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ATLAS

EXPERIMENT

Higgs properties

e Measurements of Higgs boson properties are one of our most promising windows into new
physics

* Higgs mass: free parameter to be measured, and dependent on Higgs potential parameters
» Covered analyses: H — Z/* — 47 (link), H — yy (link) and their combination (link)
* Higgs width: predicted SM total width is 4.1 MeV, accessible with off-shell production

e Covered analyses: H* — Z/ off-shell production (link)

* Higgs CP: Sakharov conditions for a matter-dominated Universe require CP violation, and

known SM cannot explain this asymmetry — CP violation in the Higgs sector is an enticing
possibility

e Covered analyses: , H — 77 (link), and H — bb (link), VBF H — yy
(link) and H — Z/Z* — 47 (link)

» Not mentioned but in backup: ttH/tH with [ — yy (link)
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http://Phys.%20Rev.%20Lett.%20125%20(2020)%20061802

Higgs Mass: H — Z/* — 47

* Improved muon momentum scale calibrations (link)
» Sig vs. Bkg DNN discrimination: p, & i of 4¢ and In(| My« |*/ | M., |*)
* Per-event resolution o; trained quantile-regression neural network output

e Uses 2D likelihood to capture dependencies from m,,, DNN and o; under

categorization of 4u, 4e, 2u2e, 2e2u channels
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EXPERIMENT

Largest unc. on my

Systematic Uncertainty | Contribution [MeV]

Muon momentum scale +28
Electron energy scale +19
Signal-process theory +14

Run 2: my = 124.99 £ 0.18 (stat.) £ 0.04 (syst.) GeV

ATLAS — 'Sl'otalO |

* tat. Only

. =G
i 4e ~e- 124,51+ 0.73 (+ 0.73 Stat-;
i 202e -o- 1 125.33 + 0.50 (= 0.49 Stat-;
i 2e2x —e— 125.01+ 0.29 (+ 0.29 Stat-;
i 4o —e— 124.93 = 0.29 (+ 0.28 Stat;
i Combined —e— 124.99 + 0.19 (x0.18 Stat-;
Rumiez e 124,94 = 018 (+0.17 Stat)
m, [GeV]
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https://inspirehep.net/literature/2614209
https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub

1/N dN/dm,, / 0.5 GeV

Higgs Mass: 11 — yy

Event selection based on cross-section measurement (link)

New photon reconstruction with improved energy resolution and calibration

Signal modeling described by Double-sided Crystal-Ball with dependency on my

absorbed in mean and width

Background modeling with fit model (Exponential, power-law or Exponentiated 2nd order

polynomial) chosen empirically for each category based on goodness-of-fit

Floated normalization in 14 categories (defined by 7, ., , pseudorapidity of photon pairs,
and magnitude of pair transverse momentum) with dependency on my parametrized
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Largest unc. on niy

Source Impact [MeV]
Photon energy scale 33
Z — e*e” calibration 59
Et-dependent electron energy scale 44
e* — 7y extrapolation 30
Conversion modelling 24
Signal-background interference 26
Resolution 15
Background model 14
Selection of the diphoton production vertex 5
Signal model 1
Total 90
I|IIII|IIIIIIIIIIII|IIII|IIII|II
ATLAS —Total DStat. DSyst.
Total Stat. Syst.
Run1H—yy ——e—— 126.02 = 0.51 (+ 0.43 = 0.27) GeV

ATLAS + CMSRun1 —&—
H—yy, H—>ZZ*—4l

Run2 H—yy -

Runi+Run2 H—yy 4o

125.09 = 0.24 (+ 0.21+ 0.11) GeV

' 125.17 + 0.14 (= 0.11 = 0.09) GeV

125.22 + 0.14 (= 0.11 = 0.09) GeV

123 124 125 126 127

Phys. Lett. B 847 (2023) 138315
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https://arxiv.org/abs/2207.00348
https://arxiv.org/abs/1908.00005
https://arxiv.org/abs/2309.05471
https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub

