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- This talk will focus on:
Higgs mass measurement w/ H—-ZZ*—4l (I=e,y) and H—yy
Fiducial and simplified template cross sections with H —
2Z* — 4l
.

- WW* — evpv

- Almost all results (except mass w/ H—yy) w/ full ATLAS Run2 data

(139/1b). Improvements wrt previous publications:

4Ax more data

LZ,YY: high mass
resolution channels
mass and precise
differential
measurements

228

2.6%
0.012% (e,u)

WW: High BR, but low

mass resolution

improved electron, photon and jet reconstruction, lepton selection and calibration,

b-tagging ..

Improvements in analysis-technigues (in violet in the following)

g =

0.23% 0.15%
" 0.008% (e,u)



https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://www.sciencedirect.com/science/article/pii/S0370269318307056
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HIggS Mass

Only free parameter in SM Higgs sector, fixes all other properties. Measured in the channels with the best resolution: H—Z7*—4l and H—yy

Legacy Run1 ATLAS+CMS my measurement: 125.09 + 0.24 GeV (0.19% uncertainty) Phys. Rev. Lett. 114 (2015) 191803

Updated measurements performed by ATLAS using:

H—Z/*—4l + H—yy, 36/fb Phys. Lett. B 784 (2018) 345 H—//—4[, 139/fb, preliminary ATLAS-CONF-2020-005
| | I ] | | ] I | | | | I | I | I I | | | | I | I | | I | I |
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_ de Fm3— 124,59 * 7" (Stat.) *>'° (Sys.)
Run 2 Combined -—-T—- 124.86 + 0.27 ( £ 0.18) GeV | | 009
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Run2 (36/fb): 0.22% precision (0.30% ZZ*, 0.32% vv) Main improvements wrt previous publication:

_ per-event resolution estimated with quantile regression NN
Run1 + partial Run2: 0.19%

My fit range increased to float normalisation of main bkg (ZZ7)

Good agreement between final states and with Run1. Work ongoing to finalise lepton/photon calibrations and update H—yy measurement 3


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/

H—//*—4]

Lowest BR but very clean final state. Main bkg: ZZ*, from data+simulation

Eur. Phys. J. C 80 (2020) 942
Eur. Phys. J. C 80 (2020) 957

Fiducial and simplified template cross sections measured w/ full Run2 data

Main improvements wrt previous ATLAS publications
Larger ma sidebands, used to constrain ZZ background directly from the data (free normalisation in the fit) rather than from theory predictions
STXS:
More event categories for more granular measurement
New, more performing discriminants to separate the various production modes (BDTs — DNNS)
Control region for main background (top processes) in ttH categories
Fiducial cross-sections:
Unfolding based on response matrix (rather than bin-by-bin corrections), implemented in likelihood function

More cross sections measured


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28

H—//"—4| STXS: analysis strategy

- 12 categories (Niets, pt, Mj, extra leptons..) in m4 signal region (SR) to target 12 “reduced-stage 1.1” STXS bins ; 5 extra categories, in sidebands
(SB) of mai, to constrain main backgrounds (ZZ, tXX)
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H—//*—4] STXS: results ‘ '

Data vs fit Production mode xsections SIXS
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Good agreement between data and fit (left)
Good agreement between observed and expected xsections: inclusive & production mode (middle) and reduced Stage-1.1 STXS (right)
All measurements are (still) statistically limited

Statistical and experimental systematic errors down by 40% wrt previous publication, similar theory uncertainty
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H—//*—4| STXS: interpretations

Results are used to constrain Higgs boson couplings to SM particles (left) and BSM couplings to gauge bosons and up-type quarks (right)

BSM couplings (SME/—T Warsaw basis)

SM couplings (k framework) Lo = Lo 4 Z A O(d) ford >4 deB. At ToV
FSM
o-B(l—>H->f)= K% : K? : O'iSM . CP-even CP-odd Impact on
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1 6:_ KE = O 8 8 + O 7 (‘T: ATLAS Expected: Stat+Sys ATLAS Expected: Stat+Sys
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1 ~ i ' | i | _
- E Cow = 0.5 [-3.4,2.1] C i n = +06  [24,24]
0-85_ _E Cug i . 003  [-0.62,0.59] _ Cz I . 0.00  [-0.56,0.56] |
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O 4_| A N E RN N N NN N S A N N SN A A R B B B — i — — E —
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—2 0 2 4 6 —2 0 2 4 6 8

Parameter Value Parameter Value



Cross section [fb]

H—//*—4| fiducial cross sections: analysis strategy

+ Xsections measured inclusively and differentially wrt quantities (ptH, yH, mi2, mas4, angular & jet variables) probing in detail Higgs boson production

