Higgs Boson Physics at the LHC

-The profile of the new particle-
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“‘Summary of Results from LHC Run 1”
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- Bosonic decay modes
H->vyy, H>ZZ*, H-> WW*

- Decays into fermions

- Search for rare decays

Profile of the new particle
(mass, Spin-CP, couplings)

First results from LHC Run 2




The Large Hadron Collider

- Steve Myers PLHC 2012:

| "The first two years of LHC operation have produced sensational performance: well beyond
our wildest expectations. The combination of the performance of the LHC machine, the
detectors and the GRID have proven to be a terrific success story in particle physics.”




Total Integrated Luminosity [fb™']

Performance of the LHC and of the experiments
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Excellent LHC performance in 2011 and 2012

Peak luminosities
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Mean Number of Interactions per Crossing

High level of pileup: mean of ~20 interactions / beam crossing in 2012

Excellent performance of the ATLAS and CMS experiments:
(Data recording efficiency: ~93.5%, working detector channels >97 % for most
sub-detectors, high data quality, speed of the data analysis)
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Even better today, the 2016 run at Vs = 13 TeV

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-07-03 12:53 UTC
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« Peak luminosity >1 103 cm2 s

* High level of pileup, however, running with a bunch separation of 25 ns



Standard Model Production Cross Section Measurements Status: June 2016
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“Stairway to Heaven”
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The Brout-Englert-Higgs Mechanism

Complex scalar (spin-0) field ¢ with potential:
V(g) = (p* @)+ Mo * ¢)°

ForA>0, y2<0:
“Spontaneous Symmetry Breaking”

— Omnipresent Higgs field: vacuum expectation value v =246 GeV
— Higgs Boson (mass not predicted, except m, < ~1000 GeV)

— Particles acquire mass through interaction with the Higgs field



The Brout-Englert-Higgs Mechanism

Complex scalar (spin-0) field ¢ with potential:
V(g) = (p* @)+ Mo * ¢)°

ForA>0, y2<0:
“Spontaneous Symmetry Breaking”
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« Couplings proportional to mass



The Higgs field solves two fundamental problems:

(i) Masses of the vector bosons W and Z and fermions

(i) Divergences in the theory (scattering of W bosons)
(“Ultraviolet regulator”)
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Higgs Boson Production
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LHC Higgs cross-section working group
Large theory effort

Meanwhile the NNNLO = N3LO calculation for the gluon-fusion process exists;
B. Anastasiou et al. (2015) > LHC = Long and Hard Calculations



Theoretical cross sections
and uncertainties

Progress in theoretical calculations — NNLO revolution

WI/Z total, H total, Harlander, Kilgore
H total, Anastasiou, Melnikov VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Ravindran, Smith, van Neerven WH diff., Ferrera, Grazzini, Tramontano

WH total, Brein, Djouadi, Harlander Y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
Wiz diff., Melnikov, Petriello ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini
. . ZZ, Cascioli it et al.
O o W/Z diff/ Catani et af.
(SIS og ZH diff., Ferrera, Grazzini, Tramontano
%o o) o o WW , Gehrmann et al.
%o % tibar diff., Czakon, Fiedler, Mitov
u u % Z-y, W-y, Grazzini, Kallweit, Rathlev
explosmn of calculations |° Hi Boughezal ot al
R 1 8 h Wij, Boughezal, Focke, Liu, Petriello
1 1 1 1 1

Hj, Boughezal et al.
2002 2004 2006 2008 2010 2012 2014 2016

VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev

Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.

WH diff., ZH diff., Campbell, Ellis, Williams
Y-y, Campbell, Ellis, Li, Williams

Figure by Gavin Salam at LHCP 2016

WZ, Grazzini, Kallweit, Rathlev, Wiesemann
. WW , Grazzini et al.
Also experimental knowledge of PDFs MCFM at NNLO, Boughezal et al.

limits precision in many LHC analyses ! Pz, Gehrmann-De Ridder et al.



Higgs Boson Production

Production Cross section [pb] Order of

process Vs =7TeV Vs =8 TeV calculation
ggF 150 + 1.6 19.2 £2.0 NNLO(QCD) + NLO(EW)
VBF 1.22 +£0.03 1.58 £+0.04 NLO(QCD+EW) + approx. NNLO(QCD)
WH 0.577 £0.016 0.703 +0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 £0.013 0.414 +0.016 NNLO(QCD) + NLO(EW)
lggZH | 0.023 +0.007 0.032 +0.010 NLO(QCD)
itH 0.086 +0.009 0.129 +0.014 NLO(QCD)
tH 0.012 £0.001 0.018 +0.001 NLO(QCD)
bbH 0.156 +0.021 0.203 +0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
Total 174 +1.6 223 +£2.0

/s=7 TeV s=8 TeV V%“:ff’ o

el | 153pb | 19.4pb  441pb 227
\z7| 1.25pb  16pb  38pb  2.38

il | 88.61b 133 fb 507 fb 3.81

i | 177pb  253pb  832pb  3.29




Higgs Boson Decays

*)
£ 1F ‘?g
8 ¢
5
s | ¢
>
+ 101
*10
m
n
[@)]

D
I -
107 E
'3 1 1 1 1 1 1 1
10" 500 200 300 400 500 1000
M, [GeV]

Useful decays at a hadron collider:

- Final states with leptons via WW and ZZ
decays

- vy final states (despite small branching ratio)
- 1t final states (more difficult)
- In addition: H = bb decays via

associated lepton signatures
(VBF, VH or ttH production)