Run1 & 2 combination of Higgs Mass _ yATAs

Source Systematic uncertainty on my [MeV]  Both channels performed statistical combination with Run 1 with simultaneous fit on m
e/y Et-independent Z — ee calibration 44 =~ asin Run 1
¢/y Er-dependent clectron energy scale 28~ 30% better 0.09% precision on the Higgs mass on both channels!
H — vyvy interference bias 17
e /v photon lateral shower shape 16 ~ 3x better
e /v photon conversion reconstruction 15 = 3x better | | | | | |
e /y energy resolution 11 =~ 2x better _ .
H — vy background modelling 10 = 4x better ATLAS e Total Stat. onIy I Combination
Muon momentum scale 8 R 207% better Run 1: /s = 7-8 TeV, 25 fb~1, Run 2: /s = 13 TeV, 140 b
All other systematic uncertainties 7 > OSXxbetter Total (Stat. only)
Runi1 A — vy | ® | 126.02 + 0.51 (= 0.43) GeV
T J— S Run1 A — 4/ I ® I 124.51 + 0.52 (+ 0.52) GeV
c i ombination Run i
I ATLAS comonaien n ] Run2 H — v |—Io—| 125.17 + 0.14 (+ 0.11) GeV
oH=2n W=y Combnaton fun 1 Fun 2. — Run 2 H — 4/ —e— 124.99 + 0.19 (+ 0.18) GeV
| Run1:{s=7-8TeV, 25fb aronly |
o[ Fun2ife=13Tev, 14015 - Run 142 i — v 125.22 + 0.14 (+ 0.11) GeV
I 1 Run 1+2 H — 4/ 124.94 + 0.18 (+ 0.17) GeV
°r B Run 1 Combined | = | 125.38 + 0.41 (+ 0.37) GeV
4:_ ____________________________________________________________ - Run 2 Combined |—o—|I 125.10 + 0.11 (+ 0.09) GeV
i | Run 1+2 Combined e 125.11 + 0.11 (+ 0.09) GeV
21 1 H R N . N N N
R — A A : 123 124 125 126 127 128
| | | | | | | | ba 'I' | | | | | | | | |
TV 125 1255 126 126.5 my [GeV]
m,, [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Higgs Width: H* — ZZ

Higgs width is inferred by measuring H* — ZZ on-shell and off-shell

ATLAS

EXPERIMENT

. . . . >,
signal due to the difference of cross section relation sl 8 por8Hizz
O'gg—>H—>ZZ ~ m2 Ggg—>H*—>ZZ
Include ggF and EW H* — ZZ signals, and their backgrounds with 2 Zj — [
. : O
destructive interference Jonshell  SeeFdHzZ gg—H=22
gg—H—-Z7Z mHFH
Simultaneously fit with signal strength and bkg NF in all SRs and CRs
Targeting two final states with 3 5§ 0F AAs e e 5§ 1F aas T i =
. . _ 5 Vs=13TeV, 139.0 f5' aqr 22 B T s Vs=13TeV,139.0 15" 40— 22 N
Slgnal reg|0ns (ggF, EW, and m|Xed) - ::24? ggF Signal Region EQQQ(H*Q)ZZ % - 10 ? Mixed Signal Region %WZ ( | §
. . §— P Other Bickgr;;:iczj.s —; 4 ;_ ?Ti\;WH*_) Y4 _;
In eaCh flnal State 10° ;—‘ Omy = logo Pg +SPN1 Egg:fﬂ:)zz | —= 103§ EZHets =
2%’ i = 10° %qqam*ﬂzzm‘ =
. 10° = = — Other B::lckgrounds :
» 47 SR with m,, > 220 GeV o - 107 ey Rz
. . . 10 E _
constrained with multi-class NN 1 1_- — | + -
' wE - e —
« 2¢2v: SR with E7 and lepton e - e E
9’ 1.5 —_o III)a’I[a/IE;(p. IIIIIIIIIIIIIIIIIIIII ] §<)' :_Iol [I)atla/IElxpl. IIIIIIIIIIIIIIIIIIIIIIIIII —
kinematics constrained with m%z N I S T -
. L 8 osioiime - Ee LY 8 05 iumymoovands 1 :
e Similar sensitivity in both channels T s o ~ 09 200 400 600 800 7000 1200 400 600
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https://authors.elsevier.com/sd/article/S0370269323005579

