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The Higgs mechanism



The Higgs field and the Higgs melchdnlsm B

Vectorfield:
Magnetic field, the wind velocitiesin the atmosphere ...

Scalar field:
Atmospheric pressure

Brout-Englert-Higgs field (scalaire, complexe)

The couplings of the elementary particles with the Higgs field > mass
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| . 1
Let’s take a scalar parficle ®: | — E (8ﬂ¢)2 — V(¢)

Scalar potential V(@) : mass term and interactions : V(g) = %,u2¢2 + %/lqﬁ4
o V() _ o
Minimum : —= = ¢(,u + A@ ) =0 acuum
\ expectation
value”

If A>0 and p2> 0 trivial minimum : the If A>0 and py2< 0
ground state

Degenerate minima : ¢ =xv with v= e

®=0 is not the minimum !

By the choice of the minimum the
symmetry is broken

This is spontaneous symmetry
Introduction to Standard = Oreaking



Perturbative calculations : expand around the minimum (®=v or ®=-v )
#(X) =V +1(X)

- %(a#n)2 — vy’ - %/1774 + constant terms

Mass term : M =J2/? = 4/_2;12

L=20,0) -5 46"~ 20"

If one uses a complex scalar field ® = 1/N2(d + iD,)
L=(,0")(0"p)— Ng*0) — 1’0" ¢

If A>0 and p%< 0

Degenerate minima ¢ + ¢ = v with v= —H

M;l = —2,u2 >0 The @,field has a mass (just as before)

M;Z =0 No corresponding mass term for the @, field : the theory has a massless
scalar : the Goldstone boson.

In @, and ®, directions the potential behaves differently : flat in ®, 2 massless boson o



The Higgs mechanism in the Standard Model n (¢1 +igy)

—— ¢: =

Use a doublet of complex fields ¢

(¢3 +ig,)

ol ol

electroweak unification + spontaneous symmetry breaking :
L =(D,¢')(D"s)~ AUg'9) — u’p"¢
D“p =[0* +igW* +ig'y,B" |9

2
0l9°[0)f =5 =5 and [o]e’|0)=0
keep U(1)em

1( O vari
spontaneous symmetry breaking :  ¢(x) = ﬁ[v N H(x)) nvariance

The coupling to the gauge boson is obtained via the covariant derivatives (long
calculation)

g’ t 1 t
L=(D D"¢) = 8H8“H+—V+H W W* + Z Z"
(D,¢)(D"9) = A )[ﬂ Coszewﬂ}
No A AHterm : M,=0
1
My = 5V9 v is not known it can be computed
Massive weak gauge bosons : 1 vg using the muon decay rate
Z~ 2 cos6, Ge _ 922 = 12
V2 BM 2 5y 046 Gev

This is what we wanted to obtain |
6
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The Higgs boson :

As shown before My=V-2p2 itis a free parameter

If one writes the full lagrangian one sees Higgs self-coupling and Higgs couplings

to the gauge bosons

These couplings are proportional to the masses

Higgs self coupling

H H/,’ \\H H/‘
- S ”
- - \<
N o /// ~
H "~ -7 H H\\

Higgs coupling to the gauge boson

\val

Couplings proprotionnal to the mass
of the Higgs

- Crucial test of the model

v can be computed
using the muon decay
rate

- couplings fixed

Introduction to Standard Model /



The Higgs and the fermions :

The fermions masses are free parameters :

H

The couplings are fixed : mg/v

The Standard Model

Experimental consequence : the Higgs
boson will decay preferentially to heavy
particles

Infroduction to Standard Model



Complex doublet scalar field : the Higgs field : 3 components absorbed :
masses to the W and 7.

One remaining component : the Higgs boson

Higgs field : it is the interaction of the elementary particles with the Higgs field
which gives them masses
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Main Higgs possible decays depend on the Higgs mass

H <f=t,b,c, T i
f 0.1 i
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One has

I i 0 c=3 for quarks
N p_,;fdQ|M|2 =, ", ci=1 forleptons
mi 32m? miy 0l =0lgep/SIN?Ow
Dl ~ 2270 S 10 T IR
16m?%, S | 18
L‘I 102 i 3 ‘é
T, ~ M : 15
32m%v 102_ ......................................................................................................................................... _§
1§_ .......................................................................................................................................... _§
The Iorger ’rhe Mass, The 10-1 s 3
larger the width |
10-2 E_ .......................................................................................................................................... _§
M~ 125 GeV = T'~4 MeV B | . T
100 200 300 500 1000
M, [GeV]
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CERN/LHGLE2
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LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES tilator/brass

CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS leaved
Muon

End-Caps
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9 ATLAS
~0

Pixel 'y Letter of Intent

- for :
Tracker Pixels & Tracker ora .
General-Purpose pp Experiment

ECAL * Pixels (100x150 um?)

