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LHC: 130<mH<550 GeV, Tevatron: 156<mH<175 GeV, some indications of m ~125 GeV?
pJolPW | HC: Discovery of a new particle
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Introduction [ Outline

Fundamental questions after this discovery

Is it really the Higgs boson ?

Is it of the Standard Model ?

What are its properties ?
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Standard Model:

includes all elementary particles
and their interactions

Predicts the unification of EM
and weak interactions
Experimentally tested at %
Predicts the existence of a new
particle: “Higgs” boson
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Introduction [ Outline

Fundamental questions after this discovery

Is it really the Higgs boson ? Standard Model:

includes all elementary particles

and their interactions

Predicts the unification of EM

: and weak interactions

What are its properties ? "" : Experimentally tested at %
Leptons Predicts the existence of a new

particle: “Higgs” boson

Is it of the Standard Model ?

In this talk an overview of searches at LHC to answer these questions
will be presented

¢ Certainly not an exhaustive list!

List of ATLAS Higgs results:
List of CMS Higgs results:
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LHC run | phase

Run |: 2010-2012

In less than 3 years we moved rapidly
from “exclusion limits” to the discovery
of a new boson and the measurements of
its properties

IHEP 2013, Protvino Russia Rosy Nikolaidou 26/06/2013



LHC run | phase

Run |: 2010-2012

In less than 3 years we moved rapidly
from “exclusion limits” to the discovery
of a new boson and the measurements of
its properties

7 | CMS Preliminary,Ns =7TeV [ a” opserved | |
\8 Combined, L = 4.6-4.7 b | g Expected = 1o
C O + -
S 10 Expected + 20 ]
E
—
O -
2 { X
To} 1 : Ly o,
o Y » T
. ] X i\
\‘ t 5- w
.\‘-* f; g TRyew
10‘1 1 L L 1 1 il SN - S S Ll L1 T -
100 200 300 400 500 600
Higgs boson mass (GeV/c?)

IHEP 2013, Protvino Russia Rosy Nikolaidou 26/06/2013



LHC run | phase

Run I: 2010-2012

In less than 3 years we moved rapidly
from “exclusion limits” to the discovery
of a new boson and the measurements of
its properties
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The detectors
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cetectors

g e A NN
- ECTOR STEEL RETURN YOKE
Total weight + 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m* ~9.6M channels
Magnetic fild  :3.8T

SUPERCONDUCTING SOLENQID
Niobium titanium coil carrying ~18,000A

- =
N

Design of the detectors driven by the Higgs boson and other searches
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LHC and detectors performance

Key point to the success story:
Outstanding performance of the LHC!

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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LHC and detectors performance

Key point to the success story:

Outstanding performance of the LHC! | Excellent ATLAS and CMS performance:

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

»s experi | Luminosity data
ment fb used in

25

m— 2010, 7 TeV, 44.2 pb!
= 2011, 7 TeV, 6.1 b}

.

E‘ 20 Y = 2012, 8 TeV, 23.3 ! 120 ] physics
£ 15| l1s ATLAS 5.6 (@7TeV) 94% 90%

= 23.3 (@8 TeV)

. Pl cMs 64 (@7TeV) 94%  91%
g ls 23.3 (@8 TeV)

: 2/ .

o Oy P 0 of o @ o High performance of world wide grid
Date (UTC) computing to cope with processing of the
totality of the data and simulated events

Challenge in coping with the high pileup rates
 Trigger, computing, reconstruction of physics objects
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Pileup challenge

ATLAS Online Luminosity
3 Vs=8TeV, ﬂ_dt =20.8fb", <u>=20.7
O Vs=7TeV, fl_dt =521f" <u>= 9.1
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Pileup challenge
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ATLAS Onllne Luminosity
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N

5

Mean Number of Interactions per Crossing
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Example: Z-uu event display
with 25 reconstructed vertices
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- Example: Z-uu event display
PI I eu p Ch d I Ienge with 25 reconstructed vertices
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Pileup affects reconstructed objects like lepton isolation, jets, transverse missing energy.
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Testlnjg,r the Standard Model at LHC

proton (antl)pr on cross sections

¢ (nb)
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Testmog the Standard Model at LHC

proton (antl)pr on cross sections
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Higgs production at the LHC
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Huge effort from theory to calculate cross -section
at N(NLO)
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Higgs production at the LHC

Gluon fusion ggF

102 g T T | I T I T T T T T T gg g
g8 ' Ns=8TeV % H Dominant
= - 1§ l production
r 10e EE s
- . Vector boson fusion VBF
o
T 1 - a
- s ﬁ/,, Distinct
i : wzeS | signatures
10" = T~
- Associated with
107 W, Z
80 100 200 300 400 1000 .
MH [GeV] q w*z* .
Huge effort from theory to calculate cross -section g Wz
at N(NLO)
19.5 pb 1.6 pb 1.1 pb 0.1 pb @m,=125 GeV
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Hi ggs decay modes

g o M R e 3 Channels studied in the context of SM
= bb | i Higgs boson search:

c 2
%310-1 {A 2Z 4% | Bosonic decay modes
S — - 1 |- Howy
+ L < { F* H>ZZ->4l discovery channels
oa102 4 f* H2>WW=2Ivlv

o 1 1 Zy
T | " | Devoted to high mass studies

103 <« | * H>ZZ-llqq

- I 1 [ H>ZZ>llvwy, WW-2>lvqq
i ' { | * H2>ZZ~2lltt
ol N I L1

4 ||||||
1080~ 100 120° 140 160 180 200
M, [GeV] | Fermionic decay modes

* H->tT, bb, uu

All decay channels are open at ~125 GeV'!