SM predictions (my = 125.5 GeV):

BR (H> WW) =22.3%
BR(H>2ZZ) = 2.8%
BR(H>v) = 024%

BR (H > bb) =56.9%

BR(H > tt

BR (H Suu) = 0.022%

- at 125 GeV: only ~11% of decays not observable (gg, cc)

) = 6.2%
)

*) LHC Higgs cross-section working group



Status of Higgs boson physics at the LHC

Expected number of decays, before selection ~ 950 H -2 vy
cuts, in the Run-1 data, m, = 125 GeV: ~ 60H > 27272 > 4 ¢
~ 9000 H > WW* > {v v




Result of the Searches for H = vy

Phys. Rev. D90 (2014) 112015
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« Background interpolation in the region of the excess (obtained from sidebands)
* Reducible y-jet and jet-jet background at the level of 25%

ATLAS:
CMS:
» Establishes the discovery in this channel alone

* High signal significance in both experiments: 5.20 (4.60 expected)

5.70 (5.20 expected)



Result of the Searches for H = vy
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Measured signal strengths: u = o,/ Ogy

ATLAS: wu=117 = 0.27

CMS: u=114 £+ 0.26



Categorisation of H = yy candidate events

Diphoton selection

!

ttH leptonic

'

ttH hadronic

!

V' H dilepton
(ZH — ((H)

!

V H one-lepton
(WH — (vH)

!

VH Episs
(ZH — vvH; WH — fvH)

!

V H hadronic
(WH — jjH; ZH — jjH)

!

VBF tight
(qqV — jjH)

!

VBF loose
(q¢V — jjH)

!

Untagged
(99 — H)

Categorisation: to increase overall sensitivity and
sensitivity to different production modes (VBF, VH)

BooF ['VBF BWH [zZH {TH bbH tH —

ATLAS Simulation H-—yy

\s=8TeV

tTH leptonic

ttH hadronic
VH dilepton

VH one lepton |
VH Emiss

T
VH hadronic
VBF tight

VBF loose
Forward - highp_

Forward - low Py,

Central - high P,

Central - low P

0 01 02 03 04 05 06 07 0.8 09 1
Fraction of each signal process per category

- VH enriched: one-lepton, E{™ss, low-mass di-jets

- VBF enriched (tag-jet configuration, An, m;)

- gluon fusion: exploit different mass resolution for
different detector regions,

Phys. Rev. D90 (2014) 112015 Yy conversion status and p+



Vector Boson Fusion gqqH

Motivation: Increase discovery potential at low mass

Improve and extend measurement of Higgs boson parameters
(couplings to bosons, fermions, e.g. T leptons)

Distinctive Signature of:

- Two high p; forward jets (tag jets)

Large invariant mass, large n separation 5
H

- Little jet activity in the central region
(no colour flow)

: WW, ZZ fusion 9
= central jet Veto

O

Tag jets Higgs decay

products




H - yy VBF candidate event

E+(v4)
E+(v2)
m, =

= 80.1 GeV, n = 1.01

i, A A EXPERIMENT

126.9 GeV

Run Number: 204769, Event Number: 24947130

ET(jet1) = 121 6 GeV n= _290 Date: 2012-06-10 08:17:12 UTC
E-(jet,) = 82.8 GeV, m = 2.72
m. = 1.67 TeV
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H - yy VBF candidate event

Phys. Rev. D90 (2014) 112015
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E.(jet,) = 82.8 GeV, m = 2.72

m..
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—4- Data
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my =125.4 GeV




vy signal strengths for various production modes

| CMS/
N
¥
EPJ C74 (2014) 3076

Phys. Rev. D90 (2014) 112015
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Fit results for individual production processes are consistent with
the Standard Model expectations



H-> ZZ-> e'eu" w candidate event

@AT LAS

EXPERIMENT
http://atlas.ch

Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST




Reconstructed mass spectra from 4{ decays

Phys. Rev. D91 (2014) 012006
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Measured signal strengths:

ATLAS: u=1.44 7%
CMS: u=0.93 72

Phys. Rev. D89 (2014) 092007

Events / 3 GeV

Significance in each experiment > 60
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H > WW* - {v {v signal

Phys. Rev. D92 (2015) 012006

Events / 10 GeV

Events / 10 GeV
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and m,, distributions (CMS: 4.50)

JHEP 01 (2014) 096

CcMS 4.9 (7 TeV) + 19.4 fb' (8 TeV)
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Measured signal strengths:

ATLAS: p=1.09 *02
CMS:  p=0.72 %02

* Very significant excesses visible in the “transverse mass” (ATLAS: 6.10)




H > WW* - {v tv signal

Phys. Rev. D92 (2015) 012006
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Differential cross-section measurements

CMS

PRL 115 (2015) 091801 JHEP 04 (2016) 005 VA
3 4 n T Tm orsve e ___,CMs 19.7 fb” (8 TeV)
©) . "ﬁ‘ «eas XH = VBF + VH + ttH + bbH o) 10°F l |\ | 3
8 3 -4 data, tot. unc. " syst.unc. ] = ©t  Data(stat@sys. unc.) & 9g—H (POWHEG+JHUGen) + XH]
- ﬁ [ | % Is=8TeV, 20.3 b 2 10 = Systematic uncertainty /7 gg—H (MINLO HJ) + XH i
Q I o) 3
S A Hoyy o HoZZ-4 : B
~ [ ] Model dependence XH = VBF + VH + ttH
o “ H T ATLAS pp—H
© 10_1 E [ 7
4 n { 3
102F i : of
I e o :
N T T T T T T L L | T T T : l l |
§ 4 g 5 f I I
2 g
e 2 1A % 1 L % Z
o ? - - - T - 2 T =
ﬁ 1 1 Il | 1 1 T 1 1 Il g ,:’
- O0 20 40 60 80 100 120 140 160 180 200 9 >3
o [GeV] o
i N(jets)

* First fiducial, differential cross-section measurements in bosonic channels

* Present experimental and theoretical uncertainties still large; “reasonable agreement”
(statistical uncertainties: 25% - 75%)



Differential cross-section measurements (cont.)

