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Overview

* Introduction
* Higgs production modes and decays
* Extracting signal strengths,u, and coupling modifiers,x.

* Analysis framework and published run-1 results
— EUR Phys J C76 (2016) 6 and ATLAS+CMS combination JHEP08(2016)045

* Preliminary ATLAS run-2 results with 36.1 fb™

— Results in 41, pyu final states
* + yy and 4l+yy combination 'hot off the press'

* Summary
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INTRODUCTION

* Finding the Higgs boson is by far the most important
discovery within particle physics during recent years

* Following discovery it is important to measure the
properties of the Higgs boson to verify the SM and look
for deviations that could present hints to new physics

* LHC: Access to a large number of production and decay
modes (depending on luminosity)
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Higgs production channels

* Gluon-gluon fusion + Vector boson fusion e V-H

! STOO00Y

o ttH
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Production mode classification:
Below a Higgs to tau-tau candidate produced through Vector Boson Fusion

* Two forwards jets
* Higgs candidate is distinctly more transverse in VBF than in ggF

Run Number: 209381, Event Number: 72873013
Date: 2012-08-28 04:17:16 CEST
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Higgs decay channels

v/Z b, 77, u"
t/b
H ------ Atjo o _____
H
t/b
v
b+, ut
W, Z
S oo
A large number of combinations
Wz of production and decay modes
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Fiducial cuts for particle identification
Requirements in H—41 and H—yy analyses (run2)

* Muons:
— Ml <2.7;p>5GeV

 Electrons: n= - In (tan(8/2))

— I <2.47;p >7GeV

* Jets (for production mode tagging):
—n|<4.4; p.> 30 GeV

* Photons:
— N[ <2.37 with 137 <152 exeluded) ; E > 25 GeV
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Measurements in single decay channels

* We define signal strengths relative to the SM predictions: u

o; X BR : BR
{— E ! =i X g, with y; = Ui and ur = f

: ()M /= BR)sm |

(0 X BRy)sm
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Measurements in single decay channels

* We define signal strengths relative to the SM prediction: u

N o, BR f

o; X BR e
,u{ = E ! = Wi X g, with py; = and ur =
\_

? (Ti)sm / (BRf)sm .

Always in combination

(0 X BRy)sm
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Measurements in single decay channels

* We define signal strengths relative to the SM prediction: u

f o; X BRy N " T q BR/
| = = i X 1y, with py; = an = .
Hi (0i X BRy)sm ;ih 45 Hi (T)sM K (BRy)sm

.

Always in combination

* Real life of experimental event selections:

ng = Z Z.Ui(ﬂ'f)sm X pr(BRf)sm X Ay X &7 X L
i f

Events are divided into cafegories
@ with significant cross-talk
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Input data 7+8 TeV , yy and 11

> _l 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 -] . - . N , . , . , . . , . ,
& 180~ [Ldt=45t"\s=7Tev ATLAS = > [ ATLAS ' ' ' ' ' ]
2 F [Ldt=2031b" \s=8TeV 4+ ] o - e Data .
5 "L 5B weighted sum Data = 2 80 H-— 1t VBF+Boosted — H(125) (u=1.0)  —
i 140 Signal strength categories - Z|gnkal+bac:ground__ % ~ \s=7TeV,4.5 fb! = gt_h>e:: 7]
C === Backgroun . ‘ R
= B Signj E 2 60 1s=8TeV,20.3fb " o [ Fakes —
C - B ® o a
tooF- m,, = 125.4 GeV E = B 777 Uncert. ]
c . @ 400 -
80— — ? B |
60— - = 20 ]
40— — o= -
20 __ a— /T — T T T T | T T T T T T T T —]
C ] 2 20: — H(125) (u=1.0) ¢ ]
N S - ﬂ; e H(110) (u=1.0) ]
S = 3 w 10[ ---- H(150) (u=1.0) —
ko) 10 = - A ‘ 7
£ E E = X N — ]
Z 5§ + + F 3 OF i e .
5 °F + E =y - R R S B
£ t E 2 50 100 150 200
~ o 120 130 120 150 160 mMMC [GeV]
m,, [GeV]
L Bjarne Stugu IHEP 2017 July 7th 11




Events / 2.5 GeV
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Theoretical production and decay rates used in the
ATLAS run-1 study (megs= 125.36 GeV)

