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Higgs Boson Production and
Decay at the LHC

ATLAS

EXPERIMENT 2
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Higgs Boson Production at the LHC

I|IIII|IIII|IIII|IIII|IIII|IIII|IIIIlIIII|IIII|I

LHC HIGGS XS WG 2016

SRTERIRITIRES : 51025_ M(H)= 125 GeV -
e Gluon-gluon fusion (ggH) o = 48.6 pb ;.' - . (N3LO.QCD + NLO EW) E .
* largest cross section :-E|- 105 E .
e Vector bosm-1 fusion (VBF) o = 3.78 pb L_ ; W
. ?:rivrzfctlejgfsed by presence of two ' 6.=1.37 pb % L M
- 6=0.88 pb: — L0 QCD s

Associated production with vector
boson (VH, V = W/2)
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o
©
ge
o
I T TTTTTI
2
RY
(o}
Z\z
Z
z
O
(@)

* investigate leptonic decays of W/Z

Associated production with tt (ttH)

)
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* leptonic decays of top 6 7 8 9 10 11 12 13 14 15

- Vs [TeV]
F , ———
a9 VH g W,
_________ ttH
bbH |
87% 4% mmzm_o_o.o.o_o.q_;
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Higgs Boson Decay
Modes

WW

Higgs BR + Total Uncert
o
3
/i- - I- -
N
N

e Higgs to boson channels have
been observed

e ZZ*: low rate, but high signal-
to-background ratio

—r
Q
N

e yy: relatively higher rate, but

-3 .
much lower signal-to- 10 :
background ratio / ,
* ZZ* and yy allow one to fully 108000 720 140 160 180 200
reconstruct invariant mass of M, [GeV]

Higgs
* searches for Higgs to fermion decays are challenging

* bb: highest cross section, but very large backgrounds

e pu: very small rate and large background from Drell-Yan

ATLAS
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The ATLAS Detector

25m

Tile calorimeters

! LAr hadronic end-cap and
forward calorimeters
Pixel detector .

Toroid magnets LAr electromagnetic calorimeters

Muoh chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

A general-purpose detector consisting of an inner tracking system ,
electromagnetic and hadronic calorimeters, and a muon

ATL AS spectrometer

EXPERIMENT o
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Measurements from H—=ZZ*— 4]
and H— yy channels

ATLAS
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JHEP 1608 (2016) 045

125 GeV nggS candidate announced in 2012 ATLAS and OMS Preiminary ~ ATLAS
LHC Run 1 -
Phys. Lett. B 716 (2012) 1-29 H * ATLAS CMS
uw : —+ 20
ggF _““__1:,__
e Results from Run 1 show the new patrticle to be consistent with a Standard u i :
Model Higgs boson VBF ————
: H Z
* results shown are for the combined ATLAS and CMS Run 1 results WH -
e but there is still much to do! M
@
* precision measurements of particle’s properties to determine whether it is —
fully consistent with a SM Higgs M
@
e production and decay modes still to be observed, including bb, ttH, pu ... .
o factor of ~2 increase in cross section in Run 2 H | 41# o
0 05 1 15 2 25 3 35 4
PhyS. ReV. Lett. 114 (2015) 191803 Parameter value
L L L L L I L AL I L I L I
ATLAS and OMS PP PP TPTT .
L HC Run 1 i Total Stat. == Syst : Production Modes observed:
Total Stat. Syst. :
ATLAS H—yy H——s— 126.02+0.51 (+0.43+0.27) GeV : ° ggH and VBF
CMS H—yy —— 124.70 £ 0.34 (+ 0.31£ 0.15) GeV e evidence for VH and
ATLAS H—ZZ—4l I C | 124.51+ 0.52 ( £ 0.52 £ 0.04) GeV ttH
CMS H—ZZ—4l ——— 125.59 £0.45 (£ 0.42+0.17) GeV
ATLAS+CMS yy I-—EI—l 125.07 £ 0.29 (+ 0.25 + 0.14) GeV ;Decay modes observed:
ATLAS+CMS 4 I—I‘E—I 125.15 +0.40 ( + 0.37 + 0.15) GeV e for bOSOﬂS, YV, ZZ,
ATLAS+CMS yy+4l = 125.09 + 0.24 ( + 0.21 + 0.11) GeV and WW
B A R T - S s * for leptons, Tt :
mH [Gev] ------------------------------------------------ -

ATLAS Once muis determined, aII other properties of Higgs are fixed

EXPERIMENT
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Higgs Boson Measurements

Rare decay (~0.2%), but high resolution results in narrow
A=Yy -
resonance on top of smoothly falling background
Selection Cuts: $ 70— + pata  ATLAS Preliminary—
. @ siETICIE Background S = e 1! 7
At Iegst two photon N i b U Y 8 AN
CandldateS E\] - T Signal In(1+S/B) weighted sum g
- Photons must be isolated, fall " E
within |n| < 2.37, and with 400}~ =
ETmyy > 035 and ETmyy > 025 300;— —;
Important backgrounds include 200F- E
yy production, y-jet production, oof SR - oo -2
and dijet production - S/B ~ 0.02 -
| . !ﬂ\! . I

e an unbinned likelihood fit is
performed on myy

N
o
I

o
TT

E weights - fitted bkg

—20F

e continuum background is
obtained from data

ATLAS

EXPERIMENT 8

my = 125.11 + 0.42 GeV
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Higgs Boson Measurements

