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The Higgs boson

The Higgs Boson was discovered in

2012 by ATLAS and CMS
¥ Characterization of the Higgs boson properties
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properties
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Width (with a new result!)
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Higgs mass and width

The Higgs mass is a fundamental parameter of the SM — needs to be measured

The Higgs total width in the SM is calculated to be 4.07 MeV
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my measurementin H - ZZ - 4{

45

. . . . ‘C_) F > 50_| LN B ) L B o
*  Analysis in 4 exclusive regions S gL ATLAS | S| O [ATLAS o o (25600
. . @ E (s=13TeV, 139 e . S [ e-1aTev, 139 1" . ww ]
*  Dyy neural network to discriminate signal from S 35 115<m,<130Gev - < A0 115<m,< 130 Gev - ]
> F W Uncertainty .‘U_). - % 74 Uncertainty -
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NN | i " ;
* 0 to regress per-event my, resolution : y r ]
i g p 49 20F 4 /% r ]
E » A 20— -
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PDFs modelled as a function of p(a;, m4p, Dyn|my) -2 - _ ]
10F KZ ///////////////lf/// + 1ok 1
ATLAS —e— Total 5 [ ‘o * * ]
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L : 4 _
4e — 124,51+ 073 (+0.73 Stat) Dy c,[GeV]
- | . ¢ Improved muon momentum-scale calibration
2uze ——®— 125.33 £ 0.50 (+0.49 Stat.) . .
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Combined 12499 %019 (0.18 Siat) Combined Run 1 + Run 2 result:
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Phys. Lett. B 843 (2023) 137880
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https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub
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my measurement in H - yy

Model the signal and smoothly falling background with analytical functions

Separate events in 14 mutually exclusive categories based on photons kinematic
Minimizing the total expected uncertainty on my = 6% improvement with respect high pr, high Py,
to partial Run 2 categorization. C-type . .
medium [ medium [
my from a maximum likelihood fit on the m,,,, distributions simultaneously in all R
categories lowp,_ low p,_
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https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
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Photon energy scale improvement

* Improved material modelling in front of calorimeter (x3 better)

* Improved description of on-detector electronics non-linearity (x2 better)
* Improved electron-to-photon scale extrapolation (x3 better)

* Improved layer intercalibration (x2 better)

* Z — ee scale factors measured as a function of pt and 7 (linearity)
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https://iopscience.iop.org/article/10.1088/1748-0221/19/02/P02009
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my measurement in H - yy

Uncertainty due to photon energy scale decreased
L B ¢ byafaCt0r0f4(320|V|eV—>90MeV)

ATLAS —Total DStat. DSyst. Currently below statistical uncertainty
Source Impact [MeV]
. Total Stat. Syst.
| Photon energy scale 83
Run1H-yy | ——e——126.02+0.51 (+ 0.43 £ 0.27) GeV 7 s ete™ calibration 59
E Erp-dependent electron energy scale 44
| et = ~ extrapolation 30
j" Conversion modelling 24
ATLAS + CMSRun 1 —&=— 125.09+0.24 (£0.21+0.11) GeV Signal-background interference 26
Hoyy, HoZZ*—4l : Resolution 15
: Background model 14
: Selection of the diphoton production vertex 5
Run2 H—-yy J.d}_ 125.17 £ 0.14 (£ 0.11£ 0.09) GeV Signal model 1
| Total 90
Run 1+ Run2 Hoyy —Lioj— 125.22 4 0.14 (£ 0.1+ 0.09) GeV )
. Combined Run 1 + Run 2 result:
| | 111 | | |11 1 | 11 1 | | 111 1 | | 11 | | 11 1 | | 11
123 124 125 126 127 128 129 my = 125.22 + 0.14 GeV
= 125.22 + 0.11 (stat.) £ 0.09 (syst.) GeV
m,, [GeV]
Phys. Lett. B 847 (2023) 138315 7



https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub

ATLAS Higgs mass combination
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Tttt ettt ettt
ATLAS e Total Stat. Syst. | Combination
Run1:,/s=7-8TeV,25fb~!, Run 2: \/s = 13 TeV, 140 fbo!
Total Stat.  Syst.
Run1 H — vy | ® | 126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4/ I ® i 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — ~y I-[F—I 125.17 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4/ 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 142 H — ~y 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run1+2 0 — 4/ 124.94 + 0.18 (+ 0.17 + 0.03) GeV
Run 1 Combined I—l—ro—l 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined h?-l 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined 125.11 £ 0.11 (= 0.09 + 0.06) GeV
T I ! :-T-II IR B T B T
123 124 125 126 127 128
Phys. Rev. Lett. 131 (2023) 251802 my [GeV]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Higgs total width

The decay widths of the Higgs boson in the Standard Model
are small compared to its mass

decay to off-shell weak bosons small Yukawa coupling

loop-suppressed
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Width via off-shell Higgs production

* On-shell production analyses are measurements of
Higgs couplings divided by the total width.