Production Cross section [pb] Decay channel Branching ratio [%]
process Vs=T7TeV /s =8 TeV H — bb 57.1+1.9
ggF 15.0+ 1.6 19.2 £ 2.0 H — WW* 22.0+0.9
VBF 1.22 £ 0.03 1.57 £0.04 H — gg 8.53 £ 0.85
WH 0.573 £0.016 0.698 £ 0.018 H —T7 6.26 £ 0.35
ZH 0.332 £0.013 0.412£0.013 H — cc 2.88 £0.35
bbH 0.155 £0.021 0.202 £ 0.028 H— 727" 2.73£0.11
ttH 0.086 £0.009 0.128 £0.014 H — vy 0.228 £ 0.011

tH 0.012 £0.001 0.018 £0.001 H — Z~ 0.157 £0.014
Total 17.4£1.6 22.3 £ 2.0 H — pp 0.022 4 0.001

S Heinemeyer et al., Handbook of LHC Higgs Cross Sections: 3. Higgs Properties (2013),
. . arXiv:1307.1347 [hep-ph]
The Higgs working group

£
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The individual measurements to be reorganised to find production mode

ATLAS Input measurements
Individual analysis tioconpu
m., (GeV)
H
Overall:p = 117727 |125.4 : Bt : :
H -y goF: = 1.32"0% 11254 D e ; ;
VBF:,u:O.B*g‘; 125.4 |—.-—|
WH:p=1.0"% 1254 e
ZH:n =012 11254 : ¥ i ; : :
cu= +0-40 1125 36 . - i - - .
H o zz* Overall: p = 1.444133 : : : : :
ggF+ttH:p = 1.70% 125,36 - L
et : : : : ;
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Each final state is
produced in the
different
production modes,
In analysis
dependent
proportions
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@)— Scan to get the confindence intervals of parameters of interest

Parameter estimation scheme

* Must take the production contributions of the different

final state analyses and estimate overall cross-sections
in the different modes

L@, 6(a))

L(&, é) ' G. Cowan et al.
Eur. Phys. J. C71 (2011) 1554

Build a profile likelihood ratio in order to construct
confidence intervals

— o 1s the vector of parameters of interest: (iL..,k...).

Ala) =

— 6( 0) are nuisance parameters

— Denominator is most likely estimate
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Combinaton result: Strengths of the different
production modes

+0.23
Mggr = 1.23_4 %0

MvBrF = 1.23+0.32
Uy = 0.80 + 0.36

Uy = 1.81+£0.80
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Cross-sections for Higgs production at 7
and 8 TeV

oy(1TeV) =22.1*714pb  =22.1 "% (stat.) 73] (syst.) 7, (theo.) pb, and

oy(8TeV) =277+37pb =27.7+3.0(stat. )?2 (syst.) 7, 12 o (theo.) pb,

A little higher than than the theoretical predictions
quoted (17.4+1.6 pb and 22.3 £2.0 pb).

However:
Newest calculations of the Higgs WG predict 10% larger ggF

contributions to the cross-section (volume 4 of handbook)

)
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Higgs couplings

* The Higgs couples to mass

— Fermionic

— Two gauge bosons: - Loops

v/Z

* The 'higgs working group' has proposed the 'kappa framework' for experimental tests
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Coupling strengths: The '«' framework
developed by the Higgs working group to study deviations from the SM

* Individual coupling modifiers: k tied to a specific particle type
— A given production mode 1s 1dentified in several final states

— Can define 'effective scale factors', k, that should be equal
to unity 1f the cross-sections agree with the SM

ai(k;) - I'y(kj)
I'n(k;)

o(i > H— f) =

I'a(kj) = K%I(Kj) -F%M

* 'Zero width' approximation
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Parametrisations of couplings s

g\Q

Production Loops Interference Expression in fundamental coupling—strmfﬂ scale factors

o(ggF) v bt K2~ 1.06 -« +0.01- x5 — 0.07 - £k,
o(VBF) - - ~ 07415, +0.26- &
o(WH) - - ~ &3
olgg — ZH) - - ~ G
olgg —» ZH) v Z-t oz ~ 22745 + 037 - &7 — 1.64 - kzk;
o (bbH) - - ~ K
o (1tH) - - ~ &
o(gh — WtH) - W—t ~ 1.84-k7 +1.57 K3, — 2.41 - kekw
o(gh — tHg") - Wt ~ 34k +3.56- k% —5.96 - kK
Partial decay width
Lpp - - ~ &
Tww - - ~ i
I'zz - - ~ K
I - - ~ K%-
Ly - - ~ K,czx
Ty v W—t K2~ 1.59-x3, +0.07 - &} = 0.66 - kwK;
Iz, v Wi K5, ~ 11215, +0.00035 - k7 = 0.12 - kwk;

Total decay width

0.57 - k5 + 0.22 - k3, + 0.09 - &+
W —1t 2
ry v b &2~ 0.06-k; +0.03 k5 +0.03- 12+
0.0023 - k5 +0.0016 - k7., + 0.00022 - &,
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Fermion vs Vector Boson coupling strength

