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A bit of history
Why did we build LHC ?

1961-1968 - Glashow, Weinberg, Salam: formulation of the framework of
the Standard Model providing a formalism for unification of the
electromagnetic and weak interactions.

1970-1980 - verification of most of the predictions and observation of the

neutral currents: short range - carriers of the weak force must be heavy

1983 - discovery of the W and Z bosons at CERN SPS

Persistent problem: electroweak symmetry is broken — photon is massless while
W and Z are heavy

The Higgs mechanism: scalar field can differentiate the masses of carriers

without breaking the symmetry of the interactions. Proposed in 1964 by Higgs,

and Brout and Engler, and Kibble, Guralnik and Hagen (and earlier by Anderson

in context of solid state)

Higgs boson - consequence of the scalar field. Its mass was unknown but

esthetics implied it to be of the same order as W and Z triplet

Searches for indirect effects in e+e- precision experiments were unsuccessful
-> need a dedicated “discovery” machine.



A bit of recent history

July 4th, 2012

Announcement of the Higgs discovery in bosonic channels H -> yy, H -> ZZ* -> 4]
consistent with production via gluon fusion.
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4 independent observations:
2 channels in 2 experiments — ATLAS + CMS

Probability of ~ 10-1°that these observations
are due to background fluctuation



2012

e Further observation of H-> WW -> lvlv with | = electron or muon
consistent with production via gluon fusion

2013-2014

* Evidence for decays to fermions H -> 1t, VH -> bb

* First measurement of properties (mass, spin, couplings)
e Search for new production modes (VBF, ttH, ggH, VH...)

2015

* Final results from LHC Run 1 with improved detector calibrations and using
complete data sets

* Evidence for VBF

* Greatly improved theoretical calculations including many interference effect

* June - Start of Run 2 — no results yet

As of May 2015: 56 publications, 98 conference papers, ~10 in preparation



Production Q'b‘
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Too many subjects -> selected topics from among recent ATLAS results
Concentrate on final analyses of Run 1

1. Higgs boson mass (M,,) & width (I},

2. Higgs boson couplings to gauge bosons (g,) and fermions (g;)
3. Higgs boson quantum numbers JP¢



Standard Model Lagrangian - Higgs sector
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L = vacuum expectation value

m,— only parameter not fixed in SM
LHC Goals
» verify Standard Model Lagrangian
* measure Higgs boson parameters
e search for physics beyond the Standard Model 6
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Production - dominant processes
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More complex diagram are possible with a penalty of multiple couplings

Important higher order corrections



Photons y y
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Vector bosons V(WiZ)
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Fermions < f Gluons
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Production + decay - theorist’s view

q/

W W
g q
H 1% H
|%4

g W* q W

q/
| | | |

ggF production VBF' production

VH production
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Production 4+ decays — experimenter’s view

multiple jets

fragmentation
/ functions
proton /\% jet
vy, 4l
proton K lepton +jet + E .
K jet

\ multiple jets
parton distribution \ Ple]

functions 12



Event Classification

Higgs decay is independent of the production mechanism. However,
different production mechanisms imply different kinematical distributions
and therefore different acceptances and detection efficiencies.

— For precision measurement it is important to separate Higgs production channels.

Difficult and possible only for a fraction of cases.

Topology of events (extra jets, additional leptons or missing energy)
allows for partial separation of production mechanisms.



“Experimental” Tools

* Search for new physics — comparison of data with theoretical expectations

 “Hermetic” detectors ATLAS + CMS (2 experiments with different emphases
on detection techniques)

* Signature of new physics: photons, leptons, jets, missing energy

 Data provided by the detector signals from which we extract for each event:
- hadronic jets — precision tracking in magnetic field
- muon momentum measurement — muon spectrometer
- photon/electron identification — electromagnetic calorimeter
- energy measurements — hadronic and electromagnetic calorimeters
-use production of known particles (J/{,Z) for calibration
- missing energy — hermeticity requirement on the detector

 Theory — Monte Carlo simulations of known processes (many approaches)

* Small signals, many large backgrounds -> need statistical methods to asses
significance of observations



25m

ATLAS Detector

Toroid magnets

Muon chambers Solenoid magnet

Tile calorimeters

- LAr hadronic end-cap and
forward calorimeters
Pixel detector ;

LAr electromagnetic calorimeters

Transition radiation tracker

Semiconductor fracker
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Statistical method

Extended likelihood function for (signal + background): L(a,v)

signall pdf background pdf ancillary pdfs
| |

InL(oV) = (n, 41— Shn, - £ ey 4, - £ (x 1 v,)] - S, (v,)

n,, n, -signal / background yields

X, -oObservables

f, f, -signal / background pdfs

o - parameter of interest (mass, couplings, cross-section,...)

Y - “nuisance parameters” (shape parameters, systematics,....)
n, - pdfs obtained from auxiliary measurements

Many variables + many signal + background processes = many terms



Likelihood fits

Confidence intervals (value + error), limits and significances are based on the
Profile Likelihood Ratio

A(O{) _ L(OC,;\/'(OC)) likelihood for fixed a and profiled v
— -
L(a,v) maximum likelihood for free a, v

v is the conditional best fit for a particular value of a

v is the best-fit a
To combine — multiply the likelihood terms

Test statistics: g, =-2 In A(x)

Wilks theorem: if « = o, then q, follows a x? distribution
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Pseudo-experiments

Selected candidate events represent a small subsample of all produced signal
events. They may all be in a tail of a distribution of a particular discriminant.

-> Need to estimate the probability of this selection, e.g., for VBF process how often
there are two separated jets fulfilling selection criteria.

Estimated by generating large number (~10%) of Monte Carlo data sets with the same
number of events with full reconstruction and applying selection criteria.