Ho 77— |+|-|+]- low branching ratio, but high S/B for all four final
states (4dmu, 4e, 2mu2e, 2e2mu)

Selection Cuts:

» 2 pairs of isolated, same- > o0 CATLAS | % om -
. (D B ignal (m =125 GeV i
flavour, opIpOSIter—charged. 0 5ol H o272 - 4 E swan o
leptons, with one lepton pair I [ 137ev, 3611 B cchoround 2o, -V, VWV
close to the Z mass 2 4oL 7 e -
Important backgrounds include > | :
ZZ” continuum, as well as 30 - | -
contributions from Z+jets and - 1 )
tt-bar 20 - |  BR-~1.3E-4 -
- # S/B ~ 2.3 ]
e per-event method for mass ok !
determination -
i i 0
’ Cg;‘t'_”ugr? baCI\k/I%Olmhql IS 80 90 100 110 120 130 140 150 160 170
oprainet rorn W, Wil 124.88:0.37GeV, mipTeereeed [GeV]
Z+jets and ttbar from data
ATLAS mu = 124.8 = 0.37 GeV

EXPERIMENT 9
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Higgs Boson mass measurement in H—=ZZ*— 4|
and H—vyy channels

* mn not predicted in the SM, but once measured, all other properties are fixed
e therefore a precise measurement is required to investigate the Standard Model in detail

* mass measurement is performed in two channels with high mass resolution (~1-2%)
due to fully reconstructed final states

I 1 I 1 T I I 1 I T T

< [ o 1 ]
= 14 ATLAS Preliminary — ﬁomggﬁd 4l C
N C e . — H->ZZ" >4 ]
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 T T ' 12__ Vg - 13 TeV’ 36-1 fb — H % ’Y'Y —_
ATLAS Preliminary - e Stat. onl .
Vs = 13 TeV, 36.1 fo! F—— Total Stat. =1 Syst 105 , y 7
Total  Stat. Syst. A ] /|
LHC Run 1 H —— : 125.09 + 0.24 (+0.21+0.11) GeV 8 ]
---------------------------------- T - .
H—ZZ*—4l Fo 124.88 + 0.37 ( + 0.37 + 0.05) GeV N ] ]
| — ‘l‘ —
H—yy = . 4 125.11+ 0.42 ( £ 0.21+ 0.36) GeV B Vo 26 4
I 4 . . N [ Y A AR AN g-_
Combined : FT' i 124.98 +0.28 ( +0.19 + 0.21) GeV - ’ N
| | | | | | 2 \ 5 Y o -
L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 - . “ " 'l G —
124 1245 125 1255 126 126.5 . W N - L ERRRRR RS —~
mH [Gev] O [ L | 1 1 1 \~ . o 1 L 1 | ¥

124 125 126
m,, [GeV]

muy = 124.98 + 0.28 GeV

ATLAS
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Higgs Boson fiducial and total cross sections in
H—Z/Z*—4] and H—=vyy channels

e measure cross sections in fiducial region which closely follows the kinematic and selection cuts to
reduce model dependency in extrapolation

e reconstruction acceptance relative to fiducial is high (50% (H4l), 75% (Hyy))
» correct for detector effects by “unfolding”; performed bin-by-bin

e agreement with SM

¢ Data
ATLAS |:| SySt Uncerta|nt|es I I I L | 1 I I L | I I 1 | L
H— Z7* — 4] m  LHCXSWG ggH @N3LO + XH [ ATLAS Preliminary g 1
p B MGS5 FxPx + XH Diphoton fiducial | H—77, Vs =13 TeV, 36.1 b -
13 TeV, 36.1 fb +  NNLOPS + XH —4- data, tot. unc. syst. unc.
A HRes 2.3, NNLO+NNLL + XH L _
—_ L —_ —_ . VBF-enhanced v
o) - O C O C
=.1.8F =.45F Q 90 &
c C - o B 1
O 16 = 80F |
o C - N >1 v} 95% C.L
(O] L r — lepton M o C.L.
D14 - 3.5¢ 705 $ |
? 1.2 — 3F = BE 60F n i
S I - E . | m,, = 125.09 GeV
O 1 2.5F 501 + A ttH-enhanced 5 95% C.L. B \LO+ XH
osk oF 40F- . [+ ] B Powheg NNLOPS + XH
- n g + g | Bl XH = VBF+VH+ttH+bbH |
6 5 30F .
0-6¢ 1 55 E High E7"° 5 95% C.L.
0.4 1 20F |
0-2:_ 05:_ 10:_ | | | | | IIIII 1 | | | IIIII | | 1 11 III_ N
: . - 2x10" 1 2 3456 10 2030 10° 3
clia ofia ofia ofid clid ofic ofia ofid (&) Gfid [fb]

e Cuzy %, Fnge 2“9@*2:;(30"; ’ (Conpy,
U

11
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Higgs Boson fiducial and total cross sections in
H—Z/Z*—4] and H—=vyy channels

e measure cross sections in fiducial region which closely follows the kinematic and selection cuts to
reduce model dependency in extrapolation

e reconstruction acceptance relative to fiducial is high (50% (H4l), 75% (Hyy))
» correct for detector effects by “unfolding”; performed bin-by-bin

