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1954 - Yang & Mills non-abelian gauge theory

1961 - Sh. Glashow, SU(2)xU(1) with mass-less bosons

1964 - P. Higgs + Brout & Englert — Symmetry breaking
1967/68 - S.\Weinberg / A.Salam :
The standard model (SM) of EWK interactions:
* Non-abelian gauge theory: SU(2)L x U(1)Y

* With spontaneous symmetry breaking

New unequivocal predictions:
* A neutral massive boson (Z-boson) and its couplings
A massive scalar field (Higgs boson) of unpredicted mass
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... and its measurement

1973 neutral currents discovery with a neutrino
beam and the Gargamelle detector

1983 - W and Z discovery at the UA1 and UA2
experiments at CERN

1989-2000 - the triumph of the SM in the LEP
measurements

1995 - top quark discovery at TeVatron

2012 - discovery of a Higgs-like resonance at | | ;‘-"__ - Sy el o
CERN, by the CMS and ATLAS experiments R e 0 s




the standard model Lagrangian
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the Higgs boson interactions

e extracted from the SM Lagrangian
e directly couple with the mass of elementary particles:

2
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 and itis also massive, so it couples to itself:

H H_ ,H A4 H

L. Reina, TASI 2011: lectures on Higgs-Boson Physics



couplings to massless bosons

* do not happen at leading order

* takes place through loops of massive particles:
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* and sometimes with opposite effects:
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all fermions participate, but
since the top quark has huge
mass, it's the dominant

contributor
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the SM Higgs boson properties

e for a given value of the H mass, its properties are predicted from the SM
Lagrangian (and the other parameters of the theory)
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The Higgs Hunter’s vademecum

* |dentify decay products

* Measure with high resolution the energy and the momentum
e Search for a (narrow) peak in the invariant mass spectrum

Higgs Cross Section Working Group TWIKI page
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theoretical limits on the Higgs boson

the SM considered as an effective theory, up to a scale A
the value of A depends on the process scale

for each value of the scale, there are theoretical bounds on my
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indirect measurements of the Higgs boson
= - : 9

e until LHC, the only way to observe the Higgs boson has been through indirect
measurements, i.e. to see its loop effects on other SM quantities
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direct searches at LEP
_ . 7 10

* the energy to produce a Higgs boson with my ~ 100 GeV becomes
available at LEP2

« e+e-collider that run up to 209 GeV of energy in its centre of mass
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the measurement
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e the comparison is performed for several masses, along the LEP2 sensitivity

range
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e the Higgs boson is excluded at 95%
confidence level in the low mass range

background
likelihood for B-only is
larger than the S+B
one

signal + background

muy> 114.4 GeV
(expected 115.3 GeV)
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Higgs boson production at hadron colliders
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* the beams are not made of elementary particles
* the actual scattering happens between quarks and gluons
* the total cross-section is modulated by the parton density functions of the

proton
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Higgs boson exclusion at Tevatron

e grand combination of several channels and two
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the Large Hadron Collider
_ . : 15
Primary objectives:
e Search for the SM Higgs boson up to 1 TeV
e characterise it, if found
e Search for phenomena beyond the standard model
* New ge uge bosons ‘new phySICS at the 1 TeV Scale
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The Compact Muon Solenoid

Pixel / Tacker detector
Electromagnetic Calorimeter
Hadron Calorimeter
Solenoid
Muon detector




The Compact Muon Solenoid

Tabarelli de Fatis
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CMS./ CMS Experiment at LHC (:LR?\ R
e Data recorded: Tue May 25 06:24:04 2010
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experimental challenges: the event selection
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experimental challenges: the pile-up
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understanding the backgrounds

production cross section measurements, corrected for leptonic branching fractions
All theoretical expectations calculated at NLO or higher
similar results obtained by the ATLAS experiment

V ( + n jets) production V & VV Production
CMS Preliminary Feb2014 CMS Preliminary

97 TeV CMS measurement (L = 5.0 fb™)
$8 TeV CMS measurement (L < 19.6 fb™)
-7 TeV Theory prediction
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o(pp — H+X) [pb]

80 100 200

main Higgs boson search channels

LHC HIGGS XS WG 201

Higgs BR + Total Uncert
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the main characteristics

