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Quel futur pour le Modele Standard
apres la découverte du Higgs ?

This course:

Higgs Boson and Electroweak Physics

I Origin and Discovery

Stand-alone results from ATLAS and CMS
II H Boson Properties ... and beyond

Full combination of ATLAS and CMS (september 2015)
III H Boson Aftermath

Next steps and extension of the scalar sector
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The H Quest

Motivation and constraints
Experimental constraints

Main production & decay at LHC
Discovery in the di-boson channels




The Elegance of the SM

The standard model (SM) finds

« Its roots in the unification of electricity
and magnetism in 19t century

« Its body in the marriage of relativity and
quantum mechanics in the 20t century

« Its shape from symmetry principles
(gauge symmetries)

The existence of identical fermions + marriage of relativity and QM =

« The “underlying reality” is made of quantum fields

« There are interactions (gauge bosons) as a consequence of
gauge symmetries

« All “particles” must be massless.

« All ordinary particles must have spin 0, 2, or 1

Notes:

Particles with spin 2 (graviton) appear in relation to quantum fluctuations of space-time
Particles of spin 3/2 (gravitino) appear if adding new quantum dimensions (supersymmetry)



The Predictive Power of the SM

July 2015 CMS Preliminary *

¢ 7 TeV CMS measurement (L < 5.0 fb™)
Lo ¢ 8 TeV CMS measurement (L < 19.6 fb™)
L e Very first — 7 TeV Theory prediction
5 njetE(-S' A observation — 8 TeV Theory prediction

fg”jet;‘s)  at the TeVatron Z CMS 95%CL limit
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* Similar results from ATLAS



Chronicle of a Death Foretold

Gauge Bosons Fermions
Generic Theory Leptons Quarks
Gauge Symmetries a | BIE
SU(3)xSU(2)xU(1) N el | [on.d
% 2) (s)
® OV
External structure -
BEH MeChanism, HIggS bOSOI’\ Colour (for quarks)

« There must exist additional structure to explain the origin of mass,
i.e. to preserve gauge symmetries at the fundamental level
« Additional structure is needed to preserve unitarity

One cannot save the theory by injecting measured observables i.e to allow for
renormalization as for electrodynamics

R G.E’ E?
Awiw; = 2.2.)= O (1=

SM limited to E < ~ 1 TeV in absence of regularisation

e.g. the H boson allows for exact unitarization

/J.V’;IJ\_\;\V—\'\ H boson or equivalent or new physics at the TeV scale ?




The BEH Mechanism and the H boson

One postulates the existence of a scalar
field which pervades the Universe

Below a critical temperature, the
potential acquires a minimum
at a non-zero value <vev>=+0

= Spontaneous breaking
of EWK symmetry

The Z et Wx bosons acquire mass
(absorb golstone bosons as longitudinal components)

— Gauge symmetries are preserved at fundamental level
— The propagation in the physics vacuum breaks the symmetry

Elementary fermions interact with the field
and acquire mass

Fields of right- and left-handed
chiralities get mixed: >

-

... There exists one physical H boson



H boson: Theoretical Constraints

SM: 1 SU(2) doublet of Higgs fields = 1 physical boson (CP-even)

M, is a free parameter

Theoretical constraints :

Unitarity:
M, <700-800 GeV /c>
“Triviality” (self-coupling of the H boson)
A*y?
3In(A /v)
“Stability” of vaccuum:

4m; “In(A/v)

2

g <

2

M >
JU V

A = “cut-off” scale

A Quadratic divergencies:

m

2

M, [GeV]

Mi2=2AV?; Vv~ 246 GeV

350 R LA WL I L I LI l LI I LI l LI I I 1 l ]
K — Perturbativity bound )
- | Stability bound .
300 )\ =9 | Finite-T metastability bound |
- L B Zero-T metastability bound -
- AET Shown are 1o error bands, w/o theoretical errors
250 [~ -
200 [~ -
: Tevatron exclusion at >85% CL
150 [~ -
~ LEP exclusion -
~ at >85% CL ]
| i L L LLLL L Ll
100
12 14 16 18
, A2 Iogm(A/GeV)
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If H boson and A << Planck scale : then new physics at the TeV scale ?
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_ ..~ We should perhaps finish with an apology and a caution. We apologize to ex-

perimentalists for having no idea what is the mass of the Higgs boson, unlike the

case with charm |3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up. \

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson,

and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson,




M,, [GeV]

The Landscape at EPS 2011

cg. H
W, Z meas. sensitive to My, M, via radiative corrections: w%

80-55 | T T 1 | I T T T T T T 1 T | T 1T | T T T 1 | T T T 1
E G 10 band for Moo WA
80.5 [ ggy, 95%, 99% CL ft contours
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m, [GeV]

The H boson is preferably light ...
if it exists !

o 10 r [T T T 1]
X RIRENE
< H [l fitter]s):-
9 | M 2 ata s N 17 iy Sl A A 30
=

5 W W

20

t-= Fit and theory uncertainty -
— Fit including theory errors
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50 100 150 200 250 300

Indirect: M, [GeV]
Best fit: M, = 96 +_3214 GeV

M, < 169 GeV (95% CL)

M, > 114.5 GeV (95% CL) LEP
My & 158 — 173 GeV (95% CL) Tevatron

Direct:



The Landscape at EPS 2011

LEP Legacy:

« A few events with very high weights assuming M, = 115 GeV
« Small « excess » compatible with a SM Higgs boson of M, =

Sets LEP lower limit at M, > 114.5 GeV (95% CL)

115 GeV (ALEPH) ..

N B .
b) LEP L 5L LEP  Vs=200-209 Gev Tight |>
. m, =115 GeV/c® > E —
: («5] 5 Data @)
i U 6 _ I:I Background g
. 3¢ - [l Signal (115 GeV/cY) e
L’_ e 5 - (o)}
: & S
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95% CL Limit/SM