~ 1 m2 66M channels
HCAL » Silicon Microstrips
Muons ~210 m2 9.6M channels s - _

Solenoid coil Dvift Tubes (DT) and N

| 4

at the
Large Hadron Collider at CERN

Resistive Plate Chambers (RPC)



Production (at the LHC)

In the proton : light quarks and gluons - small/no direct coupling to H
- First produce heavy particles |

Gluon fusion Vectorboson Associated production (W/Z, t1)
fusion N »
q 20000000 -
g t t HO W.Z W.Z ,__Ekxt;f HO
g t HO - HO ﬂﬂf’{t
. BT
g g fusion W, Z bremsstrahlung S~ T

. q t t fusion
WW, ZZ fusion

86 7% / 7% 5% 0.6 %
\
|

Fora 125 GeV H boson
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Decay (etthretHC)

H>ZZ*->4l Observed decay modes:
Hott 271::3%) vy I
Very rare (0.2%) Missing bb,cc, pp, Zy

é?gffant (6%) AM/M ~ 1-2% s
AM/M ~ 10-20% {(2-9%)\\ AM/M ~ 1-2%
H->gg (8.5%)

Very Abundant (22%)

S/B<1
AM/M ~ 30%

Abundant (58%)

S/B<<1
AM/M ~ 10-20%

W,Z : high pr leptons
T :low pr leptons bb & 11 : importance of vertex detectors




oxBxL = 72 events

H— 77(*) —» 2008

CMS Preliminary
1

éDatizee v Ns=7TeV:L=0.0fb"
my= e

- [zy*2Z
B z+X

200 600 8

4e,4p,2e2u

Small event yield : 20 events
High S/B : befter than 2:1

Good mass resolution (4 leptons ) : 1102 %
Four body decay : access to spin parity studies through

the decoy Ongle%ﬁggs discovery, An-Najah National University, Nablus, Palestine
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|

00 120 T 140 160 180

n=1.4+04
@ m,=125.4

significance = 6.7 (expected 7.2)
signal strength pn=0.9 £ 0.3

m, = 125.6 £ 0.4 GeV
r,<3.4GeVat95%CL

Extremely clear observation of the Higgs boson
Compatible with expectations (signal strength) from the SM

Higgs discovery, An-Najah National University, Nablus, Palestine
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H QYY oxBxL = 1.3K events

Only two high py photons ....
Analysis performed according to the Higgs production mode (and thus the rest
of the event

<10 19.7 1" (8 TeV)

> 20 cMs + Data (i) Gluon fusion (ii) Vector boson fusion
3 18 3 Unpublished — Y-y
N 165 T y-jet
2] RN [ jet-jet g t HO
S 4R ] Drell-Yan t HO
Z 12P8 [ Hoyy(125 GeV) x5 g t

10 g g fusion WW, ZZ fusion >

8

6

4 (iii) Associated production (W/Z,

2

tt)
0
100 180

7 : E— W, Z bremsstrahlung -
M j: Large event yield: 470 events

Low S/B: 1:20
Signal (x5) Good mass resolution: 110 2 %

Higgs discovery, An-Najah National University, Nablus, Palestine 17



ATLAS

> L L R UL B [ B B > x10°
¢ 180 [Lt=451b" \s=7TeV ATLAS = ol - CMS :
P [Lat=203" vs=8TeV - M 35 S/(S+B) weighted sum
£ 160 , -$- Data — = s Dama
? SNSRI — Signak+backaround 2} 3
S 140 Signal strength categories S = N s 48 fits (weighted sum)
(PN - «+=+ Background - o . B component
120}— — Signal o B 25 : & o
1005— m,, = 126.4 GeV _f 3 2 :_ ------ 20
eol = S 15F
- m © -
e0— — i 1 :—
a0 1 % osf
. a 4]
- = 3 ! ! | e | | !
20_ = C?J 0' LB L B B T T | T
g opt——i £ 2001 { *’H B component subtracted
’ E PR %
% 100 +} ‘
S\] N N 9 N 9 : ) IIlllllll]Illllllllllllllllllllllllllll
110 120 130 140 150 160 110 15 1200 125 1300 135 140 145 150
m,, [GeV] m.., (GeV)
significance = 5.2 (expected 4.6) significance = 5.7 (expected 5.2)
i =1.21+0. = -
signal strength p=1.2+0.3 @ m=125.4 | signal strength p = 1.1 + 0.3

m,, = 126.0 £ 0.5 GeV
I, <5.0GeVat95%CL

19.7 1" (8 TeV) + 5.1 b (7 TeV)

