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Introduction Mass measurement

® |mportance of my and [Hin several aspects of our understanding of fundamental physics.
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» Higgs couplings defined by the value of mn:
» Input to precision global fit of the Standard Model.
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Latest prediction from LHC
Higgs Working group

LHC HIGGS XS WG 2016

® ATLAS run | precision on my of 0.33%
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» combined measurement from H—vyy and 1
H—7Z7*—48. (o
Channel Mass measurement [GeV] 102
H— yy 125.98 + 0.42 (stat) + 0.28 (syst) = 125.98 + 0.50
H—ZZ*— 4 | 124.51 + 0.52 (stat) = 0.06 (syst) = 124.51 + 0.52 107k =
Combined 125.36 + 0.37 (stat) + 0.18 (syst) = 125.36 + 0.41 0 2030 "G00 o0 1'00“% [2839/]_
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Prediction and uncertainties of Higgs production

"~ Brookhaven processes as a function of the my
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG

Higgs width

® Study of the the m4p spectrum
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» Limit 'y possibile from the off-shell to on-shell event yield ratio
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and Off-shell H production.

JHEP 04 (2019) 048,

Phys. Lett. B 786 (2018) 223
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» Off-shell Higgs production, enhanced at 350 GeV because of

top-quark loops in ggF, above ~ 2mz enhancements of qq—27

and gg—Z/.

+ on-shell event yields ~ k25 on-shel / I'm, while off-shell ~ k25 oft-shen

» Observed (expected) upper limit on 'H 14.4 (15.2) MeV
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https://arxiv.org/abs/1902.05892
https://www.sciencedirect.com/science/article/pii/S0370269318307494

Mass measurement

® [/—+vy updated result at Run Il with 36.1 fb-!. Phys. Lett. B 784 (2018) 345
» Analytical myy background functions in kinematic and detector related categories.
» Reduction of uncertainty through categorisation of events as a function of:
» resolution and signal significance.

» Systematic uncertainties.

® Expected statistical uncertainty of 0.21 GeV and 0.34 GeV systematic uncertainty

m} =124.93 + 0.40 (£0.21 stat only) GeV |
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https://arxiv.org/abs/1806.00242

Combination Mass measurement

® 40 and Yy measurements are combined with ATLAS Run | result Phys. Lett. B 784 (2018) 345
L L L L LB B L R B B S AL RN
ATLAS - Total [ Stat. only
Run 1: \s =7-8 TeV, 25 fb™, Run 2: s = 13 TeV, 36.1 fb™ Total  (Stat. only)
Run1H—4] . = 124.51+ 0.52 ( + 0.52) GeV
Run 1 H—yy ; . 1 126.02 = 0.51 (= 0.43) GeV
Run 2 H—4l —— 124.79 + 0.37 ( = 0.36) GeV
Run2 H—yy -—ol—- 124.93 + 0.40 ( = 0.21) GeV
| Runt+2 H—4l i 124.71+0.30 (+0.30) GeV
Run 1+2 H—yy SRR S — 125.32 + 0.35 ( = 0.19) GeV
| Run1Combined  t—e—x 12538 + 0.41 (£ 037) GeV
Run 2 Combined —— 124.86 + 0.27 ( = 0.18) GeV
| Run142Combined 1 | —— S 124.97 = 0.24 (£ 0.16) GeV
| ATLAS+CMSRuni -17-—- ___________________ 125.00 = 0.24 (£ 0.21) GeV
ST R R R S R RS R SR B SR SR

123 124 125 126 127 128
m,, [GeV]

® Run 2 precision improved w.r.t Run |.

mp = 124.86 + 0.27(40.18 stat only) GeV

® ATLAS Run | + 2 comparable precision to LHC Run | combination.

mpy = 124.97 + 0.24(40.16 stat only) GeV
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https://arxiv.org/abs/1806.00242

Ingredients for precision

® In the H— ZZ— 448 the signal is a narrow resonant peak above a background continuum.

¢ = electron or muon » 42 final state forms 4u, 4e, 2u2e, and 2e2u
channels.
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(I)  Statistical precision precision depends upon:

» resolution of the reconstructed final state and number of signal events.

(I)  Systematic uncertainty from understanding of detector performance.
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Energy and pr calibration

® Resolution in electron and muon reconstruction crucial for my uncertainty. See F He talk.