e agreement with SM

I T T I T T T T I T T T T I

—_— T T T T I T T T T T T T T T T I T T T T
L B | | | | | | | l | ] > i i s _ 17
% 0141 ATLAS v Daa - 3 | ATLAS Preliminary H—yy,Vs=13TeV, 36.1fb™ |
O) - H—>ZZ* > 4] [ ] Syst. uncertainties _ é ’ _+_ data, tot. unc. syst. unc._
~ — - — — E
O 012 13TeV,36.110 MGS PxPx k=147, +XH - f m,, = 125.09 GeV :
—_ - NNLOPS K = 1.1, +XH ] = H default MC + XH -
N 01— HRes 2.3 K = 1.1, +XH = S = gg—H defau + _
QL_ T SN XH = VBF+WH+ZH+ttH+bbH ~ - gg—H RadISH+NNLOjet + XH.
o N -value NNLOPS = 25% 3 i !
= p-vaiue ° o ==+ XH = VBF+VH+ttH+bbH
— — o s + +VH+1ttH+ _
-8 0.08- m m p-value MG5 FxFx = 42% 10 - ;
0 06_— p-value HRes = 21% 7 !
0.04 5 — ,
i L. - 1072F
0.02— i + + ! —
O e T T iitintttatushb s stnnihh dthhhahichh ‘1'\\:\:\;'\*-'*‘.‘.-1_ 4‘_.__: ] PR [T T T N [N S N ) [ T | |
T T T T T T T T T - I LA L L L L L L | |
> 251 — < 2 *
8 2_‘.A ' . ] Q—; *
e . "0 s —l—
= 15- B = 1 L
R TRaL -4l S . E
O 05 — S ol +
1 1 1 1 1 1 1 1 1 ; )\
0 10 15 20 30 45 60 120 2 e
80 120 200 350 S 0 50 100 150 200 _ 250 _ 300 _ 350 @&
p., [GeV] = p. [GeV] O

Lo - ___ __
EXPERIMENT 12

RRRRR



ATLAS-CONF-2017-047 ICPPA-2017 Moscow Russia

Higgs Boson fiducial and total cross sections in
H—-Z/*—4| and H—>yy channels

= 00k ATLAS Prellmlnary — Gy My =125.09GeV |
% [ AHoyy 0 H—oZZ*—4l QCD scale uncertainty ]

e total cross section is based on oS g0l combined data mm Total uncertainty (scale ®PDFsc) -

. . . | systematic uncertaint -
inclusive event yields TR stin statistically-limited L
60f :

e assumes Standard Model cross- - —
section ratios and branching 40} ]
ratios f f

20 —

I Vs=7TeV, 45fb" ]

: : : Vs =8TeV, 20.3fb" .

combined total cross section 0f /5 = 13 TeV. 36.1 fb" -

compared to N3LO QCD prediction A R R S S S R

for mu = 125.09 GeV ! 8 d o112 18
Vs [TeV]
Decay channel Total cross section (pp — H + X)

/5 =7TeV /5 =8 TeV /5 =13TeV
H — vy 3571, pb 30.57.7 pb 47.97¢ }3 pb
H— 727" — 4L 33125 pb 3712 pb 68 0t15% pb
Combination 34 410 (stat.) T3 (syst.) pb  33.3723 (stat.) 715 (syst.) pb  57.01%79 (stat.) 159 (syst.) pb
SM prediction [8] 19.24+0.9 pb 24.5+ 1.1 pb 55.6757 pb

ATLAS
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Higgs boson Simplified Template Cross Sections
measurements for H—-Z2Z*—4l and H—=vyy

: Example from H4l
° measure dlﬁerent Production bins Reduced Reconstructed event categories

production cross Stage 0 Stage 1
sections (xBR) in
exclusive regions of
phase space o St | o< <1206V pemy Mediumé e 60 <p,< 120 GeV| N, = 1

. . p;">120 GeV ooF-1ip." High g 1] poHigh p;*>120 GeV

o -1j-p, : 4

maximize :
ggF-2j X : : p, <200 GeV
I I |eaS u re m e nt p, < 200 GeV . VBF-enriched p.-Low m,, > 120 GeV
- T W :
i LEn | . I>200 GeV
p reC I S I O n a n d e VBF-p, High VBF-enriched p,-High u Nis 22
sensitivity to new : ,
: VH-Had enriched?

physics "
e avoid model-

9ggF-0j : 0j

Leptonic V decay

VH-Lep : | VH-Lep enriched

dependent : o
ttH ttH : ttH-enriched
3 1: VH-Had enriched is divided into p,* > 150 GeV and 118 < ml” < 129 GeV
- i ten

extrapolation ATLAS
P rel i m i nary § f{:;s;rsn?eifv sub-categories for tensor structure

—

ATLAS .
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Higgs boson Simplified Template Cross Sections
measurements for H—-Z2Z*—4l and H—=vyy

e fit results normalized to SM predictions

_ AL L LA B AL L ELELE AL NN B
ggHH(o-let) Iﬁ‘ ATLAS Preliminary T T T IIII|IIII IIII|IIII|IIII

_ -1 ..
gg—H (1-jet, p!! < 60 GeV) —] Vs=13TeV,36.11b ggF }_E_‘ ATLAS Preliminary

H—yy and H—>ZZ*—4l Vs=13TeV, 36.1 b

gg—H m,, = 125.09 GeV, <25 5 H—yy and H—>ZZ*—4l
(1-jet, 60 < p’;’ <120 GeV) I E I H [yHl : m,, =125.09 GeV, |yH|<2.5
N
N
1
| |
o
£

g9—H d l B, /By Ve | ! * :

(1-jet, 120 < p’; < 200 GeV)

gg—H (> 2-jet, p" <200 GeV
or VBF-like)

Measurement e

....... VH . . .