Cross sections at LHC

Higgs cross section overwhelmed by QCD

proton - (anti)proton cross sections

process cross section | events/s at 10°
(pb) L-1033 cm2
atvs=8TeV |st ::
low-Q2 QCD =101 ~ 108 1o |
(minimum bias) il
high-Q> QCD ~10° ~ 106 5,
W production =10° ~ 100 © 11:_‘1’
Z production ~5.10% =~ 50 107 |
ttbar production | =240 ~0.24 ::
SM Higgs =22 ~0.022 o |

ctot

T

Tevatron

LHC:

AN

Need to apply several filters starting from

the on-line trigger and then in off-line analysis

selection based on isolated leptons, photons, jets with high p;
and large missing energy
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events / sec for £
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Higgs Boson Production Rates

Run 1 integrated luminosity: ~5 fbtat v7 TeV and ~20 fb-lat Vs = 8 TeV
At v8 TeV: total pp cross section ™~ 70 mb
total Higgs production cross section ~ 22 pb
% ~500,000 Higgs produced in Run 1 N,, =G-_[L-A-Eﬁ
% only 1in 10%° events contains Higgs
8 TeV pp collisions
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—_— e 211 (INLO QCD + NLOEW)
10 £ pp—tiH (NLO QCD) 3 - 7]
i 1 _
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10-2 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 —l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 Il r
120 122 124 126 128 130 7 8 9 10 11 12 13 14
M, [GeV] \s [TeV]
Small dependence on Higgs mass Factor 2-4 increase with energy for Run 2.

Large phase space increase for ttH.
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Production cross sections and decay rates

Decay channel

Branching ratio (%)

Production Cross section (pb)

process Vs=TTeV /s =8 TeV
ogF 15.0 £ 1.6 102 £ 2.0
VBF 1.22 £0.03 1.57 £0.04
WH 0.573 £0.016 0.698 &+ 0.018
ZH 0.332 +£0.013 0.412 4+ 0.013
bbH 0.155 +0.021 0.202 = 0.028
ttH 0.086 = 0.009 0.128 4+ 0.014
tH 0.012 +0.001 0.018 4+ 0.001
Total 174 +£1.6 223£2.0

H — bb
H—WW*
H — gg
H— 11
H — cc
H—Z7Z"
H — vy
H — Z~
H — pp

57.1+£1.9
22.04+0.9
8.53 £0.85
6.26 £+ 0.35
2.88 4 0.35
2.73£0.11
0.228 £0.011
0.157 £ 0.014
0.022 £ 0.001

Handbook of LHC Higgs cross sections http://arxiv.org/pdf/1307.1347

Each Higgs decay channel suffers (after filters) from QCD backgrounds with rates

that are typically 10° — 10° higher than rates expected for the signal.
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Higgs Mass
and
Cross Section



A Scale

Higoes Mass and Production Rates
Experimental Details

Mass - Most precisely determined with H -> yy and H —> 4 leptons channels

Precise measurements of low p; leptons down to 5-7 GeV are important

Detector calibrations: ECAL (e/y) and muon systems extremely important.
->ATLAS calibration reached precision below few per mille

* Energy scale from J/{, Y, Z decays to e+e- and p+p-

Electron calibration Muon calibration
0-02_"|""I'"'I""I""I"_"¢I_""I""I""I"".1 o - 1.005 N I B e L
- Jy —e'e ] = ATLAS E
- Electrons, Inl<0.60 - S o Z— -
00155 M _-_ 7 . ete E m\ 1.004 Data 2012, {s=8 TeV oY — l:::{ g
0.01 Calibration uncertainty_J &= 1.003 CB muons v Jhp — uu =
- = £ 3
0.005F = E
o%-+ --------------- R B e R —i M) E
-0.005F- E E
0.01E = E
-0.015F _ ] ) E
- ATLAS \s=8 TeV,det_20.3 fb ] 0.996 fL dt=20.3fb =
- _I 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 I-r E
002 10 20 30 40 50 60 70 80 90 100 0995 1 1 1 -|2 1 1 1 1 -|1 1 1 1 1 O| 1 1 1 1 .|1 1 1 1 1 2| 1 1 I
E; [GeV] n of the leading muon
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Event selection

H->yy - largesignal, clean but with large irreducible background
* several categories of photons:
- unconverted

- converted to e+e- with two tracks reconstructed
- converted with one track reconstructed
* several classes of production mechanisms

H -> ZZ*-> 4 leptons - small statistics but large signal/background ratio
* four separate final state channels:
Z7* -> 4 electrons
ZZ* -> 4 muons
Z -> 2 electrons, Z* -> 2 muons
Z -> 2 muons, Z* -> 2 electrons
e Several classes of production mechanisms

For each category and decay channel there are different efficiencies,

backgrounds and different systematic errors
24



Higgs -> 4 lepton event selection

* Separate out most likely candidates

for low-rate processes.
Put everything else into dominant category.
Introduce selection uncertainty into

error estimate

ATLAS

4] selection

i

High mass two jets

VBF

i

Low mass two jets
W(— j)H, Z(— jjH

i

Additional lepton
W(— IV)H, Z(— I)H

i

ggF

H— ZZ" — 4l

~ VH enriched

— ggF enriched

25



Diphoton event selection and classification

p h Oto n S e | e Cti O n Diphoton selection

v )
Vi Teptonic event selection

Unconverted photons !
Two-track photon conversions t7H bhadronic
“One-track” photon conversio '

V H dilepton
(ZH — (tH)

! detector region

V H one-lepton
(WH — tvH) selection

VH Episs
(ZH — vvH; WH — fvH)

I Central/forward
Low pt/high pt

V H hadronic
(WH — jjH; ZH — jjH)

!

VBF tight
(qqV — jjH)

!

VBF loose
(aqV — jjH)

!

Untagged

(99 — H)

Sum individual contributions from 14 different categories with weights corresponding
to selection efficiencies (see later ~300 fit parameters) 26



BDT -Multivariate discriminant construction

Need to separate H->Z7* signal from ZZ* background and separate ggF production

from VBF production mode. Use MC simulations using matrix element calculations
(MadGraph)).