® Ve used well known processes to calibrate the detector response.
» Resonant process of J /¢, (Y) and Z,

» for modelling of calorimeters deposits, alignment precision, etc.
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https://agenda.infn.it/event/28874/contributions/169061/

Muon pT resolution

® | ocal misalignments and second order effects:

» Charge dependent sagitta bias, with net effect of worsening resolution

» In-situ correction based on Z—puu data, recovers up to 5% in resolution.

® Momentum scale understood down to the per mille level

» Precision down to 0.5 per mille for [n|<I.0
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See F He talk.
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Detector layer movements biasing the
measurement of the bending of the
particle
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https://agenda.infn.it/event/28874/contributions/169061/

Higher level improvements

® Three-prong approach to reduce uncertainty at analysis level:

(i) constraint to mz with kinematic fit and second order detector effects.

(i)  machine-learning discriminant selecting signal and background events

(iii) Per-event resolution likelihood.

+ Machine Learning to target each event’s unique characteristics
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New: arXiv:2207.00320
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https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/2207.00320

Full Run-2 results

Higher level improvements

® Output used in multidimensional fit, improving with respect to average detector response.

» Fit dimensions: m4y X DNN X O;

» Tailored resolution to each event’s characteristics.

» One-sided p-value for compatibility between the observed and expected total uncertainties is 0.28.
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MC-based per-event pseudo experiments.
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https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/2207.00320

H—77—40 results Full Run-2 results

New: arXiv:2207.00320

® Simultaneous fit for all channels over the multidimensional model

» Channel compatibility within a p-value of 0.8

2 — —— Combine —

AR Y77 - I — ke :

Al - . o ]

® Systematic uncertainty of 40 MeV " 1.6 H—2z" -4 - :
1 4—_@ =13 TeV, 139 fo’! 4e E

® Result: s ]
1.2 7

Systematic Uncertainty | Contribution [MeV] ()_8f— —f
Muon momentum scale +28 0.6; —f
Electron energy scale +19 0 4:_ :
Signal-process theory +14 T ]
WL

O: ] ] | ] ] ] ] | ] ] ] / | ] ] ] :

124 1245 125 1255
m,, [GeV]

» 26% improved (total) precision with respect to Run | Combination.

( mpg = 124.99 + 0.18(stat.) + 0.04(syst.) GeV )

¢ Brookhaven G.B
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https://arxiv.org/abs/2207.00320

H—77—40 results Full Run-2 results

New: arXiv:2207.00320

® Combination with H—+/77—4€ Run-| measurement.

» New pr calibration techniques — uncorrelated pt([1) systematics between Runl and Run2

ATLAS —e— Total
H— 7Z7* — 4| Stat. Only
. ) [ Sys. Onl
® Total uncertainty of 0.14% (5= 13TeV, 139 16" e
. | _
T : : : 51+0. + 0.73 Stat.
® Systematic uncertainty of 0.02% e = 12451073 (07350
2u2e : .- 1 125.33 + 0.50 (= 0.49 Stat.)
» 88% improvement w.r.t my#—%4ZRunl = -
oy 2e2 —e— 125.01+ 0.29 (+ 0.29 Stat.
» Momentum scale uncertainties reduced by a factor 2. o ( ai
. . . . 4 —— 124.93 + 0.29 (+ 0.28 Stat.
» 33% improved precision w.r.t previous myATLASRunl+2 - ( ai
. Combined —— 124.99 + 0.19 (x 0.18 Stat.)
» Most precise measurement by ATLAS, so far. R v D SRR RRRSR -
Runi1+2 —e—i 124.94 = 0.18 (= 0.17 Stat.)
[T T O S N N T T S N T T T T N T T S I FYRAT T TN T N T T T ANT T TNT [N ST SOT SO S
123 124 125 126 127
m,, [GeV]

Measured my for all channels and combined.

mpy = 124.94 + 0.17(stat.) = 0.03(syst.) GeV

k? Brookhaven G.B
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https://arxiv.org/abs/2207.00320

Conclusion

® After a decade of cracking the mass problem:

1.Measurement of myat 1.4 per mille precision level.

2.Measurement of the Higgs width.

® Higgs physics provide an excellent picture for

» Searches for new phenomena resonant at higher scales, searches for deviations to theory within the scales
of the experiment.

» my one of the most precise measurements in the LHC scientific program.
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® Full set of ATLAS results:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

Additional material



Introduction Mass measurement

® |mportance of my and [Hin several aspects of our understanding of fundamental physics.

Power law expansion of the potential [ — — iF,ul/F'UV
1 2
V(h) = =Ah* + Mh® + W2h? +il Dy

1 + D, DFO —(V(D)

» Understanding the perturbative expansion of its TR
potential (Av2h2). + VU YOUp + h.c.