Rates (@ mH=125 GeV
Bosonic decays WW 21.5%  ZZ2.6% YY 0.23% Zy 0.15%

Fermionic decays bb57.7% TT 6.3% LU 0.02%
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H->vyy

Topology characteristics

Rare decay ~2 %o
o X BR ~ 50 fb (m,=126 GeV)
Two isolated photons

Narrow resonance on top
of a continuous background
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H->vyy

Topology characteristics

Rare decay ~2 %o
o X BR ~ 50 fb (m,=126 GeV)
Two isolated photons

Narrow resonance on top
of a continuous background

Quick overview

* High ‘mass resolution’ channel
High background (yy continuum, y-jet, jet-jet)

Background extrapolated from side bands in data
Signal/Background ~0.03
diphoton resolution key ingredient of this analysis

To increase analysis sensitivity, events are classified w.r.t their production
mode (ggF,VBF,VH) and in inclusive categories with different resolution and S/B
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Checks on energy scale & mass resolution
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1.004__ ............. ,,,,,,,,,,,,, RMS:0-019°/0 ,,,,,,, , .......... .W_..,e.VE/p ......... ,,,,,,,,,,,,,

1.003 - .01; QZ%eelnvmas ...........

1.002F
1.001 a 1 ' r] z :

0.999F
0.998F
0.997F
0.996
0.995El

Relative energy scale

I I A W NWHRA KRR RRRRN RN S

Lo |

8 10 12 14 16 18 20 22 24 26 28

Average interactions per bunch crossing

Energy scale stable with pileup and time
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Checks on energy scale & mass resolution
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Mass resolution vs time with Z->e*e decays.
Energy resolution stable with time at % level.
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H->yy mass spectrum and signal strength

ATLAS
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H->yy mass spectrum and signal strength

ATLAS

Events / 2 GeV
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Bkg (4th order polynomial)
ATLAS Preliminary
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Significance: 7.40 (4.10 expected from SM)
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H->yy mass spectrum and signal strength

ATLAS m
10000 — T " T T T r 5000

> Ll ! I LI | L] I LI LI I LI LI I 1 LI L I L.
) C . ] ()} - CMS Preliminary —4— Data .
10 C Selected diphoton sample n O] - {5=7TeV, L=51 b (MVA) S+B Fit i
o\ n ° Data 2011+2012 T B ’ ) B = = = Bkg Fit Component ]|
= 8000~ Sig+Bkg Fit (m =126.8 GeV) . Lo - (s=8TeV,L=19.6fb" (MVA) - :1?, L ome .
T . ey mmmeeees Bkg (4th order polynomial) 7] :4000 A 3 20 ]
SIS ATLAS Preliminary — » - 1
- - T Hovy . T X ]
4000/— = $3000[- B
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m,, (GeV)

Significance: 7.40 (4.10 expected from SM)

Significance: 3.20 (4.20 expected from SM)

Mass: |m, =126.8+0.2(stat)=0.7(syst) GeV

Mass: my =125.4 +0.5(stat) = 0.6(syst) GeV
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H->yy mass spectrum and signal strength

ATLAS m
10000 — T " T T T r 5000
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Significance: 7.40 (4.10 expected from SM)

Significance: 3.20 (4.20 expected from SM)

Mass: |m, =126.8+0.2(stat)=0.7(syst) GeV

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

_ measured rate
SM predicted rate

__measured rate _, ¢ () 24(stat)®> (syst)
SM predicted rate |

=0.78%%

u u
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H>ZZ*>4l W ==

N
_ N \
Topology characteristics . -
mk\
Golden channel B
v/ o/
: NN
Small production rate e
0 X BR ~2.5fb (m, 125 Gev) Fr ol
. PtCut>1.0 GeV | :]/ Al
e/ ///f\ —
Simple topology of 4 isolate v :\\\I,_;j-" i
leptons from primary vertex B O

Narrow resonance on top e
of a smooth background \
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Golden channel ik

Small production rate msene
0 X BR~ 2.5 fb (m, 125 GeV) oo™
Simple topology of 4 isolate VL
leptons from primary vertex B
Narrow resonance on top TR ¢
of a smooth background -
) - — — -

“Quick overview

* High ‘mass resolution’ channel
* Backgrounds:
* Irreducible from ZZ* and reducible from Z+jets, Z+ bb, tt

« S/B ~2(CMS), 1.6 (ATLAS) @mH=125 GeV
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H->ZZ*-> 4] mass and strength

ATLAS

30:— e Data
" [ Background zz"

Events/2.5 GeV
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25— [Ill Background Z+jets, tt
- [ | Signal (mH=125 GeV)

ATLAS Preliminary
H—zz" -4l

Vs =7 TeV:[Ldt = 4.6 fb"
Vs = 8 TeV:[Ldt = 20.7 fb™

1
mf?GeV]
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CMS
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H->ZZ*-> 4] mass and strength
cms

CMS Preliminary Vs=7TeV,L=51f";Vs=8TeV,L=19.6fb"

> F > 35¢
S 30~ o Data ATLAS Preliminary 8 B
) - (") * B
% - Il Background 2z H—>ZZ( )%4| 2 30—
5 251 B Background Z+ijets, tt » -
"t [ ]Signal (m =125 GeV) GCJ 25 :—
- > -
20~ 77, Syst.Une. Vs = 7 TeV:[Ldt = 4.6 fo” et
- Vs = 8 TeV:[Ldt = 20.7 fb” 20
151~ 150
10F- 101
3 s
B Oi ol
= 80 100 120 140 160 180
nlf?GeV] m,, [GeV]

Significance: 6.60 (4.40 expected from SM) | | Significance: 6.70 (7.20 expected from SM)
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H->ZZ*-> 4] mass and strength
cms

CMS Preliminary Vs=7TeV,L=51f";Vs=8TeV,L=19.6fb"

> F > 35¢
S 30~ o Data ATLAS Preliminary 8 B
) - (*) * B
% - Il Background 2z H—>ZZ( )%4| 2 30—
5 251 B Background Z+ijets, tt » -
"t [ ]Signal (m =125 GeV) GCJ 25 :—
- > -
20~ 77, Syst.Une. Vs = 7 TeV:[Ldt = 4.6 fo” et
- Vs = 8 TeV:[Ldt = 20.7 fb” 20
151~ 150
10F- 101
3 s
B Oi o
= 80 100 120 140 160 180
nlf?GeV] m,, [GeV]