%)0'4HH‘””‘HHIHHI”H‘HH[H”I: To) L L L B B L B LI B
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o
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0.04'%

o
o
[¢))

1/N dN/dBDT,,. output / 0.05

BDT,. output 27



Discriminant of ggF vs VBF

VBF - 5 additional variables for extra jets:

invariant mass of two jets, An separation of jets,

simulated distributions for

ggF vs VBF

o
e
n

o

0.08

1/N dN/dBDT, g, / 0.05

0.04f

0.02}

0.06f

VBF enriched category

0.6 1
BDT, g output

0.2

. T N
8 0.1 ATLAS Simulation m =125 GeV e
= [ Hozz' a4l ) o =
Ny b \s=7Tev [ Ldt=45f var P

:=0'08f \s=8TeV | Ldt=203fb" ] o
S =z
RS VBF enriched category ©
5 0.06 . <
<
0.04 -
0.02 ]
200 40 600 800 1000
m_[GeV]
i
T T R
I ATLAS Simulation m,=125 GeV
FHozz Sw Do
[ V\s=7Tev JLdt=451" o
I \s=8Tev [Ldt=2031b" Oz

final discriminant

pr of each jet, n of leading jet

-
4 ATLAS simulation

F Hozz 4
[ \s=7Tev [Ldt=4510"
[ \s=8TeV [Ldt=20.31"
I VBF enriched category

e e A RAARAR RS
m,=125 GeV _|

ooF

VBF

28



H> 77* 2 41

Boosted Decision Tree (BDT) 2D analysis trained on simulated signal and
Z.7* background events

35 ATLAS
- H— 77 - 41
30 \s=7TeV: ILdt =45

\s =8 TeV: JLdt =203

25

Events / 2.5 GeV
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- Background Z+jets, tt
% Systematic uncertainty
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ATLAS m,=124.51%0.52 (+ 0.52 (stat) + 0.04 (syst)) GeV
CMS my =125.59 + 0.45 (+ 0.42 (stat) + 0.17 (syst)) GeV
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ATLAS: Phys. Rev. D. 90, 052004 (2014)
CMS: Phys. Rev. D. 89, 092007 (2014)



Detail check - Does mass depend on the 41 decay mode?
->No significant mass difference between different 4 lepton channels

< IIII|IIII|IIII|IIII|IIIIIIII|IIII|IIIIIIIIIIII
% 1af ATLAS —de B
I = * _
- H—> ZZ* — 4] — 262y ]

12 \s=7TeV: JLdt =45fp" 2pn2e —

1 — Combined ]

1 O \s=8TeV: JLdt =20.3fb Dashed without systematics |

20
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N 0 :_ Mass measurement categories J— Signal+background
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~300 events —

20

\

bbb D@ L Lo b b b b b b

observed weighted signal - background

II|III|III|III|III H—l-'-&-q-l—l—&-'llllll_| TT | |

Y weights - fitted bkg
OGSO ENMONMAD ®O

110 120 130 140 150 160
m,, [GeV]

ATLAS m, =126.02%0.51 ( +0.43 (stat) + (0.27 (syst) ) GeV
CMS m, =124.70 + 0.45 ( £ 0.31 (stat) + (0.15 (syst) ) GeV

ATLAS: Phys. Rev. D. 90, 052004 (2014)
CMS:  Eur. Phys. J. C. 74, 3076 (201481



H%ZZ* 1 H%y_y combination

2InA
>
=
>
W

— Combmed w+4l
- 6‘_\°s=7TeVILdt=4.5fb'1 — Hoyy
~ \s=8TeV [Ldt=20.3fb" H s 77* s 4]
s without systematics

20

1o

III‘IIII|IIIIIIIII|IIII|IIII|IIII

w
IIII!IIII|IIII|IIII|IIII|I

123 1235 124 1245 125 1555 126 1265 127 127.5
m,, [GeV]

No significant mass difference between H->yy and 4 lepton channels

ATLAS: Am,(yy-4l) =+1.47 £ 0.67 (stat.) + 0.28 (syst.) GeV (1.980)
CMS:  Am(yy-4l) =-0.89 £ 0.57 GeV (1.60)

ATLAS m,=125.36 * 0.37 (stat) + 0.18 (syst) GeV
CMS  m,=125.03*926 _(stat) *0-13 , . (syst) GeV
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New: ATLAS/CMS combination

 Maximum of the profile-likelihood fits using signal probability density functions
derived from modeling and background probability distributions derived from the data
* Includes interference between signal and backgrounds (EW only)

arXiv:1503.07589

Y 7 [T T T T T | T T T T T T T T [ T T T T 1 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 T | T T T T
S C ATLAS and CMS —— H-yy ]
s o R E ATLAS and CMS —e— Total Stat. =3 Syst.
c ~F LHCRunt Combined yy+4l LHC Run 1 Total  Stat. Syst.
8V R Stat. only uncert. .
I 5[ e ATLAS H—yy H——s—H4 126.02+0.51 (+0.43+0.27) GeV
. - CMS H—yy = 124.70 £0.34 ( + 0.31+ 0.15) GeV
- ATLAS H—ZZ 41  f——a——o 12451+ 0.52 ( 0.52 + 0.04) GeV
SE CMS H—ZZ -4l —— 125.59 + 0.45 (£ 0.42 + 0.17) GeV
2k ATLAS+CMS yy I-—EI—-I 125.07 £ 0.29 (£ 0.25 + 0.14) GeV
T S . ATLAS+CMS 4/ I—%I—! 125.15 £ 0.40 (£ 0.37 + 0.15) GeV
i ATLAS+CMS yy+4 ==—s 125.09 +0.24 ( + 0.21 % 0.11) GeV
0 L L M
1 1 l 1 1 1 1 l 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
124 1245 125 1255 . 1\/26 123 124 125 126 127 128 129
n [GeV] m, [GeV]

m,=125.09 + 0.24 (+ 0.21 (stat.) £ 0.11 (syst.)) GeV

% | offer a beer for best/craziest explanation why this value is so close to 53 in GeV
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Production rate

* Derived from the same 2D fit as the Higgs mass using 4| and yy decays.