0.20.40.60.8 1 1.21.4 I
i Ratio normalized to SM

Stat. uncertainty

gg—H (> 1-jet, p‘;’ > 200 GeV)
+ qq—Hqq (p’T > 200 GeV)

Syst. uncertainty D

- | Measurement lof
qq—Hqq (p. < 200 GeV) 1 fIH - n SM prediction I
Stat. uncertainty ' i -'
| ® 1 0
gg/quH”/HIV ! ' Syst_ uncertainty D AN RN TR N AN N T NN TN N TN N TN AN N TN TN TR N SN TN TN SN AN S S W
— —1 0 1 2 3 4 5
| ] icti ' .
99/qq —>ttH —T— SM prediction [ Cross section normalized to SM

IIIlIIIlI*IIIIIIIlIIIlIIIIIIlIIIIIIlI

—1 0 1 2 3 4 S 6
c, X B, normalized to SM

ATLAS Global Signal Strength: py = 1.09 + 0.12
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New Results for Higgs to
Fermion Decays

ATLAS
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Evidence for H—bb decay

e H—bb is the most common decay of the Higgs
(58% for mn = 125 GeV)

* very large backgrounds from multi-jet production
* tag events via Higgs produced in association with leptonic W or Z

ZH—-vvbb WH-—Ivbb ZH—1lbb

600

> ma I > >
[) - Data . [O) Data - [) L Data _
0] - ATLAS o= VH - Vbb (u=120) ] & goo- ATLAS ma VH > Vbb (u=1.20) —1 O 100 ATLAS = VH — Vbb (u=1.20) _]
Q C Vs=13TeV,36.1fb" tI%Iboson 1 g - Vs=13TeV,36.1f0" glboson = < L Vs=13TeV,36.1fo" Zlegnn o 4
4\9 500(— o/epton, 2 jets, 2 b-tags Single top ] E 700 ;— 1 lepton, 2 jets, 2 b-tags Single top —; E " 2leptons, 2 jets, 2 b-tags [ ti+( ) <.>,cc, ) -
c - pY > 150 GeV mm W+(bb,bc,cc,bl) 1 € C pY > 150 GeV Multijet . c  gol— Py 2150GeV Uncertainty _
Q - T Wicl ] Q 600~ T B W+(bb,bc,cc,bl) T o A T T Pre-fit background |
@ 400~ '+' Wl T - Wacl 1 W = SM VH — Vbb x5
-+ N = Z+(bb,bc,cc,bl) - = mm Z+(bb,bc,cc,bl) 3 B .
- N . Z+cl ] 500 Uncertainty - - .
B Z+l - A Pre-fit background _ J 60— -
300 Uncertainty — - —SMVH — Vbb x5 3 -
) P Pre-fit background ] 400 § -
- —SMVH — Vbb x5 = % -
200 - 300F- * 40—
- + 200 3 i
100— = = 20 B
C 100 — -
_0'1.5__III|IIII||III|IIII|IIII|IIII|III || _0'1-5__+_| II|IIII|I |-+_| _0'1-5__III|IIII|IIII|IIII|IIII|IIII|IIII|IIIILT_III|III__
© T E 4o S SN + :
o — \\\\\\\\\-.\_ M*M 5 AN AT QS A5 ARRNRNS SR B o — \\“’\.\T\.&'e\ NS \*\\M\\\‘.’.\\\M NN N o \ N \'*' \-\;‘\_ Sy nads vy \:+\'\\\\ \:+\-\\\\ S5 SRR SRR \<+§
5 e '***H+***+ s N b *“+ﬁ§ N AR AR AN = e ol
(TSO_S_|||||||||||||||||||||||||||||||||| (60_5_|||||||||||||||||||||||||||||||||||||||||||||||||_ NOS_ L |y L | ||||'+'1|||||||||| -
= 0 50 100 150 200 250 300 350 400 450 500 = 0O 50 100 150 200 250 300 350 400 450 500 = 0O 50 100 150 200 250 300 350 400 450 500
m,, [GeV] m,, [GeV] m,, [GeV]

ATLAS
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arXiv:1708.03299

Evidence for H—bb decay

event kinematics and topology are combined into a multivariate

discriminant

binned maximum-likelihood fit applied to all categories and channels

simultaneously

additional dijet-mass analysis and validation via diboson analysis

* see clear excess of VZ, Z—bb events in the diboson analysis,

with a significance of 5.80 (5.30)

A

EXF

Events / 0.25

Pull (stat.)