-2In(\)

Higgs Width: H* — ZZ

e Direct measurement of off-shell signal strength

ATLAS

EXPERIMENT

» Combined with on-shell measurement to measure | ;; with correlated exp syst and decorrelated theory syst

e Further interpretation on the ratio of off-shell to on-shell couplings

N
o

Observed (expected) |
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https://arxiv.org/abs/2004.03969
https://authors.elsevier.com/sd/article/S0370269323005579

EXPERIMENT

CP H ﬁ ‘A/‘A/>I< _I_ 2] ets LP = gHgg( L COS(@)G2, GO + K, [sin(a) G2 Ga’ﬂV)H ATLAS

Source A (tan(@))
Total data statistical uncertainty 0.4

° ggH T 2J ets to prObe CP ,uggFJrzjetS =05+04 (Stat.)f%Z (syst.) tan(a) = 0.0 = 0.4 (stat.) = 0.3 (syst.) SR statistical uncertainty 0.33
propertles Of nggS—tOp YUkawa CR statistical uncertainty 0.10

[ S S —— | | _ —= =10 _ MC statistical uncertainty 0.14
- - = | ATLAS ] S | ATLAs * SM prediction - = Total systematic uncertain 0.28
_ Zz Fe . — Expected - : 1 g = y ty
coupling through Higgs-gluon = o fe=ioTen sa 1 o B Al Somt 1S Theortaluncerainy 023
. . . [ uVBF fixed to SM, kgq = 1 ] 9 [ "cTTThee—. | ----95%CL 1] Top-quark bkg. 0.15
effective coupling (in heavy-top 5 | 2 F 14 b signal 014
. . . A N — 20 B 1 16 WZ,ZZ, Wy, Zy bkg. 0.06
mass limit) assuming SM HVV - : J J W bl 0.06
. 3:— E O:r H 4 Z/v* bkg. 0.016
Couplmg : - L VBF bke. 0.015
21— — - 103 : .
u ] - - Experimental uncertainty 0.21
1 e N 1 1o -1 n B b-tagging 0.16
it A - . i T 8l L Modelling of pile- 0.10
o tan(a) sensitivity limited by under- .. .\ - TR - Noieling of i 010
_ _ 8 6 4 2 0 =2 4 6 8 1 -0.5 0 0.5 1 Micidentified oot 0.04
tan(a) Kqq SiN(c) 1s1dentified leptons .
fluctuation of signal strength a9 Lot iyl
Total 0.5
. - Simultaneous fit with categories split by BDT and | ;i | using ACD]j as observation
g -% . ATLAS Simulation ]
| | _E 5 [ rr1rr——+—T7r 7T T T T T T "__ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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€0.15- —CPeven --CPodd ---CP mixed] 2 F Is=13TeV,36.11 W goF +2jets 2 15 [5-13TeV,36.1 ft' —| 7. Total unc.
O I ] g 10t MWW~ evuv 5 F+0Mjets & . B goF + 2 jets
> AN | > 3.0 > = ggF+21etsSR 5199 J B -  H—- WW*—evuv - )
\T i T]jj - 1 i = 5 W VBF 2 B , | 3 ggF + 0/1 jets
_ : _ 10° - 0d10 E [1.0,2.0] : [2.0,3.0] : so~ | Il Other Higgs N - ggF + 2 jets SR | g VBE
i ] i : = Il W + jets 10— — Il Other Higgs
At 01 Y : _ N | | I Z + jets B W +jets
L T Sl i | — [ Diboson | Z +jets
o o Lt Wt [ Diboson
5 Do b ..-.idf-: s ._ —— ggF + 2 jetsx 50 5 T
M L I R B 10 : —— VBF x 50 ] ff, Wt
\QQ-Q-QQ) - O 05 ' l E ; IEI..--!.."'H'"':' - _|—I—|—|_I_-E- J:__ 8 1.45— ' — B ]
g DR o g 1-2F 7*; - R
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https://link.springer.com/article/10.1140/epjc/s10052-022-10366-1