The Landscape at EPS 2011

M.E. Peskin, « Summary of Lepton-Photon 2011 », SLAC PUB 14612

(a) CDF Run Il Preliminary,L<8.2fb" (b)
T er Bxcvsion T GoF | 3 [ DBPeimimy. assem [ vl
10 - Exclusion] = | SM Higgs Combination 1t
- e - §
|z 2
o
®
=
1 1
< LEP Exclusion
¢__;__CDF Exclusion Juty 17, 2011 - /D(dﬁxclwiiun\
100 110 120 130 140 150 160 170 180 190 200 100 110 120 130 140 150 160 170 180 190 200
mH(GeV/cz) July 17, 2011 m,, (GeV/c®)
* Not yet excluding LEP “fluctuation” at M,;, = 115 GeV
 No deviations > 1 o
« Mass region 158 < mH < 173 GeV excluded [cDF+Do FERMILAB-CONF-11-044-E]
Note:

« CDF+D0 combination paper FERMILAB-CONF-11-044-E from August 2011
only shows the range 130 < M, < 200 GeV

« CDF+DO0 combination paper FERMILAB-CONF-11-354-E is actually an updated version
with figures from May 2013 !!! [ i.e. after ATLAS + CMS first Hints at M,; = 125 GeV)



The Large Hadron Collider
Conceived 30 years ago as an exploration machine with a large bandwidth

¢ High luminosity:
search for the H boson
e High energy:

W, -W, scattering at TeV scale
L L
= Vs, ~ 14 TeV
proton - (anti)proton cross sections
109 = T T L L | N T L B ' T 3 109
10° | o L Jao | It all starts with a small hydrogen bottle !
10’ ;‘ Teva:tron LHC —; 10’
10° — : _ 10°
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10° i— : / 4 10° %o
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10° [ M,=125 GeV{ Sy ' : 3 10°
10° | Over 4 10°
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0.1 1 10
Vs (TeV)

(o™ (H125)% L )evatron X 50 ~ ( OtOt(H125) x L )hc
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Circumference : 26.7 km Depth : 45m to 170m Tilt: 1.4%
V,/c= 0.999999991 a Vs = 14 TeV  Bunch Crossings 25 ns @ 10 um x 15 cm




Total weight 12500 t
Overall diameter 15 m ECAL 76k scintillating
Overall length 21.6 m PbWQ, crystals

HCAL Scintilator/brass
interleaved

AT Solenoid

Tracker Pixels & Tracker

ECAL * Pixels (100x150 um?)
~ 1 m? 66M channels
HCAL « Silicon Microstrips

Muons ~210m? 9.6M channels MUON BARREL

Solenoid coil Drift Tubes (DT) and
Resistive Plate Chambers (RPC)




Detector Signatures

ATLAS:

Silicon Pixel & Tracking
Superconducting solenoid
Lar eletromagnetic calo.
Tiles hadronic calo.
Toroid — u spectrometer

Muon
Spectrometer

Neutri r}o'

Hadronic
Calorimeter

The dashed tracks
are invisible to

the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition

Radiation
Tracking Tracker

Silicon
Tracker

Electromagnetic
Calorimeter

Hadron
Calorimeter ~ Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Tm 2m 3m 4m 5m 6m
] 1 ] ] ] ]

Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon

Pixel/SCT
detector

AT AC

* £\ EDIMEMNT
http://atlas.ch

CMS:

Silicon Pixel and Tracking

Tiles hadronic calo.
Superconducting solenoid 3.8 T
Return yoke (u ID)

PbWO, crystal electromagnetic calo.




The ATLAS and CMS Detectors In a Nutshell

Sub System

Design

Magnet(s)

Solenoid (within EM Calo) 2T
3 Air-core Toroids

Solenoid 3.8T
Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx
opy/PT ~ 5 % 10~ 4pr @ 0.01

Pixels and Si-strips
PID w/ dE/dx

opg /PT ~ 1.5 X 10~ *pr & 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

og/E ~ 10%/vVE & 0.007

Lead-Tungstate Crys. Homogeneous
w/o longitudinal segmentation

og/E ~ 3%/VE & 0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) 2> 11X
og/E ~ 50%/VE & 0.03

Brass-scint. = 7Aq Tail Catcher
or/E ~ 100%/VE & 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)
opr /PT ~4 % (at 50 GeV)
~11 % (at 1 TeV)

Instrumented Iron return yoke
opr /P ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)

© M. Kado, 2011




Reconstruction

Objective: Identify and reconstruct the energy-momentum four-vector of particles

emerging from the primary (and main secondary) vertex

Strategy: - Proceed sequentially: start with particles with lowest expected fake rates

[event cleaning]
- Require a matching to primary vertex for charged particles
[« Pile-Up » mitigation]
- Subtract PU contribution in E and Iso. measurements of neutrals

Typically

trigger paths

1
2011 Run,L=1.1fb Jhy [

First reconstruct u’s

\ CMS \s=7TeV
Then reconstruct e/y
[with effect of PU subtracted] | el

Events per 10 MeV
=

4

Follow with n* and and =° ]

102§
Form jets; identify t-jets and b-jets wj
1

3

Built global event quantities 103
[missing ET or vectorial PT] 1' 10 107

dimuon mass [GeV]

The procedure is severely hampered by the amount of
material in front of the ECAL for both ATLAS and CMS

15



Climbing Mountains: Reconstructing photons and electrons

>\<c> 2 B Outside
> [ITEC
[ TOB
1.8 I TIB+TID
[ Pixel
1.6 [ Beam Pipe

1.4

1.2

0.8
0.6
0.4
0.2

10

30-40 % of primary y's
convert before reaching
the ECAL

Electrons radiate when
traversing the tracker
Si layers (showering)

ECAL

-
< T S
X,

Extrapolated

BremCluster ' track tangents

|\
ATLAS and CMS use

e’s and y's categories
for the H analyses

16




Higgs Boson : Production Cross-Sections

BOVEL IO

g t .
87% g 9gH ty
mm t
g g fusion
7.1%
q
W.Z W.Z
4.9%
ﬁ VH HO
W, Z bremsstrahlung
.»‘*”’7 t
00000Q0 : .
0.6% ¢ = )
tTquiOn T

|

0/0: (My = 125 GeV)

o(pp — H+X) [pb]

