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Large Hadron Collider

* Two general-purpose experiments
(ATLAS, CMS)

* Excellent performance of the P "
accelerator. Many thanks to LHC ,_:,__:in%mﬁt'aﬁ E‘if‘g':w? AucE

operation team !
* Parameters achieved in pp collisions:

* centre-of-mass energy 7 TeV (2011) |
and 8 TeV (2012)

* delivered luminosity 5 fb™ (2011)
and 21 fb™ (2012)

* bunch spacing 50 ns
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ATLAS experiment

Muon spectrometer:
* air-core toroid magnets:
0.5 Tin barrel, 1 T in endcap
* momentum resolution:
2% @ 50 GeV, 10% @ 1 TeV
(combined Tracker+Muon
spectrometer)

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Hadronic calorimeter (HCAL)
* Fe+scint in barrel,
Cu+Liquid Argon (LAr) in endcap
* resolution a(E)/E ~ 50%/JE + 3%

(ECAL+HCAL, barrel part)

Electromagnetic calorimeter (ECAL): Toroid Magnets
* Pb+LAr technology, accordion geometry
* resolution o(E)/E » 10%/JE + 0.7%

Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Two magnet systems

Tracker: Further details in Ref:
* Si pixels, Si strips, Transition Radiation Tracker (TRT) G. Aad et al., JINST 3 (2008) S08003

inside 2 T solenoid

* resolution: o(p_ ") # 0.36 + 13/(p_+/sin8) [TeV"], (8 being the polar angle wrt beam axis)
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CMS experiment

. . CMS DETECTOR STEEL RETURN YOKE
Tracki ng sys tem: Total weight  : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
. . . Overall diameter :15.0 m Pixel (100x150 ym) ~16m* ~66M channels
o S | I ICO n p Ixels and S"'ril ps Overall length :28.7m Microstrips (80x180 pm) ~200m?> ~9.6M channels
Magnetic field :3.8T
* expected muon resolution

o(p,)/p. = 1.5-2% for |n|<1.6
at p.=100 GeV

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

HCAL.:

* brass + plastic scintillator
* complemented by tail catcher
outside the solenoid in the
central part

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

ECAL: Details in Ref:
« PbWO, crystals read by APD and VPT S. Chatrchyan et al., JINST 3 (2008) S08004

* testbeam resolution o(E)/E ~ 2.8%//E + 0.3% + 0.12/E
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* Concept of the electroweak
symmetry breaking in Standard
Model via Higgs mechanism:

* Introduce a doublet of complex
scalar fields

* Interaction terms gauge bosons-
Higgs are turned into W, Z mass
terms keeping photon massless.

* Fermion masses are generated
through Yukawa coupling terms
also in dynamic way.

* Possible extensions beyond SM

* 2 Higgs doublets model - three
neutral and two charged Higgs
bosons
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Standard Model Higgs boson production

* The main production modes are e — gy
E - \'s= 8 TeV f%
* gluon-gluon fusion (ggF) X 10k I
: T :
* vector boson fusion (VBF) g f
© 1

* associated production (VH, +1H)

107

* Although the Higgs production is
dominated by ggF, other production

10 | =
modes exhibit specific signatures 80 100 200300 40 - 4000
used for triggering and kinematic
configurations exploited in analyses.  associated production modes:
.- T 4 = mu*%*nunu E
wg N
QORODRORD t
a a, A, .F_M.H.S.R.ﬂ.ﬂ.ﬂ :E
pp = H pp —~ qqH L e
gluon-gluon fusion vector boson fusion (same diagram with Z) PP
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Standard Model Higgs boson decay modes
[SAREE: BRAERE (ERPE ==,