CP: H - WW* 4 2jets

 VBF to constrain HV'V coupling to longitudinally

and transversely polarized W and Z bosons
(a;, ar) and (kyy, €yy) assuming SM Hgg
coupling

e Results are consistent with the SM

Different scenarios are performed to estimate (a;, a;) and (kyy, €yy)

Expected Observed

Type

at shape-only fit (ap, = 1) 1.0 + O.5(stat.)’:%.i(syst.)

1 .3’:8: i(stat.)tgg(syst.)

_ +0.08 +0.07 +0.09 +0.08
ar, shape + rate fit (at = 1) 1.007 7 (stat.) "5 (syst.)  0.907 7% (stat.)" e
at shape + rate fit (ap, = 1) 1.00’:%:ig(stat. ’:g'é?,(syst.) 1.19’:%%72(stat. ’:g'_ 1131

(syst.)
(syst.)

0.08 0.08 0.10 0.09
1.007 5 (stat.) " 5 (syst.)  0.917 - To(stat.)"

0.4 0.2
1.07 5 (stat.) "% (Syst.)

ar, shape + rate fit (at profiled)

at shape + rate fit (ap, profiled)

(syst.)
1.2 + O.4(stat.)i%:%(syst.)

Meng-Ju Tsai (UMich)

2 weights / bin
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(@ kyy fit,eyy =0

Fit with categories split by

Source

AKVV

BDT with ACIDJj as observation

Total data statistical uncertainty  0.11
SR data statistical uncertainty 0.10

CR data statistical uncertainty 0.019
8 ATLAS T e Observed ot :
AT s 17 Total unc. MC statistical .uncertalnt.y 0.035
W ey - = ;]/;f Total systematic uncertainty 0.12
-| Il Other Higgs Theoretical uncertainty 0.10
i W + jet
. ] = ~ :f;ss Top-quark bkg. 0.072
- [l Diboson
10 ﬁ" Wi WW bkg. 0.062
5 ggF bkg. 0.033
Z/v* bkg. 0.017
14:""""'__ VBF signal 0.019
1.2E A;/ % % /j/ E Experimental uncertainty 0.050
OQ%W% 2z /////é Jet 0.026
0 b-tagging 0.014
AD, Luminosity 0.011
Misidentified leptons 0.007
Total 0.17
Type Expected Observed
gyy shape-only fit (kyy =1)  0.00*0-23(stat.)*-17(syst.)  0.1470-2(stat.)*0- 15 (syst.)
kyvy shape + rate fit (eyy = 0) 1.00“:8'%(stat. f%'_(l’g(syst.) O.91t%:(;3(stat. ig:?%(syst.)
gy shape + rate fit (kyy =1)  0.00*)-2(stat.) 203 (syst.)  0.0970-13(stat.)*(-00 (syst.)

1.00+0-9% (stat.)*0-03 (syst.)

0.00”jg:%i(stat.)t%: g(syst.)

kyvy shape + rate fit (eyy profiled)

egyy shape + rate fit (kyy profiled)

0.9170-19 (stat.) "0 (syst.)

-0.17

0. 13t%:%%(stat.)ﬁ0°08 (syst.)

