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The particle zoo
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Higgs mechanism

There is a ‘quantum liquid’ filling
up our entire Universe, without
orientation (Higgs field, spin 0) Photon VAVAVAVAVAVAVAVAVAVAVAVA

It does not disturb gravity or the Weak boson
electric force

It disturbs the weak force and |
makes it short ranged Neutrinos

Gravity VAVAVAVAVAVAVAVAVAVAVAVAN

It slows down all matter Electrons
constituents from the speed of

light. They acquire a mass Top quark
proportional to the interaction

strength

H. Murayama
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The superconductor analogy

Meissner effect: in a superconductor the magnetic field is expelled and
has only a finite penetration into the superconductor

— Photons acquire inside the superconductor an ‘effective’ mass, the
magnetic field becomes short-ranged

The entire Universe is a superconductor for the weak interactions

What are the Cooper-pairs (electron-pairs) of the Higgs mechanism?

e‘

The Standard Model predicts
all properties of the Higgs
boson. The only free
parameter is its mass



Higgs production at hadron colliders

Proton 1 ety | J35  Proton 2

~20 pb

op = H (NNLOANNLL QCD + NLO EW) gluon fusion vector boson fusion (VBF)

LHC HIGGS XS WG 2013

g
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pp — qgH (NNLO QCD + NLO EW)

PP — WH (NNLO QCD + NLO EW)

PP — ZH (NNLO QCD + NLO EW)

b

associated prod. with W/Z
q W.2

W; Z .‘ ~J

r\ J

pp— tfH (NLO QCD)

x"",j'_:::fu AVAVAVAVSS

\/ \./““ \VAAV S

N =

Krisztian Peters (CERN) Higgs Physics 6



Higgs production at hadron colliders

pp cross sections
10%

Otot

108§

107§

106§

Only one in ~1019 events will be a
Higgs boson at the LHC

LHC at Vs =8 TeV
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Higgs decays
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Higgs decays
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Higgs decays

L1l | L 111l
LHC HIGGS XS WG 2013
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Largest BRs to bb and
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Best experimental

mass resolution for yy
and ZZ(4¢) decays

180 200
My [GeV]

Krisztian Peters (CERN) Higgs Physics 10



Higgs decays

L1l | L 111l
LHC HIGGS XS WG 2013
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The Large Electron Positron collider

1989 - 2000

~ Punto 2

= &~ electrdn = &+ positron
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Higgs searches at LEP

_ LEP  5=200-209 Gev
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Tevatron collider in Run |l
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Run 11 2001 - 2011

High energy frontier before
the turn on of the LHC

Both experiments collected
a dataset of 10 fb-"
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ATLAS and CMS experiments
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ATLAS: emphasis on excellent CMS: emphasis on excellent
jet and missing Et resolution, electron/photon and tracking
particle identification, and (muon) resolution
standalone muon measurement

Detectors well understood, stable operation
and data taking efficiencies above 90%
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Higgs discovery at the LHC

=Rk .

It couples to vector bosons
It is a boson (spin 0 or 2)
It has a narrow width

Krisztian Peters (CERN) Higgs Physics 18



Is the Higgs boson a fundamental particle, or
composite as Cooper-pairs of superconductivity?

Is the Higgs mechanism responsible for the mass
of all elementary particles?

Why do particle masses span several orders of
magnitude?

What is the exact underlying dynamics of electro-
weak symmetry breaking?

Krisztian Peters (CERN) Higgs Physics 19



Year 1 after the discovery

Integrated luminosity
T T T T T T T T T T T T T T Detailed studies of the new particle

- ATLAS
— Preliminary 2012,\s =8 TeV

C . LHC Delivered Delivered: 22.8 fb™'
r Recorded: 21.3 b
[ ]ATLAS Recorded
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- Measurement of all decay modes
- Property measurements

N
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-
(S}

e Couplings
e Mass
e Spin

2011,\s =7 TeV
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Delivered: 5.46 fb™'
Recorded: 5.08 b’

Total Integrated Luminosity (o]

)}
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LHC Run | dataset

Integrated luminosity Peak interactions per beam crossing

w
o

- ATLAS
— Preliminary 2012,\s =8 TeV
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More pp interactions per beam crossing
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Challenges with high luminosity

Continuously improve
% triggering, reconstruction and
NI d (dentification algorithms to
gl cope with this challenging
‘ environment

Main impact on jets, missing
Et and tau reconstruction
(as well as on trigger rates
and computing)

Z — JU event with 25
reconstructed vertices

Krisztian Peters (CERN) Higgs Physics 22



VH production with H — bb

Exp. signal yield

S/B

~30

~1—5%

DJ Experiment

Leading Jet Pt
Second Jet Pt
DiJetMass
Missing E+

85.6 GeV
62.3 GeV
106.7 GeV
128.9 GeV

| |



Selection

Example: ZH — vvbb

First step: select events with W/Z and 2 jets

x10° ______ ZH-y7bb Analysis sample (Pre b-tag)
C MJDT >-0.3 __D0 (9.5 b”) 1

B8 V+hf.4VV
V+l.f.