CMS

my, = 124.7 + 0.4 GeV
I, <3.4GeVat95%CL

Clear observation of the Higgs boson despite the larger background level
Compatible with expectations (signal strength) from the SM

Higgs discovery, An-Najah National University, Nablus, Palestine



The H>Z7/-> 4l and the H>yy channels allow to measure the boson mass

1 1 1 1 I 1 1 I I I T 1 1 I I 1 Ll Ll 1 I I Ll Ll 1 I 1 1 T 1 I 1 T Ll 1 l I LI
LHC Run 1 Total  Stat. Syst.
ATLAS H—-yy e 126.02 + 0.51 (£ 0.43 £ 0.27) GeV
CMS H—-yy = 124.70 £ 0.34 (£ 0.31+£ 0.15) GeV
ATLAS H—-ZZ -4l I — i 124.51+ 0.52 ( £ 0.52 £ 0.04) GeV
CMS H—ZZ—4l Pt 125.59 £0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy I—EI—I 125.07 £0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 4] I-_}E_.I 125.15+0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I-?—I 125.09 £ 0.24 ( £ 0.21 £ 0.11) GeV
1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

123 124 125 126 127 128 129

m,, [GeV]

Precision of the order of 0.2 %

Higgs discovery, An-Najah National University, Nablus, Palestine



SM : couplings proportionnal to the masses of the particles

LR T T Illllll

> T LR AL T
£ |>> 1 ATLAS and CMS
¥ [ LHC Run1
G
£ > 107 E
!LL

{ ATLAS+CMS -
....... SM Higgs boson

10°E . E
; — [M, ¢] fit
] 68% CL
[ ]95%CL
10_4: i el sl E
107 1 10 10

Particle mass [GeV]

No big surprise
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Run2 :in 2015 LHC restarted with a centre of mass energy of 13 TeV

But also much larger integrated luminosities
- alot of Higgs events

- new decay modes

- studies of its properties.

Up to now it looks like a Standard Model Higgs




Summary

 What has been discovered at the LHC is the Higgs boson (a particle) which is
the experimental proof of the existence of the Higgs field

« All Higgs boson measured properties are consistent with the SM expectations :
« spin and parity (0%)
« the mass, NOT predicted by the SM is measured with a precision of 0.2 %

« the couplings agree with those expected for a SM Higgs boson

Robert Brout 1928-2011 Frangois Englert 1932- Peter Higgs 1929-
2013 NOBEL PRIZE IN PHYSICS
Francois Englert

Peter W. Higgs

NATURE | VOL 487 12 JULY 2012

.
Higgs discovery, An-Najah No’rionolr IR am e



Back up slides



Number of SM Higgs bosons produced in Run 1 per experiment :

otal number of inelastic pp-collisions produced in Run I: 1.5 x 10%°
Total produced Higgs bosons (m,=125 GeV)' 560,000
m,=125 GeV (l=e/p) ggF (86%) VBF (7% VH (5%) bbH (0.9%) | ttH (0.6%)
H=>1ZZ >4l 0.013% 72
H vy 0.23% 1,300
H>WW S Iviv | 1.1% 6,100
all event counts are before:
How 6.3% 35,000 » detector acceptance
H - bb 58% X 270,000 42,000 * reconstruction efficiency
o 0.022% 120 » event selection efficiency
H>zy>2ly |0.010% 56
H2J)/Yy>ppy | 1.7x107 0.1
invisible 0.11% X 590 (too small S/B at LHC, unless there is BSM H->inv)
all others 37% X 200,000 (deemed not feasible at LHC)