ICPPA-2017 Moscow Russia

—
()
(o]

S
|IIIIﬂ1] I|IIIIﬂ| IIIIIIﬂ] I|:

ATLAS

Vs=13TeV, 36.1fb"

0+1+2 leptons

2+3 jets, 2 b-tags

1 | 1 I 1 1
-o- Data

B VH — Vbb (u=1.20)

' Diboson
tt
mw Single top
Multijet

mm W+ (bb,bc,cc,bl)

W+cl
Wl

 Z+cl
Z+ll

B Z+(bb,bc,cc,bl)

IIIIlll II:

IIIIIIlI] IIIIIIJJI IIIIII[I] IIIIIIJJI |IIIIIJJ] IIIIIlIJI IIIIIIlI| Il

0

5_IIII|IIII|IIII|IIII|IIII|II_I+I_II

117 T T T 14

|||||||||||||||||||||||||||||||||||

12 ATLAS e Data ~

- {s=13TeV,36.1 " -\I;'_'L—)Vbb (1=1.30)

- iboson

101 Z+;::pzt ‘;";gs Uncertainty
+ , 2 b-

Weighted by S/B Dijet mass analysis

i

lII|III|III|III|III|I

\\“\\““___, e R L

Events / 10 GeV (Weighted, backgr. sub.)
N
’ll T T | T T | T T T | T 1 | T T

O 3 .-‘1§ ‘-,\‘R\i&\‘ A NN
—2__||III|III|III|III|III|III|III|IIlll__
40 60 80 100120 140 160 180 200
m,, [GeV]
ATLAS VH, H(bb) \s=7TeV,8TeV,and 13TeV
j L dt=4.7 fb™", 20.3 fb™!, and 36.1 fb™!
—Total Stat.
: (Tot.) ( Stat., Syst.)
7 TeV : +1.50 +1.22 +0.87
eV H—e—H 1.61 " (475,008 )
8 TeV et 0.65 ‘i (%032, 054 )
13 TeV wed 120 0% (05 0%)
Comb. e 0.90 ‘05 ('01s: 070 )
1 | 1 1 1 E 1 1 | 1 1 1 | 1 1 1 | 1 1 1
-2 0 2 4 6 8

Best fit u® for m =125 GeV

-3.5

-3

—2.5

—2

-1.5

1 -05

0 0.5
Iogm(S/B)

Run 2 significance observed (expected):
3.50 (3.00); combined with Run 1, 3.60 (4.00)
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Search for H—=puu decay

SO = o o B B L L B B I —

> = =

. O — -

e challenging due to the very low S/B ¢ - ATLAS +Data  —ggF x 100 J

(0.022% BR) S 10°  \s=13TeV,36.1 for [JDrell-Yan — VBF x 100

= = [JTop —VHx 100 =

e BDT is used to select for VBF-like @ [ [iboson ;

events ] E

e events are split into categories 107 =

according to transverse momentum C f_l_l_‘ i

T 3L —

and pseudo-rapidity of muons 10" & i

e fit the my, distribution over 110-160 = T

GeV range using an analytical S+B | oz T T Lt -

model S  12b E

© 1E =

. : a = 3

e no evidence yet for Higgs to muon 0or E
110 115 120 125 130 135 140 145 150 155 160

decays my, [GeV]

L

Observed (expected) limit for 125 GeV Higgs:
3.0 (3.1) for 95% C.L., combined with Run 1, 2.8
(2.9), times the SM prediction

ATLAS
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Conclusions and Outlook

e comprehensive strategy to investigate the Standard
Model nature of the 125 GeV Higgs

e updated results for channels with more statistics

* no significant deviations from Standard Model
expectations

* new results on Higgs decays to bb and pu

* More measurements to come - stay tuned!

ATLAS
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Refe re nce LiSt Higgs Boson Discovery
« CERN, “Measurements of the Higgs boson production and decay rates and
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- ATLAS, “Evidence for the H—bb decay with the ATLAS detector”, arXiv:1708.03299 (2017).
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Particle Signatures in ATLAS

Electrons
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Higgs Boson global signal strength in
H—Z/Z*—4] and H—=vyy channels

’<'\ 8 | | | | 1 | .I .l 1 1 | | | | | | | I | | |
= , ATLAS Preliminary Combination
oXxXB N - . -
[ = (s=13Tev,36.1 6" .. Hoyy
(0 X B)sm - H—yyand H>Z2Z2*—4/ Hs77% 4 _
m,, = 125.09 GeV
Global Signal Strength: S
pu = 1.09 + 0.02 4
3
Dominant theoretical uncertainties:
QCD scale & PDF variations 2
Dominant experimental uncertainties: 1
luminosity & electron/photon resolution

H—vy signal strength: u=0.99 %014 444
H—ZZ*—4¢ signal strength: u=1.28 021 5
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Mass combination Systematic Uncertainties

Systematic effect Uncertainty on m#%? g MeV]
Muon momentum scale 40
Electron energy scale 20
Background modelling 10
Simulation statistics 8
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ICPPA-2017 Moscow Russia

Mass combination Systematic Uncertainties

Source Systematic uncertainty on m},’ [MeV]
LAr cell non-linearity +200
LAr layer calibration +190
Non-ID material +120
Lateral shower shape +110
ID material +110
Conversion reconstruction +50
Z — ee calibration +50)
Background model +50
Primary vertex effect on mass scale +40
Resolution e
Signal model +20

ATLAS
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Mass combination Systematic Uncertainties

Source Systematic uncertainty on my [MeV]
LAr cell non-linearity 90
LAr layer calibration 90
Non-ID material 60
ID material 50
Lateral shower shape 50
/Z — ee calibration 30
Muon momentum scale 20
Conversion reconstruction 20
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Events / 2 GeV

Events / 2 GeV

ICPPA-2017 Moscow Russia

H—/ZZ—4l validation of mass determination

24
22
20
18
16
14
12
10

o N A~ O

24
22
20
18
16
14
12
10

o N A O

= ATLAS Preliminary -s-Data
- (s=13TeV, 36.1 b — Fit -
F Z—>4u =
3 ‘ E
E | | 11 1 | | I | | E

