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Introduction

Why Higgs boson mass is important?

SM particles

e key input for global electroweak fit
e electroweak vacuum stability

Pole top mass M, in GeV
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At LHC, m  is measured with H—yy and H—4l decays
thanks to their excellent mass resolution and S/B ratio

This talk will present the full run 2 ATLAS H—yy mass
measurement with 140 fb™' data (paper link)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/

Roadmap of ATLAS H—¥yy mass

From Run 1 to Run 2
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Partial Run2: 36 fb*

my = 124.93 £ 0.21(stat) + 0.34(syst) GeV

=125.93 + 0.40 GeV
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NEW results with unprecedented 0.1% precision
shown in LP2023 and EPS-HEP 2023

myg = 125.17 £ 0.11(stat) & 0.09(syst) GeV
=125.17 £ 0.14 GeV

Full Run2: 140 fb

topic of this presentation
current best y channel result
was the best single channel just
~ 1 month ago before CMS-4l

0.12 GeV precision paper
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Hoyy, HoZZ =4l

125.09 +0.24 (+ 021+ 0.11) GeV.
125.17 £ 0.14 (£ 0.1+ 0.09) GeV

Run2 H-yy '

Run1+Run2Hoyy l- 125.22 £ 0.14 (£ 0.1+ 0.09) GeV
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://indico.cern.ch/event/1114856/contributions/5321254/attachments/2685083/4658424/HiggsProperties_LP_Finco_AtlasMass.pdf
https://indico.desy.de/event/34916/contributions/146786/attachments/83910/111082/smanzoni_masswidth_EPS.pdf
https://www.sciencedirect.com/science/article/pii/S0370269318305884
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
https://www.sciencedirect.com/science/article/pii/S0370269318305884
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/

For a good m_, measurement with photons

~

Major requirements:
e Good photon selection against the jet fakes photon
e Vetex algorithm for trackless process (e.g. gg—vyvy)
e Minimize m , uncertainty:
o good S/B ratio
o  statistical uncertainty ~ m., resolution (y energy, vertex resolution, etc)
o  systematic uncertainty ~ photon energy scale
o  Splitting into categories often helps
Other important ones:
e Accurate modelling of signal and background

e Interference between gg/gg—H—+yy and gg/gg—yy affects the Higgs mass peak

DESY. Page 4



How m  is measured with photons
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e ATLAS has powful photon identification criteria and isolation selection
e Calorimeter pointing information trained in vertex NN improve m.. resolution by up to 8%
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How m  is measured with photons

All ¢ m__ resolution in different Category ol [GeV]
events . d for diff t -t
regions and for difrerent y-type U, Central-barrel, high p} 1.10
l 3.55 U, Central-barrel, medium pJ-/ 1.38
] > S L L L L L I = U, Central-barrel, low pJ! 1.47
Di-photon cut ORI e o s 23 U Outer-barel, high p3,
pd 0.185— H;YY N 125GV E U, Outer-barrel, medium pJ 1.52
o 0.16fF T H C-type, Endcap = U, Outer-barrel, low pl 1.75
~ 0.14F A MC = Signal Model 3 U, Endcap 1.90
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Events are further classified into characterised by different:

e m, resolution (L4 low n, unconv)
e  S/Bratio ({4 high p,,)
e yenergy syst. (L4 low n, unconv)

DESY.
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How m , is measured with photons

All events
. C-type
Di-photon cut (01 )
Event U-type
categorization (070, )

thrust axis
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14 categories definition based on:

number of converted photon

photon pseudo-rapidity

diphoton transverse thrust p.

