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The Standard Model

* The main elements of the Standard Model of particle physics
have been described

* There are 12 fundamental spin-half fermions (particles and
anti-particles): Dirac equation

* The interactions between particles are described by the
exchange of spin-1 gauge bosons : local gauge principle

* Underlying gauge symmetry of the Standard Model is U(1)y
x SU(2), x SU(3).: EM and weak interactions described by
the unified electroweak theory

* Local gauge invariant theories are Renormalisable (‘tHooft)

* The local gauge symmetry of the model would be broken
adding the gauge boson masses

* The Higgs Mechanism : generates the masses of the gauge
bosons preserving the local gauge invariance
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Lagrangian densities

* The dynamics of a quantum field theory are expressed
in terms of the Lagrangian density
* Free scalar fields:

Ls = L(0,0)(0"¢) — Lm*¢?

which corresponds to the Klein-Gordon equation
* For a Dirac spinor:

Lp = ipy* 0, — mpy
where the spinor satisfies the Dirac equation
* For the EM interaction:

-[:EM — _%F'qu,uv F* = gFAY - §"AH
yields Maxwell’s equations
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Lagrangian densities

* The dynamics of a quantum field theory are expressed in

terms of the Lagrangian density
* For QED then:

Lorp = Yliy"dy — mey + ey YA, — 3 Fup F*
free fermion ‘ freetphoton
fermion-photon interaction

* The QCD Lagrangian would be obtained in the same
way:

L= _%G,uv * G,uv

Y _ alY — AYGH — PP

G!" = 0"G) - 8" G! - gs fiuG"' G}
yielding the self-gluon interactions
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Lagrangilan densities

* The mass terms are not invariant under the local gauge

symmetry: \
Loep = Fliy“d — ey + By Ay — LEy P

* This works for QED and QCD, but the EW gauge bosons
do have mass (and they are large!)
* The fermion mass term is also not gauge invariant
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{?] Spontaneous Symmetry Breaking

* Consider a scalar field with the potential:
V(g) = 5p°¢° + 119"
L = 3(0,4)(0"¢) — V(o)
= %(aﬂqﬂ)T(a“cb) - %”12(’52 - %MT(/)“

kinetic energy mass self-interaction
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Spontaneous Symmetry Breaking

* Consider a scalar field with the potential:
1,2 ,2 1 =
V(g) = su°¢" + 3¢
1
L = 35(0,4)(0"¢) — V(¢)
1 1, 2,2 1 4
= 50,009 - 3¢ — {29
* For the potential to have a minimum, A > 0
u? >0 u? <0

V(o) V(9)
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Spontaneous Symmetry Breaking

* Consider a scalar field:

L = 3(0,9)(0% ) — V(¢)

= 1(0,0)(0"¢) - LuP¢* — Lag*
. u? >0 u? <0

V(o) V(9)

¢

* In the later case, the potential has minima at:

[+
A

¢==xv=4=
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Consider a scalar field:

L = 3(0,9)(0% ) — V(¢)
= 1(0,9)(0"¢) - LuPp* — Lag?

u? < 0: the potential has minima at:

s
A

The field has non-zero vacuum expectation value v
Once one of these values is chosen, the symmetry of the
Lagrangian is broken: spontaneous symmetry breaking
This 1s actually common in nature: ferromagnetism

¢ ==xv==
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%] Spontaneous Symmetry Breaking

¢ [f the vacuum state is chosen as +v, the excitations of the
field can be obtained considering perturbations around this

vacuum state:
¢(x) = v+ n(x)

L) = 50,m©@*n) — V()
= 3@0um©@*n) — 317w +1n)* — 34w +n)*

L) = 20,m)(©0*"n) - /1?2772 — AP = A" + A0

‘\/
mass term self-interaction
/77 n . /77
Y & 4
// \\ y
n----- Av \/ LY ’
*\ // \4\ mn = Vz/lv = —2/12

iSUENA BIEN!
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{) Spontaneous Symmetry Breaking

* So the Lagrangian for the scalar field can be written as:

L) = 5@m)0*n) — ymon” = V), V(@) = o’ + 311°

* It is the same original Lagrangian but expressed as
excitations about the minimum at +v
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<] Spontaneous Symmetry Breaking