* (Caution: For photon channel there are about 300 nuisance parameters with about
100 fitted parameters describing shapes and normalization of background models
and about 200 parameters describing experimental and theoretical systematic
uncertainties.

g\\ 4 T | T l LI I LI I T 1T LU | T ICI T t|)'I Idl T | IZIZI _l_ S 3_ T T T I T T T T | T T T T | T T T T T T T IAITLIAIS IHI | T T T ]
C —— Combine +27* = - N

& 3.5E @Tl#\rg/ [Ldt =45 B = N f;'&AFf a”1d CMS LLIATAS Hozzow

O —H->Z7Z* > 41 - o - unt CMS H .

g - 1s=8TeV [Ldt=203f" e 15 25~ cMs H;)%%z -

- 3 X Best fit T =] B e ~ —— All combined 7

gI - — 68%CL 1 2 C L .. 1

£ - . g I .. X Best fit _

& 2.5 4 o o/ . — 68%CL —

% C 1 » ) ]

~ 2_ - — || ---------- ~O -1

% I SN SN

q_>>~ 1 5 :_ —: 5 B \‘s \‘\ i

© = ] . X ™, -

c 1 ] B .-l X ]
2 o . RS

2 C . 1 T ‘ei:— - -

0.5F — - ]

0: |||||||||||||||||||||||||||||||||||| |: 0 5 B o e v v b e b e e e by e b ]

123 1235 124 1245 1251255 126 1265 127 127.5 ' 124 1245 125 1255 126 1265 127
m,, [GeV] m,, [GeV]

Results from different channels are consistent within 2¢ and are consistent with
signal strength expected from Standard Model. 34



Higgs Production Rates - other channels

Similar procedures as that for ZZ and yy:

* Signal selection using leptons, b-jets, missing energy and tau hadronic decays
* Background minimization using kinematic properties

e Comparison with signal expected from various Monte Carlos

* |dentification of systematic and theoretical uncertainties

Channels studied (tags)
H>W W=Ilviv (| =e ory, missing energy carried by neutrinos)
H->t t ( T hadronic and leptonic decays: lepton-lepton, lepton-jet, jet-jet topology)
H->b b ( b jets tagged by 70% likelihood of identifying separated vertices)
H—>Z vy ( reconstructed Z ->ee and Z->up)
VBF (Higgs reconstruction applied in all decay channels + 2 separated hadronic jets)
VH (Higgs reconstructed in all channels, W tagged by lepton + missing energy,
Z reconstructed from leptonic decays)
ttH (Higgs reconstructed in bb, yy, WW->lvlv, additional leptons from top decays)
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Evidence for VBF process

* Second largest expected rate, low theory uncertainty.
» Distinctive topology with two jets widely separated in n and suppressed

QCD activity between them
* Hints consistent with SM expectations in several channels.
 Combined analysis based o profile likelihood ratio test statistics

Probability densities used for in are derived from MC for the signal

and MC and data for the backgrounds.
H->yy 2 photons with E;/m,, >0.35 and 0.25 plus 2 jets
H->4l 2 pairs of same flavor, opposite charge leptons plus 2 jets with m; 130 GeV
H->WW?* leptonic W decays - lvlv (same and opposite lepton charges) plus N;.,> 2
H->tt  leptonic and hadronic tau decays plus 2 jets separated by pseudorapidity
H->pp  opposite charged muon pair plus N> 2

T ]
— ATLAS Preliminary -
C \s=7TeV,4547fb"
- \s=8TeV,20.3 1" -~ SMexpected

-
N

-2 InAdw VBF/u ggF+be)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[T

VBF ' ggF+bbH



H - WW?* - evuv candidate and two jets with VBF topology

Longitudinal view

Projected n-¢ view

. | 45
: 135
[ |
: 125
| |
: 15
| |
" 5
/éz/f/ 77
" ! /‘_4
9/ S e
ey | vl
0

360° 180° 0°
P

Run 214680, Ev. no. 271333760
Nov. 17, 2012, 07:42:05 CET

ATLAS

1 EXPERIMENT

Exp. signal yield

S/B

http://atlas.ch

~500

~15%
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Likelihood contours

f f : —
I — ration of observed yield wrt SM expectation
Solid lines - 68% CL contours, dashed lines —95% CL contours.
Standard Model expectation - star at (1,1).
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> — * Standard Model . -
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= - —68%CL R \s=7TeV, 45-47 o ]
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= : — HoWW
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f
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Higgs Boson Couplings



Higgs Couplings

ATLAS-CONF_2015-007

The coupling of Standard Model particle to Higgs boson scales with particle mass
2

m m
gf:\/z—f,gvzz—v
\% \%

We know masses. Introduce coupling scale factor k and signal strength y, e.g.,

(c-BR)(gg—>H—yy) K.k,

2

o, (3¢ — H)-BR,, (H—>7vy) K

+bottom, etc.
+new particles

LO Standard Model K; = 106Kt2 _007Kt .Kb +001KZ
K, ~1.59-K,, —0.66-K, -k, +0.07 K,

Destructive interference top-bottom in gg->H loop and W-top in H->yy loop 40



Input and assumptions:

* Single narrow boson with mass = 125.4 GeV
* Narrow width approximation -

Gi(Kj)'rf(Kj)
L'y (x;)

oci—>H-—> f)=

[ — partial decay width .
e Signal strength off-shell depends only on coupling strength (not on total width)

e Coupling constant does not run (approximation for off-shell H->WW and H-> ZZ
K . =K.
J’Oﬁ ]’On

 Usebb, WW, ZZ, tt, uy, 2y, vy decays
 Use ggF, VBF, ZH, bbH, ttH, WtH, tHg production mechanisms