80 85 90 95 100
m,, [GeV]

T I T T T | T T T I T 11 I T T 1 | T T

- ATLAS Preliminary -sData -
~ 1s=13TeV, 36.1 b — Fit -
- Z— 4e =
E| | I | T IR R | ] 1 # ] ¥ 1 E

80 85 90 95 100
m [a\/l

Events / 2 GeV

24
22
20
18
16
14
12
10

o N B~ O

Category | myz in simulation [GeV] | mz in data [GeV]
Ap 91.19104] 91.461047
de 91.197 10 91.75% 108
2p12e 91.18% 11 91.31+152
2e2u 91.1910 50 92.4910°91
Combined 91.19190-37 91.621032

T | T T T I T T T T I T T T I T T 1 | T T 1

= ATLAS Preliminary -s-Data -
- \s=13TeV, 36.1 fb" — Fit =
F Z— 2u2e =

Events / 2 GeV

24
22
20
18
16
14
12
10

o N B~ O

T | T T 1 I T T T ] T T T [ T T T T | T T 1

ATLAS Preliminary -e-Data

" {s=13TeV, 36.1 1" — Fit =
- 75 2e2u E
E | | # | 1 1 1 I 1 1 | 1 I | | 1 E

80 85 90 95 100
m [Ra\/l
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H—ZZ—4l fiducial phase space selection

Leptons and jets

Muons: pr > 5 GeV, |n| < 2.7
Electrons: pr > 7 GeV, |n| < 247
Jets: pr > 30 GeV, |y| < 4.4

Jet-lepton overlap removal: ~AR(jet,¢) > 0.1 (0.2) for muons (electrons)

Lepton selection and pairing

Lepton kinematics: pr > 20,15,10 GeV

Leading pair (mq2): SFOS lepton pair with smallest |mz — myy|

Subleading pair (m34): remaining SFOS lepton pair with smallest |myz — myy|
Event selection (at most one quadruplet per channel)

Mass requirements: 50 GeV< mqis < 106 GeV and 12 GeV < mgy < 115 GeV

Lepton separation: AR(l;,0;) > 0.1(0.2) for same- (different-)flavour leptons

J /1 veto: m(€;,0;) > 5 GeV for all SFOS lepton pairs

Mass window: 115 GeV < myp < 130 GeV

ATLAS
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H—/ZZ—4l| fiducial and total cross section

uncertainties

Observable Stat Systematic Dominant systematic components %]

unc. [%] unc. [%)] e L jets Z7Z* theo Model Z+ jets 4+ tt Lumi
O comb 14 7 3 3 < 0.5 2 0.8 0.8 4
do / dpr,ae 30-150 3-11 1-4 1-3  <0.5 <7 <6 1-6 3-5
do / dpr 4 (0)) 31-52 10-18 2-5 1-4 3-16 3-8 1 2-3 3-5
do / dpr 4 (1j) 35-15 6-30 1-4 1-3 2-29 1-4 1-11 1-2 3-5
do / dpr.4e (2)) 30-41 521 1-3 1-3 2-19 1-5 1-7 1-2 3-5
do / d|yae| 29-120 H—8 2-4 2-3  <0.5 1-2 <1 1 3-5
do / d|cos 67| 31-100 H—8 2-4 2-3 <05 1-2 <2 1-4 3-5
do / dmsy 2653 4-13 2-5 -5 <05 1-6 <1 1-3 3-5
d?c / dmiy dmsy 21-40 4-12 2-4 1-4  <0.5 1-6 <1 1-4 3-5
do / dNjets 22-44 6-31 1-4 1-3 4-22 2-4 1-22 1-2 3-5
do / dprdet 30-53 5-18 14 13 316 2-3 1-8 1-2 3-5
do / dAep;; 29-43 9-17 1-3 1-3 8-14 3-4 1-7 1 3-5
do / dm;; 23-100 9-27 1-4 1-4 824 3-8 1-7 <3 3-5

ATLAS
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ATLAS-CONF-2017-04 ATLAS-CONF-2017-04

H—-vyy & H—=ZZ—4l categories

"ggH ver| WH lizH [ogzH [ttH JlibbH | tHgb  tHW
ATLAS Preliminary + —yy, m_=125.09Gev

tH lep Ofwd

tH lep 1fwd

ttH lep

ttH had BDT1

ttH had BDT2

ttH had BDT3

ttH had BDT4

tH had 4j1b

tH had 4j2b

VH dilep

VH lep HIGH

VH lep LOW

VH MET HIGH
VH MET LOW

jet BSM

VH had tight

VH had loose
VBF tight, high pt¥
VBF loose, high p¥
VBF tight, low pt¥
VBF loose, low p."r'jj
ggH 2J BSM

ggH 2J HIGH
ggH 2J MED
ggH 2J LOW
ggH 1J BSM
ggH 1J HIGH
ggH 1J MED
ggH 1J LOW
ggH 0J FWD
ggH 0J CEN

. . .. I ggF-0j ] VBF—p,j Low
ATLAS Simulation Preliminary gy oor-1jpf Low 88 VBF-p, High
T
. W VH-Had
H— 227 - 4l L ggF-1j.-pI| M.ed I VH-Lep
13 TeV, 36.1 b B goF-1i-p} High g
B goF-2) I bbH

