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Run 2 Higgs measurements: a huge success

See also, CMS-HIG-19-005 5



ATLAS Conf 2021 053

I | T T | T | T T | T | T | T | T | T T | T | T T
ATLAS Preliminary —e—| Total Stat. [ Syst. SM
Vs=13TeV, 36.1-139 fb"

m,, =125.09 GeV, IyHI <25
—_— o
Pgy = 63% Total  Stat. Syst.
| +0.06
ggF H=—{ 1.02 =007 (=004, ;0s)

VBF H——t 113 705 (=008, gog)

ZH | ° | | CECER e P 5

ttH+tH | ° I i 0.96 'ols (=013, gl3)

| | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1

06 08 1 12 14 16 18 2 22 24 26
Cross-section normalised to SM value

0 y B¢
Hif = —sm SM
o Bf
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The VH channel: currently statistically limited

See also, CMS-HIG-19-005
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The VH channel: currently statistically limited

See also, CMS-HIG-19-005 4
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will collect a factor of 20 more data

VH Higgs measurements will become systematic limited



ATLAS, arXiv:2007.02873

Source of uncertaint Tu
y VH | WH ZH
Total 0.177 | 0.260 0.240
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
Statistical uncertainties
Data statistical 0.108 | 0.171 0.157
tt ey control region 0.014 | 0.003 0.026
Floating normalisations 0.034 | 0.061 0.045
Experimental uncertainties
Jets 0.043 | 0.050 0.057 o
E%niss 0.015 | 0.045 0.013 li.
Leptons 0.004 | 0.015 0.005 b
b-jets 0.045 | 0.025 0.064
b-tagging c-jets 0.035 | 0.068 0.010
light-flavour jets  0.009 | 0.004 0.014
Pile-up 0.003 | 0.002 0.007
Luminosity 0.016 | 0.016 0.016
Theoretical and modelling uncertainties
CSignal 0.072 | 0.060 0.107)

e —

The theory modelling of the SM process a bottleneck

Goal: improve the theoretical understanding of this process
6
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The VH( — bb) channel selections
ATLAS, arXiv:2007.02873
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The Higgs candidate = 2 (b-)jets

Events



The VH( — bb) channel selections
ATLAS, arXiv:2007.02873
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9 Important: 7. > 2 most events
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OAB = %/@ dea/O dzy faja(za) fo(®6) Gap(Ta, 2p) (1+O(Aqep/Q))

parton distribution functions (PDFs) hadronisation corrections, ...
non-perturbative, data-driven hard scattering non-perturbative effects

perturbation theory

n _ 1ALO ~NLO 2 1ANNLO
doyyypy. =40y, ta,do, Sy, togdo, v
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Perturbative corrections: VH+jet

A _ 1ALO ~NLO 2 1ANNLO
doyypy. =40 vy, T, A0, Sy, toagdo, Ty, +

The Drell-Yan type corrections

>

10 | 2 g
At LO: d ~ dqﬁf( |qu_>‘7H+“ ‘

©4q
_ ~H
v q < g

(a) DY type: Born

Integrate this numerically (and convolute with PDFs)
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Perturbative corrections: VH+jet

A _ 1ALO ~NLO 2 1ANNLO
doyypy. =40 vy, T, A0, Sy, toagdo, Ty, +

The Drell-Yan type corrections

>

g0 | 2 g
AtLO:  d6.7 ~ [dpgIM oy, |

qq
i} ~H
v q < g

(a) DY type: Born

Integrate this numerically (and convolute with PDFs)

To go to NNLO QCD, need:
|.  All of the various [squared] amplitudes (RR, RV,VV)
2. A method to numerically integrate (4d) these things

12



Perturbative corrections: VH+jet

5 ~LO ~NLO ~NNLO
dGab—>VH+ o daab—>VH+ T daab—>VH+ + Qg daab—>VH+.. + ...
p— frsmmrssesr Single unresolved
ONNLO = do it ,,
0 /gb 49 NNLO SRR Double unresolved
T ——————
_|_ / dO-NNLO E Single unresolved
qbn—l—l mw%nm_._ 1/e, 1/62
doy I
_I_ /¢ NNLO % § 1/6, 1/62, 1/63, 1/64