ATLAS and CMS recently released their first differential measurement for the
H - WW channel (larger statistics)

arXiv: 1606.01522

arXiv: 1604.02997
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Large future potential: probe Higgs boson kinematics, jet activity,
VBF contributions, spin-CP nature, ...



Couplings to quarks and leptons ?

Search for H 2 tt and H - bb decays;

Challenging signatures due to jets (bb decays)

or significant fraction of hadronic tau decays

Vector boson fusion mode essential for H 2 vt decays

\\q/
W, Z,

’ L _
W,z

/'/;\"\

Associated production WH, ZH modes
have to be used for H - bb decays

_~eln e/
VI

e/u N ’ AW,
qw >w W Z n

Exploitation of multivariate analyses
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Evidence for H = tt decays

JHEP 05 (2014) 104 JHEP 04 (2015) 117
CMS/ | CMS, 4.9 fb™ at 7 TeV, 19.7 fb" at 8 TeV > A LI LI I AN
5 ; - 46 N . Z snv: H(125 GeV):»ﬂ 4 O - ATLAS —¢- Data :
(] L u’th, et, T, T, eu —e— Data - background 9 80 B H— tt VBF+Boosted — H(125) (u=1.4) ]
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e 0 L” i 7 ]
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8 500 -_ E glggtroweak ] \D-‘(B_'/ 1 O; . H(150) (M=6.2)"““““ '.".".".".':B:. i
+ i o B il i, ;i:
(7)) B 20 4—0—% 2 %
:’ 0 - ye) N B % | + N
()
n 0 100 200 300 = 50 100 150 200
m_, [GeV] mMMC [GeV]

m_, distribution, events weighted by In (1+S/B)

Measured signal strengths:

ATLAS: u=143 0% (4.50)

One of the most important LHC
CMS: u=0.78 + 0.27  (3.20) results in 2014 /2015




Results on the search for H - bb decays

Phys. Rev. D89 (2014) 012003 SJAlEE IS0 () Bk
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Weighted events after subtraction / 20.0 GeV

Reconstructed m,, signals (after subtraction of major, non-resonant backgrounds)

« Reference signal from WZ, and ZZ with Signal strengths:
Z - bb seen
ATLAS: u=0.50£0.36
» Positive, but non-conclusive Higgs boson
signal contribution observed CMS: u=10x0.5



Results on the search for ttH production

The ttH production mode is important to directly probe the
coupling between the Higgs boson and the top quark

Crucial for probing for new particles contributing to m>t_
t

loops in the Higgs boson production or decay t
CLITIY)

Very rich experimental signature, depending on the decay of
the top quarks and the Higgs boson

Search can be performed using several Higgs boson decay modes:

H-bb, H>yy, H > WW, ZZ 1t - leptons + X

(leptons might also come from top-quark decays)

It is critical to model the tt background in peculiar phase-space regions

tt production and the associated ttbb, ttW, ttZ production are important and
for some final states overwhelming backgrounds

Complicated analyses, multivariate techniques heavily used



Results on the search for ttH, H = bb decays

ttH(125.6) x 30
g4
I it cc
I b
I it - bb
I Single t
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I EWK
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Results on the search for ttH, (= multileptons)

* Higgs boson decays to WW, ZZ or 77

can be probed in multilepton final states.

- For example 3 leptons, or requiring a pair

of same-charge leptons.

- Can additionally require b-tagged jets to
further increase the signal to background.
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Summary of Run-1 Results on ttH production

 Even after the combination of the results of all different ttH channels, the observed
significance based on Run-1 data is marginal

However, it adds to the determination of Higgs boson couplings

* Much more data needed - important measurements in Run 2

N

JHEP 05 (2016) 160
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Both experiments measure large m values for this production mode, however, large uncertainties



Results on the search for H-> uu decays

Phys. Lett. B738 (2014) 68

[rTrr[ T [rrr[rrr[rrr[rrr[rrryr
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< 10 ‘ﬁr’;ﬁ 2 @ wozow, =", ATLAS H = i :
~ s=/71¢e _ 1 Ot  ww c — B 4 —]
5 10°E \s-gTev [Ldt=2481b B Single Top [ Waiet S - Observed CL s=7 TeV 4.5 fb ]
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H
m,.. [GeV]
my = 125 GeV:

ATLAS 95% CL: 7.00g), (7.2 expected, no Higgs) [Phys. Lett. B738 (2014) 68]
CMS 95% CL: 7.40g, (6.5 expected, no Higgs) [Phys. Lett. B744 (2015) 184]

- BR(H =2 pu) <~1.5103
Significantly smaller than BR(H - ) - no evidence for flavour-universal coupling



Search for invisible Higgs boson decays

« Some extensions of the Standard Model allow a Higgs boson to decay to stable or
long-lived particles