Categories optimized to reduce
the total mass uncertainty by
17% compared with an inclusive

measurement

DESY.
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H OW m H is m eas u red With p h oto ns Fitted m,, for unconverted and converted

categories in central-barrel and high p., regions
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Run 2 H—vyy mass results
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-1.12 +(-0.44,+0.41) GeV
+0.58 + (-0.34,+0.28) GeV
-0.32 +(-0.30,+0.30) GeV
-0.15 + (-0.36,+0.35) GeV
+0.58 + (-0.42,+0.46) GeV
-0.28 +(-0.29,+0.31) GeV
+1.21+(-0.65,+0.63) GeV
+0.38 + (-0.47,+0.46) GeV
+0.17 + (-0.46,+0.47) GeV
-0.47 +(-0.60,+0.53) GeV
+0.97 +(-0.56,+0.56) GeV
+0.27 + (-0.71,+0.78) GeV
-0.23 +(-0.49,+0.47) GeV
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I
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m,, = 125.17 £ 0.11 (stat.) + 0.09 (syst.) = 125.17 * 0.14 GeV

Previous (36.1 fb™") : my = 124.93 & 0.21(stat) + 0.34(syst) GeV = 125.98 = 0.40 GeV

3 4

5

Am;, [GeV]

A total 0.11% precision achieved, with 0.09% (0.07%) relative statistical (systematic) uncertainty
The best fits of m , per category are consistent with a p-value of 8%
~ a factor 4 improvement on systematic uncertainty w.r.t. previous (36.1 fb)
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Run 2 H—vyy mass results

m,, systematic breakdown

Final Run2 (140 fb™) Paritual Run2 (36.1 fb™")
Source Impact [MeV] Source Systematic uncertainty on m}; [MeV]
Photon energy scale 83 EM calorimeter cell non-linearity +180
Z — ete” calibration 59 EM calorimeter layer calibration +170
| Er-dependent electron energy scale 44 Non-ID material +120
e™ — 7 extrapolation 30 \ID material +110
Conversion modelling 24 Lateral shower shape +110
| Signal-background interference 26 | Z — ee calibration +80
Resolution 15 Conversion reconstruction +50
Background model 14 Background model +50
Selection of the diphoton production vertex 5 Selection of the diphoton production vertex +40
Signal model 1 Resolution +20
Total 90 Signal model +20
How was the systematics reduced from 340 MeV to 90 MeV:
. Benefit from the extensive works that refine the photon energy calibration and associated uncertainties (factor 2)
° E,-dependent electron energy scale uncertainties are constrained by data-to-MC energy scale difference measured in E,
bins with Z—ee events (factor 2)
Effect on mass peak due to interference between H—yy and yy+jets is currently included as systematic. Better simulation will help to
include the interference as a correction to the future analysis
In the following, | will discuss about the ATLAS electromagnetic calorimeter energy calibration
DESY. Previous (36.1 fb™1) : mpy = 124.93 + 0.21(stat) & 0.34(syst) GeV = 125.93 + 0.40 GeV Page 10



ATLAS ECAL and energy calibration

Cells in Layer 3
A¢xAn = 0.0245%0.05

The dashed tracks

are invisible fo
the detector

8=q a
B 1
L)
~— Cellsin PS
AdxAn = 0.025%0.1

e Sampling calorimeter with lead (liquid argon) as dense (active) material

e 4-layer structure to record the longitudinal shower information
o Layer 0: presampler used to estimate energy loss due to material before ECAL
o Layer 1: fine n granularity to distinguish e*e pair from neutral pion and photon conversion
o Layer 2: main deposition of EM shower
o Layer 3: estimate leakage to hadronic calorimeter

For precise energy response (in particular energy linearity), the various layers should be
properly calibrated and intercalibrated

DESY. Page 11



ATLAS ECAL and energy calibration

Final run 2 egamma calibration paper

2 4
was out last month ——— Z o ee
resolution  [=> ely
smearing
m&m - EM MC-based
Totger 1, cluster ek energy 3
s o1 energy calibration L
1 uniformity 5 7, ee
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calibration ADC non- calibration and energy
linearity linsarity
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/////////4, -
ﬁ Photon
ﬁ leakage —> y
////g correction
N
avSMAm,E:‘M ! Schematic overview of the procedure used to calibrate the ‘1«
n = m - .
' 0063, ms"..,:eus.mm energy response of electrons and photons in ATLAS 7 Mp—ee,Z—ly
T—camnrs data-driven scale validation