Significance: 6.60 (4.40 expected from SM) | | Significance: 6.70 (7.20 expected from SM)

Mass: |m, =124.3%2(stat)’)3(syst) GeV Mass: |m, =125.8+0.5(stat)=0.2(syst) GeV
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H->ZZ*-> 4] mass and strength

ATLAS

80~ e Data ATLAS Preliminary
" [ Background zz" H—>ZZ(*)%4|
25— [Ill Background Z+jets, tt

- [ | Signal (mH=125 GeV)

T 7
201 7}, Syst.Unc. Vs =7 TeV:[Ldt = 4.6 fb"
Vs = 8 TeV:[Ldt = 20.7 fb™

Events/2.5 GeV

15

10

1
mf?GeV]

Significance: 6.60 (4.40 expected from SM)

Mass: |m, =124.3"%(stat)’y3(syst) GeV

_ measured rate
SM predicted rate

=174,

u

IHEP 2013, Protvino Russia Rosy Nikolaidou

CMS

35 CMS Preliminary Vs=7TeV,L=51f";Vs=8TeV,L=19.6fb"

30

25

Events / 3 GeV

20

15

10

J_._I_I_<|IIII|||||||||||||||||||||||||

T T
80 100 120 140 160 180
my, [GeV]

Significance: 6.70 (7.20 expected from SM)

Mass: |m, =125.8+0.5(stat) = 0.2(syst) GeV

_ measured rate
SM predicted rate

u = 0917,
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CMS Experiment at LHC, CERN
3 Data recorded: Thu Apr 19 09:14:14 2012 CEST
C Run/Event: 191721/ 76089774
i Lumi section: 1

1"
Orbit/Crossing: 28960009 / 815

Large production rate an
o x BR ~ 200 fb (m,, 125 GeV)

Clear dilepton signature

No full mass reconstruction possible
Discriminants

. - 2
m, = \/ (E; +E)™)? —( B +E™ 1)

Acp(I1,12) small due to spin-o0 Higgs
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Orbit/Crossing: 28960009 / 815

CMS Experiment at LHC, CERN
3 Data recorded: Thu Apr 19 09:14:14 2012 CEST
C Run/Event: 191721/ 76089774
i Lumi section: 111
<

Large production rate

o x BR ~ 200 fb (m,, 125 GeV)

Clear dilepton signature

No full mass reconstruction possible
Discriminants

. : 2
m, = \/ (Ep +E/™ Y —(1 P+ E™ 1)

Acp(I1,12) small due to spin-o Higgs

CMS

OO T T T T T T T
% UL + Il)atla ' % 'SN'l (slys(Jlastlat)l | T 1000 = gata ~ — m,=125GeV CMS Preliminary —
O 400F ATLAS Preliminary o' @ wozzwy g | muz W Ses TV L=10510" |
o Eo . . : - [ L . Vs=7TeV,L=491b" |
2 C \s=8TeV,| Ldt=20.7fo" [J& [ SngeTop  J & soo ™ 2 ww
~ u o) - [ Zsjets [ Weets 7 | N\ stat@syst. Ojeten |
g 250— H->WW' '—evuv/uvev + 0 jets B H[125Gey] i R 1
2 : ] 60| \ .
w200 -] L ]
C ] l ﬁ ]
- - 400 —
- - 200 E -
- : 0
s
©
©
©

16
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H>WW®) > vl

Q)

MS

W
o

| CMS Preliminary ... Expected
L \s=7TeV,L=4.9fb" —e— Observed
- \s=8 TeV,L=19.5fb™
[ H->WW-—2I2v 0/1-jet

—— Injection mH=125 GeV

|:| Injection = 1o
(] injection = 20

significance
N
(¢}

N
o

15

10

5_

ol Sl g g

100 200 300 400 500 600
m, [GeV]

Significance: 4.00 (expected 5.10 from SM)

_ measured rate
SM predicted rate

u =0.76+0.21| (m,=125 GeV)
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H>WW®) > vl

,j\_ 4.5:I-l L I T rr I T 1 1T I 1T 171 I T rr I L I I T I*I T I L IJ: /]
N ATLAS Preliminary HoWW ' —ivlv 7
[e)) iy ]
5 ek \s=7TeV:[Ldt=461" 7 _|
=BG NSl mt —
B TEN . \s = 8 TeV:|Ldt = 20.7 fo ]
o 3 3 A& —
5; g ‘\\ : — 2Ini(p,m)=23 1 -
N 25 N O IAWN e -2 InA(1,m,) = 6.0 —
oF —o— H->WW S hviv (201142012)
= —%— Hoyy (2011+2012) 1 —
1.5 —&— H-zZ"-n (201142012)
N -
1:_ §§-~ _: |
0.5F =
C o s B

m, [GeV]

25

20

15

10

-2 I (wm,)

Significance: 3.80 (expected 3.70 from SM)

_ measured rate
SM predicted rate

u

=1.01x0.31

VBF production search:

Significance: 2.50 (expected 1.6 from SM)

_ measured rate
SM predicted rate

u

=1.66+0.79

(m,=125 GeV)

(m,=125 GeV)

@)

MS

W
o

| CMS Preliminary ... Expected
L \s=7 TeV,L=4.9 fb™ —e— Observed
- \s=8 TeV,L=19.5fb™

— h — Injection m =125 GeV
H—-WW—2I2v 0/1-jet H

|:] Injection = 1o
|:| Injection = 20

significance
8 B

—_
a
|IIII|IIII|IIII|IIII

llIlIllllllllllllllllllllll

10

5_

ol Sl g g

100 200 300 400 500 600
m, [GeV]

Significance: 4.00 (expected 5.10 from SM)

_ measured rate
SM predicted rate

u =0.76=0.21| (m,=125 GeV)
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H->bb GATLAS

EXPERIMENT
http://atlas.ch

* Important rate
BR(H—=>bb)~58%
(my=125 GeV)