T T | T T I T T T ‘
—lepton production, CMS cuts, Vs=13 TeV
qq - 4leptons
m ™ geg - h - 4leptons
1 st gg - 4leptons(cont)
gg - 4leptons(total)

[ -

E * Off-shell production analyses are measurements of
E Higgs couplings without the influence of the total width.

-
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* A comparison of the two results yields an indirect
measurement of the Higgs width
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Off-shell H —» ZZ production
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Off-shell H —» ZZ production

4/ channel 242v channel

* 4 events with my, > 180 GeV . ,
miss miss

e 2¢2v events with large Ex">" and E1 " significance
* Use multi-class NN to enhance signal sensitivity

(SvsBvsqq —» ZZ) «  m#%% as discriminating variable

3 SR: EW SR, one jet SR, and inclusive * 3 SRssimilar to 4¢ analysis

—
e Data

1) T T
[%) L e e e e e B B e L s B B B By s s = 6
12} 5 D < 10 ATLAS
S 10 ATLAS /./ ata - o Systematic uncertainties
2 4 Systematic uncertainties o Vs =13 TeV, 139.0 f5" 77
TR {5 =13 TeV, 139.0 i C ooz 10° ’ CJaa-
ggF Signal Region Bl - (H—>) 2z 9gF Signal Region Ciwz R
1 04 [ Other Backgrounds 1 04 - 99 (H"=)
5 [Jaa— (H=)Zz+2) = ;:J‘Net\;v
—_ Y4
10 gg: H": 2242 1 O3 [ Other Backgrounds
102 [ qa— (H*—>) ZZ+2j
102 —— g9y H—>ZZ
10 —— qq— H*—> ZZ+2j
10
1
107" !
- -1
107 10
E i E =
% 1.5 F e Data/Exp. Q— 15 5_ e Data/Exp. _E
L o 1] M E
~ 1‘/0/0 . Y 7 4 - 1:/ Z A T 4
5 ottt < F B 40407, i Gl el
© C T E R T 3
[ --1+99F I/Exp. -- 1+EW |I/Exp. 0.5___1 F I/Exp. == 1+EW I/Exp--}---- =
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Phys. Lett. B 846 (2023) 138223 (erratum) mzZ [GeV] 12



https://authors.elsevier.com/sd/article/S0370269323005579
https://www.sciencedirect.com/science/article/pii/S0370269324002922

UMassAmbherst ATLAS

EXPERIMENT

Higgs width from H —» ZZ

* Simultaneously fit signal strength and background normalization factors in all signal regions and control regions
«  Direct measurement of off-shell signal strength tiggr_snenn = 1.170:2 with significance off-shell production 3.3 (2.2)c

*  Combination with on-shell STXS H = ZZ — 4 measurement [Eur. Phys. J. C 80 (2020) 957] yields I'; = 4.5*32 MeV and
0.5 (0.1) < Ty < 10.5 (10.9) MeV @ 95% C.L.

Q 7\|\\|\|\\|\\||l\llll\l‘ll\\l\l\\l\\l\ 2 7\\\\‘\|||‘\\\\||||\\\|||||\‘\|||||||\
\E 20 - A TLAS — - Obs-Stat. only E 20 — A TLAS — - Obs-Stat. only
I~ C —— Obs-Sys = C —— Obs-Sys
Al C Al C .
P18 H 5 27 aivy — - Exp-Stat. only v 18 0n + Off-shell combined — - Exp-Stat. only
- -1 —— Exp-Sys C _1 —— Exp-Sys
16513TeV,139fb 16,13TeV,139fb
F Obs-Stat. only: 1.1*%2 Exp-Stat. only: 1.0 0% - Obs-Stat. only: 11722 Exp-Stat. only: 1.0 "0
14 Obs-sys: 11fg; Exp-Sys: 1.0fg_: [~ Obs-Sys: 11tg; } Exp-Sys: 10tgz '

12
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Run 2 H —» ZZ result:

[y =4.5%332 MeV

I\I‘I\I‘I\\‘\\\‘\\\‘\I\l\l\l\l\l\
—
N

T A N W N

15 2 25 3 35 4 05 1 15 2 25 3 35 4
Hot-shell FH/FEM

Phys. Lett. B 846 (2023) 138223 (erratum) 13
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https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://authors.elsevier.com/sd/article/S0370269323005579
https://www.sciencedirect.com/science/article/pii/S0370269324002922
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Off-shell H — tt production

* Four-top production measured with 2£SS and multi-lepton (> 3¢) events /0000000 —>——t 0000000 —>—¢