* For a complex scalar field:
¢ = ~5(¢1 +ig2)
L= 50u81)0" 1) + 5(0,82)(0"$2) = 5 (¢1 + 4) — AT + 4

* And again for u? < 0, the potential has infinite minima at:

qu V(9)
2, 42 _ 2
+ = — =V
o+ 85 =
* Choosing one minimum and expanding
the field around it: o2

¢=%(n+v+i§) 7 | \/ ¢1
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{) Spontaneous Symmetry Breaking

* Choosing one minimum and expanding the field around it:
_ 1 -
¢ =5 +ov+is)
L = 30,m©@"n) — smon” + 5(0,E)(0"E) = Vini(n, &)
Vine01,€) = Avp’ + 2" + A€ + Avmé” + 3 °€°

* This is the Lagrangian of a massive field n and a massless
field ¢: Goldstone boson
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3/] The Higgs Mechanism

* Itis the combination of spontaneous symmetry breaking of
a complex scalar field and a local gauge symmetry
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The Higgs Mechanism

* Itis the combination of spontaneous symmetry breaking of
a complex scalar field and a local gauge symmetry
* For example, take a U(1) local gauge symmetry

d(x) = ¢ (x) = XD p(x)

* The Lagrangian for the scalar field is not invariant under
this transformation
* Introduce the covariant derivative :

o, > D, =09, +igB,

* The Lagrangian is now invariant under the U(1) local
symmetry provided that

B, — BL =B, - d,x(x)
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The Higgs Mechanism

* Introduce the covariant derivative :
0, — D, =09, +igB,

* The Lagrangian is now invariant under the U(1) local
symmetry provided that

B, — B;l = B, — 0,x(x)

* In the same way we saw before, local gauge invariance
implies the existence of a gauge field
* The combined Lagrangian:

L= —1F"Fyu + (Dug) (D ¢) — 17 ¢* — A¢°
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3/] The Higgs Mechanism

* The combined Lagrangian:
= —1F"Fy, + (D) (D*¢) — 9> — 19"
* The covariant derivative term:
(Du¢)"(D*p) = (0, — igB,)¢" (0" + igB")¢
= (0,9)" (0"¢) — igB,p* (0"¢) + ig(0,¢9")B ¢ + g*B,B"¢" ¢
* And the Lagrangian:
L=—1F"Fu + (0,9) 04¢) — 1°¢” — A¢”
— igB,¢* (0" ¢) + ig(8,4*)B*$ + g*B,B*$* ¢
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{#] The Higgs Mechanism

e And the Lagrangian:
L=—1F"F,, + 0,9) (") — i>¢* — A¢"
— igBu¢* (0" $) + ig(0,¢")B ¢ + g*B,B*¢* ¢
* Expanding the scalar field around the vacuum state:

B(x) = L=+ () + i€(x)

* We get the Lagrangian

L= 2(3;177)(0“77) Av*n 2«9”5)(6”5)— F,,VF”V+§gzsz,,B”—v,-m+ng,1<6”£>

-~

massive 17 m'w;lceq 3 massive gauge field
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The Higgs Mechanism

e And the Lagrangian:
L=—1F"Fu + 0,9)(0"¢) — u>¢” — 1¢"
— igB,¢*(0"¢) + ig(8,4*)B" ¢ + g° BB ¢ ¢
* Expanding the scalar field around the vacuum state:

B(x) = L=+ () + i€(x)

* We get the Lagrangian
L= 2(6;177)(6“77) Ay 2(3u£)(6“£) @” 29@‘/,,, + guB,(01¢)
m'IQ:IrVC n m'mzlgeq ¢ assive ;gugc fie

LA-CoNGA physics iSUENA BIEN!