* Can provide direct
constraint to Higgs
couplings to fermions/
quarks

* Challenging due to
high jet-background Fvent: 144100666

Date: 2012-09-05
Time: 03:57:49 UTC

Quick Overview
Use of associated V(W,Z) H production
* Topologies W(lv)H->bb, Z(vv)H—=>bb, Z(I)H->bb, I=e,u

Final states with b-jets, leptons, missing E;
Analysis: Require two b-jets and classify events according to their missing E;, P+(V)
Discriminant: m,, , (multivariate analysis combined in a BDT for CMS)

IHEP 2013, Protvino Russia Rosy Nikolaidou 26/06/2013 18



H->bb

IVIP§ Subsample of dataset analyzed

> - ATLAS Preliminary “e-Data2012 ]
(O} 600— 4 I Signal —:
9 E J-Ldt=13.0 fb',\s=8TeV [ Multijet 4
E 500/— 2 Leptons, 2 Tags, >=2 Jets ggiboson —
S - Ot ]
o Ao Dz E
ZH b ¢ F S
2003— —f
1005— —f
&) 2
¢ _f
g + ]
a 1++H+ﬂ++++ﬂ+++++++*;
**780 100 150 200 250
mg [GeV]
Combinationof 7 S~ ;T'V'I'Ld't JRPRLE
2 [ ATLAS Preliminary \s=71eV, =4. ]
ZH ev"bb g 5 —e— Observed (CLs) (5o 8TeV J' Ldt = 13.0 5" -
_ S L o-eeee Expected (CLs) = ) = ]
ZH%"bb (I—e,l-l) IS I El+1o VH(bb), combined ]
WH-Ivbb (I=e,u) 5 4 oz ]
(&) C ]
X3 .
Te} - i
2 ]
1= .
0: l L [ I =
110 115 120 125 130
my, [GeV]

95% C.L limit on cross-section x BR:
Observed (expected)1.8xSM (1.9xSM)
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S E cmsPpreliminary | JSglme | C
2 [ Vs=8TeV,L=19.0f" Emu d
_§ 10° = W(ev)H(bb) % + -
INiPg Subsample of dataset analyzed CMS B — ]
. 10t =l 3
> - ATLAS Preliminary “e-Data2012 ] E ]
G eoof J‘ I Signal — 10 _
9 E t_130fb \s=8TeV [ Multijet 3 = E
% 500;— 2 Leptons, 2 Tags, >=2 Jets E’giboson —; 1 =
S o Sz
w E [ Z+c 7
ZH>1bb © ko WH->evbb
200 f— _f o 2 E 22=1165K,=0.827
100E E % 1.51
= > QosE
o 2P 05 055 06 065 07 075 08 08 09 095 1
s E E BDT output
S 150 E
B Htesese,e + ]
e 1%;7”&7_‘_” a 7_‘-”:‘;;’;#*.—*:*_:‘;‘;””_;#*% s 6 T \C|NI|S\P| Il L L B O B L BB B
: ‘ ] z °p T I
**7Eo 100 150 200 250 S L orTv Loboms! e ClsObsened |
My [GeV] Combination of g sl Vs=8TeV.L=19.0f6" . gts sl
= | VH(bb), BDT combined CL Expected = 10 |
; 6 ZH=>vvbb g CL, Expected = 20
Combination o) s B L s s B B B s s e e e ) B T al- 7
S b ATLASPreiminay  \s=7TeV, I Ldt=471" ] ZH-lIbb (I=e,u) = 7}
ZH QVVbb = 5 —e— Observed (CLs) ] © i
5 E Expected (CLs)  'S=8TeV, J.Ldt 13.0f6" ] WH=>Ivbb (|=e,|.l,‘t) o [
ZH->IIbb (I=e,un) = [ = P - ] g 3
I= E I +10 VH(bb), combined B =1 i
WH=Ivbb (I=e,u) & 4 s ] €
S ] @ 2f
£ 9 7 < T e
3 r 1 R e
2r - & T
1:_ —: :l L L 1 L | 1 L L 1 ‘ 1 1 L L | L L 1 L | 1 L L 1 }_
r ] 110 115 120 125 130 135
I T I S EI I ST RS B
0510 115 120 125 130 my [GeV]
my, [GeV]

95% C.L limit on cross-section x BR:
95% C.L limit on cross-section x BR: Observed (expected) 2.5xSM (1.2xSM)
Observed (expected)1.8xSM (1.9xSM) Significance: 2.20 (expected 2.10)
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H=>Ttt GATLAS

Run 190872 ,Event 51447267

Important to study the H decays to fermions/leptons |—“——
« 2"din BR to fermions but high sensitivity due to
experimental signature
Analysis strategy: Split events according to tau

decay modes and Higgs production modes

.. Py(t,.) = 43 GeV
Discriminant m__ / \ ()= 52GeV
E,"> = 53 GeV

m._ = 390 GeV

MMC m_ = 123 GeV
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H 9 TT l EXPERIMENT

Run 190872 ,Event 51447267
Time 2011-10-12, 12:09 CEST

Important to study the H decays to fermions/leptons
« 2"din BR to fermions but high sensitivity due to
experimental signature
Analysis strategy: Split events according to tau
decay modes and Higgs production modes

. . . Py(t,.) = 43 GeV
Discriminant m__ , p.(1) = 52 GeV

E,m™*= 53 GeV

m; = 390 GeV
YY) Subsample MMC m_ = 123 GeV

of dataset analyzed

E 250’ ! eeleuﬂuu Bo‘osled‘ ] o
S : v Daia 1 = BTy
g — 5x H(125)>1t L F Homw ATLAS Preliminary ]
£ 200F [y 1 © 7 —e-ObservedcL, [Ldt=4.61b"{s=7TeV -
] [ I Z-ee ] = F - i (s = 1
o F B fisingletop S [ --- Expected CL, f Ldt=13.0fb",is=8TeV 4
1500 wwwzizz -'E 6 [J+2c =
[ Fake leptons ] r b
[ Bkg. uncert. ] 5; ‘:lik; =