» Search for excess in ZH associated production and VBF production

EPJ C74 (2014) 2980 PRL 112 (2014) 201802
D S I o e B e L L B
cMS —®— Observed VBE 7H §10° ATLAS * o é
N 4 __ VBFm,=125Gev, o E Vs=8 TeV, [Ldt=20.3 b P zz- cevwiineln 3
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) 2 |
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Assuming the ZH and VBF production rates for m, = 125 GeV:
ATLAS: 95% CLon BR (H = inv.) <0.75 (from ZH production)

95% CLon BR (H - inv.) <0.29 (from VBF production) [ATLAS-CONF-2015-004]
CMS: 95% CLon BR (H = inv.) <0.58 (from ZH + VBF combination)



Interpretation in Higgs-portal models
-Stable dark matter particles with couplings to the Higgs boson-

« Form, <my/2, limits on invisible branching ratios can be translated to the spin-independent
DM-nucleon elastic cross section for scalar, vector and fermionic DM particles

 Higgs-nucleon coupling, model dependent: assume O.33f8-g‘; (lattice calculations)

«  Within this model, interesting limits for low my masses
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1 EPJ C74 (2014) 2980 PRL 112 (2014) 201802
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Profile of the New Patrticle
Is it the Standard Model Higgs Boson?

Mass (“input parameter”)

Width

Spin, J°F quantum number

Production rates

Couplings to bosons and fermions
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Higgs boson mass
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EPJ C75 (2015) 5, 212 é

197fb (8 TeV) + 5.1 5" (7 TeV)
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ATLAS: m, =125.36 + 0.37 (stat) + 0.18 (syst) GeV

* The two high resolution channels H > ZZ*-> 4f and H - yy are best suited
(reconstructed mass peak, good mass resolution)
» Good control of the lepton and photon energy scales, calibration via Z - # and J/y and
Y signals, improved understanding of lepton and photon reconstruction
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Higgs boson mass (cont.)

PRL 114 (2015) 191803

Individual and combined results:

A s e e e B s o e e B LI
ATLAS and CMS —e— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy ——— 126.02 £ 0.51 (= 0.43 £ 0.27) GeV
CMS H—yy —— 124.70 + 0.34 (= 0.31 = 0.15) GeV
ATLAS H—ZZ —4] | —— | 124.51+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—ZZ -4l = 125.59 = 0.45 (= 0.42 = 0.17) GeV
ATLAS+CMS yy I—EI—I 125.07 = 0.29 ( = 0.25 = 0.14) GeV
ATLAS+CMS 4l '_}E_' 125.15 £ 0.40 ( = 0.37 = 0.15) GeV
ATLAS+CMS yy+4l l—@—l 125.09 = 0.24 ( = 0.21 = 0.11) GeV
PRI ISR S S N PR IS SR T S (NN N N T AT SR SO T T S S S N
123 124 125 126 127 128 129
m,, [GeV]

ATLAS + CMS:

my = 125.09 + 0.21 (stat) £ 0.11 (syst) GeV

Precision of 0.2%

Uncertainties:

ATLAS and CMS Uncertainty in ATLAS

LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL
ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

CMS electron energy scale & resolution

Muon momentum scale & resolution
ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

combined result

-First ATLAS and CMS combination of Higgs boson results-

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

T T T T L L B I
] ]
] ] I
I | I
I — 1
il I i
- =
— — —
- —
=1 1 1
— ]
ATLAS CMSs Combined
Observed Observed Observed
[OJExpected [OJExpected [CJExpected
T 0T 0O 0T 0" G020.07 006
ém, [GeV]

- Statistical uncertainty still dominant

- Major systematic uncertainties: Lepton
and photon energy scales and resolutions

- Theoretical uncertainties small,
vy interference effects neglected




Higgs boson width

The Standard Model Higgs boson width is expected to be small:

T~ 4 MeV

Experimental mass resolution in H 2 yy and H 2> ZZ*>4{ channel ~1-2 GeV

—> only upper limits can be extracted from the observed mass peaks

T HHH{

T HHH{

LHC HIGGS XS WG 2010

T \HHH{

T HHH{

T HHH{

HHHz | \mmi | \HHHz | \mmi | \mmi A N

100

200 300

500 1000
M, [GeV]

EPJ C75 (2015) 5, 212

Results: 95% CL limits

Iy <1.7 GeV

(2.3 expected)
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Indirect constraint on the Higgs boson width from
“off-shell cross sections”

9797

Different sensitivity of on-shell and off-shell
i-X—f ™ Ty

cross sections on the Higgs boson width
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Spin and CP K.

/
« Standard Model Higgs boson: JF =0*

CMS preliminary {s=7TeV,L=5.1" {s=8TeV,L=19.6 b’ CMS
LI LI LI

> strategy is to falsify other hypotheses £ - ' Do -
(O 2572) s v
T ; £ o08l Spin-2  ©T=0%
» Angular distributions of final state S -

particles show sensitivity to spin ;9: 0.06k
In particular: H > ZZ* - 4{ decays 0.04F
(in addition: H > WW* - {v {v)
0.02

% 20 10 0 10 20 30
2g=-2xI(L, /L)

2n(99)

» Data strongly favour the spin-0
hypothesis of the Standard Model

« Many alternatives can be excluded
with confidence levels > 99%)




Result on different J°F hypothesis tests

N
@

Eur. Phys. J C75 (2015) 476 Phys. Rev. D92 (2015) 012004
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* In both experiments, data are consistent with JP = 0* hypothesis,
many alternative models are excluded with high significance