- Signal yields in each bin of a differential distribution from S+B fits to the ma distribution

- Unfolding to particle-level 6*"BR using response matrix method, implemented directly in likelihood function

Fiducial and total xsections
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Good agreement w/ SM, measurements statistically limited
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H—//"—4l fiducial cross sections: interpretations

pr(4l) fid. xsection — constrain bottom and charm Yukawa couplings (left)

"

Vp and yc affect both ggF, gqg—H + gg—gH, and BR(ZZ) through modifications of the I'pp and [ ¢c partial widths = effect on normalisation and shape

m12 and ma4 fid xsections — constrain BSM contact terms between the Higgs, the Z, and left- or right-handed leptons (2. and €z,r) (right)

4 scenarios w/ different assumptions on structure of interactions keeping same Lorentz structure of SM (angular distributions are not affected)

D, ¢ Yukawa couplings

T I I I I I I I I I I I I I I I I I I I | T (S} T T TT I LI | LI | L I L I L I L [ILLE!
25 :_ + Best Fit ] ~ :_ 4+ Best Fit _:
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P . 40 C e k. = 0.66 (—7.46, 9.27]
Modifications to p1 predictions Ky = 0.55 _1.82, 3.34

Constraints on ke similar to those from direct searches

/\GJE 01 1 | I | L | T 1T | I | T | L | T T | L | I |
N B + Best Fit ]
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-0.04-0.03-0.02-0.01 O 0.01 0.02 0.03 0.04 0.05

Constraints O(1-10%) depending on the scenario

anomalous H/l contact terms

(EZu = 8Zu) .



H—yy

= 0jets

Higher BR; but larger background, estimated robustly from data sidebands e

Fiducial and STXS (reduced Stage-1.2) measured w/ full Run2 data A CONE200-000

S+B fit to myy in each category of the STXS analysis or bin of the differential observables of
the fiducial measurement. Response matrix implemented in the likelihood function <0G

Main improvements wrt previous ATLAS publications

STXS:

More event categories for more granular measurement (including differential ttH measurement)

New categorisation reduces uncertainties and correlations

Fiducial cross-sections:

Unfolding based on response matrix approach

Il

mj; 2

350 GeV
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"

22%.

27 STXS bins

V(lep)H

qq¢ — Htv

Hiv, p¥ < 150 GeV

pp — HEL

Finer binning, higher pr reach

6 differential
fiducial xsections

7Y

Yy |
J1

Njets

Htw, pY¥ > 150 GeV



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/

H—yy STXS: event categories

Main effort for optimisation of event classification, with more granular measurement and categories better aligned with STXS
bins (higher purity = lower correlations, better precision). Multi-step approach:

Multiclass BDT trained to separate signal events from different STXS bins
Optimisation of event classification based on BDT output minimising the expected covariance of the measurements

Each category further split in (up to 3) subcategories of different S/B based on binary BDT classifier trained to distinguish signal from bkg
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H—yy STXS: results
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ATLAS Preliminary o Sve aR-Haa 220 380 <, < T00,0.<pll <200 | 079 ‘o5 (‘056 032) - Larger uncertainties in regions
Vs=13TeV, 139 fb FedTotal | stat. EISyst (| swm b 220 m. > 700,0 <M <200 |-Ele-| 109 1035 028 4021 : ¥
e T~ 15506 Gev e . 0 D5 (O B of low stat (high prH for ggF,
p-valu;=3% Total  Stat. Syst. qg->Hag >2J m > 350, p!! > 200 —eo— 1.35 _*(?_;I‘(? (+(;)3461 _+(?_'1270) h h \/ f VH | f
ggF + bbH }lgq 1.02+0.11 (£0.08,% °7 ) qa-oH 0 <p} <150 —e— 241 1570 (£067, ‘o1) Iign pT1Y 10r , IOW M T0r
e GO qo—Hqa)
VBF e 134+ 0% (£018,= ¢2) | /.50 MO <p! <150 f—m—— 108 1039 (1096 4026,
" e st e 0m a0 | B GG = 010 g ooy 1?_{3? - Production mode uncertainties
== 078 om (om0 | improved by ~x2 or more wirt
ZH  —— 0.64% 057 (% g5 - % oop ) HH 60 < ! < 120 —=— 072 ‘045 (oas: 008) : : :
L o2 L oz, oo ttH 120 < p!! < 200 |—{E—| 1.06 foo_'t-?f (fg?g, TOO_':Z) preVIOUS DUbllcatlon
e o PR (amotew) | 4,70 = 0% 95 (2 433 -
AN S N T T T T T T N T T N T T T AN T N M N O N tH : f .I t : 0.85 +§4218 (j-23_:2113, +(§)9987) ° Upper |Im|t Of ~8X SM On tH O-.B