0j
1 p:'-Low
1 pj'-Med
1) p?-High

Reconstructed category

| VBF-enriched pjT-Low
| VBF-enriched p! -High
VH-Had enriched
VH-Lep enriched

ttH-enriched

O ©01 02 03 04 05 06 07 08 09 1
Expected Composition

0O 01 02 03 04 05 06 07 08 09 1
Fraction of Signal Process / Category
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H—-vyy & H—=ZZ—4l categories

H — v~ H—ZZ" — 4

ttH+tH leptonic (two tHX and one ttH categories) ttH

tt H+tH hadronic (two tHX and four BDT ¢tH categories) V' H leptonic

V' H dilepton 2-jet VH

V H one-lepton, p5™MET > 150 GeV 2-jet VBF, pZ' > 200 GeV

V H one-lepton, p MFT150 GeV 2-jet VBF, p’!i200 GeV

VH ERss EIss > 150 GeV 1-jet ggF, p7* > 120 GeV

VH EX™, EX™ {150 GeV 1-jet ggF, 60 GeVip7 120 GeV
VH+VBF pl' > 200 GeV 1-jet ggF, p1i60 GeV

V' H hadronic (BDT tight and loose categories) 0-jet ggF

VBF, p:_pjj > 25 GeV (BDT tight and loose categories)
VBF, p:}vjj;QS GeV (BDT tight and loose categories)
ggF 2-jet, p1" > 200 GeV

ggF 2-jet, 120 GeV < p1'j200 GeV

ggF 2-jet, 60 GeV < p17i120 GeV

ggF 2-jet, p1’ < 60 GeV

ggF 1-jet, p1" > 200 GeV

ggF 1-jet, 120 GeV < p1'j200 GeV

ggF 1-jet, 60 GeV < p17i120 GeV

geF 1-jet, p1" j 60 GeV

ggF 0O-jet (central and forward categories)

ATLAS
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ATLAS-CONF-2017-045 ICPPA-2017 Moscow Russia

Higgs boson STXS cross sections
measurements for H—-Z2Z2*—4l and H—=vyy

ATLAS-CONF-2017-043

Vs=13 TeV, 36.1 fb™
H— vy, mH=125.09 GeV

ATLAS Preliminary

ggH (0 jet) — —
: I I 1 I I I I I I I I 1 1 I 1 I I I I I I I I I I I I I I
ny : | ATLAS Preliminary % Expected SM _
ggH (1 jet, pT <60 GeV) — ® E H—ZZ* — 4] [ Observed: Stat + Sys
; — 13 TeV, 36.1 fb’ SM Prediction ]
: Reduced Stage 1 -]y | <25
ggH (1 jet, 60 = p! < 120 GeV) |- o 5 — . : e T
: 9gF-0J y oBR=088"02 [pb]  (oBR), =0.7370 . [pb]
ggH (1 jet, 120 = p™ < 200 GeV) |— 5 . ggF-1J-p!! Low — oBR=008"1[pb]  (0BR),, = 0.17 3% [pb]
H - T H — —_—
E ggF-1 J-p:' Medium - oBR=0.16"0""[pb]  (c:BR)_, =0.12'0% [pb]
ggH (= 2jet) - . ggF—1J—p$ High K oBR=0.03"7"[pb]  (oBR), =23.7 q [fb]
ggF-2J - oBR=020"12[pb]  (0BR), =0.14 3¢ [pb]
aq — Haq (pjT <200 GeV) — ° VBF—pjT Low 1 - oBR=026"0[pb]  (0:BR), =88.677[fb]
: VBF-p!_High . % GBR=006"%[pb]  (oBR), = 4.24 7% [tb]
ggH + qq — Hqq (BSM-like) |— © , ]
: V- Hag s QPP o, -2
s 0BR<0.16 [pb] , 08|
VH (leptonic) |— . VH-Lep A (0BR),, = 16553 0] |
5 oBR <0.11 [pb] (GBR) -15.4 +1.1 [fb
ttH 1 | 1 I 1 1 1 I (?50/3 CLP I | | 1 I 1 SI\A 1 I 71[‘6 | 1
top |— o 4 6 8 1 12 14
| | .| I | | | | I .| i 1111 | I .| | | .| | 1 1 G‘BR/(G.BR)SM
SM prediction -05 O 0.5 1 1.5 2 2.5

Measured o x BR normalized to SM
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ATLAS-CONF-2017-045

ICPPA-2017 Moscow Russia ATLAS-CONF-2017-043

H—vy fiducial definitions

Objects Definition

Photons n] < 1.37 OR 1.52 < || < 2.37, p=>"2/pl < 0.05

Jets anti-k;, R =0.4, pt >30GeV, |y| <4.4

Leptons, ¢ e or u, pr > 15GeV, |n| < 2.47 (excluding 1.37 < |n| < 1.52 for ¢ = e)

Fiducial region

Definition

Diphoton fiducial

N, >2 p=i>0.35m,, pZ>0.25m.,

VBF-enhanced

Diphoton fiducial, N; > 2, m;; > 400 GeV, |Ay;;| > 2.8, |A¢p ] > 2.6

Nlepton 2 1

Diphoton fiducial, N, > 1

High Emss

Diphoton fiducial, EX2 > 80 GeV, pr > 80 GeV

tt H-enhanced

Diphoton fiducial, (NN; > 4, Ny jets > 1) OR (N; > 3, Npjets > 1, Ny > 1)

ATLAS
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ICPPA-2017 Moscow Russia