0.10

Eur. Phys. J. C 82 (2022) 622

9


https://link.springer.com/article/10.1140/epjc/s10052-022-10366-1

CP:H — 1t

Z =—&K (cosq§ 7T 4+ sIn ¢_7i 5T)H
Hrtt T T Ly

v

» Probe the CP of Higgs-tau Yukawa coupling with ggF, VBF, VH, and ttH productions

o goz,kp is constructed with combinations of 7 decays (z,7;, and 7,7, and 7+ and 7'

multiplicity from 7,) — Phase of goEEP directly related to mixing angle ¢,

e Observed ¢_is consistent with SM, with largest impact on ¢. comes from data statistics

k
Pep
2

T
dFH—>T+T— ~ 1 - b(E+)b(E—)1_6 COS(CDEEP - 2¢7)9

is sensitive to Higgs CP properties!

0.06/+

0.04F

0.02

0.08 " =, u
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—e— Scalar .
-m-- Pseudoscalar
& CP-mix (¢ =45°)-

D' e | ||||| | ||||| | ||||||||||||||| ]
<0.12~ ATLAS Simulation

" H— 1t — vy
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1 Slg 1y b
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-.(L') 40 _I T T T | T T T1 | |||||||||||| | T T T T | T T T T | ||||||| I_
qc) ~ ATLAS —e— Data - Bkg. _
> ~ Vs=13TeV, 139 fb" H-tt (¢, = 9°) :
B 35 All SRs 77 Uncertainty ]
= N —— H—1tt (¢ =09 ]
(@] - —— T * —
‘© 30— — H—>7t (¢, = 90°) _
= B i
) - 7 :
o 257 1 7 .
¥ ¢
< ——
20477 7
B ¢ ¢ |
15 .
:I 11 1 | | I T | | T I | | T I | | T I | | T I | | T I | | T I | 1 1 1 |:
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¢ [degrees]
CP

Pure CP-odd disfavored at 3.4 ¢

s=13TeV, 139 fb™

4 Best fit —10
»x SM -2 0
b =9+ 16°

- ATLAS r =9
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https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y

CP: ttH/tH with H — Db .- -cvsiicoariyssina, PATLAS

EXPERIMENT

_ « NN for boosted Higgs, BDT to reconstruct Higgs/Top S [amas 1140
O i
® Strategy based on ttH —> bb STXS measurement « BDTs (w/ reco MVA as input) to classify S and B @ 23 5 =13 TeV, 139 fb” 1 -
x — —|
_ Dilgpton | | | | | | l+jgts : — — )
° / : : : E L ATLAS e D Tt T e ey et : 11—
. a = 110 +g%o and Kt = 0.841_8 £3I_(6) ConSIStent Wlth ° e gﬁ’f}g?c ) gata ..... {ﬁTHn:)f'EﬁgeijgtéOZotaldatayield é 1_— __ _30
SM | | E 1]
" 01— —|| {20 %
e Limited by low signal yield and background J: T
modeling W : :
g - : B Bkod+[fH+tH] (4=084.a=117) ] L : :
&%1.07 . ‘2__ % Bestfit a=11", k/=0.84 -
02 | | | | S | | | | i - % SMCP-even: or=0,kj=1 -
(15’1 X %) - (13’2 X %) (13’1 : 2) (13’2 . 2) D 1L 000 (1m0 - Iolp-?dé;e::g;,xl;; I .
b2 = b 4 — T oM ORy ORI CRUIE grtie spa W0l oRY CRY ORI GRS SAI S 22 ~1 0 1 2

1l p2l ' rfcos
Boosted BDT score, b, and b, constructed as CP-sensitive observables

1p1l|p2]

T normalised to data yield T normalised to data yield T normalised to data yield T normalised to data yield

E B T T T T T T T T T T T T T T T ] E B T T T T T T T T T T T T T T T ] 5 B T T T T T T T T T T T T T T T ] _._C_' [ — T T T L I L
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e EFT to include CP-odd operators with different EFT bases chosen
for interpretation (Warsaw, Higgs and HISZ bases)

o Optimal Observables (O 0) to probe CP-admixture in HVV

coupling

e Observable is symmetric for CP-even contributions — any
asymmetry indicates CP-odd contributions