—

¢)

o bE &
* Branching ratios are highly Higgs = E i
mass dependent i |
* Exploited in analyses: §10-1
+
* H - y+y i
m
* H-Z+Z - 4l o
Tin2
* H-> W+W - 2|+ 2v H107
* Ho-o 11 2y
* H - b+b inassociated production % ; IQ |
des (WH, ZH, ttH) 10°700 100 14D 160 180 200
mo Sl M, [GeV]
* Other channels are being Selected BR @ |Decay  BR[%]
explored too (e.g. HHWW=-lvqq, M =125 GeV Hobb 577
H-ZZ-llvv, H->ZZ-llqq, H-Zy, H->Ww 215
H—-pp, BSM modes, ....) H-1m 63
H->zzZ 24
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New boson

* New boson discovery reported in July 2012 by both experiments.
Since then, more data have been collected and analyzed:

CMS Preliminary ys=7TeV,L<51fb" Vs=8TeV.L<19.6fb"

o 109 =L A B L LR IR s i I k :
s &= ATLAS Preliminary = ¢ _ [H->yy+H—>ZZ | * Combined
10°E  Observed 1s=7TeV,|Ldt = 4.6-4.8 b3 v 250 + Homn
10°E SM expected s = 8 TeV, [Ldt = 13-20.7 b : + Ho2z 7
_B B ’ ) Y
9 , 8¢ x 1 95%CL
10 i
10712 1.0 =
107° 8c i
107° 0.5 ]
_21 -
10 =106 i ' :
10724 YU (U WA SRR SRS S SRS T SRS N ST U PO N — 0.0—— e U
115 120 125 130 135 124 126 128
m, [GeV] my (GeV)

* No doubt about existence of a new particle, however there are still
open questions:

* isit the SM Higgs boson?
* are there other Higgs(-like) bosons?

* Now entering new era: precision measurements of the particle

properties and searches for other Higgs-like resonances
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* Pile-up:

Relative ratio: data/mc

0.998
0.997f

0.996

0.995—————~

1.005

Prerequisities (1)
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Prerequisities (2)

* The precision SM measurements are very important:

* demonstrate the understanding of the detector

* SM processes represent background to new discoveries
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Higgs mass measurement

* Performed in two channels where full kinematical reconstruction is
possible

* H->Z+Z - 4|
* H-vy+y
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H- Z+Z - 4] (1)

* Search for four isolated leptons (e, p) coming from reconstructed
primary vertex

» One pair of opposite-tharge same-flavour leptons corresponds to m,

* Calibration performed with "3¥andard candles”

e J/y->ee/yy

AT
© Y oee/uy N s
Event: 82614360
et ISR /A
e Z-oe'e/yy

Example of
H - Z+Z - 4e event
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Ton

Events/2.5 GeV

H - Z+Z - 4l (2)
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H - Z+Z - 4l (2)
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H- y+y (1)

« Search for isolated high-p_ photons

* Reduce impact of pile-up and improve mass resolution by requiring
photons pointing to reconstructed primary vertex

* Several categories based on event properties

* different S/B ratio and mass resolution

 different share of the production modes

* Critical items:

* EM scale calibration, performed with
J/y - e’e and Z - e’e’, extrapolation
for photons via MC vs. testbeam data

comparison

* amount of material upstream of the
EM calorimeter

Tomas Davidek

9th PATRAS Workshop, Germany,

ATLAS categories
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Events / 2 GeV

Events - Fitted bkg

ATLAS

« m,=126.8:0.2(stat)+0.7(syst) GeV
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-200

H - y+vy (2)

* signal strength p = 1.65+0.24+0.22

\s=7TeV,

Is=8TeV,

|
J

Selected diphoton sample

Ldt=481"

Ldt=20.7 o’

Data 2011+2012
Sig+Bkg Fit (mH=1 26.8 GeV)
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160
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CMS

+ m, =125.4+0.5(stat):0.6(syst) GeV

* signal strength p = 0.78+0.27
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* MVA (primary) and cut-based

(cross-check) analysis
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Higgs mass combination