Extensive efforts made, such as improved material description upstream the ECAL, new clustering algorithm,
improved electronics calibration, detector uniformity, etc. | will focus 3 parts of the entire calibration:

e Layer 1 and layer 2 intercalibration

e Photon leakage correction

e Systematic constraints with data-to-MC energy scale difference measured in E_ bins with Z—ee events
(energy non-linearity)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EGAM-2021-02/

ATLAS ECAL and energy calibration

Rebalance of relative energy between layer 1 and layer 2 between data and

MC, using both muons and electrons:

Pros:
e minimum ionized particle — blind to upstream material
e compact shower in 1-2 cells — easy energy reconstruction

Cons:
e affected by pileup and electronic noises
e muon longitudinal “shower” different to electron

Electron

Pros:
e less affected by noises

e real shower from electron

Cons:
e bremsstrahlung — sensitive to upstream material
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data data
E 1 / E 2
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layer1/2 calibration is an
important systematic for
m,,(vy), with impact>100
MeV

Previous: muon-based
New: combination of both
muon and electron results.

in central ECAL
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ATLAS ECAL and energy calibration

Photon leakage correction

Leakage: “seepage” of EM shower exterior of the reconstruction cluster

e vy vs e residual difference not covered in previous calibration

e ~100 MeV contribution to previous yy mass uncertainty

e Effect corrected in the new mass result

0.003

0.002
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ATLAS ECAL and energy calibration

E.-dependent energy scale uncertainties constraints (energy non-linearity)

Z—ee mass peak used to calculate e/y data-to-MC energy scale factor E,  _=E_.(1+a(n))
* a(n) — E.-dependent energy scale uncertainties to cover energy non-linearity away from <ETZee> ~40 GeV
*  New auxiliary measuremnt of Z—ee residual energy non-linearity a’(n, E,)

= constrain the E_-dependent energy scale uncertainties

= ~ factor 2 (4) reduction for 60 (140) GeV electron
E.-dependent energy

-3 le uncertainti
. 0w 10807 ||./ scale uncertainties
3 - ATLA —e— Calibrated data ] ATLA ]
© 4000~ S . —— Corrected MC — S -
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Pre-fit calibration model
== Post-fit calibration model
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Mes [GEV] E; [GeV]
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Photon energy scale systematic
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For central unconverted photon with p.=60 GeV (~m_/2), uncertainty improved
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Photon energy scale systematic improvement

Another factor 2 reduction benefitting from Z—ee linearity constraints
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Conclusion

Full Run 2 yy:
+ Run 1 yy:

+ 4-lepton:

m,, = 125.22 * 0.11 (stat.) + 0.09 (syst.)

m_, = 125.11 £ 0.09 (stat.) * 0.06 (syst.)

ATLAS e Total Stat. only
Run 1: /s = 7-8 TeV, 25 fo~', Run 2: /5 = 13 TeV, 140 fo

Run1 H — vy | ——|
Run1 H — 4¢ ————

Run2 H — vy e

Run2 H — 4 I—O—ll

Run 142 H — yy e

Run1+2 H — 4¢ —e—

Run 1 Combined b—e—

Run 2 Combined |-°|-|

Run 1+2 Combined I-l-l

| T T T T |
| Combination

Total (Stat. only)
126.02 + 0.51 (+ 0.43) GeV

124.51 + 0.52 (+ 0.52) GeV
125.17 + 0.14 (+ 0.11) GeV
124.99 + 0.19 (+ 0.18) GeV
125.22 + 0.14 (+ 0.11) GeV
124.94 + 0.18 (+ 0.17) GeV
125.38 + 0.41 (+ 0.37) GeV
125.10 + 0.11 (+ 0.09) GeV
125.11 + 0.1 (+ 0.09) GeV