Signal strength in individual decay modes

-normalised to the expectations for the Standard Model Higgs boson-

EPJ C76 (2016) 1, 6
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CMS

Combined
u=1.00=+0.14

H— yy tagged
w=112x0.24

H— ZZ tagged
u=1.00=0.29

H — WW tagged
u=0.83+0.21

H — tt tagged
w=0.91+0.28

H — bb tagged
w=0.84x 0.44

P, = 0-96

——
—_———
—_—

P

m, =125 GeV

P

CMS/
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1 1.5
Best fit 0/0s

Signal strengths:
ATLAS:

CMS:

u=1.18

w=1.00+0.14

+0.15
-0.14

2
M

Data are consistent with the hypothesis of the Standard Model Higgs boson




Signal strength Fits

CAAS, /|
@ i Combined ATLAS + CMS results

TL S arXiv:1606.02266

XPERIMENT

Assuming the Standard Model and the calculated Higgs boson production
cross sections, the (ATLAS + CMS) combined signal strength is:

+0.11 +0.07 +0.04 +0.03 +0.07 ,
uw=1.09 _g10 = 1.09_go7(stat) _o.s(€XP) -003 (theo.bgd) . os(theo.sig)

The signal strengths have also been measured using:

- SM cross sections and free BRs o Bl Ho )= Iy
- Free cross sections and Standard Model BRs - Ty

In both cases, the data are compatible with the Standard Model with p-values
of 24% and 75%, respectively

$0.74

The only “outlier” (> 20 from the SM expectation) is: wy =2.3° i
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Signal strength Fits
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Combined ATLAS + CMS results
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Signal strength Fits

g
@3) é// Combined ATLAS + CMS results

arXiv:1606.02266

TL

EXPERIME

* From the combined ATLAS + CMS results, the vector boson fusion and the
H = vt decay mode reach a significance of more than 5c

Production process Measured significance (o) Expected significance (o)

VBF — 54 4.6
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH F4 2.0
Decay channel

H— 11 — 55 5.0

H — bb 2.6 3.7




Higgs boson couplings

Production and decay involve several couplings

Production: ¢ iy
o
ALy Y
Decays: e.g H = yy (best example) A A~ | y e 1{:
(Decay width depends on W and top coupling, i Y ‘W’ !

destructive interference)

Benchmarks defined by LHC cross section working group
(leading order tree-level framework: « framework):

- Signals observed originate from a single resonance;
(mass assumed here is 125.09 GeV (ATLAS + CMS average)

- Narrow width approximation: - rates for given channels can be decomposed as:

gij- Ff i, f = initial, final state
Iy, I'y = partial, total width
Iy

- Modifications to coupling strength are considered (coupling scale factors «),
tensor structure of Lagrangian assumed as in Standard Model

c-B(i—»H— f)=



Higgs boson couplings (in the k framework)

Effective Resolved

Production Loops Interference scaling factor scaling factor
o(ggF) v t—b K 1.06 - &>+ 0.01 - k7 — 0.07 - Kk,
o(VBF) - - 0.74 - kjy + 0.26 - k5
o(WH) - - Ky
o(qq/99 — ZH) - - K7
o(gg — ZH) v -7 227 k5 +0.37 - & — 1.64 - ik,
o(ttH) - - K
o(gh — tHW) - -W 1.84 - k2 + 1.57 - kiy — 2.41 - kkyy
o(qq/gb — tHq) - -W 3.40 - k7 +3.56 - K5y — 5.96 - Kk kyy
o(bbH) - - K,Z)
Partial decay width
r# - - K5
FWW _ _ K%V
v v =W K 1.59 - k3, + 0.07 - k7 — 0.66 - KK,
e B B KE
r’ - - K
HH - - K
Total width (Bggy = 0)

0.57 - kj +0.22 - kyy + 0.09 - £+
Ty v - K3 0.06 - k2 +0.03 - k5 + 0.03 - K-+

2 2
0.0023 - &, + 0.0016 - Kz, +
0.0001 - £ + 0.00022 - &,

SRR ¢
t >— H
Runnin) it
q q
e
¥
.
/‘\
q q
H w,t v
—_——— w,t
w,t y



Higgs boson couplings (in the k framework)

« The interference effects allow to determine the relative sign between
two couplings

ggF: 1.06 - & +0.01 - k|- 0.07 - k,, tHW:1.84 - + 1.57 - k3| — 2.41 - &y

! BRIy '
R
N
\\ \\
~ Ay
H SN H + S H

h ! h w

tHQq:3.40 - & + 3.56 - k3|~ 5.96 - k. kyy

g H q !
""" b

-«
N

\\ \\
t N u + Ay’

q b q q




Couplings to fermions and bosons

» Assume only one scale factor for fermion and vector couplings:

Ky = Ky = Ky and

K = K= K, = K,

« Assume that H = yy and gg = H loops and the total Higgs boson width depend only
on xy and kg (no contributions from physics beyond the Standard Model)

« Sensitivity to relative sign between k¢ and k,, only from interference H

term in H - yy decays (assume x,, > 0)

EPJ C76 (2016) 1, 6

—
ATLAS
Vs=7TeV, 45-4.7fb"
Vs=8TeV, 20.3fb"

m, = 125.36 GeV

N W s

2 \@\D —

CoH— Sz

- CJH—-ww* 7

” H— 1t 7
3F % sm —68% CL Hobb 3
|:| Comb ned :