100 [rat=asm' ] F

[ ] (@] £
[ \s=7TeV 3 r 1
50 ATLAS Preliminary-| &\) 4= ]
E ] @ r ]
o J 3 =
0 50 100 150 200 250 300 350 400 C ]
Collinear mass m,, [GeV] of I B
1 ]
| B I I W
100 110 120 130 140 150

m, [GeV]

95% C.L limit on cross-section x BR:
Observed (expected) 1.9xSM (1.2xSM)
Significance: 1.10 (expected 1.70)
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H=>Ttt GATLAS

Important to study the H decays to fermions/leptons |
« 2"din BR to fermions but high sensitivity due to

experimental signature
Analysis strategy: Split events according to tau
decay modes and Higgs production modes

. . . Py(t,.) = 43 GeV
Discriminant m__ , p.(1) = 52 GeV

E,m™*= 53 GeV

m; = 390 GeV
YY) Subsample MMC m_ = 123 GeV

of dataset analyzed

5 i
E 250; "ee 4 e + it Boosted ] . 5 ook N ) .
& e 25y ee & | How " ATLAS Preliminary | = < 4,0 S e e L e
£ 2000 .o ] B 7F —e—ObservedcL, [Ldt=4.6f" s=7TeV E 800 ? | —e— observed
&0 =§fsﬁfg"l‘e‘fmp ] 3 [ --- Expected CL, [Ldt=13.0fb", s =8 TeV | 2 B 3.5 —— H(125 GeV) injected
150 WWWZ/ZZ = 6 [tz - ° 600 g F [ = 1o H(125 GeV) injected 1
: ;i;iﬁﬁ?r?_s ] E ENER ] _‘5’ 400 = 3.0F [ =20 H(125 GeV) injected 3
100 [rat=asm' oo 7 5 g : .
[ \s=7TeV ] o F = T
501 ATLAS Preliminary-| &\Z 4; — % 200 Lc),
[ 1 o r ] o
: J 3 E 0 o)
%50 100 150 200 250 300 350 400 F \_\/\/// ] o
Collinear mass m., [GeV] of ‘—,/' E
1 ‘ : 1.0
000 10120 130 140 150 0.5F
my, [GeV] oL+~ + o b1
110 120 130 140
my, [GeV]
9 [ 1 1 L4 . . .
95% C.L limit on cross-section x BR: 95% C.L limit on cross-section x BR:
Observed (expected) 1.9xSM (1.2xSM) Observed (expected) 1.8xSM (0.8xSM)
Significance: 1.10 (expected 1.70) Significance: 2.80 (expected 2.60)

IHEP 2013, Protvino Russia Rosy Nikolaidou 26/06/2013 20



What is next?

Combination

hints forphysics BSM? * Mass measurement

* Signal Strength

How do w.e know,
what\we have
found? Properties of the new particle

* Spin/parity studies

* Study of its couplings
* to fermions and gauge bosons
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Mass measurements

Combining measurement from H-=2yy and H 24l decays
Héyy m,, =126.8+0.2(stat) £ 0.7(syst) GeV

H—>4l |m, =124377(stat)}; (syst) GeV

7
E -~ ATLAS Preliminary Combined (stat+sys)
N [ Vs=7TeV: [Ldt=4.6-4.8 ! - Combined (stat only)
- Vs=8TeV:(Ldt=20.7 fb" — H=w
6 I —H-22" >4
5
4
3
2~
i
B L1
921 127 128 129

my [GeV]

m,, =125.5+0.2(stat)"> (syst) GeV
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Mass measurements
Combining measurement from H-=2yy and H 24l decays

H éyy my =126.8x0.2(stat) £ 0.7(syst) GeV H éyy my =125.4+0.5(stat) £ 0.6(syst) GeV
H—>4l |m, =124377(stat)}; (syst) GeV H=>4l |m, =125.8=0.5(stat)=0.2(syst) GeV
= T ATLAS Preliminary Combined (stat+sys) 10¢ ?MS‘P‘rel‘mm‘ary \F‘ z ‘Te‘V‘L‘S ?1 L3 \g AL RS fb
N L Vs=7Tev: fLdt=46-48f7 (H30mbined (stat only) _Cl "H — vy _:_ ‘H —-77 |— Comblned i

6; =8 TeV: Lt =207 — H eYZYZ(') -4 z 9; w MYY(QQH,ttH), — H=w
- o~ 8f u (VBFVH) ——H=Z !
5} ! 7; E
- 43 E
: 5 -
3 45 =
- 3 -
2? C ]
i 2 E
1 1 i i
» 1 T 126 28
P21 127 128 _ 129
m,, [GeV] my (GeV)

=125.5x0.2(stat)’s3(syst) GeV|  |m,, =125.720.3(stat)=0.3(syst) GeV|
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Signal strength

Compatibility of the observed rate with the SM Higgs boson hypothesis

u= GSM , (u=1 means compatible with SM)
o)

| | | ! | [ |
ATLAS Preliminary  my = 125.5 GeV

W,ZH — bb

Vs=7TeV: [Ldt=47 b _— e
Vs =8TeV: [Ldt=13fb™ i

H— 1t

Vs=7TeV: [Ldt= 461" ———
\s=8TeV: [Ldt = 13 1o :

H-ww” = viv :
\s=7TeV: [Ldt= 461" —e—
Vs =8TeV: |Ldt=20.7 b :

H— vy .
Vs=7TeV: [Ldt= 481" | —e—
\s=8TeV: [Ldt = 20.7 o' :
H— zz" - 4l ,
\s=7TeV: [Ldt = 4.6 fb" —e—
Vs=8TeV: |Ldt=20.7 b :

Combined u=130x0.20 :
Vs=7TeV: [Ldt=4.6-48" | o
\s=8TeV: [Ldt=13-20.7 fb"

| l | | | l I
-1 0 +1

Signal strength (u)

u=130=0.13(star)=0.14(sys?)|
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Signal strength