DESY.

| | 1 1 | 1
127 128

my [GeV]

ATLAS Higgs mass Run1+Run2 combination

=125.22 £ 0.14 GeV

=125.11 £ 0.11 GeV

The full combined result is
still the most precise

Very excited to look

forward to combination
with nice results from CMS
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CMS diphoton m

Phys. Lett. B 805 (2020) 135425

CMS

Run 1:5.1 fb™ (7 TeV) + 19.7 fb™ (8 TeV) — Total Stat. Only
2016:35.9 fb' (13 TeV)

Total (Stat. Only)

Run 1 H->yy e 124.70 £ 0.34 (£ 0.31) GeV
Run 1 H— ZZ— 4l ——— 125.59 £ 0.46 (£ 0.42) GeV
Run 1 Combined b——— 125.07 £ 0.28 ( £ 0.26) GeV
2016 H—yy -—-—- 125.78 £ 0.26 ( £ 0.18) GeV
2016 H— ZZ— 4l —— 125.26 £ 0.21 (£ 0.19) GeV
2016 Combined -|-- 125.46 £ 0.16 (£ 0.13) GeV
RLm1 +2016 -!- 125.3810.14(£0.11)Gev

II|l|ll|l|ll||||IIIIIIIIIIIIIIIIIIIIIIII

122 123 124 125 126 127 128 129
m,, (GeV)
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https://www.sciencedirect.com/science/article/pii/S037026932030229X

CMS 4-lepton m,

CMS HIG-21-019

DESY.

CMS Preliminary

Run 2: 138 b (13 TeV)

Run 1: 5.1 fo' (7 TeV) + 19.7 fo'' (8 TeV)

= Total

Total (Stat. Only)

Stat. Only

ap ot 1249077 (())) GeV
de — 124.70977 (1):7) GeV
2e2u (- 125505 (5)) GeV
2u2e b——t 125.200077 (577) GeV
Run 2 bo 125.0410,7 (1) GeV
Run 1 [=——  125.60,7 (,'") GeV
Run 1 + Run 2 - 125.08'>,2 (**1%) GeV

| | I | 1

-0.10

| | | | |

1

122

128

m,, (GeV)

130
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html

ATLAS 4-lepton m

Phys. Lett. B 843 (2023) 137880

2 ;l T | T T | I T T T T |_I Imlinl | T T ;
ATLAS o £ 15 atLAS S
H - ZZ* > 4 Stat. Only Y 1.6FH 5z S 4 — 2o -
{s=13TeV, 139 fb’' LSS ’ 41_\/5 =13TeV, 139 o % B
- | — - C ]
de o ! 12451+ 0.73 (+0.73 Stat.) 1ok E
2u2e ——— 125.33 £ 0.50 (+ 0.49 Stat.) | R eI AR I B8 IOREee / / 16—
2e2u ——i 125.01+0.29 (+ 0.29 Stat.) 0'8;_ _
- | - 0.6 =
4u —e— 124.93 £ 0.29 (+0.28 Stat.) C ]
. | a 0.4 —
Combined —e—i 124.99 £ 0.19 (+0.18 Stat.) 0 2:_ M E
Run1 +2 ! : ' 12494 i0.18 (i 017 Stat) O_ | 1 | 1 1 1 I | atlll | | 1 ! 7 | 1 1 ]
P I S I B S S S S 124 124.5 125 125.5
123 124 125 126 127 m, [GeV]
m,, [GeV]
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https://linkinghub.elsevier.com/retrieve/pii/S0370269323002149

ATLAS Run 2 yy m,

m, resolution, S and B per category

DESY.