* Assume Ky = Kw =Kz

* and only SM couplings
* Run1 result

ky = 1.09+0.07 :fg:gg(stat.) oA (syst.) fg:gg(theo.):

1.11£0.16 :fg:ﬁ(stat.) 0 00(syst.) fg:gg(theo.):

KF
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Result visualised
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ATLAS and CMS combined Runl measurements
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Summarizing RUN1 couplings vs mass

- ATLAS and CMS
M - LHC Run 1

Ly
VY

m
F
Fv O
3
3
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------- SM Higgs boson |
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: s [N £] 111
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[ ]195% CL
10_4:” ; g oo o i T I I e | i Lol E
107" 1 10 102

Particle mass [GeV]
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A variety of scenarios are probed

* Allow invisible or undetected contributions
* No assumtions on total width

* Compare up-type and down-type fermions
* Compare W to Z coupling

* Quark-lepton symmetry

* BSM contributions

* All consistent with SM

L Bjarne Stugu IHEP 2017 July 7th
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RUN-II (13 TeV) updates

* Preliminary results are available with 36.1/fb for
— H — 4 leptons
— H —yy
— H — pp (Iimit, published)

* ...and more 1s coming

L Bjarne Stugu IHEP 2017 July 7th
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The Higgs to four leptons signal at 13 TeV

* H—-Z/*—4] (ATL-CONF-2017-032)

||||||||||||II|III||||||||I|||||||||||||||||
B . e Data i
50 - ATLAS Preliminary — Signal (m =125 GeV) __
= * I Background ZZ* .
- H— 27 %1‘“ [ ] Background tt+V, VVV 7
13 TeV, 36.1 fb’ B Background Z+jets, tt

7. Uncertainty
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N
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N
o
II|IIII|IIII|IIII|I
IIII|IIII|IIII|II

10

O e e nd
80 90 100110120 130 140 150 160 170

@ m,, [GeV]

L Bjarne Stugu IHEP 2017 July 7th 27




Fiducial and total cross-sections at 13TeV from H —41

L —e— Data
ATLAS Pre“mlnary [ Syst. uncertainties
3
H— ZZ* — 4] LHCXSWG gzggH @N'LO + XH
HRes 2.3, N°LO+N°LL + XH
13 TeV, 36.1 fb™ MGS5 FxFx + XH
Powheg NNLOPS + XH

+ o>

%1.8;— %4.52— %ZS Summed
b $ $ o $ contributions, or
3 @)9 I T R T combined using SM
4 * $ . + 4 w0 . BR-fractions of the Z
PR .

Cross section Data (&£ (stat) & (sys) ) LHCXSWG prediction p-value [%]

o4, (D] 0.92 7533 o008 0.880 + 0.039 88
Tae [fb] 0.67 1935 to.o8 0.688 4 0.031 96
Topze [fD] 0.84 T0-55 £0-09 0.625 &+ 0.028 39
T9e2, [fb] 1.18 Y056 Yot 0.717 £ 0.032 7
Tiptae |ID] 1.59 T3t To08 1.57 & 0.07 65
O920+202, |[ID] 2.02 F9-20 +o14 1.34 &+ 0.06 6
O sum [ID] 3.61 T2 To38 2.91 + 0.13 19
Teomp D] 3.62 F9-23 +0.25 2.91 £ 0.13 18
Ttot [PD] 69 T £5 55.6 4+ 2.5 19
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Also Higgs Pt distribution in 4 lepton final state

;‘ B I I I I I I I I I ]
O 0.14— ATLAS Preliminary —e— Data —]
) L H—> 277" > 4] [ ] Syst. uncertainties _
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0.02— = T ]
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0 benmea ks shecdeconadreranooaatttensssteas sedur®agy o)
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—_ N Ol
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i._ |
+
L

1.5
0.5 I |
0 10 15 20 30 45 60 80 120 200 350
Pry [GeV]
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Details of event classification, Run2 H—yy

WggH verF | wWH lizH ogzH lttH [obH
ATLAS Preliminary H —yy, m_=12509Gev

tH lep Ofwd
tH lep 1fwd
ttH lep

1tH 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

tHab | tHW

Events are classified
according to their
assumed production
mode and other
discriminants.

The production mode
content in each class 1s
subsequently estimated

jet BSM

VH had tight

VH had loose
VBF tight, high p}*
VBF loose, high p}
VBF tight, low p;'i
VBF loose, low p}’
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

0O 01 02 03 04 05 06 0.7 08 09 1
Fraction of Signal Process / Category
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The Run-2 H—vyy signal in different categories
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Higgs signal strengths at 13 TeV using the yy

=099

+0.14
-0.13

final state

— 099 +0.12

“o11 (stat.)