04 06 08"1 12 14 16 18

K

- + Bestit = ---95%CL

Vv

Fit results: «,,=1.09 + 0.07
Kp=1.11%£0.16

w,t

w,t

EPJ C75 (2015) 5, 212

5 CMS 19.7 b (8 TeV) + 5.1 5" (7 TeV)
_ | * Observed H-ww
% i ¢ SM Higgs
1.5

1
0.5+

H—bb
O L L | L L
0 0.5 1 1.5

Fit results: «, e [0.87, 1.14]
kg € [0.63, 1.15]

w;,t

cMms, |

(95% CL)
(95% CL)



& | I — %
ATLAS Z Fits for individual ¥ values within the SM

arXiv:1606.02266

ATLAS and CMS - 1l
LHC Run 1 - ATLAS+CMS = ATLAS —+CMS —+2¢
» All x, are compatible 2| == =
with the SM within 20, «x, — -~
—_— —
- +0.27 i '
but K,= 0.49_; 5 Ky i —
* K,,compatible with SM: -
- k= 0.817%" ) =
+0.10
- k= 090", il
i<y

* Global p-value
compatibility with

BBSM =0

SM is 11%.

15 -1 05 0 05 1 15 2

Parameter value



Higgs boson couplings
- Effective loop couplings-

CMS

Compact Muon Solenoid

ATLAS

EXPERIMENT

arXiv:1606.02266

* New Physics could modify _

the effective Higgs-gluon * , 6. ATLAS and CMS [CJATLAS+CMS
. . | LHC Run 1 ‘:’ATLAS
and Higgs-y couplings. : [Jowms _
g ¥ , _ § 1
1.2 g
1 .
* They have been fitted fixing |
all other parameters to the °8[ l
SM prediction. :
0'6-_—168% CL ~~95%CL  + Bestfit » SMexpected |

* Both x, and ¥, have been 06 0.8 i 12 14 1.6
found compatible with SM. Ky



@ chs, | Higgs boson couplings
ATLAS -The Standard Model fit-

EXPERIMENT

arXiv:1606.02266

ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS . .
- L roimeral * Assuming loops with SM
Ly — ¥ 2ointenal structures and no BSM
- decays, the fit is still
K o : :
W — - compatible with the SM
; - prediction.
t —
B * The p-value compatibility
K + L
I = data/SM is 74%.
b —_——
IKul ‘-. = :
11 1 I 1 1 1 1 l | I | l | l | l 1 1
—2 -1 0 1 2 3

Parameter value



@ 4 Higgs boson couplings
ATLAS ° -The Standard Model fit-

arXiv:1606.02266

* The dependence of

- . E> 1FATLASandCMS |
couplings vs particle < [ LHC Run 1
mass have been checked s [
using: E“-L 107'F _:
- }’:ka (fermions); 3
\%

¢ ATLAS+CMS ]
....... SM Higgs boson

— [M, ¢g] fit
M = 233+13 GeV [ 168%CL

0.029 95% CL 1
€ = 0023+0027 E. E

(v = 246 GeV).

* Data fitted directly using 107 F u
two degrees of freedom [1]: ’
KV,i =0 - m%/i/Ml-i'ZE 10_4:

Kp; = - mb /M€ 10° 1 10 102
Particle mass [GeV]

[1] JHEP 06 (2013) 103

For the first time, non-universal, mass-dependent couplings observed



Higgs boson couplings
-The most general model: ratios of coupling modifiers-

 The coupling modifiers can also be fitted using o;and B;, o B(i—H— f)= oi Ty
normalized to a reference process, e.g. gg > H > ZZ T

—> it becomes independent from the Higgs boson width
(and the corresponding assumptions, as always used so far)

- Highest model independence at the LHC

- In this case the fit parameters correspond to Coupling modifier
ratios modifiers A ratio parameterisation

Kyz = Ky K7 [Ky
/lzg = KZ/K_(/

- Example: ttH - bb + X A, = KK,
o,.;B"/0,,:B% = Awy = Ky /Ky
ki ky/k: k= Ay =K, [Kz
AL, Arz = Ki[Kz

/le = Kb/KZ




S Higgs boson couplings
-The most general model: ratios of coupling modifiers-

arXiv:1606.02266

A

Yzl

n

‘CZI

Al

Mz
Az:

g-

AL and CHIS * In general, good agreement with the
— : Standard model
o
+ . g
o : Compatibility: 13%
—T——
.
. @ * My Ssomewhat high, due to the large
B _ o ttH rate, but statistically not
—=— = significant;
- A,z SOmewhat low due to low
—o— ATLAS+CMS e <l .
| —— ATLAS : H - bb rate;
—&— CMS _...e_
— 10 interval e e _ +0.30
— —— 20 interval }\‘tg _ 1‘78—0.27
S _ +0.16
—— ‘}\bz‘_o-58—0.20
1 l 11 1 1 l 11 1 1 l 11 1 1 l L1 1 1 l L1 1 1 l 1L 1 1 l 11
-3 —2 -1 0 1 2 3
Parameter value
test of custodial symmetry « Large potential for increasing
sensitive to new charged particles in H = yy loop the overall precision in Run 2

w.rt H>ZZ decays

99

. sensitive to new coloured particles contributing to

- H production w.r.t. ttH production



First results from LHC Run 2

GATLAS

EXPERIMENT
hnp //utlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST

Highest mass dijet event measured by ATLAS in 2015 (s = 13Tev): m; = 6.9 TeV




ATLAS

Beautiful event EXPERIMENT

consistent with

X )
VBF production ; Ve Run: 280862
| NS Event: 53564866

of a Higgs | \ )
99 . 3 ' : - 2015-10-02 16:24:44 CEST
boson decaying

to four leptons

Display of H — eepp candidate from 13 TeV pp collisions. The electrons have a transverse momentum of 111 and 16 GeV, the muons 18 and 17 GeV, and
the jets 118 and 54 GeV. The invariant mass of the four lepton system is 129 GeV, the dielectron (dimuon) invariant mass is 91 (29) GeV, the
pseudorapidity difference between the two jets is 6.4 and the dijet invariant mass is 2 TeV.