Category 090 [GeV]  Sgg Bgy  foo (%] Zgo
U, Central-barrel, high pJ 1.88 42 65 39.1 457
U, Central-barrel, medium p%z 2:94 102 599 15.4 4.2
U, Central-barrel, .low 1%} 2.63 837 13226 6.0 7.2
U, Outer-barrel, high py 2.16 31 83 274 3.3
U, Outer-barrel, medium pJ} 2.63 108 981 9.9 34
U, Outer-barrel, low p 3.00 869 22919 3.7 5.7
U, Endcap 3:33 759 29383 2:5 4.4
C, Central-barrel, high pl} 2.10 26 44 37.3 3.6
C, Central-barrel, medium pJ/ 2.62 62 389 13.8 3.1
C, Central-barrel, low pJ. 3.00 508 9726 50 5.1
C, Outer-barrel, high p1} 2.56 34 103 25.0 3.2
C, Outer-barrel, medium pJ, 3.20 114 1353 T8 3.1
C, Outer-barrel, low pJ 3.71 914 30121 29 5.2
C, Endcap 4.04 1249 52160 2.3 9.5
Inclusive 3.32 5653 128774 4.2 15.6
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ATLAS Run 2 yy m,

Additional and secondary systematic uncertainties are included in the likelihood model

= Signal and background modelling: an inaccurate model can cause a bias in the m;; measurement

e Evaluated by injecting sig (bkg) MC sample over a bkg (sig) Asimov V category, then refit with S+B model and compute m; shift
¢ Effect uncorrelated among categories, impact of 5 (18) MeV for signal (background)

Interference between gg — yy and gg—H—yy processes causes a shift of the my

e Evaluated by injecting interference MC sample over a S+B Asimov V category, then refit with S+B model and compute m; shift
e Effect correlated among categories, expected 26 MeV impact

=« Photon energy resolution (PER): evaluated as interquartile difference of m,, distribution per category, applied on width of DSCB

Photon conversion reconstruction affecting category migrations
e Estimated with data/MC comparison in Z — lly events, correlated to corresponding scale effect

NN vertex selection effect on m (5 MeV)
e Estimated with data/MC comparison in Z — ee events where e are treated as unconverted photons

Luminosity / BR yy / QCD scale / PDF + a / Parton shower / Spurious signal / Yield
* Allincluded and with ~ null impact on m;
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ATLAS Run 2 yy m

DESY.

II|IIII|IIII|III]|I

ATLAS
Vs =13 TeV, 140 fb", H—yy

TTT

IIII|IIII|IIII|IIII

* Am, — Total Unc.

Value Total Unc.

U, Central-barrel, high p: — -1.12 £ (-0.44,+0.41) GeV
U, Central-barrel, medium p: g +0.58 + (-0.34,+0.28) GeV
U, Central-barrel, low pz e -0.32 +(-0.30,+0.30) GeV
U, Outer-barrel, high p: ey -0.15 +(-0.36,+0.35) GeV
U, Outer-barrel, medium p!’ | : +0.58 + (-0.42,40.46) GeV
U, Outer-barrel, low pz _._1 -0.28 +(-0.29,+0.31) GeV
U, Endcap ! [ — +1.21+ (-0.65,+0.63) GeV
C, Central-barrel, high pz J:_._ +0.38 + (-0.47,+0.46) GeV
C, Central-barrel, medium pz —e— +0.17 + (-0.46,+0.47) GeV
C, Central-barrel, low pg —o—:- -0.47 +(-0.60,+0.53) GeV
C, Outer-barrel, high p?: : e +0.97 + (-0.56,+0.56) GeV
C, Outer-barrel, medium p: —:—0— +0.27 + (-0.71,+0.78) GeV
C, Outer-barrel, low pz — -0.23 + (-0.49,+0.47) GeV
C, Endcap — -0.02 + (-0.60,+0.59) GeV

II|IIIIIllIIIIII]|IIII|IIII|IIII|[III

IIIIIlIIII

4 3 -2 -1

0

1

2 3 4

5

Amy, [GeV]