Benchmark Model

only SM particles contribute (total width - sum of known possible decays)

all coupling to vector bosons have the same scale factors:  «k, = Ky, = K,

all couplings to fermions have the same scale factors: kg =k, =K, =K, =

Sign ambiguity due to quadratic relation —> positive sign selected — (preferred by
electroweak precision data)

!u_ 4: LA NI B S B B B S IR (L NN B B B N BB E ) LA | B

- ATLAS Prelim. ] T A e
SF Vs 7Tev, 4547 E * - Standard Model ATLAS Preliminary -
C va_ 1 T 2; + Best fit ;

C ¥s=8TeV, 2031 E = L \s=7ToV. 4.54.7 b ]
2: my = 125.36 GeV ] 1.8i w959 OL Vs =8TeV, 20.3 fb” E
1 = C 7
3 E R -
o - 14 e T -
_1 = C ',o’ K ]
_ 7O : ref A

C H - C ]
_2// %ng = L S N et -
- COH-wWw Eo T e E
3 . sm — 8% CL * ::;’ = 0.8: ........................ ]
- # Bostfit  --95%CL | | | ) Combined ] 0.6 m,=125.36 GeV .
_4 L L e B L o C lovv v b v v by b v by v by v by 07

0.4 06 08 1 12 14 16 18 09 095 1 105 1.1 115 12 125 1.3

Ky Ky

Data consistent with SM predictions
:1093%

_1 11+017

-0.15
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Higgs Couplings

Repeat analysis without assumption on the total width

i.e., allow for unknown decay modes.

Only ration of scale factors can be measured. Fit parameters:

Apv = Ke /Ky
Kyy = Ky XKy /Ky

T T R e R
[ Standard Model P B
[+ Bestfi ATLAS Preliminary ]
|- —68%CL Vs=7TeV, 45471"

[ ---95% CL Vs=8TeV,20.31"

...
..
.....

[ m,=12536GeV

‘0.7 08 0.9 1 11 12 13 14 15

Apy = 102753

_ +0.14
Kyy = 1074).13

Result consistent with SM predictions at 41%CL



Higgs couplings — generic model

Repeat analysis for independent scale factors for couplingsto W, Z, t, b, tand p.

Assume Standard Model particle content.
Free parameters: Ky, Kz, Ky, Ky, K;, K,

Ky=0.91£0.14

k7€ [-1.06,-0.82]
u[0.84,1.12]

Ke= 0.94+0.21

Ky € [-0.90, -0.33]
U[0.28,0.96]
Kee[-1.22,-0.80]
U[0.80,1.22]

(95%CL) |k,| < 2.28

ATLAS Preliminary

Vs=7TeV,45-4.71" Vs=8TeV,2031b"
68%CL:
95%CL:

my = 125.36GeV
Lov b b b b b e

-2 -15 -1 05 0 05 1 15 2

Parameter value

103

| ATLAS Preliminary

's=7TeV, 4.5-4.7 fo'
's=8TeV, 20.3 fb"

— Observed
--- SM Expected
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All measured coupling strengths consistent with SM within 1o !
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Signal strength

I = ratio: observed/SM expectation

ALL consistent with SM predictions

ATLAS Prelim. |—o(stat)  Total uncertainty
= sys inc.
my =125.36 GeV | ;(§ysin +loonu
Phys. Rev. D 90, 112015 (2014)
H— vy iy . —
w=1.17357 6% S
arXiv:1408.5191 . ! T l B
H—2Zz*—al |35 o
w=1.44%0321°5% T
arXiv:1412.2641 ; ! l
H— WW* — lvly |18 i
0.17
w=1.0925; [Fo1a i
arXiv:1409.6212 l . ;
W,ZH— bb oy
0.2
w=0553%s |  —r—
| PR B B
ATLAS-CONF-2014-061
H— 103 —
w=1.492153 B B
| N L

Vs =7 TeV [Ldt = 4.5-4.7 b

Vs =8 TeV [Ldt=20.3 fb"

MR V- . l ——
0.5 1 1.5 2
Signal strength (u)

released 12.01.2015
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Separated by

production mode

Error bars represent + 1o total
uncertainties, combining statistical
and systematic contributions.
Green shaded bands are the overall
uncertainty of the signal strength.
Combined Hyy signal strength
includes the ttH contribution,
which is listed separately.

ATLAS Preliminary

Input measurements

m,, = 125.36 GeV + 16 0N
" + il
m, (GeV)
Overall: p = 1.17t2'§; 125.4 : : : :
H =y ggF:p=1.327"" 1254 : : ; : :
VBF: 1 =0.8"7 |125.4
WH:pn =1.0"7 |125.4 ,
- +3.7 . . é . .
ZH: i =0.1%7 | 125 4 : : 5 :
‘u=1.44°%[125.36 ) ) . : .
H o zze Overabu=t4, L
ggF+ttH: = 1.770° 1125.36 : : fe :
A +1.6 ;
VBF+VH:u =0.3" " |55 56 L Co—fe——i »
Overall: p = 1.16'%%* 125 36 . . N : ;
H — ww* o2 ' : : : :
ggF:p =0.98"% |125 36 - : :
VBF: u = 1.28t2:ji 125.36 H—0—| : : :
VH:u=3.0"1% |125.36 : : :
Overall: p = 1.43"%4% |125.36 ; : : :
H- 037 '-’-' :
goF:p = 2.011:2 125.36 ; :
A +0.59 : : :
VBF+VH:p=1.2477 | o oo L e D
Overall: p = 0_52*2-22 125.36 ._._. : :
VH — Vbb 07 . i . :
WH:M=1'1—0:6 125 : : :
. _ +0.52 é
ZH:u=0.05 "0 l125 i » i
H-pp Overall: p =—0.7t§; 125.5 g : :
- 1
H - Zy Overall: p = 2.71:2 125.5 :
151125 :
ttH bb:ju = 15" —_——
Multilepton: p = 2.11‘: 125 : : : : : :
N +2.6 H
Yir=137" 11554 R v