Higgs discovery, An-Najah National University, Nablus, Palestine 44



VNN NSNS

Remember the number of Higgs bosons produced forRun 1 ¢

m,=125 GeV (l=e/p) ggF (86%) VBF (7%) VH (5%) bbH (0.9%) | ttH (0.6%)
H>2z->4l |0.013% 72
How | 0.23% \ 1,300 /
Ho>WWS Iviv | 1.1% 6,100
- all event counts are before:
How 6.3% 35,000  detector acceptance
H - bb 58% X 270,000 42,000 * reconstruction efficiency
H S pp 0.022% 120 » event selection efficiency
H>Zy->2ly |0.010% 56
H2J/Yy>ppy | 1.7x107 0.1

Higgs discovery, An-Najah National University, Nablus, Palestine
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Production (at the LHC)

In the proton : light quarks and gluons - small/no direct coupling to H
- First produce heavy particles |

Fora 125 GeV H boson :

III]IIIIIITIITIITTY[TIIIIIIIITIIIllllllllITll g \
=10°F M(H)= 125 GeV I G N ’
a
- L o —— ggH (87.4%)
q > > q + .
% T 10 Gluon fusion
W,Z
................. H )
W,Z (o
> > q i

VBF (7.1%)
Mector boson fusio

IIIIIVI Illlllll

VH (4.9%) "

|

T ]III

@)
Q
)
A
@)
1l

[ Bl PP Observed production modes: ggF, Var il
gM_(—? l—l lllllllllllll1lllillIlllllllllllllllllll_;
\ ttH (0.6%) 6 7 8_9 10 11 12 13 14 15
/s [TeV]

Run | Ru nII
il 7/8 TeV (2011/2012) 13 TeV (>2015)
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The Lagrangians L and L' are completely equivalent
The transformation @(x) =V +1(x) does not change the physics

If we were able to solve exactly L and L’ we would get the same results... but we
cannot, so we use perturbations theory and calculate the fluctuations around
the minimum energy

If we use L in perturbations theory the series don't converge (®=0 is unstable)

The correct way is to use L’ to expand in n around the stable minimum ®=v.
The scalar particle described by L' has a mass.
F

We call this way the mass is generated (in fact revealed)

“spontaneous symmetry breaking”

Infroduction to Standard Model X 27



The Higgs mechanism in the Standard Model

We have seen that the spontaneous symmetry breaking (performed adding a
well chosen scalar field) can « modify » the mass content of the Lagrangian

Which scalar field to add in the framework of the electroweak symmetry ¢

. Q=I3+Y/2
Mass term for fermions:

- Let's take the up case :Q=2/3
_mfff: - «m) P f

fr (13=0,Y=4/3) fL(ls=1/2,Y=1/3)
Does not conserve Iz nor Y (not SU(2) singlet sU(2) doublet
gauge invariant)
A fof ® coupling is gauge invariant if [(®)=1/2 \/
N\
1 N D (1,=-1/2,Y=1)

- (9, +ig,)
- needs a SU(2) doublet g = [¢o]= V2

¢

Q=I5+Y/2 so the charge are +1 and 0 in the doublet

1 :
ﬁ(% +’¢4)

Any choice which breaks a symmetry will generate mass for the associated boson.

We want the photon to remain massless : elm should be conserved
Introduction to Standard Model 28



How to quantify the presence (or the absence) of asignal ¢

N

p-value and significance (2) psp— o e — :
p-Value = P( nzn bsl b ) —_— 1.4x103 3
? 3.2x103 4
p-value 2.9x107 5
| / 1.0x10° 6
— Z—# X
1.3x1012 7

signal strength (1) — common scale factor for signal event yields

Mexpected = l"[ O'SMH'B(HSM_)xx)'L'S] T NMyackeround

95% CL limits on signal strength (in absence of a significant excess).

P(n=sn, | b+ u-s)
<
P(nsn, | b)

Higgs discovery, An-Najah National University, Nablus, Palestine 2y
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Enough events to start to search for other modes : H> bb

31025'"'l""|'"'|""|""|""|""|5§

; ”* too much background

+ PP —éﬁ

T 18

1.;10:— =1 . .

e f 1 Use the extra information from
 poemes= 1 associated production modes
e =

o W Challenging analyses !
F MSTW2008 3
j7IHlé”‘ISI)II“1|0”II1I1IH‘1I2HH1I3H”151.

proton

proton

| LA L B R B |v-|v||-|vlv 00__vv]vvr||v||||1| |-||v|l||v| AL L B L B B B | LA AL B R B