The Higgs Mechanism

* We get the Lagrangian

= 300" )= W'’ + 5(0,E)0"E) = 1Fuy " +56°0* BuB" ~Vins + guB,(91€)

massive 17 maqelcqq 3 massive gauge field

* And we can eliminate the Goldstone boson with a gauge
transformation:

B,(x) = B, (x) = u(X)+ uE(X)

= 30" M@~ Wy + - —FWF“V ggzsz“’B;,—v,-m

massive n massive gauge field
* This is called the unitary gauge
* In the unitary gauge, the fields correspond to the physical
particles
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The Higgs Mechanism

* In the unitary gauge, the fields correspond to the physical
particles

L= 50" @m0 + = [FuF* + 5670 B B, =V,

massive n massive gauge field
* Also, the scalar field is entirely real:

d(x) = %(v + n(x)) = %(v + h(x))
£ =1@,h)@0"h) — Wh - LF,, F* + 1520 B, B*

e

-~ -~

massive h scalar massive gauge boson

+g*vB,B*h + 1g* B,B*I* — wh’ — 1An* .

-~

h,B interactions h self-interactions
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= The Higgs Mechanism : generates the masses of the gauge
bosons preserving the local gauge invariance

L = 5(3u)(0"h) - szhj— 1F, F*" +

o~

massive h scalar massive gauge boson

+ gszﬂB”h + %grzB/,B“h2 — Wk’ - %./lh4 :

=

oV e

h,B interactions h self-intera¢tions

= EW coupling constants and W mass determine v = 246 GeV

LA-CoNGA physics iSUENA BIEN!



The Higgs Mechanism

= The Higgs Mechanism : generates the masses of the gauge
bosons preserving the local gauge invariance

£ =3(8,h)(0"h) - W*h? - {F,, F* + 1g*v* B, B

—

massive h scalar massive gauge boson
g*vB,B* Iy 1g>B,B"h* — wh’ — 1An* .
h,B interactions h self—ir?tgractions

= Coupling between vector bosons and the Higgs boson
= EW coupling constants and W mass determine v = 246 GeV

LA-CoNGA physics iSUENA BIEN!



The Higgs Mechanism

= The Higgs Mechanism : generates the masses of the gauge
bosons preserving the local gauge invariance

2(6 h) (0" h) ‘ LF F* + 2g v’ B, B*

massive gauge boson

massive h scala

,B interactions self-interactions

= Higgs potential: Mass term and self-interactions terms
Coupling between vector bosons and the Higgs boson
= EW coupling constants and W mass determine v = 246 GeV

LA-CoNGA physics iSUENA BIEN!



The Higgs Mechanism

= The Higgs Mechanism : generates the masses of the gauge
bosons preserving the local gauge invariance

L = 1(8,h)(0"h) - W*h* - LF,, F* + 14°v°B,B"

massive h scalar massive gauge boson

+ gsz“B“h + %ngﬂB“h2 — Wh® - %xlh4 ;

g T W

h,B interactions h self-interactions

= Higgs potential: Mass term and self-interactions terms

= Coupling between vector bosons and the Higgs boson

= EW coupling constants and W mass determine v = 246 GeV

= Yukawa coupling: interaction term for fermions and the
Higgs boson

LA-CoNGA physics iSUENA BIEN!



5] The Standard Model Higgs

* Higgs Mechanism + U(1)y x SU(2),,
* Three Goldstone bosons: longitudinal polarisation states of
the gauge bosons W, Z

* One massive neutral scalar field: The Higgs Boson

N E2R ¢1 + i _ i _
¢_(¢0)_%§(¢3+i¢4) L =(0,0) (0"p) — V(¢)

0 V(g) = 12¢'¢ + A(p'9)”
(x) = L( )
V2 \ v+ h(x)

LA-CoNGA physics
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{>] The Standard Model Higgs

* Higgs Mechanism + U(1)y x SU(2),,

* Three Goldstone bosons: longitudinal polarisation states of
the gauge bosons W, Z

* One massive neutral scalar field: The Higgs Boson

my = \/ﬁv my = %ng
v = 246 GeV

* The mass of the Higgs boson is a free parameter: it can not
be predicted by the model

* The Higgs Boson has couplings to all the particles to which
it gives mass (therefore many ways it could decay)

LA-CoNGA physics iSUENA BIEN!
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* The Higgs Boson has couplings to all the particles to which
it gives mass

f w+ z

9w 9w
H sesis == Mt myy il el s My 9w H Sieess Z 2050y

f W~ Z

* The couplings are proportional to the masses of the
particles coupling to the Higgs boson
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<#] Higgs boson decays