10°

—
o

At the LHC
§ \s=8TeV 1
E_I | I | | | | | | I—E
80 100 200 300 400 1000
M, [GeV]
Y. Sirois - LLR Ecole Polytechnique & CNRS 17



Higgs BR + Total Uncert

10°%—

Higgs Boson : Decay Channels

3% AM/M ~ 1-2%  High resolution

1 1 L 11
LHC HIGGS XS WG 2

H — vy Rare, S/B < 1
H—Z2*—4 \Veryrare, S/B>>1
77/ - | .
AM/M ~ 10-20% Medium resolution
H — bb Abundant, S/B << 1
7 H—=1t Abundant, S/B < 1
Y Zy 1 AM/M > 30% Low resolution

| | | | | |
100 120 140 160 180 200
M, [GeV]

4 production modes x 5 decay modes (yy, ZZ, WW, Tz, bb)

~ 100 exclusive final states (production, decay, event categories)
are contributing for M, ~ 125 GeV !

H — WW*— 2£2v Very abundant, S/B < 1

18



The H — yy Channel (1)

Narrow peak over falling ~ monotonic background

Very high mass resolution but S/B < 1 y ;
in gg-fusion production mode y ﬂ:ﬂi y

------- W - e t
Low rates ( o x § ~ 48.6 fb at 125 GeV); W t
Sig natu re: CM CMS Experiment at the LHC, CERN
Two isolated photons Yo, Pt
Analysis key:

Photon E measurement (ECAL)
Photon angles

(ECAL and primary vertex)

Photon ID and Isolation

Discriminating variables:

MYYI PTy

Event categorization
(Optimize sensitivity to different
Myy resolution, or different

production modes) " Candidate




The H — yy Channel (2)

Determination of primary vertex:

‘ \ % oiel ATLAS + " e Data20tt (p-15m) ]
% e 4 + O Data 2011 (B*=1.0m) ]
o C\s=7TeV, | Ldt=491b — MC () 3
photon pointing £ 04 " .
2 2 £ F 4
. . z PT z pT . r . . £ 0.125 2 unconverted photons .
input variables 2. pT ptasym=(p,,—p,,)/(PuwtDP,,) s Ol et E
5 _ T T T < 0.08f =
A(b(pvt).(;pyy) ptbal—_zp 'pyy/pyy 8 o .
conversions conversions ,E 0.06— —
| L F ]
0.04f =
indi 79 % for|z-z_ |<10 mm & ]
Vertex finding 75% for |z-z, |<0.3 mm ° 122, 0.02f- E
efficiency true (74.5% for |z-z, |<0.3 mm) : xenr i I M R
-q 50 -100 -50 0 50 100 150

Z(’Y1)_Z(Y2) [mm] A ZCaIcPoiming [mm]

~15 mm resolution from pointing
Photon energy resolution:

@-5:_ ﬂ%k Simulation gmﬁl:‘:ig‘minary
T\n/ 2:_ Parametric model o
Parametric model CB + gaussian® Sum of gaussians 2t 1sscev
Mass resolution o overall 1.77 1.64 I 1‘5:_ FWHM = 2.99 GeV
(FWHM/2.35) best cat. 1.40 1.27 r
GeV other cats. 1.50 - 2.52 1.39-2.14 1
0.5:—
F_s R £ S - URNN T TR . U 4

Very different techniques ... comparable performances
M. Malberti; April 2013



The H - ZZ2* — 4¢{ Channel (1)

The “golden” channel — Narrow peak over a locally flat continuum
Very high mass resolution and S/B >> 1
Very low rates (o x p ~ 0.8 fb at 125 GeV)

Signature:
Four isolated leptons from
Common primary vertex

Analysis key:

* Precision on lepton (E,P)
& highest possible g,
down to lowest P

« Maintain the reducible
background well below
the ZZ* continuum

Discriminating variables:
M,
Kinematic Discriminant (e.g. M,,, M,,, 5 angles from decay chain)

21



The H - ZZ* — 4¢{ Channel (2)

Kinematics:
H — 4l ; Lepton P; spectrum
g 10; T T @ L e e e I e e e ML B |
100~ E S12000 HoZZ>4e
; 2 m,, = 120 GeV/c? 1
90- = 4510000 -
80; j -’g 8000?— ....... lowest p_ electron _f
: 7 E : — highest o electron .
70~ 2 6000_— ]
60:l . 4000 -
50~ E 2000~ —
SR <=t welts s I : s —
40» ............ 00 80 100 120
0 Y Pt [GeVic]
‘_rrrl/ < 14— UL LR LU IR
Mu = 120 GeV/c? = = gM?t.
— Slmulation —
Mn = 160 GeV/c? g '
% 10| a)
oc
AT . 8| ECAL effective ]
70 80 290 i~ Tracker effective
m22 [GeV/C ] 6[— Combined effective ]
Combined Gaussian
4.—-.’
ol ]
« Need to allow for off-shell Z bosons ; :
e.g. m,, down to 12 GeV 036565646 806670 an(é)e\;)oo
gen

Need high efficiency (overall acceptance « £*) and good ¢4, down to
very low lepton PT ... and better combine tracker and calorimetry at low PT

22



The H — WW* Channel

Large rates ( o x p ~ 200 fb at 125 GeV) and low mass resolution
Signature:

Two opposite sign isolated high P leptons
and missing E;

Analysis key:

Backgrounds from control regions with data
Irreducible gqg/yy — non-resonant WW*
Reducible: top, W+ijets, di-boson, DY, ...