> n ] = I ]
8 500— ATLAs Preliminary ;vmw)m_1 0 - ATLAS Preliminary ;vmw)(u-t .0) 1 j - ATLAS P(eliminary ;W«;b)(uml 7
= [ {5=13TeV fLdt= 132" - Diboson - " {s=13TeV fLdt=1321b" - Diboson 1 ) 1201 fs=13TeV fLdi=132 1" mm Diboson -
P " 0lep., 2jets, 2 tags -a,h(gbl:g:p o ] 0ol /e 2jets, 2 iags -smae.:op ] ; _ 2lep., 2jets, 2 tags -gir;glbeggp o) i
- +4 .cc) : " mm Z+(bb,be,ce, -
$ 400l Py > 150GeV - 2e(bbbo.cobl) - py =150 GeV . Ws(bbbc.cobl) . 100k Py = 150 GeV 777 Uncertal —
> = 777 Uncertainty - mm Z+(bb,be,cc,bl) - . - «sss Pre-fit background -
w L wees Pre-fit background - | /2] Uncentainty n I - .
- . 00— «+=+ Pro-fit background _ | 80'_ ]
ot ; — : : ;
: epton : epton IS
8 A —— g — e 22 C
2001 oor 2 -
i i 40—
100 00~ 20 S s
| I T WO T (T S T T Y
8'1-2—"””"” ,....,..‘..1,1 g [T T 54 E T T T
e 081 :_ i __-¢_ -«,«-*:.W/,—«#—— ;——-« 81 o % o= ez o ? ,__‘;—:; . 1 3 _—*-_-‘-«_Mq_ ‘.F :
SYOE. L Loy o I P B 50-5-'.+.|..‘.|... [P B -
e 50 100 150 200 250 300 50 100 150 200 250 .

300 50 100 150 200 250 300
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H-. .~ H

S = ..2/\2
:X/ Aa mH /V
As for any other coupling constant, the particle
contfent of the Standard Model determines the
running of A up to a scale A, at which the model

< AA) €

is no longer valid.

3 5 7 9 11 183 15 17 19

A>0:V(®) witha <« \ 10,0 A [GeV]
minimum up fo the A small : SM perturbative
scale A up to A Triviality bound

Vacuum stability

1 1
V - = 2 .2 —A 4
If A>0 Qnd U2< 0 If A<O ond u2>0 (0) =S 129"+ ¢

l T 1 N HQ/A > O
1,5 -
1 -
0,5 A
3 -'z '
-0,5
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ZH WH VBF

ttH

Y

zz|

Ww
T

Y

7z |

WW
T

Y

ww |

™

bb |

Y
WW
T
bb
Y
Ww
T

bb

ATLAS and CMS
LHC Run 1

-o- Observed t+1c
Th. uncert.

CMS and ATLAS combined 7 and 8 TeV

>

, Exp uncertainties ~
o th uncertainties

results Run 1 legacy papers:

Mass: Phys. Rev. Lett. 114, 191803
Rates and couplings: arXiv:1606.02266

Mass has been measured to
0.2% precision
my=125.09+0.24 GeV

Angular distributions
consistent with spin 0 and

even parity

All couplings are consistent
with SM within 2.5¢

| | 1

Coupling strengths
O

6 -4 -2

4 6 8

Precision test of Higgs boson coupling stren thic.




p-Value ... already some fime ago |

ATLAS 2011-2012

400 500

l
<
v \ ~ same probability to obtain the 4

o aces in a 52 cards game in this order !

Higgs discovery, An-Najah National University, Nablus, Palestine
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—_ LI N L [N L N L N L L L L B Y L L
=T :
> L aTiasand cms amastn
=) - LHCRunt1 CMS H—yy i
S 25~ CMS H—ZZ—41  —
..3 N e —— All combined ]
< [/ X Best fit i
k) o/ —— 68%CL —
n [ . ’
| |‘ - S~ . —
- Y 'u,"" ~~ -
1.5 N
: ‘s & X - “, “ :
§~ ;‘ ‘.“- 1 |
- freea X ,,' i

0.5 1 vl v v b e by e b b e by

124 1245 125 1255 126 1265 12
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Computation of I'(H>bb)







TESHEP2015 Hands on for SM



TESHEP2015 Hands on for SM
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masse du quark top, m, [GeV]

bt o
lgllllgll

I§I T

lglll

‘| 3@ 1ssesdag ‘9

Just like that ¢
Something deeper ¢

<

0 50 100 150 200
masse du boson de Higgs, m, [GeV]
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