+0.05
—0.04

+0.07

(eXp-) Zo.06

(theory)

T T T T T T T S T T
ATLAS Preliminary —
— Total — Th - imi
H — 1y, m, = 12509 GeV ota eory Stat ATLAS Prellmlniry —e— Total +e— Stat
o : L Vs=13TeV,36.1 b
c Total Stat Syst Theo
— +0. +0. +0.1 +0.1
C}I 5 utop _ H—@— utop = 0.3 —gg [7{;2 —8.1 —8.0 ]
AN S Moy - ——e—n m,, = 07 ‘o5 [T0s 03 of ]
C 2 o +0.6 +05 +03 03
- Hoer e K = 21 g5 [—0.5 —02 -02 }
3_
N 0.19 0.16 +0.07 +0.06
; J'LQQH — e Hogh =0.80 to.w[tu.m " 008 0_05]
2 N\ |t AL [T e To14 F1012 1006 10087
- Honp [— srevio e Megns = 099 012 [ 1037 2005 Zo0e ]
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0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
u

Note improvement over run 1
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Combined 4/ and yy signal strengths at 13 TeV

u=1.09 £0.12 = 1.09 + 0.09 (stat.) T0% (syst.) *0-0

ogF

VBF

VH

—-0.05 —-0.05
T I T T T T I T T T T [ T T T T I T T T T | T I T T
ATLAS Prelimina
Vs =13 TeV, 36.1 b
H—yy and H—>ZZ*—4l
: my, =125.09 GeV, |y, |<2.5
Measurement  Hed
|
e l Stat. uncertainty
: Syst. uncertainty D
E .I SM prediction I
|
1 1 I 1 1 1 1 : 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 | | 1
-1 0 1 2 3 4 5
Cross section normalized to SM
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Couplings at 13 TeV from yy and 41 combination

2—2.5: i T T T
L *  SM prediction ATLAS Preliminary
. ¥ Bestfit Vs =13 TeV, 36.1 fo”! 7
» Negative k_can be excluded o ——commemc
| e ombined 95% n
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0.5:— S _:
07 o8 08 1 T4 T2 Tara
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e e
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. . 10 f_ """" 95% CL m,, = 125.09 GeV _f
vy and gg vertices: N E
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Higgs Cross-section results 7, 8 and 13 TeV

E i L L : ' .' I T
2 100 ATLAS Preliminary — O,y My =12509 GeV

% AH—yy B H—-ZZ*—4l QCD scale uncertainty
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The sensitivity to H —pup 1s getting interesting

E1OOOO—ATLAS Prellmlnary ]
> ~ Non-central medlump \s=13TeV, 36.1 1" 7
.f:_f 8000 x2/ndof = 34.9/48 —
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— 2F E
Z _g;#*ﬁ# 23 ++++++ ++++++*++*++++++-+*++++++++#¥§
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m,, [GeV]
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Conclusions

* Higgs physics at the LHC has moved to a vigorous measurement
phase with access to

— Cross-sections
— Individual couplings

* Precision is around or approaching 10% for many of the estimates
performed

* No deviations from the Standard Model at this precision

 ATLAS results for 13 TeV 2015+2016 data are close to completion
for most Higgs analyses

— Some channels missing
— ttH results are coming up
— Full combination study to be performed

Next milestone:

— Collect good data in 2017-2018 and analyse the full RUN2 dataset
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Theoretical cross-sections, 13 TeV

Table 1: Summary of event generators and PDF sets used to model the signal and the main background processes.
The SM cross sections o for the Higgs production processes with my = 125.09 GeV are also given separately for
\/s = 13 TeV, together with the orders of the calculations.

. . o [pb]
Process Generator Showering PDF set Order of calculation Vs = 13 TeV
geH Pownec NNLOPS PyTHia8 PDF4LHC15 N3LO(QCD)+NLO(EW) 48.52
VBF PownEG Box PyTHIAS PDF4LHC15 NNLO(QCD)+NLO(EW) 3.78
WH PowHEG Box PyTHIA8 PDF4LHC15 NNLO(QCD)+NLO(EW) 1.37
qq — ZH PowHEG Box PyTHIA8 PDF4LHC15 NNLO(QCD)+NLO(EW) 0.76
g9 — ZH PowHEG Box PyTHIA8 PDF4LHC15 NNLO(QCD)+NLO(EW) 0.12
ttH MapGraraES_AMC@NLO PyTHIA8 NNPDF3.0 NLO(QCD)+NLO(EW) 0.51
bbH MapGraraES_AMC @NLO PyTHIA8 CT10 SFS(NNLO)+4FS(NLO) 0.49
tHqgb MapGraprPHS_aAMC@NLO PyTHIAS CTI10 SFS(NLO) 0.07
tHW MaADGRrRAPHS _AMC@NLO HEerwiG++ CTI10 SFS(NLO) 0.02
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