* We can calculate the decay of the Higgs into quarks, for
example a b-quark pair:

my _ My, b
M= —Zii(pa)o(ps) = —u'y"v Ps

P2 = (anaoa E) He—=——- my/v
p3 ~ (anaoa _E) . p
E = my/2 °

b

Ps P1 P2

p > X 2
b H b
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<7] Higgs boson decays

* We can calculate the decay of the Higgs into quarks, for
example a b-quark pair:

My _ Ny b
M= —i(po)u(ps) = —=u'yv ps
P2 = (anaoa E) He—=——- my/v
pP3 =~ (anaoa _E) o p
E = my/2 :
b
* The spinors:
(1) (0 (1) ( 0)
0 | 0 -1
uy(p2) = VE i , uy(p2)=VE 0 , v(p3)=VE 1 vy (ps)=VE 0
\0) \—1) . 0) \—1)
b-quark (8 = 0,¢ = 0) b-antiquark (6 = 7, ¢ = 7)

iSUENA BIEN!
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<7] Higgs boson decays

* We can calculate the decay of the Higgs into quarks, for
example a b-quark pair:

My _ Ny b
M= —Zii(pa)o(ps) = —u'y"v Ps
P2 =~ (anaoa E) He————- my/v
pP3 =~ (anaoa _E) o
P2
b

* Only two spin configurations are non-zero (bb produced in
spin zero state)

My
My =-My = —=2E

* No angular dependence: the Higgs is a scalar

LA-CoNGA physics
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{) Higgs boson decays

* We can calculate the decay of the Higgs into quarks, for
example a b-quark pair

b
P3
2 2. 2
m 2mm
AMPYy = MR+ M P = 282 =" H  Ho—ooo My /v
v* v? P1
Po
)
_ m-m
[(H — bb) = 3 x —2— b
8v?

iSUENA BIEN!
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* The Higgs boson can also decay to massless particles via
virtual particles

g Y b/
t w t avava" W
H---- | K H-=--- | & H-=-- w
t t w
QQ.Q.Q.QJg NN v v

* These decays can compete with the decays to fermions and

the off-mass-shell gauge bosons: masses of the particles in
the loops are large

LA-CoNGA physics iSUENA BIEN!
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{*] Higgs boson at LEP

* The Higgs could have been seen at LEP through a
“Higgsstrahlung” process:

et Z

zZ* \

e H

* However, LEP operated at a maximum of /s = 207 GeV, so
the Higgs boson mass would have to be my < 116 GeV to
have been seen

* LEP excluded a Higgs Boson with a mass below 114 GeV

* The EW precision tests measurements put limits on the size
of quantum loop corrections: my < 150 GeV

LA-CoNGA physics iSUENA BIEN!



Located at CERN, Geneva, Switzerland
pp collisions at /s = 13 TeV

4 Experiments: —
ATLAS FRANCE
CMS

LHCDb

ALICE

2010-2011:+/s = 7 TeV
2012:4/s = 8 TeV
2015-2018:5 = 13 TeV  { ool commee o
2022-2025:+/s = 14 TeV o o]
2026-?: High Luminosity LHC

100m LHCb
~ LHC beauty

One of its main goals was to find the Higgs boson
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. ) = ;B

= Gluon fusion Ho g it

: i

process ,, iq |

= Vector Boson i 1 emosginam e
: < o
Fusion (two 2 I —

¢
forward jetsanda ¢ . < . ¢ 10 3

7 8 9 10 1 12 13 14

large rapidity gap) 35 [rev)

W.Z
Production Cross section [pb] Order of
m W and Z process Vs =7TeV Vs =8 TeV calculation
ggF 150+ 1.6 19.2+2.0 NNLO(QCD)+NLO(EW)
. VBF 1224003  1.58+0.04  NLOQCD+EW)+~NNLO(QCD)
ASSOClated H WH 0.577+0.016 0.703 +0.018 NNLO(QCD)+NLO(EW)
ZH 0.334+£0.013  0.414 +0.016 NNLO(QCD)+NLO(EW)
Pro du Ct]. 01’1 [egZH]  0.023+0.007 0.032+0.010 NLO(QCD)
bbH 0.156 +0.021  0.203 +0.028 SFS NNLO(QCD) + 4FS NLO(QCD)
9 70°0'0'0'¢'s) T — { ttH 0.086 +0.009 0.129 +0.014 NLO(QCD)
tH 0.012+0.001  0.018 + 0.001 NLO(QCD)
| H 174+ 1.6 223120