Compatibility of the observed rate with the SM Higgs boson hypothesis
O_obs . .
u=——, (u=1 means compatible with SM )
o

| | | | s=7TeV,L<5.1fb" {s=8TeV,L=<19.6fb"

| l |
imi i m,=1255 GeV
ATLAS Pre“mmary ; i ° Combined CMS Preliminary m,=125.7 GeV
WZ H— bb u=0.80x0.14 pSM =0.65
Vs=7TeV: [Ldt=4.7 15" — e '
Vs =8TeV: [Ldt=13fb™
H— 1t , H— tib » =
Vs =7TeV: |Ldt= 4.6 fb” e w=115+0.6
Vs =8 TeV: ILdt 13fb :
H— WJW — Iviv : H— tt
s=7TeV: |Ldt=4610" —e— = ———
:s 8 TeV: JLd: 20.7 fb : w=1.10=0.41
H— y\} :
s=7TeV: [Lot= 481" : ° s
:s 8 TeV: JLd: 20.71b™ ' H Y_YO 774007 ——
H— zz" - 4l : wEmaeEn
\s=7TeV: }Ldt 461" e—
\s =8TeV: |Ldt=20.7 fo" : H— WW
: i w=0.68+0.20 -
Combined u=130x0.20 :
Vs =7TeV: }Ldt=4.6-4.8fb" P
\s=8TeV: |Ldt=13-20.7fb" 3 H— ZZ
| | | | | l I u=0.92+0.28 =
-1 0 +1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1
. 0 0.5 1 2 2 5
Signal strength (u) Best fit o/og,,

u=130=0.13(star)=0.14(sys?)| u=0.80x0.14
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Spin/CP studies [ Introduction

SM Higgs boson has J? = o*

* The H->yy decay mode excludes spin-1 possibility ( Landau Yang theorem)

Observed decay channels into yy, ZZ*,WW?* imply integer spin

IHEP 2013, Protvino Russia Rosy Nikolaidou 26/06/2013
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Spin/CP studies / Introduction

* SM Higgs boson has JF = o*
* The H->yy decay mode excludes spin-1 possibility ( Landau Yang theorem)
* Observed decay channels into yy, ZZ*,WW* imply integer spin

» Studies of JP = 0,1%,2* possible states have been performed by ATLAS, CMS

* H->ZZ*foro
* and a o*beyond the SM coming from higher order operator (CMS)
« H->WW, ZZ for J=1*

* H-2yy,ZZ*,WW* for 2*
* and a2 hybrid model (ATLAS)

* For JP=2* a “graviton” like with minimal coupling model is used with an unknown
fraction of the two production mechanisms qq and gg

* Use of different discriminants (variables) per channel
« Example: H=>yy (photon production angle in the yy center-of mass frame)
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Spin and parity studies
H>ZZ* >4l

 Discriminants: (multivariate analysis )

* invariant masses m,,, m,, (Z, Z¥)

* 5angles 6*,¢,9,0,,0,
» kinematics exploited through discriminants
built from LO Matrix Element method from Vector

Algebra (CMS) or analytical parameterizations/BDT (ATLAS)

IHEP 2013, Protvino Russia Rosy Nikolaidou 26/06/2013
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Spin and parity studies

H->Z2Z*->4l

 Discriminants: (multivariate analysis )

127

5 angles 6%,¢.,¢,0,,0,

invariant masses m,,, m,, (Z, Z*)

* kinematics exploited through discriminants
built from LO Matrix Element method from Vector

Algebra (CMS) or analytical parameterizations/BDT (ATLAS)

CMS

CMS preliminary Vs=7TeV,L=5.1f6" {s=8TeV,L=19.61fb"
T

-sg Ti T ‘ T T T ‘ T T T ‘ T T \---\--‘ T T T T ‘ T T \—I w
< - O - c
@ o ] B
% 0.14¢ H2nee E
B | (O]
(0] B i (0]
_8 B i (@]
S oif ] 3
(0] L - (0]
[2] L - (%]
0 0.08F - Q

0.06[ -

0.04F -

0.02F .

O: e | NA l-.l:..'l--i L0 %

-30 -20 -10 0 10 20 30
2xInlL, /L)
2n(99)

CMS preliminary Vs=7TeV,L=5.1f" V's=8TeV,L=19.6fo'
T

[ T ‘ T T T T ‘ T T T T ‘ T T \--l-A‘ T T T T ‘ T T T T l
0.1+ iio" —

i o ]
0.08 B — CMS data _
0.06 -
0.04}- Y s
0.02|- -

% 20 -0 o0 10 20 30

2xIn(L, /Lg)

Data always compatible to 0* state and disfavor other spin CP states
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Spin and parity studies

H->yy : Compare SM spin 0* to a spin 2* “graviton like” with minimal couplings

Discriminant: f\ ATLAS

* 2500k"'T """""" Trrrrrrrryrrrr T T T
polar angle 6

~— T T
=] r o Data 2012 Nominal analysis _|
P L mm o =0 (sm) == ey
) . c r Background j
of they’s in g2 = = ]

the resonance s ==t=sta=t= £

rest frame 000k j
(ISOtrOPIC for sool ATLAS Preliminary E
Spin_o) " Data2012, [Lat=20.7 " vs=8Tev —e—__ |

P IR I A A A A I A N B
0O 01 02 03 04 05 06 07 08 09 1

Icoso*|
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Spin and parity studies

H->yy : Compare SM spin 0* to a spin 2* “graviton like” with minimal couplings

Discriminant:
polar angle 6*
of the y’s in
the resonance
rest frame
(isotropic for
spin-0)

Events /0.1

ATLAS

2500 R e i o
L . Data 2012 Nominal analysis

L W J° =0 (SM) == ., ]

C Background ]
2000~ 9 e . -
r f—— ]
15000 Ittt =
1000~ .
500} ATLAS Preliminary E
| Data2012, [Ldt=20.7fb",vs=8TeV —e—
ol flnhnllnnnnllnnnllnnn ool Loni
0O 01 02 03 04 05 06 07 08 09 1
Icoso*|
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—_ —_l T T T I T T T T I T T T T I T T T T I T T T T I T T T |_—
%‘ 0. 04; —— JP=0" (SM) hypothesis ~ ATLAS Preliminary:
g 0.035F —— J°=2" (100%gg) hypothesis f Ldt=207 "'
e - —— observed
8 0.03F .y Data 2012, Vs = 8TeV—_
é 0.025F Nominal analysis 3
2 0.02 3
o - .
£0.015} E
c r 7
W o001 3
0.005( =
95 15
In(L(0)/L(2))
Sensitivity depends on f .= 04o/(04q*Ogq)
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Spin and parity studies