2 -1 0 1 2 3 4 5 6 T B
o-Bl(oB),, 4 -2 0 2 4 6 8
Large negative correlation (-42%) between WH and ZH. c-B/(c'B)

Sum: ¢:B=5.9+1.4 fb, (6:B)sm=4.53+0.12 fb, p-value = 50%

SM
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H—yy fiducial xsections: results

Diff. fiducial xsections — E s[aras Famnay L & a-emmeot B romtons
Dg F —¢— Data, tot. unc. 200 syst.unc. I B NLo+ XH 4] GoSam+Sherpa + XH :
F Hoyy, Vs =13 TeV, 139 fb'! T B NLO+JVE + XH A  Sherpa (MEPS@NLO)+XH:
';' 10: T T T [ T T T T [ T T T [ T T T T [ T T T T [ T T T T [ T T T T L anti ktR=O_4’p > 30 GeV A4 & STWZ BLPTW + XH - MG5 aMC@NLO + XH ]
8 E ATLAS Preliminary H—syy, s=13TeV, 139 fb" 2L 1 B NNLOUET + XH - XH=VBF+VH+ttH+be_:
S ! -¢- Data, tot. unc. . Syst. unc. _ :
Fiducial xsection S A B= gg—H default MC + XH )
O 15 ' 3 :
cigB=652+7.1fb ~ BB NNLOJET @ SCET NNLO @ NLL + XH
o ==+ XH = VBF+VH-+ttH+bbH ]
(o7 B)sm= 63.6 + 3.3 fo S |
-1 5 .
107 ¢ N g sl
g
7777777 *g 0.5}
1072F g
.. T':':":':'%':':':":' Distribution p(x”) with
3 | Default MC Prediction
(_451.5- + \ - pr 149,
‘% kR EEE + |y’m/| 687%
° 15T o ‘ P 7%
-Z) 05 Njets 96%
:: R R R O N R Agj; 827
0 50 100 150 200 250 300 350 m;j 75%

' YY G V
Good agreement with SM p; [GeV]

Differential measurements stat limited, inclusive one has ertstat ~ €rrsyst
Main systematic uncertainties: bkg modelling / photon (energy scale/resolution + efficiency)

Uncertainty improved by ~x2 wrt previous publication (a bit less in inclusive measurement due to larger impact of bkg modelling)
13



H—yy fiducial xsections: interpretations

pr(yy) fid. xsec — constrain the charm Yukawa coupling (left), with approach similar to H—4l, using shape-information only

5/6 differential fiducial xsections — constrain anomalous Higgs couplings to gauge bosons (right) in an EFT approach similar to H—4|

(SMEFT, Warsaw basis, dim-6 operators)

C Yukawa coupling

Coefficient  Observed 95% CL limit Expected 95% CL limit
Py 19, 24] 15, 19]

Tttt L T
ATLAS Preliminary -
- + Vs=13TeV, 139 fb" -

—_
I
A
o
. Il
—
©

do/dp.’ [fo/GeV]

———
;
a
—to—
-~ |
O O
0 L
® A
(@]
I

beeemeee 4 Sensitivity mainly
: driven by low pr(H)
region

T

Ratio to SM

0 20 40 60 80 100 120 140
p' [GeV]

Constraints on ke and chg in same ballpark as H — 41, but much
stronger on cHw, cHe, cHwa (large impact on the Hyy partial width)

BSM couplings to gauge bosons (EFT)

g, 10| Ci = Civ?/A* g

——
ATLAS Preliminary
- H— yy, s=13TeV, 139 fo' . 1
SMEFT Interference-only Observed 95% CL

T T I

Observed 68% CL

Sensitivity for most variables
(when interference only
considered) driven by overall
normalisation except

C,ppy 107 | * Cha: impact on various
G0, | shapes
5 110y * CP-odd couplings: impact
P on A®; shape
C,[10%]
C s [107]
Cpye [10°7] |
—1.5| —I1—O|500|5%15
Parameter value
Coefficient | 95% CL, interference-only terms | 95% CL, interference and quadratic terms
Cruc [—4.2,4.8] x 10~ ° —6.1,4.7] x 107"
Cre [—2.1,1.6] x 107 —1.5,1.4] x 107°
Cuw (—8,2,7.4] x 107* —8.3,8.3] x 10*
Crw [—0.26,0.33] —3.7,3.7] x 107
Cus [—2.4,2.3] x 10~* —2.4,2.4] x 10™*
Cug [—13.0,14.0] —1.2,1.1] x 1073
Cuwns (—4.0,4.4] x 107* —4.2,4.2] x 107*
Crws (—11.1,6.5] —2.0,2.0] x 107
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H—-WW"—evuv