B Multijet

] VH(125) x 500

Events / 6.67 GeV

.. Signal x500

II|III|III|III|III|III

20 60 80 100 120 140 160 180 200
E; (GeV)
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b-jet tagging

Second step: separate b from light-quark jets

Backgrounds dominated by: W/Z+bb, di-boson and top

Best discriminant: dijet invariant mass

ZH—-wbb analysis sample (tight b-tag)
L B L L L

Events / 1

FrTTTTTTTTTTTTTTTTTTTTT
| | I I I l

0 V+hif+VV

V+lI.f.
B Multijet
[ ] VH(125)x10

Signal x10

bl

O

Krisztian Peters (CERN)
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7
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Final discrimination

Third step: Optimise separation using multivariate discriminant
Exploit information from several kinematic variables and their correlations

In combination, close to 3o evidence for bb decays around 125 GeV

ZH —>wbb anaIyS|s sample (tlght b—tag)

+ Data D@, 9.5 fb
B Top
V+h.f.+VV
V+l.f.
B Multijet
[ 1VH(125) x10

_+_

e L. e —— | el i . |
-08 -06 -04 -0.2 0 02 04 06 08 1
Final Discriminant

1
-t IIIIIIII

o

PRL 104, 071801 (2010)
PLB 716, 285 (2012)

Krisztian Peters (CERN) Higgs Physics 26




H—-> WW* > ¢+ 2v

i Exp. signal yield S/B
~200 ~15%

T -

i




H — ZZ* > 4¢

2 same flavour, opposite charge lepton pairs (one) consistent with Z mass

< | X - >

R —— EXPERIMENT
/ http://atlas.ch

N am—

v w—

A
e

Exp. signal yield S/B

~16 ~1.4




H — ZZ* > 4¢

Look for a clustering of events in the 4-lepton invariant mass distribution

Main backgrounds: SM ZZ* production (irreducible), Top, Z+jj

@AT LAS

EXPERIMENT
http://atlas.ch
Run: 203602
Event: 82614360
Date: 2012-@5-18
Time: 20:28:11 CEST

e Data2011+2012 ATLAS

" [ SM Higgs Boson *

C m,=124.3 GeV (fit) H%ZZ —4l p
- o Bakground 2, 22° Vs=7TeV |Ldt=4.61b

L ) (e — _ -1
= [ Background Z+jets, tf Vs =8TeV JLdt =20.71b

= %/ Syst.Unc.

>
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n
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Di-photon decay mode

@ATLAS

Run: 191426 EXPERIMENT

Event: 86694500

2011-10-22 17:30:29 CEsT  http://atlas.ch

Exp. signal yield

~450




Di-photon decay mode

Most sensitive around my = 125 GeV (high resolution 1-2%)

Main production and decay through loops

BR ~0.2%

gluon-fusion production decay to vy

Clean discovery channel: Select events with two isolated high pT photons.
Look for bump in steeply falling di-photon mass spectrum

Relevant aspects:

- Photon identification / background rejection
- Good di-photon mass resolution
- Background estimation / signal extraction

Krisztian Peters (CERN) Higgs Physics 31



Photon purity

Main backgrounds (estimated from data)

- lrreducible: SM yy production
- Reducible: yj production with q/g — 110

q \/\/\]\/\F
Aq vyq
q Y

Irreducible Reducible

n0-y Rejection

Krisztian Peters (CERN)

Critical to reach
rejections O(10%)
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Photon purity

Main backgrounds (estimated from data)

- Irreducible: SM yy production
- Reducible: yj production with q/g — 11

S\ AN~

A d Ya

q

Irreducible Reducible

Measure SM continuum di-photon
production cross section

- Cross check of di-photon selection
procedure

- Good understanding of dominant
background

Krisztian Peters (CERN)

(data-MC)MC

(data-MC)MC

SM continuum
di-photon production

N —
Data 2010,\'s=7 TeV, [ Ldt=37 pb"’

iso(part)

p;>16 GeV, E <4 GeV, AR">0.4
I'1<2.37 excluding 1.37<hy'l<1.52
- measured (stat)
+ measured (stat ®@ syst)
DIPHOX
ResBos