H—vy fiducial cross section uncertainties

ATLAS-CONF-2017-043

Uncertainty on fiducial cross section (%)

Source
Diphoton | VBF-enhanced | Niepton > 1 | ttH-enhanced | High ErTniSS
Fit (stat.) 17% 22% 72% 150% 53%
Fit (syst.) 6% 8% 28% 170% 13%
Photon efficiency 1.8% 1.8% 1.8% 1.8% 1.9%
Jet energy scale/resolution - 8.9% - 4.5% 6.9%
b-jet flavour tagging - - - 3% -
Lepton selection - - 0.8% 0.2% -
Pileup 1.1% 2.9% 1.3% 4.4% 2.5%
Theoretical modeling 4.2% 8.2% 8.7% 12.7% 30%
Luminosity 3.2% 3.2% 3.2% 3.2% 3.2%
ATLAS )
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H—bb event selection

ATLAS-CONF-2017-043

Selection O-lepton 1-lepton 2-lepton
e sub-channel 1 sub-channel
Trigger EF'® Single lepton E7ss Single lepton
Leptons 0 loose leptons 1 tight electron | 1 medium muon 2 loose leptons with pt > 7 GeV
with pr > 7 GeV pt > 27 GeV pt > 25 GeV > 1 lepton with pt > 27 GeV
Emiss > 150 GeV > 30 GeV - —
My - — 81 GeV < myy < 101 GeV
Jets Exactly 2 or 3 jets Exactly 2 or > 3 jets
Jet pr > 20 GeV
b-jets Exactly 2 b-tagged jets

Leading b-tagged jet pr

> 45 GeV

Hrt

> 120 (2 jets), >150 GeV (3 jets)

min[Ag(BF™, jels)

> 20° (2 jets), > 30° (3 jets)

AG(ER=, bb) = 120° - -
A (b1, bo) < 140° - —

Ap(ER, ERS) < 90° N N

pr regions > 150 GeV (75, 150] GeV, > 150 GeV
Signal regions v mpy > 75 GeV or myop < 225 GeV Same-flavour leptons

Opposite-sign charge (pp sub-channel)

Control regions

mpp, < 75 GeV and myop > 225 GeV

Different-flavour leptons

ATLAS
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H—bb event
uncertainties

ATLAS

EXPERIMENT

ICPPA-2017 Moscow Russia

Source of uncertainty Oy
Total 0.39
Statistical 0.24
Systematic 0.31
Experimental uncertainties
Jets 0.03
Ermiss 0.03
Leptons 0.01
b-jets 0.09
b-tagging c-jets 0.04
light jets 0.04
extrapolation 0.01
Pile-up 0.01
Luminosity 0.04
Theoretical and modelling uncertainties
Signal 0.17
Floating normalisations 0.07
Z + jets 0.07
W + jets 0.07
tt 0.07
Single top quark 0.08
Diboson 0.02
Multijet 0.02
MC statistical 0.13

ATLAS-CONF-2017-043
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Diboson production

N LI | LI I LI I LI LI I LI | LI I LI | LI I LI
) 41 Data —
2 10" ATLAS = VZ 5 Vbb (u=1.11) =
2 - {s=13TeV,36.1fb" . WW :
q>) - 0’epton,2jets,2b-tags -%h _ LU I LI | LU | LU | L | LU [ LU | LU | I I-1I I
L " pY > 150 GeV mm Single top - ATLAS VZ, Z(bb) {s=13 TeV, 36.1 fb
- o W*‘?b’bc’cc’b') 7 —Total  —Stat.
+C
3l W+l ] (Tot.) ( Stat., Syst.)
10°E B Z:(bbbo.cobl)
s ncertain - : +0.60 [+0.24 +0.55
‘ Pre-fit bacl¥ground — Wz - 1.02 -0.57 (—0.24 » -0.52 )
= SM VZ — Vbb x 10- %
22 | Hen 113 92 (318,95
10° f '
Comb. : : .
™ 111 9% (%045, 0%
llllillllIllllllllllllllllll[lllllll[llllll
_GO; 1.5 :_I T T | T T T | T T T | T T T | T T T | T 17T | T T T | T 17T | T T T | T T I_: _1 0 1 2 3 4 5 6 7 —8
a 1 Mﬂ&m Best fit ubb
Ie 05 - = vZ
CU - 111 I 111 l 11 1 I 11 1 l 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I L1
O 4 08-06-04-02 0 02 04 06 08 1 Clear excess of VZ, Z—bb

BDT, output 5.80 (expected: 5.30)
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Dimuon expected events

S B | S/vV/B | FWHM | Data
Central low pf 11 8000 0.12 | 5.6 GeV 7885
Non-central low pi/* 32 | 38000 0.16 | 7.0 GeV | 38777
Central medium pi 23 6400 0.29 | 5.7 GeV 6585
Non-central medium pf* | 66 | 31000 0.37 | 7.1 GeV | 31291
Central high p4/* 16 3300 0.28 | 6.3 GeV 3160
Non-central high pt" 40 | 13000 0.35 | 7.7 GeV | 12829
VBFEF loose 3.4 260 0.21 | 7.6 GeV 274
VBEF tight 3.4 78 0.38 | 7.5 GeV 79
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Bin-by-bin unfolding

Ni; it
L x C,'

O fid = Oj X A,' x BR =

Ai = acceptance
Ci = correction for detector efficiency and resolution

Nifit = number of signal events observed
o; = total cross section
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