 ATLAS combination e CMS combination

CcMS Prellmmary is 7TeV,L<51 fb1 ts 8 TeV, L<195rb‘

E ATLAS Preliminary —— Combined (stat+sys) 4 10—y
o \s=7TeV:[Ldt = 4.6-4.8 b -==-= Gombined (stat only) c L H — Y + H 77 |— Combmed
gl Vs=8TeV:[Ldt=207 1" — How —  9OF — Ho 7y
—— H=2Z' =4 ‘q
B E —H-2ZZ
(V| 8F
7_. -
6 =
5f =
4f _
3F
o 3
i ;
L1 1 II|I":I| L | T I | O:I 8
f217 122 123 124 125 126 127 128 129 124 126 128
I'T'IH [GEV] m (Gev)
* combined mass  combined mass

m, = 125.5+0.2(stat)+0.6(syst) GeV m, = 125.7+0.3(stat)+0.3(syst) GeV,

quite good match between both

* mass difference (H - y+y vs. H—
decay modes

Z+Z) compatibility 1.5% (2.40),
increases to 8% with more

conservative systematics treatment
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H-> W+W - 2|+2v (1)

* Channel with very high o«BR, nevertheless full reconstruction not possible,
use transverse mass m_or lepton invariant mass m instead

« require two high-p_leptons, missing E_, topological cuts

 different categories (jet multiplicity 0,1,2; lepton flavours)

~ examples of

ATLAS CMS

- optimized control region for WW . clear'oexcc_ass °f| evenl’rs in alll ca’regor'les
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Events / 10 GeV

Tomas Davidek

H-> W+W - 2|+2v (2)

ATLAS

200

150
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50

final discrimination from
transverse mass m_ shape
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* signal strength p = 1.01+0.31

observed significance 3.80,
expected 3.7¢0

* CMS

* excess at low mass compatible
with the expected Higgs signal

30

8 [ CMS Preliminary ----- Expected
c - \s=7 TeV,L=4.9fb" —e— Observed
8 [ \s=BTeV,L=19.5fb” Injection m =125 GeV
= 250 Howw-212y 0/1-jet — : o
py N ] injection = 1o
53 C \:| Injection + 20
» 20— —
151 .
10 :_ _:
Sl - .
NI 0o =S R
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m,, [GeV]
* signal strength p=0.76+0.21
°

observed significance 3.9¢,
expected 5.30
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* ATLAS: not full statistics yet

Tom

Events / 20 GeV

Search for isolated leptons, T

T T
lep " lep

T repThad and T, T

had " had

H- t+7 (1)

had’

Main irreducible background from Z — 1+71

Final discriminant m_ obtained with missing mass constraint

and missing E_. Final states include
combinations with different #jet categories

* CMS: already with full

statistics 2011+2012

* highest sensitivities for VBF
and boosted ggF

30

25

20

15

10

—e— Data

— 2x H(125)—>1t

B Z-1t

Bl Z-eenp

B (i+single-top
WW/Wz/zZ
Fake leptons

777, Bkg. uncert.
det _13.01"

\s=8TeV

” L“-‘—‘IIII—.I_II_

ATLAS Preliminary -

OO

L g
50 100 150 200 250 3

MMC m,. [GeV]

00 350 400

Vorkshop, Germany, 24

—
o
o
o

TT

800

B
o
o

S/B Weighted dN/dm _[1/GeV]

N
0

L ey, et ut, 7,17,

CMS Preliminary, ys = 7-8 TeV, L = 24.3 fb™!
= L] L] L] L] I L] L] L] L] L]

40

20

O [

B Hi125 Gav) — 11
== Data - Background

H(125 GeV) 1t
—@®— observed
] 2o

| —

B clectroweak -
[ acD -

100

200 300
m,, [GeV] 21/31



H - t+7 (2)

* ATLAS

observed deviation from
background-only hypothesis for
m =125 GeV corresponds to

local significance of 1.1g,
expected 1.70

o [ T E
o ATLAS Preliminary J Ldt = 4.6 1™, \s =7 TeV -
S - JLdt=13.0fb™, \s = 8 TeV ]
3 10 — Observed H — tt