T IIIIIIII T Iwﬂ_

}a

T TTTITT T IIIIII[I

Illlll | IllIllIl | llIlIl[I | lIlIII[I Ll

_IIIIII T

80 100 120 140 160 180 200 220

P, [GeV]
PRD 85, 012003 (2012)
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Photon energy calibration

Calorimeter energy scale (and resolution) corrections from Z decay to
electrons

Need accurate material description for e — Yy extrapolation. Cross-checked
with several in-situ measurements

Radial distribution of
Resolution correction photon conversions

><'1(')3"| L R L L BN B
ATLAS Preliminary
Data 2011, \s=7 TeV, J.Ldt =461’

G4,=1.60% 0.01 GeV
6,c =1.45% 0.01 GeV by n|<1.37

. ATLASPrellmlnary 0 626 <n<- O 100

Data

L]
L]
: MC conversion candidates

MC true conversions

Entries /2 mm

[0}
o
o
o

>
[0,
o
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~
2
c
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>
L

-+ Data
— Fit result
] Z—ee MC

Barrel 7 5 ee

III|III||II||II|III|II
LA L I L

ca v b by v by

150 200 250 300 350 400
R [mm]
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Photon direction measurement

Important ingredient for mass resolution

m,2W = 2F1 E5(1 — cos0)

Beam spot spread ~5-6 cm, assuming detector centre origin adds 1.4 GeV in
mass resolution (equivalent to intrinsic calorimeter resolution)

Resolution stable with
number of pp interactions

T T
—~— <10 ATLAS Simulation -
—— 10<u<15 Preliminary

—— 1551 <20
99> H—- vy
my = 125 GeV

\s=8TeV

H - vy

T

TIII

N
o
A
=

(not to scale)

1/N dN/dm,,, / 0.5 GeV

III]IIIIITIIII[[TIII

IIIIIIIlI\IlIIIl\II

= = ‘%ﬁ’!! = 16 118 120 122 124 126 128 130 132 134
= = Afi ) &MF\ \ .§ m,, [GeV]
0O(20%) resolution improvement
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Events categorisation

Separate events into categories with different S/B, resolutions and different
relative contributions of signal production modes (“many analyses”)

- Probe all four production modes through dedicated VBF, VH and ttH selections
- 30% increase in overall expected sensitivity

- 20% more accurate mass measurement

- ATLAS Simulation
"~ 7 Preliminary

® Unconverted central
high P,
FWHM = 3.2 GeV
O Converted rest

my= 125 GeV e low Pr
\s=8TeV FWHM = 4.5 GeV

Examples:

- Both v unconverted and
central, high vy pt

>

[
O]
0
o
~

&

£
o
~
Z
o
Z
~

! S/B~0.16

IIJ|III|III‘I\I‘III|II\

140 145
m,, [GeV]
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Unconv. rest, low p,

Data 2012
Background model
SM Higgs boson m, = 126.8 GeV (MC)

ATLAS Proliminary

Hoyy Unconv. central low p, Hovy Unconv. central, highyp,

e Daa2012
Background model
- SM Higgs boson m, = 126.8 GeV (MC)

ATLAS Preliminary

Hoyy Unconv. rest, high p, Hoyy Conv. central, low p,

e Daa2012
Background model
" Siiioes osonm m, = 1268 GeV (MC) SM Higgs boson m, = 126.8 GV (MC)

ATLAS Preiminary ATLAS Prelminary
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Events / 4 GeV

Events / 2 GeV

Events / 4 GeV
Events / 4 GeV
Events /2 GeV

ATLAS Preliminary
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Data 2011+2012
SM Higgs boson mH=126.8 GeV (fit)

Bkg (4th order polynomial)
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Production times decay rate

* ATLAS Not in combination :

W,Z H — bb

H— 1t
H—>WW" - viv
H—zz" -

H— vy

ATLAS

Vs=7TeV: [Ldt < 4.8 b’
Vs =8 TeV: [Ldt < 20.7 fb”
my =125.5 GeV

w=02x0.7"

- O— n=1.4x05"

-9 u=1.0=0.3

u=14=+=04

u=15=+=03

——

CMS

\s=7TeV: [Ldt< 5.1 fb"
Ys=8TeV: [Ldt<19.6 fb”
m, = 125.7 GeV

@®— n=1.1+x06
u=11+04
u=07=+02

u=09=0.3

u=0.8=0.3

Combined

nu=0.8=0.1

N R | |
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Best fit signal strength (u)
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Mass measurement