\s=7TeV, 45470

\s=8TeV, 203"

-2 0 2
Signal strength (u)

-
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ATLAS Preliminary |~ °3at)  Total uncertainty

my = 125.36 GeV :z((ttﬂgfy) t1conp

+0.23 .
H - vy - '
0.28 |-o.11

=1.17" N ;
H 0.26 | 008 H

Experimental vs theoretical - == R

——
+0.19 ——
HH

w=1.467040 100

uncertainties Sk R N L
H - WW* -0.16 ;

+0.17
-
0.24 |-01a
=1.18" \ '

" 021 |0 | M
+0.31 .
H — bb Lo -
0.39 |-023 '

- 0.63'0% ' 5 '
H -0.37 | 007 i . N

Theory uncertainty is comparable to i =

H—- 1t
+0.29

experimental and statistical uncertainties o N

HH
_|

i

-0.10

+3.6

QCD scale ~“+8% @NNLO H - o

0.7

= -O.7+3'7 oy
PDF+a, ~18% M ] 5
S H—> Z'Y ~42

+1.7
1.3

4.6 |-
=2.7"°1
H 45 | o3

+0.10

Combined

+0.11 .
0.10 . HH

0.15 |-
=1.187 . : i
H o4l | oo iHE

\s =7 TeV, 4.5:4.7 fo" —1 0 1 2 3
\s =8 TeV, 203 b Signal strength ()
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Differential cross section distributions

 Obtained from measured yields of yy and 4l final states
* Corrected for detector efficiencies, acceptance and branching fractions

s T e e T S | oamas pon 0 moememexd
O) . - XH = VBF + VH + ftH + bbH =~ 35F © ¢ data, tot. unc. - syst.unc. T XH = VBF+ VHIIH - bDH o
"é L #data tot. unc. syst. unc. % 30_ [5=8TeV, 203" ]
T {s=8TeV, 20.3 fo" ] B :
~ ATLAS pp—H - © 25 ;
S 1071} 1 20 _;
] 15F :
R - 10} J ]
T , i 7 s Ty = i ]
........ : 5F ]
10—2:_ : - E ................................................... E
F ) S N Y A B A il Y D D DL A Lo B TR C L
[, | | | | 1. | L | § L AL B B B B N B BN BN B B
n T T T T T T T T
) T 3
o 4 Q J
E e 2 l [
° 2 | g
E i 0 [ R R I R B P S B RN BN
o 00.20.40.60.811.21.41.61.822.22.4
0 20 40 60 80 100 120 140 160 180 200 Iy
pi [GeV]

Siot - NNLO+NNLL , N3LO
Differential: NNLO+NNLL (HRes 2.2. STWZ, BLPTW, JetVHeto 2.0) CERN-PH-EP-2015-048
Monte Carlo: NLO (SHERPA 2.1.1, MG5_aMC@NLO, POWHEG) NnLops .

. Submitted to PRL 48
Higgs: Hres 2.2



Higgs Boson Width



Higgos Boson Width

SM expectation M= 4.15 MeV for M, ;=125 GeV

 The event yield for each production x decay mode:

(c-B)(x >H—=ff) = 09};01}7

rﬁr - Partial decay width into ff final state (ZZ, WW, bb, yy,

* Direct measuretrrg'e'r'fg of the width is limited by the resolution of the detector
response to photons, electrons, muons, jets, ..
H->yy: 5.0 GeV 95% CL upper limit on width from observed mass spectrum
- assumes no interference with background
H->ZZ* 2.6 GeV 95% CL upper limit
- measurement resolution different for each lepton.
For each event 4-lepton mass is obtained by convolution
of detector response with Breit-Wigner function.
No Z-mass constraint applied.

New idea — interference between Higgs signal and SM background
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Interference for Higgs -> yy

S.P. Martin, arXiv:1208.1533(2012)
L.J.Dixon,Y.Li, arXiv: 1305.3854(2013)
F.Coradeschi et al., arXiv:1504.05215(2015)

Destructive interference between H->yy signal and continuum background
induces a shift of the mass peak.

* Mass shift depends on Higgs p;, AM, =-120 MeV at LO and -70 MeV at NLO

g o g
S - [0+
9 g

X Ab,c, ... —|— E Yu,c,d, s,b _|_

No experimental results yet
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do/dM,,(fb/GeV)

—60

gg interference ]|

— —aqg interference:

- qq interference ]

| I BN B P |

124.96 124.98 125.00 125.02 125.04
M., (GeV)

do/dM.,(fb/GeV)

De Florian et al., EPJ C73 (2013) 2387

2.58 -
2.56
2.54

2.92

—— gg signal

gg signal + gg interference
— - gg signal + all interferences ]

2.50

124.8 125.0




Interference for H -> 4l

F.Caola, K.Melnikov, Phys.Rev.D88(2013)054024
N.Kauer, G.Passarino, JHEP08(2012) 116
J.M.Campbel, R.K.Ellis, C. Williams, JHE04 (2014) 060, FERMILAB-PUB-13-508-T

Off-shell Higgs boson signal strength is independent of the width,
while on-shell cross section is proportional to 1/T,,

do(pp > H — Z7) N gégggizzz
M, (M, —my)" +m, T,

~

On-resonance M?, = myand o =1/l
Off-resonance the term (M?,, —m?,) in denominator is large -> width can be neglected.

P
:“i?> s

()

Use the ratio of signal and background cross sections on and off
resonance to estimate width.
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Interference for H -> 4l

ATLAS: arXiv1503.01060 (2015)

X \]\I\N\‘ Vv q %4
v Y

: 4 q 1%
background background

For zero-width approximation

Gi(Kj)'Ff(Kj)

oci—>H—> f)= T o)

K; - scale factor of the Higgs coupling to particles j, for SM k;=1
For off-shell measurement assume non-running coupling strength

oc?(i—>H > f)~k], -K;’Oﬁ

Interference effects (signal-background) due to real part of the amplitudes
are negative throughout whole mass region > 2M,,.