Operator Structure Coupling
Warsaw Basis
O o (I)T(I)WliVW”VI Cyw
Oswn (I>TTI(I>WI£,,B”" Cyiwa
Ows ®'®B,,, B Cr7
Higgs Basis

Ohnzz hZ.uVZ”V Czz
Onzi hZ,UVA'uV Czy
Onai hAﬂvAW Cyy
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BDTVBF/Continuum

EXPERIMENT

CP:VBF I — yy ATLAS

BDT to select VBF enriched phase-space + BDT to d iInterpretation to combine

* Selecting 2 tight photons with 2 jets having suppress continuum background from y7, jy, and jj with VBF H — 77 (link)

|77,:] > 2 with BDT
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* Measurements are performed to probe the coupling strength of CP-odd operators and differential cross-
section

ATLAS

EXPERIMENT

e Constrain HV'V CP-odd effects from both production and decay in all 3 bases: d in HISZ, Warsaw and Higgs

bases — Build @O for each coefficients and vertices as fitted variables: @©®% and O 0O

C;
JJ 4¢

e 4 VBF SRs (with NN classifying VBF, VH and ggF ) for VBF production, and 1 VBF-depleted region for H — ZZ
decay (ggF dominant)
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CP:VBF H —» Z/* — 4F

e Maximum LLH fit performed for 3 CP-odd coupling parameters in

Warsaw and Higgs basis, and for Different CP-odd hypothesis are

tested using morphing

 Coupling parameters are scanned individually and in 2D
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ATLAS

EXPERIMENT

e Differential cross-section measurements for model-independent results sensitive to possible
deviations from the SM

» Fiducial cross sections measured in 3 bins in the |7;;| and m

]]

 Probe different OO with signal strength is extracted by fitting the m, , spectrum in each bin
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ATLAS

EXPERIMENT

Conclusion and Outlook

* Higgs mass is measured close to 0.1% level precision
* Higgs width measurements push the limits closer to SM expectation

 CP-structure of the Higgs couplings are studied in multiple final states with different coupling
parameters

e Stronger exclusion limits on pure CP-odd Higgs and so far no sign of any significant CP-odd
component in HV'V or Hff couplings

* VBF coupling results reported in Warsaw and Higgs basis, and for easier comparisons and
combination. First differential cross-section results for different OO

e Looking forward to analyses including Run 3 data with 66 fo~! on tapes so far, and two more
years of data taking ahead of us
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CP: rtH/tH with H — yy -

ttH/tH processes are directly sensitive to Higgs-top Yukawa coupling

hadronic channels

o Observed y -y = 1.43

Hadronic CP Discriminant

Is=13TeV, 139 b’

0
0O 0102 03 04 05 06 0.7 08 09 1

Hadronic Bkg. Rej. Discriminant

Meng-Ju Tsai (UMich)

+0.33
—0.31

(stat)

+0.21
—0.15

(syst) with 5.2 o significance

The 95% CL limit of 12 times of SM expectation is set for tH

Background rejection BDT (1fH vs. Bkg)

Fraction of Data Events

n;

Two BDTs to define 20 categories, which maximizing sensitivity, in leptonic and

CP-odd coupling of Higgs-top is constrained, with || > 43° excluded at 95% CL.

; {wk;[cos(a) +isin(a)ys)y, tH

ATLAS

EXPERIMENT

Pure CP-odd disfavored at 3.9 ¢
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Matrix element method ATLAS
e Matrix element method calculates the matrix element

(probability) that the event with reconstructed

kinematics x matches the hypothesis «
» Therefore, KD(ZZ*) provides a ratio of two terms ‘ M.or ‘2

- | | KD (ZZ*) = In|=—=2
 Matrix element for an event to be likely from Higgs — | M ‘2
77

production (signal would have larger probability)

* Matrix element for an event to be likely from ZZ
background production (background would have
larger probability)
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