Largest BR but worst resolution due to neutrinos. Provides extra valuable information &
especially in regions of phase space where the xsection is small

Lepton angular correlations help suppressing main bkg (WW*)

Production cross sections and STXS (reduced Stage 1.2) measured w/ full Run2 data
ATIAS-CONF-2021-014

Main improvements wrt previous ATLAS publications € . .
small dilepton opening

Measured ggF in 2-jet region angle, low invariant mass

Higher sensitivity to VBF due to new discriminant (BDT—DNN), with more input variables
and finer binning

First STXS measurement (in ggF and VBF regions) in this channel (11 bins of reduced-
stage 1.2)

Improved modelling of ttbar backgrounad

More details in Robin Hayes’ talk this afternoon..
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

H—\WW*—evuv: analysis strategy

Separate events in jet multiplicity bins: O, 1, 2+ (ggF-like), 2+ (VBF-like)

pH > 200 GeV

g 99H, high p”

350 < m; < 700 GeV

EW qqH, low mlow p,”

700 < m, < 1000 GeV

p:" < 200 GeV

EW qqH, med mlow p.”

1000 < m, < 1500 GeV

jets

=|EW qqH, high m-low p,”

mi/'

> 1500 GeV

pt > 200 GeV

m; 2 350 GeV

g EW ggH, high p,"

N_ =1
p;" 2 200 GeV jets
< :
Me < 30 GeV : | Fail Central Jet Veto Nigs 22
My > 30 GeV : |or Outside Lepton Veto pH > 200 GeV

Howw sevuvy, ATLAS Preliminary  Vs=13Tev
Production Particle-Level STXS Reduced Reconstructed Signal Region
Mode Production Bins Stage 1.2 Category
p_l_sublead < 20 GeV ‘._ My < 30 GeV
= 0-jet > ggH 0j, low p,” p sublead y 50 Gev (_._
p! < 200 GeV ’ T T N, =0
H ¢ 200 GeV
pr°U°'% < 20 Gev ] my, > 30 GeV Pr
stubIead 5 20 GeV ‘
pTH < 60 Gev -----------------------------------------------------------------
> ggH 1j, very low p.” p:" < 60 GeV |«
=1-jet 60 < p/ < 120 GeV Nigs = 1
120 < p;" < 200 GeV :
4 9ggH 1j, med p.” 120 < p;" < 200 GeV <
ST S, | pe— |
> H 2j, low p.” my, < 30 GeV :
Pt < 200 GeV 99+ <> OW Pr “ - | Fail Gentral Jet Veto N, 22
> 30 GeV or Outside Lepton Veto P < 200 GeV

350 < m; < 700 GeV

700 < m, < 1000 GeV

1000 < m; < 1500 GeV

p: < 200 GeV

-

m. > 1500 GeV

i =

m. 2 350 GeV

i =

N,

jets =

22

pH > 200 GeV

Pass Central Jet Veto
and Outside Lepton Veto

Reconstructed Signal Region

agF 0/, low p?’
ggF 1j, very low p’T4
ggF 1/, low pT*_’

ggF 1j, med p?
ggF 2j, low p?
ggF 1/, high p?’
ggF 2j, high p’T4
VBF 2, low m;
VBF 2j, med m;
VBF 2/, high m,
VBF 2j, very high m;
VBF 2;, high p*

Further split events in categories with different S/B, and aligned with STXS regions for STXS measurement, based on my, pr'2, prH and m;

0

ATLAS Simulation Preliminary

H—- WW* = Iviv
Vs=13TeV, 139 b

0.1 0.2 0.3 0.4

ggH-0j, low p¥
ggH-1j, very low P

BN ggH-1j, low p¥
B ooH-1j. med pf

I oo+-2), low p!

I oo high p*

H

EW ggH-2j, low m;-low p'T4

EW qqH-2j, med m;-low p”!

EW qgH-2j, high m;-low p’T*
B EW qqH-2j, very high mj-low p¥
B EW qgH-2j, high p*

0.5

0.6

0.7 0.8 0.9 1

Expected Composition

Cross sections measured from simultaneous fit to data signal regions + bkg control regions (WW/top/Z(tt)+jets) in the various categories
(fit mt for ggF categories, DNN for VBF categories)
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H—WW*—evuv: results

Events/ 10 GeV

Data / Pred.

Total — Bkg.