Discriminating variables: Py, M, M, A®,,

Small M,, & small opening angle A®,, <
(especially for on-shell W's) exploits

the scalar H nature and V-A structure

of EWK interaction

momentum direction =———
angular momentum direction =——————

23



December 2011

T T LA A S 74 & I Sy S A S A N R ) N R
CMS,\/s =7 TeV : 2| —=— Observed
L=4.6-4.8 fb : Expected (68%)

Expected (95%)
LEP excluded
Tevatron excluded

CMS excluded

ATLAS 2011 2011 Data

B f Ldt = 4.6-4.9 fo

E+1o _
(a2 Is=7TeV

M

-

o
-
o

L1111
VA

—

95% CL Limit on 0/0S

95% CL limit on o/o,,

ICLs Limlits |

I IR T N T SR T
100 200 300 400 500 600 200 300 400 500 600
my, [GeV] Higgs boson mass (GeV)

Only a small window survives !l ... some excess seen

Moriond 2012




OND one ever said it would be this hard. ...

We could have™ discovered the Higgs boson before there
was nowhere else to go !

(1) At LEP, Tevatron, or early LHC

Does Nature hides her most precious treasure in @ most
iInnaccessible corner ?

Maybe there is actually nothing in the remaining corner and
we have to abandon the idea of a theory valid (at least in==

principle) at ail\ sgales (below Planck scale) ?

-

~— - : -‘-,‘- h vr- :
© Coldplay N S|r0|s IN2P3/CNRS LLR Ecole Polytechmque
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Year

The H boson mass : Theory vs Experiment

2014
2012
2010
2008
2006
2004
2002
2000
1998
1996
1994
1992
1990

"Best fit"

SM

III|I|I|III|III|II:TlIII|III|III

xcluded
LEP

e

o

e

Adapted from Gfitter figure - Nov. 2014
| | | | I

= 5
- D
S Lo B >
= o a £
0 W =
gCL_IG o
— = _J 1 I py
= B O O O N
o X RN N
= o o
- =2 O W W
(73]
<D
& N
[Ty ]
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(=]
o [ |
o
=
D
£
2 o
2 T
b2 S—
P
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| = Y
o
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= -2
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100
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150
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200
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250
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300 350
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Year

The H boson mass : Theory vs Experiment

2014
2012
2010
2008
2006
2004
2002
2000
1998
1996
1994
1992
1990

Hambye, Riesselmann, PRD55(1997)7255

800 1 [T T[T T[T T4

SM N
"Best fit" 7]
= 800 m, = 175 GeV —
- -~ = :
5 §, a(My) = 0.118 3
c | - 400 Triviality
—Excluded s N ]
- LEP ] B Forbidden _
o ~ 200 [— Allowed %
f_ — Forbidden
F NEE s | | |
= o T TS g Y O
: 163—10° 109 1012 101° 1018
I A [GeV]
E | I | | | | | | | | | | | | | | | | | | | |

100 200 250 300 350

H mass (GeV)



Year

The H boson mass : Theory vs Experiment

2014
2012
2010
2008
2006
2004
2002
2000
1998
1996
1994
1992
1990

Ellis et al., PLB55(2009)369

S ; 350 i 1 | [ I I I l 1 1 1 [ | 1 I | I 1 1 I I 1 I | 1 1 1 I I i
" M . ‘!, —— Perturbativity bound
"Best fit" g _ | ~| Stability bound 1
- B 300 - ) =97 ("] Finite-T metastability bound ]
— P . B Zero-T metastability bound -
I i AEE Shown are 1o error bands, w/o theoretical errors ]
[ 250 —
[ A
[ Excluded 200 =
— LEP i
B P I g
C_ 150 [~ ]
C = LEP exclusion S -~
— I~ at >85% CL ;ﬁ.ﬁ = |
§ 0 T NS
— 4 6 8 10 12 14 16 18
- Iogw(A/GeV)
: | I | | | | | | | | | | | | | | | | | | | | | | | |

100 150 200 250 300 350

H mass (GeV)



Year

The H boson mass : Theory vs Experiment

SM SM
"Best fit"  "desert"

2014
2012
2010
2008
2006
2004
2002
2000
1998
1996
1994
1992
1990

e

\

:_rlIII|III|III
8
C
o
1)
o

— LEP

N I YA N VA AN T U NN T AN T SN TN SN NN SO TN SR S WO S N
100 150 200 250 300 350
H mass (GeV)



Year

The H boson mass : Theory vs Experiment

SM SM
"Best fit" "desert"
» 4—>

2014 B Verous non SUSYESR o
2012 B arooptctc sefo gravty - aton
2010 bl el
2008 .

2006

2004

2002

2000

1998

1996 .
1994

1992

1990

B, AR R AN W T WA T N WA TR T
100 150 200 250 300 350
H mass (GeV)



What followed now belongs to the
Eac 200 tations so far HiStory Of SCience

' s
-

4 July 2012




o > .
oN 0] > n
' N Data S/B Weigh . © 35 ¢ Data .
N (c?n ool ATLAS | ‘ataS .elg ted E & L mm Background 22 ATLAS *
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N % I 1 G>) 12: 2ok ] 1
© 2 - . I 10f ; ]
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Discovery at My ~ 125 GeV, in both ATLAS and the CMS experiments
combining X — yy and ZZ* channels (additional evidence from X — WW*)
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Year

The H boson mass : Theory vs Experiment

SM SM O H boson discovery at LHC
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The H125 Boson

(stand-alone results)

Mass, width, spin-parity
(Di-boson decay channels)




E weights / GeV

E weights - fitted bkg

my"" = 125.98 + 0.42(stat) £ 0.28(syst) GeV

_I 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 T _]
180[— fLdt=45f" Vs=7TeVv ATLAS —
C = -1 = ]
160~ fLdt=203fb" Vs=8TeV 4+ Data =
y S/B weighted sum ) -

. . — Signal+background |

140 Signal strength categories _—
C === Background T
120 :_ — Signal —:
C m,,; =125.4 GeV .
100[— —
80— 3
60— -
40— =
20— i
op—— -
10 3
o .

Mass Spectra: H — yy

ATLAS, arXiv:1408.7084v2; Submitted to PRD

150 160
m,, [GeV]

u=1.17 £ 0.24 (@ 125.4 GeV)

120 130 140

110

I' < 5.0 GeV (95% CL)

S/(S+B) weighted events / GeV

-100

CMS, Eur. Phys.