S Expected for SM Higgs Boson E
- Expected for SM Higgs Boson at mH=125 GeV .
3 E

= ———00

o "I c
10— — e E

5 o
102 E
C 1 | | 1 I 1 | | | I 1 1 | 1 | 1 1 1 1 | | 1 1 1 :

100 110 120 130 140 150

Tomas Davidek

m,, [GeV]

CMS

broad event excess at low mass
compatible with expected Higgs signal

signal strength p = 1.1+:0.4 (m =125 GeV)

observed significance 2.80, expected
2.60 (m =125 GeV)

CMS Preliminary, Ys=7-8 TeV,L=243fb " H> 11
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40
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1 0'8 1 1 1 1 I 1 I I
110 120 130 140

9th PATRAS Workshop, Germany, 24-28.6.2013 22/31



H - b+bbar

* Important channel: decay to fermions (Yukawa coupling), highest BR
for m, <135 GeV

* Large background and complex final states
make the signal extraction very difficult

="y
ImELL
e

Local p-value
S

107 E
* The best sensitivity so far in associated ' cus promary 3
production (WH, ZH), see CMS result > % i mines . b
* Summary (analyses in blue not yet with full 10_:? IR
STGTiSTiCS) 0310 115 120 125 ;r?HO[Ge{/QiS
ATLAS CMS
Production significance, 95% CL limit on significance, 95% CL limit on
mode signal strength  o/0_, obs. (exp) signal strength o/o_, obs. (exp)
WH, ZH ; 1.8 (1.9) 210 (2.10) ;
u=1.0%0.5
VBF - - u=0.7+1.4 3.6 (3.0)
ttH - 13.1 (10.5) 5.8 (5.2)
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Summary on Higgs searches
* Signal strength relative to that expected from SM:

| | |
ATLAS Preliminary

W.ZH — bb

\s = 7 TeV: [Lat = 47 167
vs=8TeV: [Ldt= 13"
H— 1t

Vs =7TeV: [Ldi= 46"
[

vs=8TeV: [Lat=131b"

(i
H— WW ' — Iviv
\s = 7 TeV: |Ldt = 4.6 6"

8TeV: [Ldt=20.7 10

H— vy
\e =7 TeV: (Lot = 1

t =481
8TeV: |Ldt=207 1"

\s=8TeV: = L
)
HozZ" > 4l
7 TeV: |Ldt = 4.6 o

\s =7 -4,
\s = BTeV: [Ldt = 20.7 10"

Combined
\s =7 Tev: [Lat = .

—_—

p=1.30+0.20
6-4.8 M0
8 Tel: Lot = 13-20.7 1o

i my=125.5 GeV

.-

H— bb
n=1.15+0.62

H-1t
u=1.10%0.41

Ho vy
n=077£0.27

H— WW
n=0.68+0.20

H— ZZ
n=092+0.28

-1

0

+1

Signal strength ()

* Signal sensitivity:

Tomas Davidek

Decay Mode

H - y+y
H-ZZ - 4
H-> WW

H - 1+7

H - b+bbar

\s=7TeV,L<51f"' {s=8TeV,L<19.6fb"

EMEE;:Iiminary m,, = 125.7 GeV ATLAS CMS
> i Decay Mode | (v = 1255 Gev) | (My = 125.7 Gev)
+ H — bb —04+1.0 1.15 4+ 0.62
_._ H— 71 0.8 +0.7 1.10 £ 0.41
H— ~n 1.6 +0.3 0.77 £0.27
o H— WW* 1.04+03 | 0.6840.20
—-— H— Z7* 1.5+ 0.4 0.92 4+ 0.28
—.— Combined | 1.30+0.20 | 0.80 4+ 0.14
T
Significance observed (expected)
ATLAS CMS
(m,=125.5 GeV) (m =125.7 GeV)
7.40 (4.10) 3.20 (3.90)
6.60 (4.40) 6.70 (7.10)
3.80 (3.70) 3.90 (5.30)
1.10 (1.70) 2.80 (2.60)
- 200 (2.20) 24/31