6000 LI I T T T I | T T 1 I LI T | T I T T I | L | C - | [ [ [ I [ .
- ATLAS Prellm:nary+Data %Uncertalnty f 106|;_ATLAS Preliminary -4-Data §Uncertainty_;|
5000_"_-13Tiv 139 1o n Bo, J@ E {5 =13TeV, 139 fb W, :
- H = WW* — evuy i GC) 105 - H - WW* — evuy Other H T/ Wt 2
ggF SR Wotern w1 Q (VBF enriched N>2SR ) myy Bz
4000 Bww Bzy Y el T
- . - 107 Mis-id  [Jother vv
- Mis-Id Other VV 4
| — 3
3000 . 10
i i 102
2000 —
i i 10
1000 -
: i 1
P : 10~
14T T T T T T T T T T T T T T T T T T T T T T T T T 11 — -O 1.4 — | I I —
o s
2 5-3900 | & S- 4%
v~ 8 g @ %
1W‘x\\xw >0 g0 0 g0 \M?\* S % 1 o \\W \\\\\\
0.8 4 0 o8t
06—||||||||| N NN T T T Y O A Y A = 0.6 | | | | | ! =
LOOOE s "_ o 45— ' '
800 ........................................................................................................................... — 9 3:_ ______________________________________________________
] 0] ] a -
T 4 X 2 E
200w I (- =B L e
O [ (AR MR R TR R MR | 1 | i 1 .’T.T.i‘.'f.’i‘.'l'.i'.’l' o = [ |
|2 0 70 [03 (0.5, {0 > l0.g l0.g 0.9
50 100 150 200 250 — *0.25 S, " 0.59) 9, 0.25 73, 0.85 3, ' 0.9, 9, 0.95 3

mr [GGV]

DNN output

Good agreement data/fit (left), post-fit bkg normalisation factors ~1

Good agreement of measured xsections with SM (right)

ggF and VBF inclusive XS and ggF STXS low pr syst. dominated,

other STXS stat. limited

- Large impact from theory uncertainties (esp. VBF)

o)
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“;20
<
T
ml 18
‘w
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bm 16
14
12
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ggH-0j, p:’ <200 GeV

ggH-1j, p:’ < 60 GeV

ggH-1j, 60 < p:’ <120 GeV

ggH-1j,120 < p’: <200 GeV

ggH-2j, p:’ <200 GeV

ggH, p:’ > 200 GeV

EW ggH-2j, 350 < m; <700 GeV, p* <200 GeV
EW gqH-2j, 700 < m; <1000 GeV, p* <200 GeV
EW qgH-2j, 1000 < m; < 1500 GeV, p* < 200 GeV
EW qqH-2j, m; > 1500 GeV, p: <200 GeV

EW qgH-2j, m, 2350 GeV, p:’ >200 GeV
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ATLAS Preliminary
s =13 TeV, 139 fo

H—- WW* - evuv

LI | LI | L | [ | L | L | [
L | -
O _
|
1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1

I
— 68% CL
— 95% CL
* Bestfit
—— SM 68% CL
+ SM

VBF significance 6.60
(6.1 expected)

Uncertainty improved
by 50% in ggF and
x2.5 In VBF wrt
previous publication

0.4 0.6 0.8 1 1.2 1.4
over B, ww- PP
LA DL L L L L L L DL AL L L L | | T
ATLAS Preliminar red Total
» y 1 Statistical Unc.
Vs=13TeV, 139 fb Bl Systematic Unc.
H—- WW*— evuv I SM Prediction
(p-value = 52% ) Total (Stat. Syst.)  SM Unc.
1.20 016 (008 0M 06 e
+g;§ +0.30 +0.50 ! EW qu SenSItIVIty
085 ;g ( 030> -052)  *0.14 bl ‘t
073 0B (o w0ez) 4oL, | COMPArable to
146 "0 (l0e. low) 1 x02 H—yy
153 *0m (o wwey g
Femtmr 217 0% (Tog. Tous) ! 028
= 020 'OF (1040 0%, 14443
-t i 050 ‘o5 ( “oas —020) 011
107 0% (0h. o) L 010
096 ‘5 (0% 0y | Logs
143 0T (28 0y 1 Logg
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17
C / Og,



"

Conclusion

- Full-Run?2 results provide high sensitivity to Higgs boson mass (0.16%) and cross sections (few % inclusive, ~10% ggF, ..)

- Fiducial and simplified template cross section measurements probe the Higgs properties with high granularity and negligible
or reduced model dependence

- Still room to improve full Run 2 results, update partial-Run 2 ones, perform combinations and interpretations
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