* GNN discriminator trained with all events to discriminate tttt events H t ¢
from other sources of background. 777" <t g .
A
* Interpretation of tttt measurement. No attempt to discriminate (Higgs) S ST ; m‘ ;
and B.
§ atas | epaa | meE signal (S) background (B)
= Vs =13 TeV, 140 fbo [Jttw mttz E 4
2 £ i CJamisi Hoff—shell = |K¢l
q>> Post-Fit [ Mat. Conv. [@HFe ; . 5
- P W T 4sb ' ' ' ' 3 With the assumption that the
. 7 Uncertainty . ---Pre-Fit_] IS 4§ _____________________________________________________________ _2_(_,____5 Higgs contribution to the tttt
] a5k E " event selection is mostly off-shell,
'35_ 3 and if we consider a pure CP-even
) 5é 3 K;, then the observed (expected)
g E E limits are:
E 2~ — Observed =
R SRR T - 1.5) == Expected 1 E ke < 1.9 (1.6) @ 95% C.L.
E 21F + ...... : S WAy A -
R & S A Jmiw';;;;a o5t e =
T ot L L veal A AT R
O 9702 05 04 05 06 o7 05 09 1 0 0.5 1 1.5 2 25 Eur.Phys.). C83 (2023) 496
GNN score I, (erratum) 14


https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://link.springer.com/article/10.1140/epjc/s10052-024-12458-6
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Higgs width from H — tt

Target processes

Off-shell measurements

On-shell ttH measurements can be used to extract k; /Ty. pp -ttt
On-shell measurements
Hn H H H H H Production Decay
Additional processes are included to constrain the Higgs coupling to other SM particles. oeF, VBF. WH. ZH, GH.tH  H oo 3y
tTH + tH H — bb
Fit can be performed assuming that only SM particles contribute to the loop production of WH, ZH H— bb
VBF H — bb
H—yyandH - Zy eeF, VBF, WH + ZH,tiH +tH H — ZZ
ggF, VBF H— WW
WH,ZH H—->WW
Results not resolving H = Zy and H = yy g¢F, VBE, WH + ZH,1iH +tH ~ H — 7T
ggF+ttH +tH, VBF+ WH +ZH H — uu
Inclusive H— Zy

< 6:“”' ' ToT T " TorrTTI 1 ¥~2_5_ _

NCI - ATLAS — Observed 1 I —— 68% CL 1 ~
5E (5=13TeV,36.1-140" ... Expected 1 BEREE 95% CL ] First [y result with off-shell H — tt
A swot - - 2 2 B production:

3l m 3 50 E [y < 445 (75) MeV @ 95% C.L.
2F = - Assuming only SM particles in H — yy and
3 E Tprx e 7 H — Zy loop-induced production:
i N g R Iy < 157 (55) MeV @ 95% C.L.
1 10 10? 1 10 102
ryrt ryreM
arXiv:2407.10631, submitted to PLB 15



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
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Higgs width from H — tt

Target processes

Off-shell measurements

On-shell ttH measurements can be used to extract k; /Ty. pp -ttt
On-shell measurements
Hn H H H H H Production Decay
Additional processes are included to constrain the Higgs coupling to other SM particles. oeF, VBF. WH. ZH, GH.tH  H oo 3y
tiH + tH H — bb
Fit can be performed assuming that only SM particles contribute to the loop production of WH, ZH H— bb
VBF H — bb
H—yyandH - Zy eeF, VBF, WH + ZH,tiH +tH H — ZZ
ggF, VBF H— WW
WH,ZH H—->WW
Results resolving H = Zy and H = yy g¢F, VBE, WH + ZH,1iH +tH ~ H — 7T
ggF+ttH +tH, VBF+ WH +ZH H — uu
Inclusive H— Zy
< 6:"'” ' ' T " " ": ¥ﬂ2.5_””| L
acl - ATLAS — Observed 1 r —e8%cL e ] _
St /s=13TeV,36.1- 140" ... Expected 1 e 95% CL ] First [y result with off-shell H — tt
T - 2 - E production:
- 1 4sb h [y < 445 (75) MeV @ 95% C.L.
- g 1 s g s ; Assuming only SM particles in H — yy and
g E e (5 =13TeV,36.1- 140" 1 H — Zy loop-induced production:
- ] i +Bestfit  XSM ]
- . 05 .. e 4 Iy < 157 (55) MeV @ 95% C.L.
1 10
g s
arXiv:2407.10631, submitted to PLB More details in P. Jackson’s talk later today! 16



https://indico.cern.ch/event/1291157/contributions/5878648/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
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Conclusion

The measurement of the Higgs boson properties is an important part of the ATLAS program at the LHC
* The mass is an independent parameter of the SM.

* The most recent ATLAS measurements of the Higgs boson mass inthe H = yy and H = ZZ — 4¥ channels were
presented.

Recent improvements in the photon energy scale calibration were essential for improvement of the
measurement. The Run 1 + Run 2 combined measurement is my = 125.11 + 0.11 GeV

* The Higgs boson width can be inferred by combining on-shell and off-shell Higgs production measurements.

* The most recent ATLAS measurement of the Higgs boson width using H = ZZ off-shell events was presented.
First evidence of off-shell Higgs boson production in ATLAS. Combination of the 4¢ and 2¢2v decay channels
yields Ty = 4.5%33 MeV

* A new measurement of the Higgs boson width using off-shell H — tt events was presented.

The analysis is a re-interpretation of the tttt measurement and it is the first Higgs boson width measurement
using the tt threshold explicitly.

When combining the tttt with several on-shell measurements, we obtain the limit [; < 445 MeV at 95% @ C.L.

17
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