (oo o0 and #jets
OF @ e e similar trends for W+jets and Z+jets
>
pr(V)
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Background normalization

M * V+jets: 18 scale factors
ans - processes: V+1b,V+2b,V+c,V+light
- dedicated SR/CR
# Jets, - flavour defined by generator-level

hadron matching

- W+1b/W+2b fixed prior
@0 O

® » tt: 5 scale factors

* decoupled between channels &

00 060 0000 lepton flavours

@ @ @

» category migration uncertainties

\ 4 A >
\/ \/ pr(V)

13



Additional corrections: V+jets cms

LV

mismodeling #soft hadronic activity jets and #additional jets

- reweighting additional jet multiplicity spectrum

415" (13 TeV)

- derived in 2-lepton HF CR dependent on 3L CMs o mou
#additional jets and pr(V) N — A — e

75<p (V)

<150 GeV SR ) Single t [] VV+HF
0 B MC unc. %% MC unc. (no correction),

— soft hadronic activity dropped as input 2000

possible related to matching & parton shower

1000

additional mismodeling for AR(j1,j2)<1

- flavour-agnostic reweighting

Data / MC

[ Yo JEENEEN
[N NR e

— ATLAS: decorrelation between low/high-AR uncertainties R
(alternative sample)

Number of additional jets

association of shape-altering systematic uncertainties

14



Background systematic uncertainties

e absolute normalization uncertainties

- renormalization/factorization scale, PDF, virtual EWK corrections,
(alternative generator)

* relative acceptance uncertainties: account for the relative
normalisations between regions

* shape uncertainties

- pT(V) shape uncertainties, alternative sample reweighting, #jets
reweighting, category migration uncertainties, ...

15



Alternative sample reweighting ATLAS

EXPERIMENT

NN-based Calibrated Likelihood Ratio Estimator (CARL)
algorithm

- classification between nominal and alternative MC samples

- estimation of reweighting from neural network output

reweighting of MC simulation to match probability distribution of
alternative process

benefits from larger statistical size of nominal MC sample
— provides shape uncertainties with less statistical fluctuations

- traditional tackled with smoothing, ...

16



Signal systematic uncertainties

XS and branching fraction calculation

acceptance and shape of final discriminant

- scale variations, PDF and as, varying PS/UE models, (alternative
generators)

— uncorrelated between qg/gg induced processes (gg dominant)
higher-order EW corrections on pr(V) shape

STXS categorization uncertainties determined from scale
variations, (PS/UE and PDF+as)

- theoretical modelling uncertainties vs. theoretical XS uncertainties

17



Impact of systematic uncertainties
cms ATLAS

EXPERIMENT

L5 Y
AT Ap Total 0.153
e Statistical 0.097
I Background (theory) +0.043 — 0.043 | Systematic 0.118
Signal (theory) +0.088 —0.059 _ * Statistical uncertainties
_MC sample size +0.078 — 0.078 Data statistical 0.090
Simulation modeling +0.059 - 0.059 ticiuconirol region 0.000
b tagging +0.050 — 0.046 | Background floating normalisations 0.034
Jet energy resolution +0.036 —0.028 I _ = . — no_rmahsauon U
Int. luminosity Jr0032 —0.027 Simulation samples size 0.023
Jet energy scale +0.025 — 0.025 Experimental uncertainties
Lepton ident. +0.008 — 0.007 ;;';:“ g-gfg
Trigger (pF™°) +0.002 — 0.001 Leptons 0,003
b-jets 0.020
b-tagging c-jets 0.013
light-flavour jets 0.005
Pile-up 0.008
Luminosity 0.006
Theoretical and modelling uncertainties
* large contribution from gluon-induced ZH Siszal 0,016
Z + jets 0.042
W + jets 0.054
tf and Wt 0.018
Single top-quark (s-, #-ch.) 0.010
Diboson 0.033

Multijet 0.005




Conclusion

 modelling leading uncertainty on VH( - bb) measurements

* difficulties:
- background modelling almost entirely from simulation
— statistical limitations due to large computational effort

- known differences between data and simulation

* continuous improvement in modelling and data analysis techniques
— updates to SHERPA, cross section calculations at least up to NLO, ...