* the decay branching ratio determines the range in my where a channel is
significant
* the final state objects determine the resolution of the mu reconstruction

mpg = \/EIQ—[_pI—%: \/ZEZZ_Z@Q

Channel mu range Data used M
(GeV/c?) 7+8 TeV (fb™) resolution
H->vyy 110-150 5.1+19.6 1-2%
H -> tautau 110-145 4.9+19.6 15%
H->bb 110-135 5.0+19.0 10%
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* The “golden” channel — Narrow peak over a locally flat continuum

the H » ZZ - 4 decay

e Very high mass resolution and S/B >> 1
Very low rates (o x B ~ 0.8 fb at 125 GeV)
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4 isolated leptons from a
common primary vertex

Precision on lepton (E,P) &
highest possible €epton
down to lowest pr

Maintain the reducible
background well below the
//* continuum

discriminating variables:

Kinematic Discriminant
(e.g. mz1, mze, 5 angles
from decay chain)

Sirois



Events / 3 GeV

the observation

: 25
CMS Vs=7TeV,L=5.1fb";Vs=8TeV,L=19.7 fb' CMS Vs=7TeV,L=5.11";(s=8TeV,L=19.7fb"
-, |+ Data | ' LN & 11' Y N~ ]
351 [ ]m,=126 GeV . c_:’u 101—_ N4 5
o Ozzz p 4 03 .
30 B B z+X P ] _10 — ' —
o5 - - E 8 10° — Observed £} . =
C : . O, - — Observed £, N
20:_ ] 10 B — Observed £ ‘\E
B ] 10°° I - - - Expected ': 3_—‘
151 I I = N ; :
: | Il {107 ' b
10f ’ ] | 4 1oMF ¥ .
n | | ] - ; -
5 y‘[{ ||||.'|II!||| lﬂ. i o 3 10"° = — ; .
,.a| it TS !||!I!3iijifl'” e W; 1 Hl e 10717 AT PRI S B N

0™80 100 200 300 400 600 800 110 120 130 140 150 16:7 12 \}80
m, (GeV) 1 (GeV)
p-value
probability for the backgrounad-
Significance: 6.8c only hypothesis to fluctuate up
to the observation
G/Osm = 0
0.93+0-:26_, 53 (stat.)*%-13 9,09 (syst.) [/ ‘=
p-value
/ p-value
/
t Lzﬁa

(a) "




the signal discrimination

Matrix Element Likelihood Analysis:
uses kinematic inputs to build a kinematic
discriminant (Kp) for signal to background

discrimination using {m,,m,,6,,8,,0*,®,®,}

Pbkg(mla ma, 917 927 (D) 9*, ©1|m4€):| !
Psig(m17 ma, 017 027 (D) 9*7 (bl|m4£)

CMS (s=7TeV,L=5.1fb";Vs=8TeV,L=19.7 b

kin
Dbkg

data on signal
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first measurements on the resonance
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H->YY
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* high mass resolution, but S/B < 1 Marioti

* low rates (o.x B ~ 48 fb at 125 GeV) A ‘ Hypothetical X */‘-'dsigna'l
on top of backgroun

poor detector resolution

/

good detector resolution

pp — yy background

/

v

my,
R
Signature: 2 energetic, isolated v, S o0f
iNn a narrow mass peak on top of a I
steeply falling spectrum % o WG [} |~1%
Relevant aspects: E 1oF

* Photon identification/ background rejection 051
* Di-photon mass spectrum
e Background estimation s
e Primary vertex determination (pile-up!) m,, (GeV/c?)




The mass distribution
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ATLAS CMS
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High level analysis very similar between ATLAS and CMS:
e categorisation by S/B, resolution and pT (ATLAS w/ cuts, CMS w/ a BDT)
e Similar di-jet categories with O(70%) purity
* Mass fit with polynomial background (to minimise the bias on the signal)



Compatibility with the background-only hypothesis
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ATLAS CMS
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the H - WW — 2| 2v decay
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e large rate (0 x B ~ 200 fb at 125 GeV)
* pOOr mass resolution Analysis features
e Two opposite charge leptons (e, u)

e Two neutrinos = missing
transverse energy (MET)

e No Higgs mass peak
e Counting & 2D shape analyses

e Enhance sensitivity by subdividing
into (0,1,2) jets categories

Challenges

e Understand backgrounds: WW,
W+jets, top, Z+jets

e determined from control regions

@{' ! Scalar decay and V-A structure of
- W decay lead to a small opening
v angle between leptons




The measure of the background

Nevtst

signa

backgro

some observable

theory :
use theory to compute .
change in background
when inverting cuts

Theoretical uncertainties
(diff. distr. + pdf +scale+...)

invert cuts :

from signal enhancement to
background enhancement

use data to
normalize background

background

32

experimental uncertainties
(like isolation, pt etc...)