Couplings (1)

+ Event yield in the given channel assumed [0+ BR](ii-H—ff) = o.T" /T .
Define scale factors k: 0. = k°0.*", . = KI.ZI'HSM
* Tests performed:

* evidence for VBF process
- 3.10in ATLAS
« custodial symmetry (A, =K /K )
- A, = 0.80:0.15 (ATLAS), A, in [0.73,1.00] at 68% CL (CMS)

* probing for BSM contributions (new undetected particles in final state
and/or in loops)

- BR<0.6 at 95% CL (ATLAS), BR < 0.52 at 95% CL (CMS)
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Couplings (2)

» fermion vs vector boson couplings (assuming k =k =K, K =K =K .....)
ATLAS CMS
. 4T T T e ] CMS Preliminary . fs=7TeV,L<5.1 b’ .is =8TeV,L<19.610"
* - ATLAS Prellmlnary 1 |: |n : ﬁﬁJ L_IE :Eﬁ\/ ] e | ¢ SMHiggs @ Fermiophobic m Bkg. only
3;\9, 7TeV, [Ldt = 4.6-4.8 f #H - vy Bcombined | -
- 1s=8TeV,[Ldt=13-20.7 1" +

SM x Best Fit

- - { ST D P R VA

06 07 08 059 1 1.1 12 13 1.4 15 16
0.23 v
- KF/KV=O.85 * 4 important

as indirect evidence of the
Higgs-to-fermion coupling
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Spin and parity measurement (1)

* The decay H — y+y excludes spin 1 (Landau-Yang theorem). For spin
2 hypothesis, minimal graviton-inspired model was considered.

* Various J* hypotheses tested in the following channels:
* H - y+y: use of production angle ©* in the Collins-Soper frame

« H—Z+Z - 4l: use of m, m_, and five production & decay angles

12/

* H-> W+W - 2|+2v: direct reconstruction not possible, use several
kinematic distribution (e.g. m , p.", Ag , m.)
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ATLAS
¢« HoWW-evpv: J°=0

Spin and parity measurement (2)

Events / 0.1

favoured

H—ZZ—-4l: excludes
JP=0", 1", 1" at >95%,
>95% and 94% CL
respectively

* combining all three

140——
120F
100

80
60

40}

20

C \s=8TeV,]| Ldt=20.71"
- H—>WW(.J—>evpvluvev +0jets

e

|
g

- ATLAS Preliminary —$— Bk swiactedDaa
|:| Ho* [125)

0+ 3

Events /0.1

ro

1 40 [ T | T I L | LI I T I T I T ‘ T T I L ‘ T T T
120 ATLAS Preliminary —— Bo.siectedData ]
: - - 1 H2' ]
100k 15=8 Tﬁ:V’J Lt =207 " [] wenes =
F HoWW' —evuvipvev + 0 jets 2 .
80— -
60[- =
40 ++ -
20~ +++ + +¥ =
oF—+T"" |—_:

20
-40

Lo W

7] ++Tf

E

channels:(f"zZ*m is excluded

at 99.9% CL over the full
range of qu (fraction of

spin-2 production

mechanism via g+gbar)

....... A PRI AP PPN PR B
-1 0 8 -0.6 -04 O 2 0 02 04 06 08 1
BDT,
: C T T T | T T T | T T T | T T
< [ ATLAS Preliminary
1 40_ e Dat .
- r ata b
o [Hozzr s Spin 07
I L 4 ]
= [ Vs=7TeV: [Ldt=461b Signal hypothesis D
oy l-Vs=8TeV: [Ldt=20.7 fb" -
D 30 ooy O
L H-> vy o = i
[ Vs=8TeV: [Ldt=20.7fb"
- oJ =2