Interference for H -> 4l

o gg—H —VV
— off —shell 2 K2
Hogy—shenr = cesH VY rgoff—shell "™ Voff—shell
SM ,off —shell

gg—>H—-VV 2 g2

‘u — Gon—shell _ Kg,on—shell K V ,on—shell
on—shell — _go—>H—VV SM
SM ,on—shell F H / F H

SM
ILL off —shell ~ r H
1_1H

JLL on—shell
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Simulation: gg ->H ->7Z and gg -> 77

-1

= 10

()

Q

o)

= 102

=

S

3 10
104
10°
10°®

Interference for H -> 4|

E T I T T T I T T T T T T ‘ T T T E
- ATLAS Simulation s=8TeV ]
i 99— ZZ — 2e2y I
Il — ggo H* > 2Z(8) E
i r’ VR 99-> 2Z (B) .
L B — - gg— (H*>) 2z -
HE A e 99 (H>)ZZ(  =10)
c _,J L. - l__ off-shell 3
- "'nu‘i"' |
=5 .;'ﬁ. _
= 2Ly ' -
E L‘i‘lir_ - g
C H‘L:'-- ] ] ]
| [ 0 | [ 0 = i, Il-I-J
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Data: 4 lepton invariant mass

100~ ATLAS

i H—ZZ -4l
80%
-

0 e SRRV ST B AT 5 A5 EETR S

's=8TeV: [Ldt=20.3 o
® Data
4444 SM (stat @ syst)
== Total (U . =10)
99+VBF—(H*—) ZZ
I Background qg— ZZ
Background Z+jets, tt

300 400 500 600 700 800 900 1000

Region of expected interference

m,, [GeV]
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Higgs decays to 4 leptons including 2 neutrinos

2 neutrino present in the final state -> no reconstruction of the 4 lepton mass
- for ZZ use transverse mass m;? reconstructed from p;"' and E;™ss

i = \/(sz+|p P+ 2+ |Ems| ) 4 pmisf
- for WW use m;YW to form a variable Ry with p;* is me'SS obtained from tracks only

m¥VW \/(Eég + PT) |pT +PT , Where E’? = \/(P ) + (ma’)
2
Rg = \/m%{,+(a-m¥’w) .

> = | L [ T T T I LI | L ‘ T 1T I 1113 > T | T ‘

[0) r h )

o 30- ATLAS s=8TeV: [Ldt=2031b" 1) ool ATLAS H—>WW—>evp.v Sf! E
8 L Ho2ZZ —212v ® Daa L(‘\l) 0 s T)B TeV, 20.3 fb ]

C Z4% SM (stat @ syst) Ny /o ata

(\D 25 e Total (., ,=10) ] P %4 SM (stat @ sys)

< 9g+VBF— (H>) 22 € ===+ Total (uohhe"i1 0) ]
[0) Fooeee, B o2z CI>) 15 [CJgg+VBF— (H*=)WW  _|
Lﬁ 20 wz ] w [ Top Background

B

Z(—ee/pp)+jets
WW/Top/Z-tt i
Other backgrounds —

Il ag—> WW
[] Other Backgrounds

15F |

[ ]
10 e .

— R : 1 1 I 1 1 1 1 1 Il 1 1 —-\_:;;_::_
700 800 900 1000 500 600 700 800 900
mZZ [GeV] Rs [GeV]

PRI ST TSI
400 500 600
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Interference for H -> 4l: Likelihood fits

H->77->4l H->Z7->212v H->WW->evuv

py

[rrrrrrrTT
14/~ ATLAS

S 14" ATLAS : S 14~ ATLAS -
o L Hozzoa ] o L Hozzos2i2v ] b L HoWWosevpy ]
120 's=8TeV: JLdt=20.3 1" 3 125 's=8TeV: JLdt=20.3 b 3 120 's=8TeV: [Lat=20.3 b
[ — observed with syst. ] [ — observed with syst. 7 | —— observed with syst.
- —— observed no syst. g - —— observed no syst. - —— observed no syst.
10 [ -eee- expected with syst. n 10 [ e expected with syst. 10 [ e expected with syst. ]
Lo expected no syst. 1 Co expected no syst. e expected no syst. 1
8r = 8L 8 7]
6 . 6 6 .
B il g Bt it Ao o e -
2r i = 2F 2F P .
OE;"".J --.:‘""1""-:‘.“lh|.:'1—.|-.|-.|-'\"-i"'l'.L"|-".|-.|-i-|"|"|""|"|-:-r1"|"|— Gr"'-lnl'a-"""": o b b b b b o Ly O:- ....... :"" :_’_‘,’.‘s’-""""“""""""""'"""""""""":"I"I":
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20 25 30
Hoft-shell Mott-shell Hoft-shell
g 40T g
ig ATLAS o ]
S 357 H->ZZ+WW off-shell+on-shell [ +20 -
= E %yonshel=Kvoft.sheilr FH/FH =1 eeeee Expected limit (CLs)
g 30__ s=8TeV: ILdt 203 b —Observedllmn(CLs) 1
4 r
<\g 25- 3
8 20- E ATLAS
15} [, <22.7 MeV (observed)
[, < 33.0 MeV (expected)
Olelx‘llHlllllnl‘lnlxlnl|l|||
06 08 1 12 14 16 18 2
RB - K(gg—VV)
H = Rlgg>H = W)
Combined observed and
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Interference for H 241 - comments

e Similar results for ATLAS and CMS
* Similar sensitivity for Higgs decays to 4 charged leptons and to llvv
 Assumption - couplings are independent of energy scale

- on-shell coupling and off-shell couplings are the same

ATLAS
[, <22.7 MeV (observed)

[, <33.0 MeV (expected)
CcCMS

[, <22 MeV (observed)
[, <33 MeV (expected)

-> 7+8 times Standard Model expectation

59
Question to theory experts: Do we understand phases of the amplitudes involved here ?



Higgs Boson Spin-Parity



Spin and parity

Spin 0: - Standard Model Higgs boson is a scalar with J*? = 0**
- CP mixing and CP violation is permitted but small in some BSM models

Spin 1: - Landau-Yang theorem forbids the direct decay of an on-shell spinl particle
into two photons. It applies to on-shell (small width) resonance.
- Observation of H->yy eliminates spin 1 assignment and fixes C=1
(in absence of C violating effects)

Spin 2: - possible assignment for graviton inspired tensor coupling

All studies assume single particle.