>
some observable

Mariotti



the analysis strategy

* Analysis on the full data set for WW+0 jets and +1 jets categories

e Use a cut based analysis for same flavour lepton events
and 2D mr-my » analysis for different flavour events

100 CMS 19.4 b (8 TeV) 100 CMS 19.4 fb™ (8 TeV)
10, SMH—- WW — 212v eu O-je 2 6 I ackgrounds eu O-jet |
= 2 = -
S —15 § € - —
80 L%; 80 : : 100
a - 1 —50
40 — 40 - —
L 5 L |
20 — 20 -
B A I B Co oy 0
60 80 100 120 60 80 100 120
my; [GeV] my [GeV]
final state | cut-based approach | shape-based approach
DF 0-jet counting 2D mype-mt
SF 0-jet counting counting
DF 1-jet counting 2D mygp-mt

SF 1-jet counting counting

Events / bin



the invariant mass spectra

Events with 0- and 1-jet and different flavour leptons (7+8 TeV Data)

CMS 49" (7 TeV) + 19.4 o' (8 TeV) CMS 49" (7 TeV) + 19.4 b (8 TeV)
_IIIIIIIIIIIIIIIIIIII|II_ 200|Illl|IlII|IIII|IIII|II
| & data B wz+zz+vvv m, = 125GeV i data - backgrounds my = 125GeV ]

1000 | H_’.WW top ep 0/1-jet _| - H- WW ep 0/1-jet
B wy"  DY+iets 150 [ K bkg uncertainty N
[ WHets WW

S/(S+B) weighted events / bin
o
o

S/(S+B) weighted events / bin

500 50 N
; \\\ -
o \ :
0 - — [ . _50 [ T R TN T AN NN N T AN T NN S AN SN SO M i
50 100 150 200 250 50 100 150 200 250
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M; = \/2pigE?iss Cos(Ag,, - E?iss)
A significant excess is observed...



the exclusion limits
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Standard Analysis Using my = 125 GeV as a background
CMS 4.9 fo' (7 TeV) + 19.4 fb' (8 TeV) 5 GMs 49" (7 TeV) + 19.4 fb' (8 TeV)
= B ]
w [ i o L
[ — Observed
LY 9 Observed \g 102k m s . H— WW (all channels) |
1 0 E ---- Median expected H— WW (all channels]3 put E edian expecte SM H (125.6 GeV) as background ]
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Exclusion at 95% CL in the mass range 128-600 GeV
Large excess in the low mass region

When including my = 125 GeV as part of the background, no significant
excess is seen over the entire mass range



the signal strength measurement

* several channels are combined to get the final result
 compare the signal strength values in the various sub-channels

CMS 49fb" (7 TeV) + 19.4 fo' (8 TeV)
o 25

S i _

I H— WW (all channels) i

= L Y e Expected i

= 20+ —— Observed —
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Higgs boson mass [GeV]
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(expected) significance at

CMS

H — WW (all channels)

olog,, = 0.72* 23

212v + 0/1-jet

+0.22
clog,,=0.74" ;27

212v + 2-jets, VBF tag

+0.57
6/Ggy, = 0.60" jc

212v + 2-jets, VH tag

+1.07
clcg,,=0.39" /.7

3I3v, WH tag

+1.27
cs/csM =0.56" o5
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49" (7 TeV) + 19.4fb" (8 TeV)

" m,=1256GeV

1 2 3
Best fit for O'/GSM

o/0g,, = 0.72 £ 0.20

E—



the invariant mass measurement

* reconstruct mu by boosting in the (approximate) reference system of the

Higgs boson

 minimise the signal likelihood with respect to my and |

CMS 49" (7 TeV) +19.4 b (8 TeV)
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—— 68% CL Observed

95% CL Observed
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the H =11 decay

* Large rates and medium mass resolution

ieriment at LHC, CERN
yrded: Sun Nov 25 00:15:46 2012 CEST
1t: 207898 / 97057018

{ Odet |

1-jet 2-jet
pr™ > 100 GeV
pr™ > m; > 500 GeV | m; > 700 GeV
100 GeV [any| > 3.5
H igh- high-pr™
pr > 45 GeV. high-pr™  NiGhPr™ | hoosted loose
VBF ta
HTh basel low-py™ low-p;™ g
777777777777777777777777777777777777777 . h-p,™
pr" > 45 GeV high-pr™ | -high-pr™ osted loose
VBF ta
ETh baseline low-p;™ low-p™ S
EF'%> 30 GeV
pr¥ > 35 GeV g high-pr loose
€ VBF tag
v baseline o low-p,¥
high-py' high-p-!
pr > 35 G .
2-jet
e H baseline o low-py!
ThT| highly
(& Tov only) boosted | poosted VBFtag
basel
pr > prT > p;™ > 100 GeV
100 GeV 170 GeV m; 0 GeV
|Any| > 3.5
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Analysis

