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Foundamental Interactions

» Strong interactions

Ex: :A™ — pn+ u
q / u P
& ++ u / d
\H‘-"-‘ u

“V’ra,.,

quark

Range ~1/m_~1F
T=107238

c ~10mb

o~ 1




 Electromagnetic interactions

I
Charged fermions /

- >
N

Range ~ 1/m, ~ infinit
T=1071-102°g

c ~ 103 mb

Qe ~ 1/137

3



« Weak interactions
2t —>nnat & At -—>n at

Have the same phase space since masses are similar, but T( 2t ) ~ 1013 ’II( AT )

It is a new interaction with a new coupling constant a,
W A*->nm )/t St->nat )~ 1023 /10710 ~ (0re/ote )2

> oy~ 107

There is flavour changing and it is a charged current
If we make the hypothesis that it is similar to the EM current
but with a massive mediator (Glashow idea), we can then estimate:

OUw — CUem }r ME_ - M’” 100 G‘E‘V Range ~1/M ~ 107
T=10"1sgs
Oy ~ 107°
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Leptons

Neutral Currents

Charged Currents
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Quark:

Neutral Currents

Charged Currents
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For the weak interactions the quark doublets are not the same of the
strong interactions (Cabibbo 1963):

Strong Weak
i c f i ' f
(d" (Vud  Vus  Vub) ([ d
s' = Ved Ves Veb s
l\é_':') erd Vis I/'rb}J ab)
The CKM matrix
For 2 doublets: d'=dcosc +s sinbe Vud ~ cosfc & Vus ~ sin ¢
s’ = —d sinfc + s cosfc
The Cabibbo angle e




Features of weak interactions

The Range is very short (the propagator is massive ~ 100 GeV)

If mg=0, fermions exist only Left Handed
(anti-fermions Right Handed)
- violation of the charge conjugation symmetry.

Cabibbo first unification: the gauge bosons couple only with fermions with
an intensity proi)ortional to the weak charge. The weak coupling is the same
for all the particles: (u,d’) has the same coupling as (v, e) and (v,u)

Only charged current can change flavour with the rule: | As= ,ﬁQ
thus FCNC do not exist.

Lepton number is conserved L, L, L,

Weak interaction do not conserve Parity, Charge conjugation, nor CP




The Standard Model

Interaction Strong
Local simmetry SU(3)c
Coupl Const Ol
Gauge field gluons
Spontaneous symmetry

Breaking Higgs

Gauge field

Coupl const

Matter field quark
Conserved quantity barionic number

color charge
isospin

Electroweak
SU(2), U(1)y
g g
W,W,W, B
~ W=Weinberg
eW
W+,W- Z v (Q=13+Y/2)
g g/cosOyy e=g sinBy,=g’cosb,
f, f, +fx f . r(Q>0)

Leptonic number, Q
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Structure of the theory
» Isospin doublets Left Handed

Ve Vu Vr U C [
L L L : L : , L
e u T d S b
« Isospin Singlet Right Handed (m>o0)
UR TR UR dr CR SR IR
Why notadd v, ?
Leptoni Quark
I Is Q Y | Is Q Y
vL 1/2 1/2 0 -1 u | 172 1/2 2/3 | 13
er 1/2 ~1/2 -1 | -1 . | 1/2 -2 | -3 | 13
er 0 0 -1 | -2 ur 0 0 2/3 | 4/3
dr 0 0 13 | -1/3
Q= Ts+Y/2




The gauge bosons

» Before the breaking : W1,W2,W3, B

* The physical fields are:

wr = % w, - iw;)

|- Lot 4

w, = 5 w, + im,))

- _ 3 .

| A, =B, ,cos0, + W smo, Weinberg angle
: 3

LZ y = —B,sm6, + W, cosb, .
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Neutral Current

W, = Z, cos 6, + A, sin 6,
B, = -Z,sm6b, + 4, cos 6

Thus the neutral electro-weak interaction is:
— igl W} - f‘%JY“BF -

! r

— ig sin O, "4, — ig cos O, Z, + r‘% sin 0, J*Z, - f% cos B, J "4, =

Yu Yu

— i(gsin 6,J°" + g’ cos 6, JT)A# - i(g cos 6, J°" — g'sin 6, 5 \Z

u

¥
Since we know that the EM interaction is: — ieJ ;’”A” and J :‘:”’ = J j + 7“ .

J’I"
We have: g si QE’J + g cos O 7 = J
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Thus: e =gsinf, = g cosb,

g The Weinberg angle is the ratio of the coupling
And tan HH’ = constants of the groups SU(2); and U(1)y

There are 2 independent parameters: g, g’ or e, sinfy,

From the equation before we can write:

—jeJ A" — J> —sm- 8., J") /"
a CGSEJW(“’ i)

Thus the fondamental Electroweak Neutral Interaction is:
-ie Jﬂﬂ'ﬂtl A" —1g/cosBw JuNC ZIl

The current associated to the Z boson is J l-"NE =.J |-‘~3 - SiIlEBW J pem
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Thus the current associated to the Z boson is the sum of
the third weak current and of the Electromagnetic current

—> thus the Z bosons couples with both L and R
fermions.
The W bosons instead couple only with L fermions.

sin6,, and e must be determined experimentally.

In the SM these coupling are the same for all the
fermions: must be verified experimentally.
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FCNC

, NC _ 73 a2 om
For the quarks:  J, = = J, —sm” 6,J,

“yo(€), d' = d cosOc + s sinfc
d' 5' s’ = —d sinfc¢c + s cosOc

If we solve the equation, we get that the mixed terms ( d s sinf cos6)
cancel, and that the Z couples only to uu, dd, ss, cc ....