H->yy : Compare SM spin 0* to a spin 2* “graviton like” with minimal couplings

Discriminant: f\ ATLAS

—_ . 4; T T T I T T T T I T T T T I T T T T I T T T T I .l .l ;
polar angle 6% 5 **] I Z 004 J=0' (SM) hypothesis  ATLAS Prelminary
. g T =0 (SM) e 50.035F —— J°=2" (100%gg) hypothesis f Ldt=207 1"
Of the Y’S ln L% 2000? Background ++ | . . g E —__ observed )
C ] o 0.03 4., Data 2012, Vs = 8TeV —
the resonance s mtetamt= z @ F Aew E
r 1 EO 025 Nominal analysis {
rest frame - E 5 f ;
q . r 1 £ 0.02 -
(|SOtrOplc for sool ATLAS Preliminary E 80 015E 3
spin-o) I Data2012, [Ldt=207" vs=8TeV —e— - T - 0% ]
Lot b e ] 18 0.01 g =
0 01 02 03 04 05 06 07 08 09 1 VIE Ll ]
lcos6*| 0 005:* L =
| E . E
Combining yy, ZZ*>4l, WW*-2>evuv S T R 5
r\ 1o4§ T T T ‘ T T T ‘ T ‘ |n( ( ) ( ))
cﬁ' 5 ATLAS Preliminary ]
 10°¢ = a— _
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Strength of different production mechanisms

The main Higgs production mechanisms depend on V-H or top-H couplings

/ d AN . N e— ‘ top-H
_ t 9 i
VH : ’ E .z f >---H > H | couplings
couplings el ¢ PR :
EC\ \(} f “H
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Strength of different production mechanisms

The main Higgs production mechanisms depend on V-H or top-H couplings

/(1' T Ty e t -
V-H — / o ™ g : top H.
: il o ' tf >---H >+ § couplings
couplings i Y t e
\\\ t

5

pE\ e

N ’

M gor.en - fOr production modes mediated by couplings to fermions

Define signal strengths
W ygr.vy ¢ fOr production modes mediated by couplings to bosons

relative to production
mechanisms:
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Strength of different production mechanisms

The main Higgs production mechanisms depend on V-H or top-H couplings
s e N I ¢ t -H
V-H I BN Sl top-A
, il oy >--—-H couplings
couplings o B ¢ S t
\\(}
Define signal strengths M gor.en - fOr production modes mediated by couplings to fermions
relative to production M ygr.vn ¢ TOr production modes mediated by couplings to bosons
mechanisms:
ATLAS IR ~ ATLAS Preliminary cms B 6 e s =y o o
~ sl s=7TeV: [Ldt=4648f" _] W + H Tvr/w I
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MggH,ttH
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Strength of different production mechanisms

The main Higgs production mechanisms depend on V-H or top-H couplings
V-H — P SN — : top-H
: Y ty >---H couplings
couplings ,,j!\}if' t e PIng
2. Ty t
NN
Define signal strengths : for production modes mediated by couplings to fermions
g g ggF+ttH
relative to production M ygr.vn ¢ TOr production modes mediated by couplings to bosons
mechanisms:
ATLAS IR ~ ATLAS Preliminary cms B 6 e s =y o o
‘:2 s Vs=7TeV: det=4.6—4.8 fo! gﬁ“ | N I
T - \s=8TeV: |Ldt=13-20.7fo" 7 S + H-ww
: sC E = L + H-2z
ig - \ :::qzﬂz")a‘u : :f:s:(::rd Heoe! 4 H~bb
4 NS oot i it
2k - i
of . 2 ]
-2 = I 1
£ S R R R R R N A or B
l‘ngF+ttH x B/BSM = 4
| | |
: —— q -1 0 1 2 3
I ~30 evidence for non vanishing VBF production Mo

I Results of both experiments compatible with SM prediction
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Coupling studies

Basic assumptions:

* Only one “narrow‘ resonance

* Tree level scaling of couplings
Example:

Test of scaling factors of couplings to
fermions (k;) and W/Z bosons (k)
keeping the loop structure as in SM
and check the correlations

ATLAS

“ - Dfiri THS T HS T

- ATLAS Preliminary = &y Sy gmH S v

af 18=7 TeV, |Ldt = 4.6-4.8 fb #H vy Elcombined
E \s=8TeV,/Ldt=13-20.7 1b" + SM x Best Fit

2

1

0

-1

E i R I T e AP I
0.6 0.7 0.8 0.9 1 11 12 13 14 15 1.6

Ky
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Coupling studies

Basic assumptions:

* Only one “narrow‘ resonance

* Tree level scaling of couplings
Example:

Test of scaling factors of couplings to
fermions (k;) and W/Z bosons (k)
keeping the loop structure as in SM
and check the correlations

Custodial symmetry:

* SU(2),,gr symmetry in the Higgs sector: Tree
level mass m,/m,,, and H-V coupling ratios g,/g,,
protected from large rad. corrections

* Testit by introducing k,y, kK, scaling factors that
modify the SM Higgs boson couplings to W,Z

* Ratio of A, = Ky [ K, =1in SM

%] » iiH->bb C Ho1t
- ATLAS Preliminary . COH- Il EEH o v
E \s=7TeV,[Ldi=4.64810 gH — vy Elcombined
L \s=8TeV,[Ldt=132071b" + SM x Best Fit
2 =
1 D
0
4 =
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———— bbb A
0.6 0.7 08 09 1 11 12 13 14 15 16
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95% CL interval for A,,, =[0.62 1.19]
consistent with SM
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Test of new physics in loops

New particles in the loops

gg—2>H, H>yy processesinduced by loop diagrams

Sensitive to new particles beyond the SM in the loop

Assuming SM Higgs boson but allowing for new particles in the loop

Kq (K, ) effective couplings to gluons (photons)
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Test of new physics in loops

New particles in the loops

gg—2>H, H>yy processesinduced by loop diagrams
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Sensitive to new particles beyond the SM in the loop

Assuming SM Higgs boson but allowing for new particles in the loop

K, (K, ) effective couplings to gluons (photons)
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Test of new physics in loops

New particles in the loops

gg—2>H, H>yy processesinduced by loop diagrams
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Sensitive to new particles beyond the SM in the loop

Assuming SM Higgs boson but allowing for new particles in the loop

K, (K, ) effective couplings to gluons (photons)

CMS Preliminary {s=7TeV,L<5.1fb' ys=8TeV,L<19.6fb"
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Results compatible with the SM strength
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Summary |

v What do we know so far?