Test of J° =0 hypothesis done in H->ZZ* mode

Tests of 1-and 1* hypothesis use H->ZZ* and H->WW?* channels
Studies of 2* hypothesis use ZZ*, WW?* and yy final states



Example: H -> ZZ* -> 4 leptons

Full reconstruction gives 7 variables:
- masses of vector bosons: m,;, m,,
- production angles of vector bosons in H rest frame: 6*, ©
- decay angles: ©, 6,, 6,

Data studied in 4l rest frame using a likelihood
function for each spin hypothesis that describes
a probability of observing N signal events in a bin defined by the observables given
the expected number of signal and background events.

Boosted Decision Tree approach to define discriminants. Small data sample

requires additional sampling of test statistics for the probability of selecting

N(observed) out of N(tot) events. Systematics effects must be included.

Probability is defined by the ratio of the likelihoods. The exclusion of alternative

hypothesis is evaluated by the Confidence Level

PoUg)

1=p,(07)  ©

analogy to n’—¢c'ee’e

CL(J! )=



Entries / 0.2

Example: H -> ZZ* -> 4 leptons

BDT for 0" vs O* BDT for 0" vs 1%
® ooz e 1 Sy amas 1 Final results included data for
2Oi-Backgrc>und2+jets,tf ] gzsi.BackgroundZﬂets, i H—>ZZ*—4l E H_>WW and H_>Vv
: *J:=°V+ \s=7 TeV [Ldt=4.610" ] o —poor (7 TeV JLot— 461" ]
FIT eaTew 207y 200 T sesTey flai-zo7 ] Phys. Lett. B 726 (2013)
150 O excluded at 97.8% CL
1of 1* excluded at 99.97% CL
o 1- excluded at 99.7% CL
05 0 05 | 0_; Y 0 05 "
BDT output ’ ;

sorouput — New studies extend the analysis to
BSM models using Effective Field
Theory approach. All non-SM spin-0

Expected distributions of profiled likelihoods

€ amas  —pua and spin-2 models are excluded at
2T Hozzr 4l .
B | ertev fuaeesnr 9 =0 ] 99% CL. The tensor-like structure of
S 0'2;_ Vs=8TeV {Ldt=20.7fb" ~P=0 observed . )
s ) likelihood BSM couplings remains allowed only
=z 0.15 A 7] .
; i iy | in the small ranges
0.1 ' A .
r N 1
: N , -0.55< <4,
ok | \\§ { 0.55 <k /Ksp < 4.80
5750 5 o0 5 10 15 ATLAS-CONF-2015-008
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Higgs physics in Run 2

e So far, the observed signal has all properties consistent with
Standard Model expectations.

* Run 2 has started — no results yet. Expect factor ~10 increase in data statistics
- cross section increase with energy by a factor 2- 4

depending on the mode. 6(14TeV)/o(8TeV)
gg->H 2.6
qg->WH 2.2
gg->ttH 4.7
- luminosity increase by a factor of 2-3 gg->bbH 2.9
- length of the run — my guess: factor ~2 (?) qg->qqH 2.7

* Improved performance of tracking, trigger and software
- new tracking layer close to the interaction vertex improves b-tagging efficiency
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Higgs physics in Run 2

First step - repeat past analyses to verify detector performance
Long term
* Improve precision of parameters measured: mass, width, couplings....
e Search for rare decays
B(H>pu+u-) =2.2 x 104; B(H>e+e-) =4.9x10° for m, = 125 GeV
» Search for Higgs Dalitz decays: H2>Vff (f=e, T b, C s, d, u)
e Search for BSM physics in Higgs sector
* Higgs self-coupling - Standard Model HH production may become accessible by
the end of Run 2
- In Standard Model Higgs pair production suppressed by a factor ~100 + 1000

grm < - —h In /h 97 ~h
E g
Q 4 — > =< Q ><
g > > —h g ™~ ~h g .~ ~h

(a) (b) (e)

“Interference effects (a)+(b) reduce expected cross section
- BSM - Large number of possible sources of enhancements: 2HDM, composite Higgs
new couplings, dark matter portal,...
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Two Higgs Production Cross Section

Benchmark processes: HH->bbyy, bbtt, bbbb

R. Frederix et al., PLB 732 (2014) 142

R . . T T T T T 3
HH production at pp colliders at NLO in QCD HH production at 14 TeV LHC at (N)LO in QCD
10° My=125 GeV, MSTW2008 NLO pdf (68%cl) . Bl iy My=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

MadGraph5 aMC@NLO

8 1314 25 33 50 75 100 -4 -3 -2 -1 0 1 2 3
Vs[TeV] Mhgy

I

Interference between box and triangle diagram has been calculated.
Is there an interference with QCD e.g., bbbb production ?

Plenty of work for theorists to calculate EW and QCD interference effects needed

for precision measurements. i

MadGraph5 aMC@NLO



Summary

“It” looks like a Standard Model Higgs

Need to improve precision
Need to understand couplings to fermions and bosons
Old question: why the mass of the muon is ~200 time greater than
the mass of electron?
New question” why the Higgs coupling to the muon is ~200 times greater than
Higgs coupling to the electron?
Need to measure Higgs self couplings

Is there a new physics that can show up in the Higgs sector?