~H—> WW* — evuv/uvev ! =
[ \s=8TeV: [Ldt=207 b

-1 -0.8 -0.6 04 02 0 02 04 06 08
BDT,
T i p 1 04 E T T T | T T T | T T T
i C;' N ATLAS Preliminary
10°¢ E
L E * 3
) F HoZZ"> 4l

S| Vs=7TeV{Ldt=4.6f" N
i 10% Vs =8 TeVyLdt=20.7 fb' ® Data E
@) E 3
10 [ Hovy CL, expected ]
E \s= - 1 ° 3
: (s =8TeV{Ldt=20.7 fb (assuming JF = 02
1 | H-> WW’*— evuv/uvev N
E s=8TeV{Ldt=20.7 ft' E

p O )
107F E

E .-.RC

10°¢
oF e —e———1 g :
" ot NG
10F 1 10k 3
Evovo b by by 10—6:| Coe oo o b by ]
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Spin and parity measurement (3)

o C M S : > CMIS Iprlelilmilnzfryi IilélzTTle\r,lLTETJIftlﬂ Iﬁl.zlslT?v,l L|:I1£I}.(:|Iﬂl:i1_|
Z oo gteds | Do -
* tfests in H=ZZ—-4l channel ﬁ - WW—212: H2n(99)
disfavour J°=0" wrt J°=0" with 5 008 € M —CMSdata 7
99.84% CL 8 C A
o 0.06_— —
0.04| | N
* combination of H>WW-2I2v i |
and H—»ZZ—-4| channels 0_02:_ w N
disfavours J'=2" _ with - .
99.4% CL % %20 40 0 10 20 30

'2 In L l +
8 (2r+n(gg) LO)

2" (gg) corresponds to qu=0°/o
(gluon-gluon fusion only)
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Beyond SM searches
* Searches for other Higgs boson(s) in BSM scenarii include 2ZHDM,
MSSM, additional singlet... Examples of searches:

ATLAS CMS
* heavier HHWW - evpv, h » heavy (m_ > 600 GeV) H->WW-lvjj
assumed at 125 GeV (2HDM) (require lepton, missing E_"fat" jet),

smgle‘r model mixing to X(125)

CMSP Iimi ry193fh 1|’_ 8TV
LI L L O T LI L B T

Ll T T il I' L il L Ll i v 10 _
ATLAS Preliminary ]

[Ldt=13" is=8 TeV . — 95% C.L.Observed Limit

- — 95% C.L.Expected Limit ]

95% CL limit on o/,

2HDM Type-Il tanp=20"]

H-WW-—evuy | = ; :
] . :_ :l +10 Expected Limit _:
] [ D +2 ¢ Expected Limit &
7 0 __ ——— SM Expected B
5 -

-~ Exp. 95% CL ]

— Exp. 99% CL

[ Obs. 95% CL |
\:IObs 99% CL

150 800 250 300
m,, [GeV]

O L1 111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111
600 650 700 750 800 850 900 950 1000
Higgs boson mass (GeV/c?)

* Ultimately the VV scattering will tell us if the object at 125 GeV is

capable alone to restore the unitarity.
Tomds Davidek 9th PATRAS Workshop, Germany, 24-28.6.2013 30/31



Conclusions

* Existence of the new particle with mass of 125 GeV well
established.

* Observed decay modes and other properties suggest a Higgs boson,
however still a lot of work ahead:

* Need to improve the signal strength measurements (current results by
ATLAS and CMS a bit different, however still compatible within
errors)

* Spin and parity strongly favour J*=0"

* Couplings to individual particles still with large uncertainties, but
evidence for non-zero fermion coupling

* No clear discrepancy wrt SM predictions observed so far

* Aim to measure the Higgs self-coupling at next LHC runs

* Analyses of 2012 data still ongoing, also looking forward for new
data in 2015.
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