J. C74 (2014) 10, 3076
19.7 b (8 TeV) + 5.1 b (7 TeV)

x10°

3.5

- CMS
E H—yy
M, &

S/(S+B) weighted sum
¢ Data

S+B fits (weighted sum)
B component

+0.26
A47,5;

4.70 = 0.34 GeV

N

200

100

B component subtracted

i

&
_I 11 1 I 1 1 1 I L1 1 | I 1 1 1 I L1 1 | I 1 1 1 I L1 1 | I 11 1 I_
110 115 120 125 130 135 140 145 150
m,. (GeV)
— +0.26
W= 1147

my"" = 124.70 £ 0.31(stat) £ 0.15(syst) GeV
I' < 2.4 GeV (95% CL)

Results consistent, and compatible with a single narrow resonance



Mass Spectra: H — Z2Z* — 4|

ATLAS, arXiv:1408.5191v1; Submitted to PRD CMS, Phys. Rev. D89 (2014) 092007
CMS \s=7TeV,L=51f";Vs=8TeV,L=19.7fo"
> LI LN L L O LN I B L B > /NS L e e B B B B B B B B B B
8 35 :_ ATLAS ¢ Daa _: 8 35:_ * Data —:
To) E H — 77* — 4] \:l Signal (m,, =125 GeV u = 1.51) E ™ - .Z+X .
S 30 L s=7Tev f Ldt=45" B occcorouno zz.* ] B E) 30:_ . DZY*,ZZ B
..(B s Tev det=20.3 o - Background Z+jets, tt . Sq:) C ]
GC) 25 — 7////% Systematic uncertainty ] > 25__ I:l mH=126 GeV
S L ] LLl - ]
TN B ] B i
20 — ] 20__ -
151 - 151 -
10 1 0f 1
5 5i—
0 0 A
80 90 100 110120130 140 150 160 170 80 / 100 120 140 160 180
m,, [GeV] m,, (GeV)
— +0.40 — +0.29
u 1.44_0_33 (@ 125.4 GeV) u = 0.93 029
my?%4 = 124.51 + 0.52(stat) = 0.06(syst) GeV m %2 = 125.6 £ 0.4(stat) £ 0.2(syst) GeV
I' < 2.6 GeV (95% CL) I' < 3.4 GeV (95% CL)

Results consistent, and compatible with a single narrow resonance



-2InA

Precision Mass Measurements

ATLAS, arXiv:1406.3827v1; Submitted to PRD CMS, PAS HIG-14- 009
7JI"“\"“\‘“‘\“"\‘“‘\““\““\““\““L 1 10 w197fb (8TeV)+51fb(7TeV)
C —— Combin + ] 3 Combined i
Gé.’:.l;%l\'g/ﬂ_dt:AS fb - EO*?{Y o ] < 9;* EIVIIS —— H — vy tagged H
- s =8TeV [Ldt=203 10"  Ho7r o 1 < refiminary —  H-—-ZZtagged |
C , ] o 8H—yy+H—2ZZ =
50 S V\.mhout syster'natlcs - ' 7: . (ggH ttH),
: ' ] : n, (VBFVH) ]
- —20 6F E
BETRAN
: E = =
: . \\\// /
- - oF =
- —Jto g .
: \ . 1F E
0523 1235 124 1245 125 1255 126 1265 127 12‘75 Pz 124 S 125 126 127
m, [GeV] my, (GeV)
Expt. Decay Signal Strength | Measured Mass (GeV)
Channel IL = Opeas./Osy | mass + statistics 4 systematics
ATLAS H— vy 1.2919-30 125.98 4-0.42(stat) + 0.28(syst)
H—ZZ%— 4¢ 1.661032 124.51 +0.52(stat) & 0.06(syst)
Combined — 125.36 -0.41
CMS H— yy 114192 124.7 +£0.31(stat) £ 0.15(syst)
H—ZZ*— 44 0.937032 125.6 4 0.4(stat) £ 0.2(syst)
Combined — 125.03+0.30

my = 125.16 + 0.24 GeV
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Measuring S? at the LHC

« The spin-parity of the Higgs boson candidate (assuming pure JP state)
can be tested in di-boson decay channels or via associated production

H—yy ATLAS, CMS

TeSt 0+ agalnSt 2+ States (spin 1 forbidden by Landau-yang theorem) COS(9>CI<8> — 2 X
e.g. exploit the prod. dependent scattering m
angle in the Collins-Sopper frame

Exp.1 — E1pz

2 2
”Y’Y\/m’w + pT’y'y

H— 2Z2*% — 4] ATLAS, CMS

Test 0* against spin 07, 1* and 2* states
e.g. use kinematic discriminants exploiting
production and/or decay angles

H—- WW* — 2/ 2v ATLAS, CMS
Test 0t against 0~ or 2+

e.g. exploit the prod. dependent ATLAS PLB726 (2013) 120-144
2D distributions in mrand M, cvs prD110 (2012) 081803 ariv:1312.5353 & 1129, PAS-HIG-13-016

H — b anti-b DO

Test 0t against 0" or 2+

e.g. exploit the prod. dependent shape of invariant mass (Mbb) spectra
in VH associated production (V = Z/W)

DO Conf. Note 6404, 6387
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2In(£, /y)

H—yy test 0fand 2+

250

H boson: spin-parity

H—2Z22*% - 4 test 0* vs O

s=7TeV,L=511f";{s=8TeV,L=19.7fb"
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40'— 0+:30_ JF’+30_ | | | | | | e
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Dy

The pseudoscalar (0°)
hypothesis is excluded
at > 99.9% CL (CLs 0.05%)

All spin-1 hypotheses
excluded at > 99.9% CL

All spin-2 hypotheses
excluded at > 95% CL
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Measuring I,

- ExpectI'y ~ 4.2 MeV in SM for a H at my; ~ 125 GeV {

« No direct access to I'y at LHC < Indirect constraints “via the propagator

at the LHC

T =n/Ty =2 x 10725

II'