Z — KFinite

Non-trivial cancellation of IRC divergences
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Perturbative corrections: VH+jet

A _ 1ALO ~NLO 2 1ANNLO
doyypy. =40 vy, T, A0, Sy, toagdo, Ty, +

ONNLO — / (daﬁﬁLO _
e i urested

[ (ol -
P41

o N CE
On+0

Z — Finite — 0

Non-trivial cancellation of IRC divergences

imic unresolved

ole

[ ) cancellation

subtraction
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Perturbative corrections: VH+jet

A _ 1ALO ~NLO 2 1ANNLO
doyypy. =40 vy, T, A0, Sy, toagdo, Ty, +

One must also consider ‘heavy-quark’ loop processes

(b) Rr type

These contributions ‘easy’ (no divergences)

We take these from OpenlLoops2

Buccioni et al.,
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Perturbative corrections: VH+jet

A _ 1ALO ~NLO 2 1ANNLO
doyypy. =40 vy, T, A0, Sy, toagdo, Ty, +

r SNV TN T SN N
Y Y A A N A VA S

/1 _/_/1_/ /\ /N /] /)

Theory collaboration between Aachen, Bonn, CERN, Durham, Lisbon, Zurich

A (parton level) Monte Carlo generator, antenna subtraction formalism
(Gehrmann et al. 2005-201 3)

pp — V(H — bb) arXiv:1907.05836, pp — VH + jet arXiv:2009.14209,2110.12992

. Maier
_
All CC and NC processes to O(ar’) computed with NNLOJET
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Corrections negative,and — 15 %

Reduction of theory uncertainty by factor of two
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do/dpt 7 [fb/GeV]

Ratio to NLO

Results: ZH+1jet [inclusive]
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Low pT:factor of two improvement

High pT: uncertainty from top-loops
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Summary / Outlook
ATLAS, arXiv:2007.02873

Run 3 + High Lumi LHC
Will enable high stats. measurements

Systematics will become bottleneck

19

Source of uncertainty

Ou

VH WH ZH
Total 0.177 | 0.260 0.240
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
Theoretical and modelling uncertainties
CSignal 0.072 | 0.060 0. 107)
Z + jets 0.032 | 0.013 0.059
W + jets 0.040 | 0.079 0.009
it 0.021 | 0.046 0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017 0.005




Summary / Outlook

Run 3 + ngh Lumi LHC ATLAS, arXiv:2007.02873

Source of uncertainty VH

Ou
WH

Will enable high stats. measurements . 17 0260 0210
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
. . Theoretical and modelling uncertainties
Systematics will become bottleneck (S ooz [o00 o107)
Z + jets 0.032 | 0.013 0.059
W + jets 0.040 | 0.079 0.009
it 0.021 | 0.046 0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017 0.005

Main messages

. Including n;., categories (2, = 3, > 3) is critical for exp.
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Summary / Outlook

Run 3 + ngh Lumi LHC ATLAS, arXiv:2007.02873

. o
Source of uncertainty H

. . VH WH ZH
Will enable high stats. measurements . 17 0260 0210
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
. . Theoretical and modelling uncertainties
Systematics will become bottleneck (S ooz [o00 o107)
Z + jets 0.032 | 0.013 0.059
W + jets 0.040 | 0.079 0.009
it 0.021 | 0.046 0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017 0.005

Main messages
. Including n;., categories (2, = 3, > 3) is critical for exp.

2. Huge progress on theoretical side for VH+(n;, > 1)

« NNLO QCD for WH+ijet and ZH+ijet
RG, Gehrmann-De Ridder, Glover, Huss, Majer arXiv:2110.12292

* Factor of two reduction in theory uncertainty
21



Summary / Outlook

Run 3 + ngh Lumi LHC ATLAS, arXiv:2007.02873

Source of uncertaint Tu
Y VH | WH ZH

Will enable high stats. measurements  — \Om
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Questions and comments welcome!
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* Factor of two reduction in theory uncertainty
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Whiteboard
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Uncertainty prescription
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Standard scale variation, can have accidental cancellations.

Basically cancellation of those induced by p;™

Exclusive jet selection, Stewart, Tackmann: arXiv:1107.2117
Rhorry Gauld, 26/05/2021