« Tau decaysto e, {4, 1,4 Used

to reconstruct tau leptons

* Reconstruct the Tt invariant
mass

« Use many categories to
increase the sensitivity

Analysis challenges

« separate the Higgs peak from
the Drell-Yan decay

e reduce as much as possible
the invariant mass resolution



the results
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CMS H—r, 4.9 fb” at 7 TeV, 19.7 b at 8 TeV CMS H—r, 4.9 b at 7 TeV, 19.7 b at 8 TeV
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the properties of the Higgs boson
_ 40

combining all the channels = fully insert the new found resonance in the
standard model and perform global fits

* properly correlate expected yields and uncertainties

exploit at best the power of the experiment

search for deviations from the SM, to spot hints of new physics




CMS-PAS-HIG-13-005 .
the signal strength

- - : 41

* not enough data to fit everything, but one can look at the result with different perspectives
« choose different parameterizations and compare the results

V\s=7TeV,L<5.1fb" Vs=8TeV,L<19.6fb" \s=7TeV,L<5.1fb" \s=8TeV,L<19.6 fb"

Combined CMS Preliminary m, =125.7 GeV Combined CMS Preliminary m, = 125.7 GeV
1=080=014| p  =0.65 u=080+0.14 | Pg,=0.52
H— bb
u=1.15=0.62 Untagged
u=0.78+0.16
H—1t
nw=1.02+0.34
H—yy
u=0.77+0.27
VH tagged
H— WW w=1.02+0.49
u=0.68=+0.20
ttH tagged -
H—ZZ n=-0.15+2.86
u=0.92=+0.28
| I 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
| 1 1 1 1 1 1 -4

0

1.5 2 25
Best fit O/OSM

4

0 2
Best fit G/O'SM

Combined signal strength: n=0.80+0.14
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the invariant mass
. 42

H—-ZZ—-4l: my = 125.8 £ 0.5 (stat.) £0.2 (syst.) GeV

H-vyy: my = 125.4 £ 0.5 (stat.) £0.6 (syst.) GeV
1OCMS Prellmmary @ 7 TeV, L551|f5)'1l\@|=8|TI?\|/,IL5.1|9.(|5fIb'1I CMS Prellmlnary ts 7TeV L<51f‘b Vs=8TeV, L‘<1l961fbl
H— YY + H — 77 |~ Combined i b% H _) YY + H _) 77 %+ Combined

9; w (goHtH), | H=T LB L + Homy

8} MW(VBF’VH) — . ~T + H-27Z

7" :

6 1.5 .

5F i

4; 1.0__ ]

3¢ I |

of 0.51- N
C _| oy

0 0.0"1%2 125 126 127

my (GeV)

= 125.7 £ 0.3(stat) 1 Q.3(syst) GeV
= 125.7 = 0.4 GeV




the resonance width

43

e direct measurement of resonance width limited by experimental precision
* indirect use of the “propagator" in a model-dependent analysis

e exploit relative intensity of the on- and off-peak signal, taking interference
with irreducible background into account (H — 4£ channel)
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oy gluon fusion production
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JHEP 08 (2012) 116, JHEP 1404 (2014) 060, PRD 88 (2013) 054024
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under the peak

far from the peak
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the astonishing resulit
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consistency with SM hypothesis
_ 45

2D view: test production modes in the various decay modes

CMS Preliminary {s=7TeV,L<5.1f0" Vs=8TeV,L<19.6 fo"

6 I T | T l | T T T | IIIIIIIII

Vector Boson
Couplings

MVBF,VH

WW, ZZ fusion >4

t fusion

Fermion
Couplings



Is it a SM Higgs boson?