Current 13 TeV data sample still marginal for H,;
But important to look for the signal in an agnostic way at new CM energy

ATLAS & CMS looked for Higgs boson decays to bosonic and fermionic channels

*

H— /" — 4¢ ATLAS-CONF 2015-059
% 16 _I TTT I TTTT II TTT I.I II.I II TTT I;IIDIaIt;I TT I TTT II TTT I_
S ., :_ATLAS Prellmlnaryggiz%gs (m, =125 GeV)
g - H—Zzz* —> 4 B Zviets ]
B 1o [13Tev.32 fo’! tt+V, VWV ]
'E - 77 Uncertainty E
o} - ]
m 10 .

8 .
¢ ]

6 .

41 .

2F

ok

80 90 100 110120130 140 150 160 170

m,, [GeV]

+25

Otot,data = 12—16 pb

Oiotsm =91 £ 5 pb

Expected significance (SM): 2.80

Events / 4 GeV

14

12

10

CMS-PAS-HIG-15-004

MS Preliminary 281" (13 TeV)
T T T T T T T T

C

IIIIIIIITIIIITIIIIII

T T 1 T T T 1 T |:

e Data h
[] H(125)

[ qq—2Z,Zy*
W 99—22Z, Zy* |
B Z+X

80 . 100 120 140 160 180
m,, (GeV)

+0.57
U = Ogata / Osm = 0.82 43

Expected significance (SM): 3.40

62



Current 13 TeV data sample still marginal for H,;
But important to look for the signal in an agnostic way at new CM energy

ATLAS & CMS looked for Higgs decays to bosonic and fermionic channels

H— vy

ATLAS-CONF 2015-060

> S U U YU U e U
& 1800

N1600

£1400

C

S 1200

Y1000
800

e data
— s + bfit
- - - background, b

pp—H—yy
Is=13TeV,3.2fb"

m, = 125.09 GeV

110 115 120 125 130

Oiot,data = 40 =

Otorsm = 01 %

135 140 145 150 155 160

m,, [GeV]
2611 * 2 P
5170l

Expected significance (SM): 1.90

S/(S+B) Weighted Events / GeV

CMS Ppreliminary

CMS-PAS-HIG-15-005

2.7 o' (13 TeV)

800

600

200~

L H—yy R 1
1000 —m,=125.09 GeV, u=0.7

400/~

A R B L B IR LRI B
All categories summed
S/(S+B) weighted sum
¢ Data

—— S+B fit sum
------ B component
1o n
[J+20 ]

o
T

100

790 120 130 140 150 160 170 180

m,, (GeV)

0.47
b =0.69 57

Expected significance (SM): 2.70

63



Current 13 TeV data sample still marginal for H,;
But important to look for the signal in an agnostic way at new CM energy

ATLAS & CMS looked for Higgs decays to bosonic and fermionic channels

Extracted cross sections vs CM energy

O .1y [PD]

Combined H — 44, vy

ATLAS Preliminary
AH—yy 0 H—-ZZ*—4l

¢ comb. data

syst. unc.

E:
v_
r

Oppty My =125.09 GeV

QCD scale uncertainty
Tot. uncert. (scale ® PDF+a,)

7 TeV, 4.5fb"
8 TeV, 20.3 b

13TeV32fb1
PR PR I S T T T |

O

10

THEET 13
Vs [TeV]

ATLAS-CONF 2015-069

Ojq D]

H — 42, fiducial cross section

5.1 b (7TeV) 197fb (8TeV) 28fb (13TeV)

CMS Prellm/nary

+ Data (stat. @ sys. unc.)

= Systematic uncertainty

|:| Model dependence

----- Standard model (m, = 125 GeV)

pp = (H—=4l)+X

7
7
7,
_illll|IIllllllllllllllllllllll

_IIIII|IIllllllllllllllllllllll

o v by b by by s by by v 1y

7 8 9 10 11 12 13 14
/s [TeV]

CMS-PAS-HIG-15-004



Events / GeV

-
o

Current 13 TeV data sample still marginal for H,; e
But important to look for the signal in an agnostic way at new CM energy
gw*f
CMS showed preliminary results for ttH in all major Higgs decay channels:
H - vy, multi-leptons, bb
Highly complex analyses, huge effort to get these done so quickly after data taking
H— vy, ttH — multi-leptons H— bb
tt — 0 & 1 leptons 2 same charge / 3 leptons tt — 1 & 2 leptons
CMS Preliminary 27 fb1 (13 Ig\() CMS Preliminary 2.3 (13 TeV) CMS Preliminary 2.7 0" (13 TeV)
;E;1Y2Y5.09 GeV, =07 TTH H;dronic Tag _: m,, =125 GeV ‘
8} i SitE?fit sum { combined p = 0'6:'14 Lepton+Jets _.ﬁ_
ool T e B component ' ‘
6 [N ES N
L [ 1+20 ] -
)
i ] trilepton
N ] l l u l l w u= 5.8+33 —_—— Dilepton n
b =2.7
; A A ! )
sf ‘ ‘ " B component subtracted
6F E dilepton
:: w=-05"0 R B Combined —a—
o 07
'120:0 710 120 130 140 150 160my17(oGeV1§;0 _4“_12“""é*“i*“éwxshw_lo _10\ L \_\5\ . ‘(\)x L ‘é
; Best fit u=o/o_ Bestfity =o/o_ atm, = 125 GeV
+4.5 +1.4 =-2.0+1.8 < 2.6 (95% CL
b=38_3¢ MH=0.6_44 M ( )

CMS-PAS-HIG-15-005 CMS-PAS-HIG-15-008 CMS-PAS-HIG-16-004



Additional ‘o gs bosons?