= Top Associated
Prod. g =k
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®* The cross section can be obtained in terms of the
underlying gluon-gluon to Higgs cross section:

1 1
o(pp — hX) ~ fo fo g(x1)g(x2)o(gg — H) dxidx;

* Detailed knowledge of PDFs for the proton essential

LA-CoNGA physics iSUENA BIEN!
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Higgs boson discovery

ATLAS and CMS reported the observation of a new
particle with a mass of around 126 GeV in the search
for the Higgs boson on July 4t 2012

ATLAS 2011-12 5=7-8 TeW

g g e
10°F l[ ‘(‘m W\’
10k || -,‘::e-.";,.
10" “
t"‘ }‘

The Nobel Prize
in Physics 2013

Peter W. Higgs 5
Francois Englert \"R’
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Higgs boson discovery

I The Standard Model of particle physics — léeptons | Theorised/explained
x 0
Years from concept to discovery OUZ?:: | Discovered

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
Electron =
Photon | i
Muon i

——
—

Electron neutrino
Muon neutrino p=——f

Down =

Strange ]

Up -

Charm b

Tau i

Bottom =4

Gluon | |

W boson i |

Z boson } |

Top I |
Tau neutrino j———|

HIGGS BOSON | i

Source: The Economist
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= Dominant: bb (57%)
= WW channel (22%)

= Tt channel (6.3%)

= 77 channel (3%)

= cc channel (3%)

= yy channel (0.2%)

= Zvy (0.2%)

= up channel (0.02%)

LA-CoNGA physics

Higgs BR + Total Uncert

10

10"53—
LTy

1 1 4
LHC HGGS XSWG D

LlLllllLllLlLLlLlLAlLAAAllllLllLlllllLllllAllllLL
120 121 122 123 124 125 126 127 128 129 130

M, [GeV]
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= bb (57%):large QCD
background
= WW channel (22%):
WW - [vlv - Missing energy
coming from the neutrinos
= Tt channel (6.3%):
Missing energy coming * _5
from the neutrinos _____________a
» ZZ channel (3%) - Discovery 10°Fz, 3
= cc channel (3%) ;

= yy channel (0.2%) - Discovery | .o

10;
= Zy (0.2%) 120 121 122 123 124 125 126 127 128 129 130

M, [GeV]
= up channel (0.02%)

1 Mk
LHC HIGGS XSWG o

Higgs BR + Total Uncert
Q
|
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Z. channel

= Distinctive topology e A =
& Vs =7TeV ILdt=0.05 o' Apr24, 2011 -

(4 leptons) © 30 -

= Reconstruct invariant mass & ATLAS Proliminary
of the 4 leptons . H—22"-4l channel E

[_] Signal (mH=125 GeV)

= Channel with high s/b ratio _ — P e

| I |

= Backgrounds can be N wravadaiaalt
estimated from MC i E

= Very low rate due to 5 E
branching fractions of ZZ E 10_i'_
and Z to leptons s L.

= Trailing lepton at low pT f 10 i

- TYPIC&].].Y one Z boson is a 50 100 150 200 250 300 350 400 'ﬁ(l)'[é;\s/?o

on-mass shell
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vy channel

= Distinctive topology
= Reconstruct invariant mass of

LA L L L [N L L [ N N L B L I B B B

g o \/§=7TevJ-Ldt=o.02fb"1 Apr 18,2011
the 2 phOtOI'IS £ 4000
= Main production and decay YOO e ATLAS Preliminary
3000 H—yy channel
processes occur through oo | Eeckoounsony

]'oops 2000
= High mass resolution channel 1o

IIIIIIIIIIIIIIIlIII[|IIIIIIIIIIIIIIIII]I|II

I[II|IIII|IIII|IIII|III[|IIII|IIIIIIIII|II]I|II

O(1%) allowing data driven ‘Zz‘;

estimate of background _ 200_&&_
= Low signal over background P
= Very simple selection cuts - | | | o
= Relies on the quality of the R N c

detector response and the

reconstruction

LA-CoNGA physics iSUENA BIEN!