46

Test of compatibility w.r.t SM predictions by introducing two parameters (cy, Cg)
modifying the coupling to vector bosons and fermions respectively

N

Production Decay LO SM
Cy xCt 2
C2 X2 ey |
ttH H — bb ~ LCQ—F ~ CF C >
2 £ 2 — v
VBF Hormr |~ 9%?»& ~C2 A
CExXCh 2 C
goH H— 711 ~ e ~ Cp F
CeXCy 2
goH H— 77 ~ —%%— ~ CY,
WW | ~ CEXCv 2
goH H — ~ e ~C?
2 2
VBF  H—WW | ~ S5 (~ C}/C? ;
CZx(8.6Cy —1.8Cp)? ey, Cv
ggH H — v~ ~ CEX C‘:?, F)2 ~ C?
) ,
VBF  Hoyy |~ Sxescysiecn? Coycp

Mariotti
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global result
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Higgs boson spin and parity

 The spin-parity of the Higgs boson candidate can be
can be tested in di-boson decay channels or via
associated production

* the presence of the H =yy decay excludes the spin =
1 hypothesis

* in general, hypothesis testing is performed:
8 gc\’w\s\ T I TTTT | TTT ET I7I1-Ie|\ll’ ILI=I |5.I1Iflb'l‘ |; Iv% I=I8| TeI\I/’IIT I=I1I9I7| fIbI"I T %
o Data
S 8- pe Dyyg>0.5 Gg’
>~ _fF o S= 5
2 7 mzzey E g |
T g EEZX E ® 0.08[ -
Lﬁ ] ol . s
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% 010203040506 07 0809 1 % "% -0 o0 10 20 30
Dy -2xIn(C, /L)

» the procedure is applied to several alternative
hypotheses
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where do we stand?

. - 49
Higgs boson discovery is now firmly established at my ~ 125 GeV
Couplings to fermions and to weak bosons consistent with the minimal
scalar sector required for the BEH mechanism

Custodial symmetry verified (~ 15% precision) and the existence of a
boson with non-universal family couplings established

Provides unitarization of the theory! (at least partially — additional or
different structure still possible but postponed)

;‘ 80-5 B | | | | | | | | | | I | I | I I | I I I | | "J’ I | | | I |
. d kin Y,
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| w/o M,,, m, and M, measurements _
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what about the Higgs potential?

50

* Assuming validity of the SM up to the Planck scale, the faith of the Universe
depends on the precise values of miand my !
* The Higgs quartic coupling A (quasi-)vanishes at Planck scale
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100+

50

{ Mgygy =1TeV

“quasi-natural” SUSY

100
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200

G.l et al.
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180

175 F =

170k

v C

— - 109 |
_-" Meta=stability. .-~
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vacuum decay

51

If our vacuum is only a local mini-
mum of the potential, at some point
quantum tunnelling towards the true
minimum will happen.

The process was studied by Coleman
and is ‘similar’ to boiling of water

(quantum field theory is formally similar

Lo thermal field theory for matter )
’ A bubble of negative-energy true vac- |
| uum can appear anywhere and anytime |
and start expanding at the speed of |

 light.

SN S SIS SR PR

The probability density of vacuum decay is dp/dV dt = e_S/R4, suppressed by
the action S of the classical field configuration h(r) that interpolates vacua

h(oco) = unstable vacuum h(0) =~ other side of the potential barrier

A. Strumia, Moriond 2013



Higgs mass m;, in GeV
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and yet we are alive

Predicted range for the Higgs mass
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Instability
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the standard model is not enough

53
E.g. dark matter:
- An experimental evidence that v (km/s)
there is more than the standard
model

Astrophysical evidence from rotation Sl —
curves, gravitational lensing, bullet b -0
clusters -

Six times more abundant than
ordinary matter S ... 8 ' R (kpc)

V4 of the total energy budget of the  § S
Universe

observed I

3 &+ &

q photon g parton =2 jet
Particle candidates proposed in several
models
Detection at LHC:
Jet of hadrons or photon X
Missing energy Dark matter
(Dark matter footprint) particles

Tabarelli de Fatis

|
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restrospective view
= . 54

e Comparison between H>Z/* results and projections from the first LHC
Workshop in 1990

Simulation for three

CMS \s=7(8) TeV, L =5.1(122) fib"
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Fig. 10
7 - 8 TeV, ~25 b’ 16 TeV, 100 fb""
Significance -7 o Significance ~6 o

Even better than anticipated Tabarelli de Fatis



conclusions

» the resonance discovered at the LHC run 1 is
consistent with the properties expected from the
standard model Higgs boson

* deviations from the SM might be observable with the
LHC or high luminosity LHC precision

* the capacity to discover new physics critically
depends on the experimental and theoretical
modelling of the SM processes
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