Exploit relative intensity of the signal on- and off-peak:

= BT J
2 B 22
_—_ i H(125) peak
> I 1
bl [ 8 TeV
S
S F. Koala, K. Melkinov
S L (I| &= ' N. Kauer, G. Passarino
AN Ef ' J.M. Campbell, R.K. Ellis, C. Williams
o [ [ |
1| I Recover CPS
N ; (~BW) trend
10~ :
| 1 Threshold effects
rj at 2m, and 2m,
10 6 ' 4
100 2M;  2My,, 1000

M,y [GeV]

Principle:
« Use finite-width propagator scheme
« Profit from sizeable contribution of
H* — ZZ at M, > 2 x M,
enhancement of O(10) %
« Account for interference between
gg — ZZand gg — H* — ZZ
+ alteration of coupling to top quark

Observation:

Consider off- (H*) and on-shell (H) prod.
on X BR(h — ZZ — 40) N’f?,gh K’%LZZ
[Uh X BR(h — L7 — 46)]81\/[ Ph/F%M

doy, . .
% ~ "ﬁggh(s) K%ZZ(S) 3

Access = Iy, / I\,

C. Englert, Y. Soreq, M. Spannowsky




Events /0.05

Events / bin

Constraints on Intrinsic Width I,

CMS 19.7 b (8 TeV) + 5.1 fb! (7 TeV)
—————————

® Data

- All contributions (I'; = 10xI's", u = 1)

i gg9+VV — ZZ (FH = Fﬁ'\", u=1)
0 g5~ 2z
B z+x

20

15
m,>330 GeV

10

0
0 0.2 0.4 0.6 0.8 1
MELA D,
CMS 19.7 6" (8 TeV) + 5.1 fb" (7 TeV)
FT 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 T '—
I e Data T
10— o sm —
Lo All contributions (I'; = 10xI'3", u = 1) .
- [ gg+VV —2ZZ (= M w=1) .
gl @ qg—2zz |
- B z+x MELA D, > 0.65 ]
61— _
4= T e e —

700
m,, (GeV)

800

CMS 19.7 b (8 TeV) + 5.1 b (7 TeV)
EI 10— 4i observed
< ------ 4] expected
C}l —— 212v + 4] Observed
3 [ --eeee 212v + 4l ., expected
L Combined ZZ observed

I Combined ZZ expected

—_— e — ==

9 ($102) 9€/9 "1Na1 'SAUd SWD

e _68%CL _ |
0 T T T
0 10 20 30 40 50 60
'y (MeV)
Observed Expected

I'y =18 *24MeV T'y <22 MeV 95% cL 33 MeV

Similar results from ATLAS in
ATLAS-CONF-2014-042 (July 2014)
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Direct Coupling to Fermions
(stand-alone results)




The H — Fermions

Large rates ( By _. pp ~ 58%) and medium mass resolution

Signature: Analysis key:

H — bb ggH, H— bb is saturated by QCD Mass discrimination
background = focus on WH and ZH against background
prod. with b-tagged jets and = 1 lepton from Z/W + heavy

H — tt Exploit production and t lepton flavours

decay dependent categorisation

First evidence in the H — bb channel from Tevatron in 2012:

(0]
o
o

. % °F TevatronRunll, L _<9.7 fb q
CDF + DO 10 fb = [ 1+2Db-Tagged Jets £
ccs> 600/— ;Data- Bkgd I
Al ~ WZ Y
~ - A
WH — ZV bb E 400? |:IE"Zggs Signal , :
7/H — % bb S - m =125 GeV/c*| 3
/H — vv bb i 2001~ 2
: DU U Rp=

. 0=
Excess with more than 3o an 4t 5
significance at ~ 135 GeV 200~ e i}

1 | | 1 1 | 1 1 | | 1 | ‘ | 1 1 | ‘ | 1 | | ‘ 1 1 | | ‘ 1 1 | 1
0 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c?)




H — vt at the LHC (1)

All leptonic and « hadronic » decay combinations considered ts,, t7T), ThT)
Event categorisation to enhance sensitivity specific to ggH, VBF H, VH

Z — tt from Z — uu with embedded (MC) < leptons

W/Z + jets, tt, and QCD backgrounds from fake rate methods

ATLAS CMS
VBF and Boosted categories Jet Categories (VBF and Boosted)

O-jet | 1-jet ! 2-jet
Channel | VBF category selection cuts brs m, > 500 GeV f&“jﬁ%%if,v
. . 100 GeV Al 3.5 Al 4.0
At least two jets with p! > 40 GeV and p% > 30 GeV ‘ e ok Sk
TlepTlep An(ii. 1 2.2 prh > 45 GeV high-pr™  high-pr™ | pocgidd loose
n(j1, j2) > 2. uT, S — VBF tag
. . i T T
At least two jets with pr > 50 GeV and pf > 30 GeV paselne ‘
Tlep Thad An(jl,jQ) >30 3 -
: i T iah-n T igh-pr™
leTs > 40 GeV P > 45 GeV high-p,™ AP | boosted Vlglcznste
. . et _ _p.t T ag
At least two jets with pp > 50 GeV and pff > 30 GeV " baseline low-pr™ _lower™
. . . Ell]lSS > 30 Gev
ThadThad | Df > 35 GeV for jets with [p >24 | | L
An(j1,72) > 2.0 0> 35 Gev high-p¥ high-p;¥ ooce
Channel | Boosted category selection cuts e baseline low-py* low-py VBrag
TiepTlep | At least one jet with pt> 40 GeV
Failing the VBF selection (| iah- ;
All o & py > 35 GeV. high-p' eliey o
pp > 100 GeV ee, Py aine (o] low-py
T T, highly
@® Te'\1/ gnly) ‘ boosted enEes VBF tag
baseline
prt> P> pr™ > 100 GeV
100GeV | 170Gev | m; > 500 Gev
|y > 3.5




t Identification

e.g. CMS
1) Decay mode finding

Require a valide =, p, a
2) Isolation with Ap vertex

¥ P; <2GeV; coneof AR = 0.5

Electron rejection
Pflow e; Brem detection

Muon rejection
Compatibility with leading track

3)
4)