0 LI LI LI M1 1T T LI T /T 1
T T T T [ [ IE [ E

[l 68% and 95% CL fit contours .| mfin Tevatron average /1o

CMS H—yy 1254+ 0.5 = 0.6 w/o M,, and m, measurements

1258+ 0.5 = 0.2

L B
ol

M,, world average = 1o

ATLAS H — vy 1268+ 0.2 = 0.7

ATLAS H — 2Z% — i 1243 08 0%

| | | bowon bowon by b bl | | "le L1 PRI SR 1"'| |§ PRI T S R W AR MR

ATLAS Combined 1255 + 0.2 *0°

-0.6

140 150 160 170 180 190 200

H m, [GeV]
w

H — vy and H = 4£ mass measurements and combinations

123 124 125 126 127 128
Mass [GeV]

- Good agreement among the two experiments and with Standard Model fit
- ATLAS: compatibility of the two measurements is at the 1.5% (2.40 level)
- Final results will require final Run 1 calibrations
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Spin

Due to angular momentum conservations spin 1 particles do not decay to two
photons, main interest is to test the SM 0* hypothesis against spin 2*

Main handle: production and decay angles
of Higgs decay-particles

- H — yy: photon production angle 6*
in di-photon rest frame
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Data compatible with 0*, exclude the 2* model at 95% CL
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Differential cross sections

Probe underlying kinematic properties of Higgs boson production and decay

Variables specifically sensitive to:

- Different production modes
- Spin-parity

- Higher-order corrections Higgs boson pr
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What's next?

Run 1
~25 fb™

Phase 0

Run 2

~75-100 fb™
Phase |

LS2
Run 3
~350 fb"’

LS3

Phase Il

~3000 fb~'

Krisztian Peters (CERN)

The main pillars for a precise understanding of
electroweak-symmetry breaking:

Precision
measurements of

Searches for
additional Higgs
bosons

With Vs = 13 - 14 TeV and a dataset of around 100 fb™’,
LHC Run 2 offers the best opportunity to explore these
complementary approaches
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Conclusions

A comprehensive physics programme is well on track to obtain a precise
understanding of electro-weak symmetry breaking

All current measurements in agreement with the Higgs boson as predicted by
the Standard Model of particle physics

With the LHC Run 2 we are looking forward to a further exciting opportunity to
understand some of the most important questions of today’s particle physics
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Thank you!







Channel weight at 125 GeV

ATLAS
Channel Weights (Lum Norm)
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Photon selection

Photon reconstruction and selection based on longitudinal and lateral shower
profile

- Shower shape variables Photon selection efficiency

a I T I T I I T I I

- Calorimeter based isolation CHE
. . . 0.95
- Fine granularity of first layer 05

0.85

075 f Ldt=20.7 ", Vs =8 TeV

n0-y Rejection

0.7 Unconverted y, Inl <0.6
0.65

06 e Z— Ily data 2012

0.55 | Z— Iy simulation
0.5
0.45 ATLAS Prelimina
1 l | l l l | l l l | l l
0.1F

0.05—
0 :0—0—0—-0-_._-#--—#-—---+-- — +-- S

-0.05
0.1 —
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

E} [GeV]

Photon selection efficiency cross-checked
with several data based methods
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Calibration checks

In-situ energy calibration results and their stability checked with different
methods (E/p with W = ev, J/P — ee)

Stability of EM calorimeter response vs time/pile-up better than 0.1%
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Differential cross sections

Probe underlying kinematic properties of Higgs boson production and decay

Variables specifically sensitive to:

- Different production modes Example for number of jets

- Spin-parity
- Higher-order corrections

Nlets R : oSy %%
]ﬁl\ L , Hory (s =8 1oy ‘
/ N b . J.Ldt=20‘3fb»1 E
p TYY — 4 3 E
\p .,
T

tvents | GeN

\\\ \\\\ \\\\ \\\ \\\ \\\ \\\\ \\\\

Final step: correct raw yields for detector effects
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Differential cross sections

Number of jets Higgs boson pr

[ | | | TT | 1T | T TT | | 1T | T TT | T TT I | T | 1T
. s

- ATLAS Preliminary 4- data = syst.unc. ] 8[ ATLAS Preliminary 4- data ~ syst. unc. ]
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Particle level Njets

First Higgs boson differential cross section measurement
Still large uncertainties, but compatible with SM prediction

Differential measurements will highly benefit from the increased dataset
expected in LHC Run 2
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H to WW analysis strategy

Two high pT isolated leptons, split by jet-multiplicity and lepton flavour
Various missing ET related cuts to remove main DY contribution
Topological cuts for further bkgr. reduction (low mll, small A¢) / VBF selection

Final discrimination from mt shape

T T T T
H-yy ET™ significance

[ Data 2012
Background model
SM Higgs boson m, = 126.8 GeV (MC)

ATLAS Preliminary

><103| .