Comjoosiw
‘o gs bosons

0

0 “ at the LHC




Search for Additional Higgs Bosons
-a few examples-

(i) Results of an ATLAS search on additional resonances X decaying into yy

PRL 113 (2014) 171801

3 103 = " T T T r -E /

= = . ATLAS n : 13
o — ! 100 ! — -
S — ! — Observed B ! 17
S 102 k | - - - Expected - ! 13
S = ! E:1o S0 ! 73
g — [ ]+20 C 4
o 10 : 60 160 3
°\o [ . ]
& — -
o — ! —
1= ' =

= ' Vs=8TeV, [Ldt=20.3fb" s

10-1 1 l : 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
100 200 300 400 500 600

m,y [GeV]

Observed and expected 95% CL limits on the fiducial cross section times branching
ration BR(X - yy) as a function of mass

(note: 125 GeV signal was treated as “background” and contribution was subtracted)



Diphoton resonance searches: ATLAS

Dedicated searches for a spin-0 and a spin-2 diphoton resonance.
arXiv: 1606.03833

Main difference is acceptance: spin-0: E(y;) > 0.4-m,,, Ex(y,) > 0.3-m,,, spin-2: Ex(y;,) > 55 GeV
Photons are tightly identified and isolated. Typical purity ~94%
Background modelling empirical in spin-0, and (mainly) theoretical in spin-2 case (for high-mass search)

E——— SDin-0 analysis I S|0iN-2 analysis

> 10tg——T——T 1 > 10tg——T—
& = ATLAS e Data E 15 = ATLAS e Data E
o Background-only fit n o 3 Background-only fit 1
f 10° = Statistical uncertainty = f 103 = Statistical uncertainty =
2] = B Total uncertainty 3 @ = I Total uncertainty =
c ~ I c ~ i
: . ;7 Spin-0 Selection 7; : 102 ;7 Spin-2 Selection -
- s =13 TeV, 3.2 b 3 = s =13 TeV, 3.2 fb" 3
10 et = 10 =
== = 107 =
° 0 E ° = =
s 15 = 3 155 E
2 10 = 2  10E 3
] 3 S g 3
g 5 = 3 55 =
T o = B o :
T -5f = -1 —
;*3 -10 ‘ 2878 events (m,, > 200 GeV) 4 § -10F 5066 events (m,, > 200 GeV) 5

200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
m,, [GeV] m,, [GeV]
Lowest p-value at ~750 GeV, [ ~ 45 GeV (6%) Lowest p-value at ~750 GeV, [ ~ 7% of mass

Local / global Z=3.9/2.10 Local / global Z =3.8/2.10



Diphoton resonance searches: CMS

Agnostic search for spin 0 and 2 bosons

New 13 TeV analysis with improved ECAL
calibration (~30% improved resolution above
m,, ~ 500 GeV), and including 0.6 fb~! of B-
field off data

» Acceptance: E(y,,) > 75 GeV, at
least one y with |n| < 1.44 (barrel), split
EB-EB, EB-EE

» Dedicated calibration of B-field-off
data, slightly lower y-ID efficiency,
better resolution, harder PV finding

« Empirical background modelling

+ Combination of 13 & 8 TeV data
(model-dependent, good compatibility)

Lowest p-value at ~750 GeV
(760 for 13 TeV data only), narrow width

Local / global Z = 3.40/1.60
(2.90/ < 1 for 13 TeV data only)

No compelling evidence for signal.
More data needed.
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(i) Results of a CMS search on additional SM-like Higgs bosons
decaying into ZZ and WW

95% CL limit on o/og,
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Observed and expected 95% CL limits on the cross section normalised to
the SM value for individual channels and their combination



(iii) Search for charged and heavy neutral MSSM Higgs bosons

Search for H*-> tv decays via

tt production or tH* associated production

JHEP 03 (2015) 088

e e e T \/\
£ ATLAS Data 2012 3
' r —— Observed CLs 4 b
Ldt=19.51b
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Conclusions

The analyses of the complete LHC Run 1 dataset by the ATLAS and CMS
experiments have consolidated the milestone discovery announced in July 2012

Properties of the particle (J°P, couplings) -
are in very good agreement with those E> 1 ATLASand CMS
expected for the Standard Model Higgs boson = | ¢ Runl

The experiments have moved from the v

discovery to the measurement phase;
102

¢ ATLAS+CMS

Many measurements still statistically limited _
------- SM Higgs boson il

—> significant improvements expected in T 4

Run 2 and beyond 522/8 o,
[ ]95% CL
107 L T
—> Higgs particle might be the portal to o1 T "
new physics Particle mass [GeV]

Exciting times ahead of us, with new, unexplored energy regime in reach