New MVA based t;4 using lifetime info:

Fake-rate

—
<

102

CMS Simulation 2012

'y -
v e
L e
. g
/.’ d
[~ ~ T
B e P; > 20 GeV, h’]f| <23
| ¥ Efficiency: Z/y' — tt MC

HPS 5 8-hit MC
HPS 5 3-hit

—&— MVA excl. Lifetime

—&— MVA incl. Lifetime °

A
Fake-rate: QCD multi-jet MC (15 < PT < 3000 GeV flat)
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Tag & Probe
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/ — 1t
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Data
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CMS Preliminary 2012, s =8 TeV, L = 19.7 fb™’
— T T T T T T T T
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Correction Factor

e.g. ATLAS
ATLAS CONF-2013-044; CONF-2013-064; EP] C75 (2015) 303

Evaluate the correction factors needed to equalize data/MC <, efficiencies
for all T ;; working points as a function of n
Treat 1-prong and 3-track T, .4.,is Candidates with p; > 20 GeV.

1.4r

1.2

—_

0.9

t Energy Scale

1.3

1.1}

13 _f
| B g i T

F [Lat-

1 prong
[ [
ATLAS
20.3fb™", \'s=8TeV
Data 2012
1-track

| |
—&— Z-1,1, .4 Channel

—¥— Z-1,1, 4 channel .
—&— Combination (n-dependent)]

Combination (inclusive)

Barrel

Loose

Endcap Barrel

Medium

Barrel

Tight

Endcap Endcap

Correction Factor

1.4r

1.3

1.2

—_

0.9

1.1F

g de g

3 tracks

- [Lat=

I
ATLAS

20.3fb", \s=8TeV

Data 2012
3-track

| | | |
—&— Z-1, 4 Channel

—¥— Z1,1, 4 Channel .
—e&— Combination (n-dependent)]

Combination (inclusive) ]

Barrel

Endcap

Loose

Barrel Endcap

Tight

Barrel Endcap

Medium

All E scale factors well under control at all n's

39



Background Control

e.g. CMS

Z 1l
. lljet-1_fakes
» Shape from

simulation
corrected for

Embedding: Z - pp data
with p replaced by
simulated t

CMS Preliminary, Vs = 7-8 TeV, L = 24.3 fb™, H /
L] L] \ L] I L] L] L] L] L] L] i

> fe T dened 7 yield in visible
L~ h 3zt ] )
€ 1000 Fo jet B 7 e 1 mass region
= [ B clectrowglk ]
E 800 i
z =
© 600
400 :
200 _
i W+jets
0

. Jet- 1 fakes
e Suppressed

by topological
Q@ cuts (e.g. m.)
. Jet- I/t _fakes « Simulation
» Suppressed by isolation normalized to
* Same-sign data data in
(corrected for OS/SS ratio) sideband

M. Bluj, EPS HEP 2013

1/dm_,_[1/GeV]

Mttt Measurement

e.g. CMS

- e
L= *.0 X -
A,.\ €; Ql"c\
Phasespace  Expected E_
of r-decays Resolution

« Thet decays have invisible v components

« Use max. likelihood-based m_. computed
per-event using four-momenta of visible
decay products, E,™ss, E, ™ and the
expected E;™s resolution

02 CMS Simulation Vs =8 TeV uT CMS Simulation Vs = 8 TeV wr,
: = 0.16
i — Howm=125GeV | —— Hottm, =125 GeV
0.18F o
- = 0.14F
0.161 [Jzo= I
B E o12f
0.14F = ,
0.12 0.1;
0.1 visible m_ 0.08F
0.08? 0.061-
0.06[~ C
g 0.04F
0.04F E
0025 0.02-
E L LT Lol L Lo PRI B L
% 50 100 150 200 250 % 50 100 150 200 250
rnvis [Gev] m. [Gevl
10-15% resolution on m__at m, = 125 GeV
Better Z to H separation




Events / 0.17

Data / Model

Events / bin
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Obs. 4.5 & (Exp. 3.4 o)

at the LHC (2)

CMS, 4.9 fb"'at 7

TeV, 19.7 b at 8 TeV

T T
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—
% - 40
L ]J.Th, ey, T,T» el —— Data - background

g 2500 b, [£] Bkg. uncertainty
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2000 I
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=~ = ]
9_ 500 [ [ Electroweak B
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0
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0T (41T02) SO dIHC SWD

Significance mainly
coming from VBF
channels

(also boosted T, t;,)
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H — bb Analysis

Focus on associated production:

- Backgrounds: W/Z + leptons or heavy flavours, tt, di-bosons
- Signal extraction: b-tagging, P(V) categorisation , m,, with E scale corrections

Events / 4.0 GeV

ATLAS — Response corrections and

Likelihood fit

LI | T 17T .‘ T T |l I T 17T | L I L | LI | L I T 17T | 1T I_
0 1__ ATLAS S|mUIatl°n ,Hk Resolutions  (0gs"0)/0 .|
"L Pythia VH, H - bb MC i Y — 164 GeV

[ 2lep., 2 jets, 2 b-tags 54 Yoo 114GeV  30% ]
0.08 p} inclusive $' )p —
0-06__ O Global Sequential Calib. (GSC) & ]
-, +Muon-in-Jet Correction % .
- + Kinematic Likelihood Fit 1 E
0.04— ! ]
0.02 y A -
- / % D) A N
L ” A 3 |

0 et o . Y AFAI TR B SR R | :."‘ i
0 20 40 60 80 100 120 140 160 180 200

m,, [GeV]

Events /2 GeV

1.2

—

CMS — Multivariate regression

_I I T T T I T T T I T T T I T T T I T T T I T T T I T T l_
- CMS Simulation —— Nominal -
- Vs=8TeV o: 15.8 GeV (13.2%)]
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Resolution o ~ 11-12 GeV (15-30% improvement from visible mass) !!