L e L L
-¢- Data 2012
ATLAS #4 Total sig.+bkg.
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Events / 4 GeV
IV ANRERN RN AN

; .

{s=8TeV, J.Ldt =207’

[ other vv
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IIIIIII TTT
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Same flavour after
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Events - Fit
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Test exclusive production modes

E.g. H — yy: sensitivity to all four production modes through dedicated VBF,
VH and ttH selections

Electron associated prod. with tt
¢

000000000
9 t

H
7 t
DOO000000%—_, ¢

Semi-leptonic tt decay:
4 jets, lepton + missing Et

Photons /

~90% ttH signal purity

Similarly, sensitivity to WH and ZH production by tagging events with isolated
leptons or large missing Et arising from vector boson decays
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Evidence for VBF production

Separate events consistent with VBF signature

- Two high pT jets from the Higgs production vertex
- Separated in rapidity (high dijet mass)
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3.10 evidence for VBF production

Krisztian Peters (CERN)

/
VBF ggF+ttH
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Higgs couplings

Characterise production cross sections and branching ratios in terms of a few
common LO motivated multiplicative factors (x?) to the SM Higgs couplings

L w
¥ ¥

- \s=7TeV [Ldt= 4.6-4.8 fb" X Best fit E Vs=7TeVLdt=4648 5" #H— vy BlCombined
C \s =8 TeV _[Ldt -20.7 .[b-1 —68% CL — \s=8TeV ILdt 20 7 fb1 * SM X BeSt F't

_ Combined H—yy, ZZ*, WW* ---95% CL

IIIIIIIIIIIIlIIII'IIII{III

_IIII|IIII|I]II|[YII

|
0.6 07 08 09 11 12 13 14 15 1.6

Ky

06 07 08 14
K

<

2-parameter benchmark model, group fermion (kxr) and vector couplings (kv)
together

- One overall not observable sign, choose kv > 0. Some sensitivity to kr sign from
interference between top and Win H — yy

Several further benchmark tests, all without significant deviations from the SM
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Run Number: 209109, Event Number: 86250372
Date: 2012-08-24 07:59:04 UTC
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Particle detectors

Calorimeter

Hadron
Calorimeter  Superconducting
Solenoid Iron return yoke interspersed
with Muon chambers
o ' 2P b A b or
Key:
Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon



BCS theory of

superconductivity: Higgs mechanism:
T<Te T < Tew

Cooper pair (condensate) Higgs boson (field)
Mass of the photon Mass of the W/Z bosons
Electric charge (2e) Weak charge

eh

The entire Universe is a superconductor for the weak interactions



Stalking the Higgs

T I | I | |
fitter

I
>
? —

Radiative
corrections

150 \ 200

Indirect constraints on the Higgs First direct
boson mass from global EW fits: exclusion

mH< 152 GeV @95%CL since LEP!

Krisztian Peters (CERN)
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Tevatron performance

Collider Run Il Peak Luminosity
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Tevatron Run I

Event @ 60E30 cm?s™! ... and @ 240E30 cm?s’!

Similar situation at Tevatron Run Il
To cope with challenging environment:
New techniques to improve calibration

Improve / redesign algorithms for electron, photon, jet,
tau and missing transverse energy reconstruction
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Combined Tevatron limits

Cross section limit relative to the SM expectation

— QObserved Tevatron Run Il, L, <10 fo'!
-== Expected w/o Higgs SM Higgs combination

- W Expected £ 1 s.d.

[ [ ] Expected =2 s.d.

== Expected if m,=125 GeV/c? Observed
limit (data)

—_
(@)

95% C.L. Limit/SM

10 (green)
20 (yellow) pr—
stat.+syst. "%~ Ne ~ Expected
uncertainty on - X +limit (mc)
expected limit

PN I T TR TN NN TN T T NN U T T S T S
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m,, (GeV/c?)

The production of a SM Higgs boson around the mass range of 165 GeV
excluded at the 95% CL. First direct exclusion since LEP in 2009!

30 evidence for a SM Higgs boson at my = 125 GeV
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