> g 1 T T T T T T T T T T 4
8, E ATLAS ® Best-it value E
% 2.55— Vs =13 TeV, 140 fb™! Hosyy [ Total Uncertainty E
= 2F 3
g F . S B
< 15:_ & ° * . =
2 E----- - ---- e ELEEEEEE e B
o Fl s . E
@ 0.5F =
© E B
gj O;Fliﬁ‘icllﬁlkzli“l‘lliﬁ EF ;’»‘-’I,’\'ﬁliﬁ‘a‘étl‘l
. aQ o a [=% =% o g Q [=% =4 =% [=4 al ]
i 5 § 8 5§ 5§ 3 2 &5 5§ &2 5 § & @
B € £ - £ g _— W £ § = £ 5 - U
2 T & T g 2 ¢ 5 s ¢ T g & T oo
i g g 8§ 8 35 3 g g 8§ 8 5 3
s £ s 2 B o Eo:oo§oB
g = 5§ 3 % & g 2 5 2 % 8
8 £ 235 2% S 8 E 25 2% s
LI | T T | LI | T 1T T T T T | LI | 1T T T
ATLAS | * Am, — Total Unc.
I
Vs =13 TeV, 140 fb™", H—yy! Value Total Unc.
I
C categories e +0.18 + (-0.26,+0.26) GeV
I
1
U categories — 7 — -0.18 + (-0.26,+0.26) GeV
I
1
o s s s i 5 A 5 e 5 S S O 8 i S T S 5 8 i
I
Central-barrel 407: -0.18 + (-0.24,+0.25) GeV
I
Outer-barrel —:07 +0.03 + (-0.24,+0.24) GeV
1
Endcap 1 * +0.58 + (-0.47,+0.42) GeV
I
I
| i e s e s s g i PR i A i S ) S S e 4 s S S 0 8 S S 5 A i
I
high p:: E—e—_ -0.23 + (-0.27,+0.28) GeV
1
medium p]; X e +0.58 + (-0.24,+0.23) GeV
I
low pl —e—— ! -0.33 + (-0.22,+0.22) GeV
11 1 | 1 1 1 1 | | I | 11 1 | 1 1 | | 11 1 11

1

1 | 1 1
1 15 2
Am., [GeV]
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ATLAS Run 2 yy m,

g 9% IAITlLIAsl b I T | P ITlta;C;m;in;ﬁoln C g T | T 1T T | T 17T T 1T T T T 171 | T 1T T | T T | T T
£ 8 - Run 1: Vs = 7-8 TeV, 25 fb_1 - - - - Stat. only Combination | ATLAS ~Total UStat' DSySt'
Al - _
' 70 Run2:{s=13TeV, 140 fb’ Total Run 1 - . Toial St Syst
C - - - - Stat. only Run 1 ] : . .
6 C H-yy ol Bn & E Run1H—yy i — e 126.02+0.51 (£ 0.43 £ 0.27) GeV
E - - - - Stat. only Run 2 E i
5t - |
B . ATLAS +CMSRun 1 —#— 125.09 + 0.24 (+ 0.21+ 0.11) GeV
4+ 126 Hoyy, HoZZ* 41 !
3 — Run 2 H—yy l 125.17 + 0.14 (+ 0.11+ 0.09) GeV
2 = |
_IZ_ _I s Run1+Run2 H-yy -.- 125.22 + 0.14 (+ 0.11+ 0.09) GeV
O: : I|[III|IIIlllIIII|IIII|IIII|IIII|II
123 124 125 126 127 128 129
my, [GeV] m,, [GeV]
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ATLAS layer intercalibration

(E)[MeV]

DESY.

"ATLAS
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ATLAS in-situ calibration

acc, 2018
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ATLAS ECAL and energy calibration

E.-dependent energy scale uncertainties constraints

R 5><10"i
3 LELES B L L N L L
4 ATLAS 3
Vs=13TeV, 140" 3
3 Il <0.6
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-2 Pre-fit calibration model
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eE e b e b ey 1 g
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ATLAS electronics calibration
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