¢ ATLAS and CMS experiments have analyzed the totality of their data of Run| in
three decay channels (H2>vyy, ZZ*, WW*-Ivlv) and report a clear evidence of the
existence of the new particle
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Summary |

v What do we know so far?

¢+ ATLAS and CMS experiments have ana!yzed the totality of their data of Run | in

three decay channels (H2>vyy, ZZ*, WW*-Ivlv) and report a clear evidence of the
existence of the new particle

¢ First measurement of its mass: | ATLAS :m,, =125.5+0.2(stat)’,> (syst) GeV

‘CMS :my =125.7+0.3(stat) £ 0.3(syst) GeV \

farch 2012

¢+ Consistent with SM from EW fits with no addition ™ g

% i —0.02750£0.00033 o
L 002749000010  ffF
+»= incl. low Q° data

+29

In SM:m, =94_,, GeV <.l
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Summary |

v What do we know so far?

¢ ATLAS and CMS experiments have ana!yzed the totality of their data of Run| in
three decay channels (H2>vyy, ZZ*, WW*-Ivlv) and report a clear evidence of the
existence of the new particle

¢ First measurement of its mass: | ATLAS :m,, =125.5+0.2(stat)’,> (syst) GeV

‘CMS :my =125.7+0.3(stat) £ 0.3(syst) GeV \

March 2012

¢+ Consistent with SM from EW fits with no addition ®

(5)
oo Alpg =
. % —0.02750+0.00033
3% - 0.02749£0.00010
+== incl. low Q® data

+29

In SM:m, =94_,, GeV <.l

¢+ Compatible with spin-o* state oJoitses Ny, A it
¢+ Alternative states 07,1*,2* excluded at > 99% C.L
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Summary |

v What do we know so far?

¢ ATLAS and CMS experiments have ana!yzed the totality of their data of Run| in
three decay channels (H2>vyy, ZZ*, WW*-Ivlv) and report a clear evidence of the
existence of the new particle

¢ First measurement of its mass: | ATLAS :m,, =125.5+0.2(stat)’,> (syst) GeV

‘CMS :my =125.7+0.3(stat) £ 0.3(syst) GeV \

March 2012

¢+ Consistent with SM from EW fits with no addition gl 3 g v

% % —0.02750+0.00033
3% - 0.02749£0.00010
+== incl. low Q® data

+29

In SM:m, =94_,, GeV <.l

¢+ Compatible with spin-o* state oJoitses Ny, A it
¢+ Alternative states 07,1*,2* excluded at > 99% C.L

¢ Couplings measurements compatible with the SM prediction
¢+ (precision of these measurement at 220% level)
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Summary |

v What do we know so far?

¢ ATLAS and CMS experiments have ana!yzed the totality of their data of Run| in
three decay channels (H2>vyy, ZZ*, WW*-Ivlv) and report a clear evidence of the
existence of the new particle

¢ First measurement of its mass: | ATLAS :m,, =125.5+0.2(stat)’,> (syst) GeV

‘CMS :my =125.7+0.3(stat) £ 0.3(syst) GeV \

March 2012

¢+ Consistent with SM from EW fits with no addition gl 3 g v

% % —0.02750+0.00033
3% - 0.02749£0.00010
+== incl. low Q® data

+29

In SM:m, =94_,, GeV <.l

¢+ Compatible with spin-o* state oJoitses Ny, A it
¢+ Alternative states 07,1*,2* excluded at > 99% C.L

¢ Couplings measurements compatible with the SM prediction
¢+ (precision of these measurement at 220% level)

“ Results indicate that the particle discovered at CERN is a Higgs boson”
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Summary I

v" These results already rule out some models

¢ example: 4" generation of quarks
¢ Higgs production dominant mechanism is gluon fusion induced
by loops with top quarks in there;
¢+ if a heavier quark existed it would have increased the rate
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Summary I

v" These results already rule out some models

¢ example: 4" generation of quarks :

¢ Higgs production dominant mechanism is gluon fusion induced
by loops with top quarks in there;

¢+ if a heavier quark existed it would have increased the rate ’

v" Direct searches of particles beyond the SM have been performed also
* No signs for physics beyond the SM so far.
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Summary I

v" These results already rule out some models

¢ example: 4" generation of quarks :

¢ Higgs production dominant mechanism is gluon fusion induced
by loops with top quarks in there;
¢+ if a heavier quark existed it would have increased the rate ’

v" Direct searches of particles beyond the SM have been performed also
* No signs for physics beyond the SM so far.

v" Run | data analyses are to be finalized by the end of 2013.
¢ But many studies will remain statistically limited
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Summary I

v" These results already rule out some models

¢ example: 4" generation of quarks :

¢ Higgs production dominant mechanism is gluon fusion induced o
by loops with top quarks in there; l

¢+ if a heavier quark existed it would have increased the rate ’

v" Direct searches of particles beyond the SM have been performed also
* No signs for physics beyond the SM so far.

v" Run | data analyses are to be finalized by the end of 2013.
¢ But many studies will remain statistically limited

Certainly not the end of this exciting adventure

v" Run Il period starting at 2015 with more statistics and at higher energy will allow
us to do more precise studies
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