{#] WW channel

= Requires good simulation of

backgrounds and control $ 5OF ATLAS Prefiminary —o- oue | -
. . © 400 {s=8TeV,[Ldt= 00f' [ WW =
regions in the data 2 350F- HoWW' eviv ith 0/t je E] iESS
= The mass resolution is spoiled & **F B SroieTp
. . 050 B Zijets =
- Wijets ]
by the neutrinos in the 200 — o
leptonic decays 1hoE 06.04.2012 E
100 —
= Large event rate, but also large - E
backgrounds from the WW and . .5 ==——— : : :
. 3 40F =
top production 5 X 3
g lob .
1 T E A T N R

8 205 100 150 200 250 300

m; [GeV]
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bb channel

= Analysis based on three

_I|III|III|III|III|III|III|III|III|I_

- . - ATLAS —e— Dat ]
main channels: WH and ZH 185 1 ooy 705" I VHL H _ b5 (u=1.067
1 LR . 1 0+1+2 leptons [ Diboson
- 0 “leptons” (for neutrino I (T
14 Weighted by Higgs S/B Dijet mass analysis

decays of the Z)

- l-lepton (W decaying to an
electron or a muon)

- 2-leptons (Z decaying to
electrons or muons)

= Main background is V+jets
(in particular b-jets)

= Very important
measurement of VZ
process with Z to b quarks
as a check

|III|III|III|III|III|III|III|II

¥

ol b b b b b b b o 1

40 60 80 100 120 140 160 180 200
m,, [GeV]

Events / 10 GeV (Weighted, backgr. sub.)
(00)
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7T channel (VBF)

= Background is Z production qg__. . q
with two jets
= Several channels depending ----H
on the decay mode of the tau q q
. < -«
= Data driven methods: e.g. the
embedding of taus in Z to di- s T ;
O 150 ATLAS = = e -
muon events = B ROl
510: v ooy ]
Tau to leptons ~18% (rest is hadrons) :8_
e - §
A7 o 4
ETh ! aIJ 5
: : i N S
gy 0000 a 750 100 150 200
miNC [GeV]
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ttH channel

= Direct probe of the top Yukawa
coupling

= Large number of complex final
states: b-jets, leptons, taus and
photons

= ttH (bb):

- Very large backgrounds of top pair
production associated with b jets

- Dominated by background
modelling uncertainties

= ttH (WW, ZZ and tau tau):

- “multi-lepton” channel

- Large number of topologies,
backgrounds of jets faking leptons

LA-CoNGA physics

. t
| — -
g - t
R Yy
tt H v
o
bW VY
7 St wWrle e, v2)
blv,bjj || bev,bjj |
| | ZZ7F || 4e,2000, 202§
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ttH channel

= Direct probe of the top Yukawa
coupling

= ttH (yy):

- Most sensitive channel

- Background and signal
modelled using analytic

. > 35 —_I | T T T T T | T T T _—
[} - D =
funCtlonS O] : § o ATLAS A =)
0 3gF-Run 276329 /s=13Tev, 00" 3
2 180 ' ' — = o C ]
S 1gol ATLAS PreIiminar_y ¢ _:Ita 4 3 %) - <7
a0 V5=13 TeV, 139 fo” - (=1 H)iggs E =4 25 : -
I Cont. Bkg. 3 o L ]
120 = = 20 -
100 Had categories Lep categories =~ — S E E
= ] 15 =
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Higgs Boson mass

= Measurement done
exclusively in the diphoton

and 4-leptons channel T itas T ol e ony
- Optimizing the anal.y.sis in Run 1: /s = 7-8 TeV, 25 fb”, RunZ:EI=13TeV,36.1 fo! Total  (Stat. only)
. . Run1H—-4  F—e—— 124,51+ 0.52 (£ 0.52) GeV
Categ‘orles Wlth best mass Run1H-yy H——e——H 126,02 +0.51 (+0.43) GeV
R Run 2 H—4l —— 124.79 £ 0.37 ( £ 0.36) GeV
resolution (photon, Run 2 Hosry .__§ 124532040 (£021) Gov
lect d | Runt1s2 H—o4l = [ 12471+ 030 (+0.30) GeV
eleclron and muons | mnveno — 32 038 (2019000
Run 1Combined ——H 125.38 + 0.41 (£ 0.37) GeV
energy response) | Run2Comomned R 124862027 (£0.19)GeV
= ReachedatRunl a | RunteCombines = 124572024 (0.16)GoV__
. e ATLAS + CMS Run 1 —— 125.09 + 0.24 (+0.21) GeV
precision of 0.2%. , N e e