H — bb Results — Associated Production
CMS

ATLAS
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Events / 2.5 GeV

Data - Bkg

H — bb Results Including VBF

e.g. CMS PRD 92, 032008 (2015)

19.8 fb™ (8TeV) 8 CMS Unpublished 19.8 b (8 TeV) + 5.1 fb” (7 TeV)
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Signifiance: Significance:

2.2 o observed (0.8 expect.) Combining H — bb from

u=28=%1.5 VF, VBF, and ttH gives

2.6 o observed (2.7 expect.)

A. Gilbert, EPS-HEP 2015



H — Fermions

Indirect evidence for coupling to Combined H -t & H—bb

fermions from loops
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Rencontres de Moriond
QCD and High Energy Interactions

La Thuile, March 9-16, 2013

NElfe)! 14t 9h30

- 4195 Q N K [c 4 N9 (cyct)
) 129.0 J.J ISlal.) ’/"7"‘

me = 1254 + 0.5 (stat.) t 0.6 (syst)

4 See Andrew’s talk

CERN Press Release — March 14t 10H30 — Rolf Heuer (CERN Directo
< New results indicate that particle dlscqvered at CERN is a Higgs bo




From the Discovery to the Nobel Prize
October 2013

ISSN 0370-2693 L I’VEMWM‘ 2013 e Nob
“ " The Nobel Prize in Physics 2013 ﬁ.\ﬁih‘\' s

&Y AKADEMIEN

July 2012

Volume 7 16, Issue 1, 17 Seprember 2012

Evolution of the signal
for the new particle in
2011 and 2012
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{#tNobelPrize.,

"For the theoretical discovery of a
mechanism that contributes

to our understanding of the origin
of mass of subatomic particles,

and which recently was confirmed
through the discovery of the
predicted fundamental particle,

by the ATLAS and CMS experiments
at CERN’s Large Hadron Collider"

~ 3800 citations / experiment so far




Signal Strength per Decay Modes
(stand-alone results)




Higgs BR + Total Uncert

Combination Results on the H Boson

Desintegration

Signal strength measured per decay channel

1E7 — I L B B —— T 3% (best fit values with 68% CL uncertainties)
- bb E§ YY n, =1.17f§_'2277 S S —
- :E’E 77 i M, = 1447104 ATLAS =
9]
- | E -
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signal strength u

Final « combination » results: ATLAS arXiv:1507.04548 (EPJ C) & CMS EPJ C75 (2015) 212
All rates consistent with SM expectation (but slight excess in 4 main channels for ATLAS)

> 5 o observation in di-boson channels and = 3 o evidence in di-t channel
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H — yy signal strength — vs £ and Time
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H Couplings to Fermions and Bosons

4 5 CMS 197167 (8TeV) + 5.1 fo! (7 TeV)
- lllTLAsl | 15 o o + Observed| %
3;_\§=7Tev, 45471 —; § | & SMHiggs n
- Vs=8TeV, 2031’ 1 X - Q
2 m, = 12536 GeV 4= 1 a
B *,‘ ] LOJ'I I~ B
1= 2 45 I 5
: 17 | ¥
C 1 o N
O: 4@ 0
= N 3 5
- 7 p .
2;/ ’ CaH-yy A
—Cp CH-22
- CH-WW
" 0 + Hotw
—3: OM  =—68%0L Hob
- TBestfit I ---95%|CL I I | ] Combined 1
70406 08 1 12 14 16 18
Ky

Assume SM contributions to the total width +
Allow for common scaling for bosons (V) and fermions (F):

ATLAS: (ky.k,)=(1.09%07,1.11%1¢) CMS: (kK ) =(1.017)%7,0.87%13)

The (x,,x,)=(1.0,-1.0) is disfavoured at ~ 2 to 3 o level by each experiment




The H Boson discovery is now firmly established

My ~ 125 GeV

Couplings to fermions and to weak bosons (verified to ~10-20% precision)
consistent with the minimal scalar sector required for the BEH mechanism

v Custodial symmetry verified (~ 15% precision) and the existence of a boson
with non-universal family couplings established (tt evidence + no uu signal)

ANIAN

A truly astonishing achievement !

« Culmination of a reductionism strategy evolving from the question of the
structure of matter to that of the very origin of interactions (local gauge
symmetries) and matter (interactions with Higgs field)

« We understand the origin of mass (i.e. scalar field, BEH mechanism)
for particles in a quantum field theory with local (i.e. point like) gauge
interactions

« Ignoring gravitation, we have for the first time in the history of science a
theory which is at least in principle complete, consistent, and coherent
at all scales ... (up to the Planck scale ?)

... but it is not over




Standard Model and the H Boson : a paradoxical triumph

3 major problems with a H boson at 125 GeV

« A problem of flavour structure

« A problem of Hierarchy
« A problem of vacuum Stability

... which now arise with unprecedented acuity

The discovery of the H boson at a masse 125 GeV could
be the detonator of a new revolution in physics

More about this in my next lectures ...




Driven by the new physics
(i.e. the scalar sector)

New Challenges

In addition to all the great SM precision measurements with Z, W
and the top quarks, HI Physics, flavour physics etc. ...

—

« Complete precision measurements of the Higgs boson

« Observe Di-Higgs production and access the self-coupling

\

Measure trilinear and quartic couplings of weak bosons

« Measure rare decays and search for forbidden H decays

Discovered during run I

e Search for an extended scalar sector

« Search for extra-structure, supersymmetric matter, Exotica, ...



Summary (I)

Discovery in July 2012 of the H boson by ATLAS and CMS experiments
at LHC exploiting di-boson channels

The mass of new H boson is measured at ~ 125 GeV

The spin-parity of the H boson is consistent with a pure CP-even state
(0+*) as expected from the Brout-Englert-Higgs EWK symmetry
breaking mechanism

The intrinsic width is consistent with the SM expectation

Signal rate in all 5 main decays have been measured with 20-40%
precision

Couplings to fermions and bosons are measured at the 10-20%
precision

... and many questions remain unanswered * I!!

* More questions and answers in next lectures