— CARL for improved uncertainty estimation, background normalizations, multi-
dimensional reweightings, ...
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Backup

20



Background normalization

ATLAS
EXPERIMENT
py intervsl | Number of jets Z+ hf Z+mf Z+If
2 1.20 £ 0.04 | 1.04 +0.04 | 1.12 +0.03
75150 GeV >3 1.49 £ 0.06 | 1.11 +£0.05 | 1.12 +0.05
3/>3 0.77 + 0.03 - -
2 1.30 £ 0.04 | 1.08 £ 0.04 | 1.17 +0.02
150-250 GeV >3 1.59 £ 0.07 | 1.14+0.05 | 1.17 + 0.04
3/>3 0.80 + 0.04 - -
2 1.40 £ 0.07 | 1.31 £0.08 | 1.16 +0.03
250400 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 —
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Background normalization

ATLAS
EXPERIMENT
py interval | Number of jets Top(bb) | Top(bq,qq) Top 2L
2 1.02+0.04 | 0.98 £0.05 | 1.05+0.05
75150 GeV 3 097+0.03 | 098 +0.03 | 0.98 £0.05
2 0.89+0.05|0.83+0.04 | 1.07+0.16
150-250 GeV 3 091 +£0.03 | 0.86 +0.03
4 0.97+0.02 | 0.95=0.03 | 77014
2 0.78 £ 0.08 | 0.82 + 0.05
250400 GeV 3 0.83+0.04 | 0.80+0.03 | 1.10+0.50
4 093 +0.05 | 0.86 + 0.04
400-600 GeV - 0.83 £ 0.05 —
>600 GeV - 0.69 + 0.07 —
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Uncertainty breakdown (ATLAS)

Source of uncertainty

VH, H — bb | WH, H — bb #ZH,H—>bZ_7 | vH, H - ce

AT LAS Total 0.153 0.204 0.216 5.31

EXPERIMENT 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
tf ey 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 H 1.62
Experimental uncertainties
Jets 0.027 0.035 0.030 1.02
E!}’i‘“ 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
tf 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




Uncertainty breakdown (ATLAS, STXS)

ATLAS

EXPERIMENT

STXS region SM prediction Measurement | Stat. unc. Syst. unc. [fb]

Process p¥’t interval thet | [fb] [fb] [fb] Th.sig. Th.bkg. Exp.
75-150GeV 20 | 792 + 28 30+ 102 41 13 89 36
150250GeV >0 | 243 + 1.0 23 = 10 7 2 7 3

W(tv)H — 250400GeV >0 | 590 + 025| 79 + 21 1.8 0.5 08 03
400-600GeV >0 | 1.03 + 005 |-0.11 =+ 0.54 0.46 0.05 025 0.09
>600GeV >0 | 020 + 001 | 026 = 021 0.20 0.02 0.04 0.03

>0 | 507 + 3.9 51 = 32 24 5 18 11

75-150GeV =0 | 299 + 25 38 £ 22 17 3 12 6

>1 | 207 £ 26 6 + 25 22 4 9 8

>0 | 187 + 35 | 177 = 58 4.6 1.7 30 1.0

150-250GeV =0 | 90. + 13 80 + 3.1 2.7 0.6 14 05
Z(tt/yv)H >1| 97 + 19 | 116 = 7.1 6.1 1.0 32 14
>0 | 415 + 045| 35 =+ 15 1.3 0.4 05 02

250-400GeV =0 | 1.70 + 022 | 131 =+ 0.72 0.66 0.14 025 0.10

>1 | 245 + 045| 27 =+ 21 1.9 0.3 07 03

400-600GeV =0 | 0.62 + 0.05| 061 =+ 040 | 0.37 0.05 0.12  0.08

>600GeV >0 | 0.11 + 001[-010 = 0.2 | 012 001 0.03 0.01
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STXS measurement (CMS)

CMS,

—

- A\

\\&\\\ \\ \\
STXS bin Expected o8B [fb] Observed 6B [fb] Best-fit u
ZH 75 < pr(Z) < 150 GeV 50.0+5.3 71 + 38 1.44+0.8
ZH 150 < py(Z) < 250 GeV 0 jets 00+14 3.8+4.1 044+0.5
ZH 150 < pp(Z) < 250 GeV > 1 jets 10.1 £2.2 <0 -0.6 1.0
ZH 250 < py(Z) < 400 GeV 45+09 6.9 +2.2 1.5+0.5
ZH pt(Z) > 400 GeV 094+0.1 1.6 0.6 1.8 +0.8
WH 150 < pp(W) < 250 GeV 249 4+ 1.8 6116 02407
WH 250 < p(W) < 400 GeV 6.34+0.5 119 +3.8 194+0.6
WH p(W) > 400 GeV 1.44+0.1 27+1.1 1.94+0.8
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