» Higgs couplings defined by the value of mn:
» Input to precision global fit of the Standard Model.
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG
http://project-gfitter.web.cern.ch/p

Run | status

® ATLAS run | precision on my of 0.33%

» combined measurement from H—yy and H— ZZ*—48.

Channel Mass measurement [GeV]
H — yy 125.98 + 0.42 (stat) = 0.28 (syst) = 125.98 + 0.50
H— 77— 4¢ | 124.51 £ 0.52 (stat) + 0.06 (syst) = 124.51 £ 0.52
Combined 125.36 + 0.37 (stat) = 0.18 (syst) = 125.36 + 0.41
» Both channels dominated by statistical uncertainty o T T T T T ' :
210 arLas E

N e {s =13 TeV
— Preliminary

—
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® At Run2 aim in improving significantly the
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Combination Mass measurement

® 40 and Yy measurements are combined with ATLAS Run | result arXiv:1806.00242
< 14 e © _Combined -
% - ATLAS . —Runi ] Source Systematic uncertainty in myg [MeV]
" 1of H—ZZ"+H — yy Combination -—_gtun 2 ] . —
- Runi: /s =7-8TeV, 25 b at.only | EM calorimeter response linearity 60
. Run2:V{s=13TeV, 36.1 fo" i Non-ID material 55
10 y EM calorimeter layer intercalibration 55
- Z — ee calibration 45
8- ID material 45
: Lateral shower shape 40
6__ Muon momentum scale 20
B Conversion reconstruction 20
A NN\ B2 H — ~~ background modelling 20
- H — ~~ vertex reconstruction 15
: e/~ energy resolution 15
21 All other systematic uncertainties 10
S ! | !
01 24 126

m,, [GeV]

® Run 2 precision improved w.r.t Run |.

mp = 124.86 + 0.27(40.18 stat only) GeV

® ATLAS Run | + 2 comparable precision to LHC Run | combination.

mpy = 124.97 + 0.24(40.16 stat only) GeV

k? Brookhaven G.B
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https://arxiv.org/abs/1806.00242

Higgs width

® Study of the the m4y spectrum and off-shell

-2IN(A)

production

» Measured upper limit on width combining 42 and 20vv

» Limit I'g possibile from the off-shell to on-shell event yield ratio R,

+ on-shell event yields ~ k2, on-shet / I'm, while off-shell ~ k2 of-shelt

» Observed (expected) upper limit on ['H 14.4 (15.2) MeV
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https://arxiv.org/abs/1902.05892
https://www.sciencedirect.com/science/article/pii/S0370269318307494

Mass measurement

® [/—+vy updated result at Run Il with 36.1 fb-!.

Phys. Lett. B 784 (2018) 345

» Analytical myy background functions in kinematic and detector related categories.

» Reduction of uncertainty through categorisation of events as a function of:

» resolution and signal significance.

» Systematic uncertainties.

® Expected statistical uncertainty of 0.21 GeV and 0.34 GeV systematic uncertainty

0.40 (£0.21 stat only) GGV)

CatLas - \s-13Tev,361 15"
S . )
BE i 1 )
ee | . .
cc | , )
o | e )
g gy
A [GeV]
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Systematic uncertainty on mp; [MeV]

EM calorimeter cell non-linearity
EM calorimeter layer calibration
Non-ID material

ID material

Lateral shower shape

Z — ee calibration

Conversion reconstruction
Background model

Selection of the diphoton production vertex
Resolution

Signal model

+180
+170
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+50
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Object selection

1

> —
® Electrons (e). S oosE. . .
S U E o —— :
. . & 09:_ @3{93‘“% " 2
» Isolated objects clustered from calorimeter energy e o '
. . . — 0.85k O A
deposits with associated ID track. 08?%? e
» Er>7 GeV,|n| <247 and |zo sin(V)| < 0.5 mm 0.75 | L 0" -
L ATLAS Preliminary
0'7q /s =13 TeV, 43.8 fb”
0.65 -2.47<n<2.47
06% —+— Loose
~E —s— Medium
= —— Tight
0'555 Data: full, MC: open
® Muons (u). S
O '|.05-E T T T T T I I I =
» Combined track fit of Inner Detector and Muon § Og;;
Spectrometer hits, 8 ook

» pt>5GeV,|n| <2.7 |zo sin(V)| < 0.5 mm of “loose or 0.85

medium quality”
» Isolated objects

® Missing transverse energy ([f/rmiss),

» Inferred from transverse momentum imbalance

Tracking
¢ Brookhaven G.B J{
National Laboratory - barone 20



Object selection

® Electrons (e).