. 23 T4 15 126 127 iz
= Among the most precise m,, [GeV]

measurements done at the
LHC in 2013
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() Higgs Boson spin/parity

= So far, all the data is consistent
with a Higgs boson with j¥ = 0

= Angular analysis of ATLAS and A e Iy
CMS rule out spin 2 with 99.9% = o i+ 1o

I 0" SM+26 H—> WW* - evuv
CL [ ]0°SMt3c ls=8TeV,20.3 '

-Jiiks H%'Y'Y

-I:I jpigg ls=7TeV, 45 fb'

/s =8 TeV, 20.3 5’

poJP=0 JP=2r JP=2r JP-2r JP=2r JP-2
Kq=Kg ®=0 Kg=0 K,=2K, Kg=2K

q q 9 Ca]
pT<300 GeV pT<125 GeV pT<300 GeV pT<125 GeV
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Other Higgs decays

137 ™ (13 TeV)

« py: ATLAS signifi D 3 s B T
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C S ° of. ~3 ‘g 200:_ H = un --- Bkg. pdf = L|>J 600 my, = 125.38 GeV -110
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1005— —i §
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= Couplings from ATLAS 13 TeV measurements

Couplings measurements

LL:

“ 2.5 ATLAS Preliminary
" Vs=13TeV, 36.1-79.8f"
- m,=12509GeV, |y, | <25

15

— Combined ~— H—-yy

—_—H->2ZZ H->WW

0.5

H—bb —_—Ho1T

lllllllllllllllllll

RS AR BN RN K
+ Best fit
—68% C
----95% C
* SM

L
L

—
llllllllllllllllll
o'~.-‘

IIlIIIllIIllIIllIlIllll

Parameter Result
0.11
Kz 107540
Kw 1.04 +0.10
Kb 1.00+0:24
0.12
K¢ 1.03:“0.11
0.17
Kt 1.04f0.1 6
Ky < 1.63 at 95% CL.

Y FE P B B
0 02 04 06 08

IlIIllIlIIIIIlIlIII
1 12 14 16 1. 2

K
6+0-04 4

Ky = 1.0 -0.04

— +0.09
KF — 1.05_0'09.
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Standard Model Total Production Cross Section Measurements "

pp

ti—chan

ww

wz

ZZ
ts—u:han
ttw
ttZ
WWW,
WWZ

10* 1072 102 10t 1
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o = 96.07 + 0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)

(7'79535 0.38 + 1.3 mb (data)
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Fermions: spin = 1/2 particles

)L ‘5(5)Lj¢*kc (
= Dl -v(@) |

Dirac equation ﬂ Gauge principle

\ / Higgs mechanism

T o =
i

Experimental tests

v

fundamental
scalar particle

Experimental data

Quantum Field Theory
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{}] Beyond The Standard Model

The Standard Model successfully describes all existing
particle physics data, but it is not the ultimate theory

It does not answer some fundamental questions:

« Why are the masses between generations so different?
Why 3 generations?

 What is Dark Matter? — WIMP: cold dark matter?

 What is responsible for the matter-antimatter asymmetry in
the Universe?

* Can the forces be unified? Is there an energy scale where
the couplings constants converge?

 Why is there only one Higgs boson?

 How do we include gravity?
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Summary

* Over the past 50 years our understanding of particle physics
has changed dramatically

 The Standard Model of particle physics is a great
achievement: tested to high precision at various
experiments, all experimental data are in agreement with it

 The particle discovered at the LHC in 2012 is looking
increasingly like the SM Higgs boson

 As we have seen from the many examples in the course, it
takes huge efforts and a lot of time to close the gap between
theory and experiment

 These efforts will continue to show us the way to elucidate
what lies beyond the Standard Model
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