. —a— JAp—pu MC
0.94 Medium muons Z—uu Data

> B | S N L B B B LA B LN UL L B
(©] =
c 2 7 7 V 7
. . - - - =
» Isolated objects clustered from calorimeter energy S 008 s :
deposits with associated ID track. TR 5 :
> < i < E
» Er>7 GeV,|n| <2.47 and |z sin(V)] < 0.5 mm 0.96, . s ]
{s=13TeV, 139 fb —+— Jp—uu Data E

g 02 S Il Stat only Sys @ Stat .|

® Muons (u).

» Combined track fit of Inner Detector and Muon
Spectrometer hits,

» pt>5GeV,|n| <2.7 |zo sin(V)| < 0.5 mm of “loose or
medium quality”
» Isolated objects

Data / MC

® Jets ().

» Energy deposit grouping with infra-red safe algorithm:

» pr>25GeVand |n| <45
+ Clustering with anti-kr R=0.4
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Object selection

® Electrons (e).

= 1 . —
S ;ATLAS Prehmmar [s=13TeV 1
» Isolated objects clustered from calorimeter energy = %ﬁ:FH—% +——
deposits with associated ID track. 0.9F =
» Er>7 GeV,|n| < 2.47 and |zo sin(¥)] < 0.5 mm 0.8 f 0.6 < Inl < 1.37 E
o7e converted y =
06 —=— Electron extrapolation (36.1fb™") =
0.5 —e— Matrix method (37.1f0™) -
® Muons (u). : ) :
045 ——Z — Iy (36.1fb™) E
» Combined track fit of Inner Detector and Muon - L L=
Spectrometer hits, 10 c ;gev]
» pt>5GeV,|n| <2.7 |zo sin(V)| < 0.5 mm of “loose or '
medium quality”
» Isolated objects
® Photons ().
» Clustering of calorimeter energy deposits.
» ldentified with rectangular cuts on shower shapes.
oY Brookhaven i {
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Object selection

y

_I ITT | TTTT | TTTT | rTTT T T T T T T T T T T T T T T T T T T T T
- <IJ~> ~ 24 —eo— | C+JES Jets
—— LC+JES Jets [JVF|>0.25

\s=8TeV —*— Particle Flow Jets
n|<1.0 ATLAS Simulation

® Electrons (e).

—
o
@

IIIII|IIII|IIII|I

» Isolated objects clustered from calorimeter energy
deposits with associated ID track.

» Er>7 GeV,|n| <2.47 and |z sin(V)] < 0.5 mm

—
o
N

—

II|IIII|IIII|IIIIIIII|IIII|IIII|III

Reconstruction Efficienc
o

o ¢

O

(0]
II|IIII|IIII|III

® Muons (u).
0.97
» Combined track fit of Inner Detector and Muon S
Spectrometer hits, 30 35 40 45 50 55 60 65 't'7o""75'"éo
» pT>5 GeV, |n| < 2.7 |z0 sin(D)| < 0.5 mm of “loose or Py [GeV]

medium quality”
» Isolated objects

® Jets ().

» Energy deposit grouping with infra-red safe algorithm:

» pt>25GeVand |n| <45
4+ Clustering with anti-kt, R=0.4
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Reconstruction and selection

® Diphoton event selection

» At least two photon with Et> 25 GeV
» Highest Et pair forms candidate.

» Vertex identification with Neural Network

+ Vertex within 0.3 mm for 79% of ggH
events.

® Background estimation

» Entirely estimated from data

» Prompt photons: maximum likelihood fit
to myy spectrum

» Jets misidentified as photons: from
control sample

24
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Et(e/y) resolution Mass measurement
® Good energy calibration necessary for increased precision on mn

» Two step approach: i) material energy loss and ii) global calorimetric scale
from Z—ee data

® Jotal scale uncertainty of at 40 GeV at the per-mille level.
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Muon resolution Mass Measurement

® Correction for local misalignments

» Charge dependent bias, with net effect of worsening resolution

» In-situ correction based on Z— U data, recovers up to 5% in
resolution.

ATLAS Preliminary 13 TeV, 33.3 fo™' Data

% % ATLAS Prelimin1ary 4 u() 4 u(-) Uncorr.

= O, 9213 TeV, 33.3fb - & u0s) Un

2 Ei 91.8F0.8 rad < p("**) <1.6 rad M) u(+) Uncorr.
91.6— Z—uu — MC Syst. uncert.
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