1.e. FCNC do not exists
As=AQ =10
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CC: Fermi Theory & SM Theory

19 _ &
2o o2Mm}
_5 2
Gy =0 _Ger? & g =2
m, sin” 6,
_ (‘\/Egz)/lé ( \/EEE }é 37.3 Gel”
" 8G 8G, sin” 6, sin 6,




NC: Fermi Theory & SM Theory

vq — vqg
Gy g’ .
£ W

4 GFP — gd

V2 2M] cos® 6,

74.6
ME = — MI
sin 26, P W

— g2 2
M cos” O,

p 1s the ratio of the CC and NC couplings. It is 1.

p=1 if the Higgs field is a « simple » doublet of complex scalar fiel% ;
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Universality

« GF is universal for CC, NC, leptons, quarks, semileptonic,
hadronic decays... but always considering the Cabibbo
angle, i.e. the EW quark doublets

Gr-cosOc for As=0
Gr-sinfc for As=1

n— P eve Gr(n) = 1.136 = 0.003 x 1075 GeV2
L —V, eve Gr(n) = 1.16632 + 0.00002 x 1075 GeV2
Gr(n) = Gr(w)- cosfc (sinfc = 0.2229 = 0.0022) _

e
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The discovery of the neutral currents

In 1973 the Gargamelle experiment at the PS (Proton Syncrotron) at Cern
discovers the weak neutral current interaction.

« Inthe ‘70 at CERN neutrino beams were available.

Neutrinos and anti-neutrinos beams on a bubble chamber filled with heavy liquid.

(Freon, of density 1.5 x 103 kg/ms3)

NC vy Vi
V‘,/;;,+N—>V#/17y+had -
. e

Absence of 1~ in the final state q q
/_\
T T~

CC Vu Mo Voot

V,IVu+N—pu [ +had W W-

€

Presence of 1° in the final state q q q q
T~ T~
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Neutral current of anti-neutrinos

Figure 1.6 First example of weak neutral-current process ¥, +e—>v, +¢ observed
in heavy-liquid bubble chamber Gargamelle at CERN irradiated with a v, beam
(Hasert et al., 1973). A single electron of energy 400 MeV is projected at a small angle
(1.5 + 1.5°) to the beam, and is identified by bremsstrahlung and pair production
along the track (see Chapter 2). About 10° v,’s traverse the chamber in each pulse and
three such events were observed in 1.4 million pictures. (Courtesy CERN.)



Charged current: v+n 2 u+p

R

A

Figure7.13 Early cxamples ol “clastic™ neutrino interactions observed in a hea vy-liquid bubble /—”:’7
chamber at CERN in 1963. (a) shows an event attributed to the reaction Vet n—=p+u . The q.p-‘j’-
noninteracting mu

i .
v SN TN

on passes out ol the chamber, and the recoil proton comes to rest inside the



(b)

(b) Event produced by interaction of an clectron-neutrino Voo Vot n—=p+e . The
incident beam consists mostly of muon-neutrinos V., With a very small admixture of v, (~4%)
from the three-body decays in flight, K" — 7% + ¢* + v.. The high-energy electron secondary is
recognized by the characteristic shower it produces by the processes of bremsstrahlung and pair
production. (Courtesy CERN.)
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The weak neutral current discovery, 1973

The quantities to be measured are:

_NC VﬂN—}VﬂX
- CC v, N> uX

NC, V;IN—}VHX

NC; - ;;;N —};;fX

NC 1 2 4
—), =—-—smm" 6, +—sm" 6
e =2 g "
(%)— = 1—5111‘2 (- +2—sm4 Oy
The NCis a process of the

same order of the CC,
thus what Gargamelle observes is
not a second order CC process

r=2G 192 i’ 9, R=024+0.03
CcC, 428
NC-
_ 0 6 sin? 9, R=0.42+0.03
CC. 148
sInZ6w ~ 0.23
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The W and Z discovery 1983

* The measurement of sin26,, by Gargamelle allowed an estimate of the W and Z boson mass:
for sin20,y,~0.23 - my =80 GeV/c? , m, = 92 GeV/c?

»  Rubbia proposed the SppS and in 1983 discovers the W and soon after the Z
2> MW =80.5+* 0.5 GeV/c? MZ =93 + 2.9 GeV/c?
»  First test of the standard model:
M, =M’cosf, =  sinf, =0.220+0.009
X | | in agreémént with neutrino-experiments.
_ M
M 2 cos’ 6,

compatible with the Standard Model of Glashow Salam and Weinberg

=1.000+0.036

P
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LEP and the triumph of the SM

LEP: e*e collider, E. ~M,, 2My, ... 209 GeV

t-channel e f e f
7 / . /
N _ D _ _
e '\f e "\f

e e e
s-channel
Z ® Y

VN N




Cross sections

2 2
o = ﬁﬂg‘* Qf For photon exchange
’ 487 E’
2 2
co  E a
g = ( 8z ) For Z exchange

2 487 [(RE)’ —ML]* +(M,T,)’

a
For (2F) << MECE = _Z x2 - ( E 2)4 Photon is dominant
o, M e
AtE.,= 40 GeV, o, ~ 1% of o,
o 1 My’ . .
For (ZE) = MECE - £~ —. ( Z ) ~ 200 ledomlnant
o 8 hl
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Photon and Z exchange
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Z line shape
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Radiative Correction - QED

SO c e e
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8§ 9 92 9 9%

The Z “Breit e Wigner” is modified by the QED corrections: the blue line is the Born
cross section (symmetric wrt M,). The red line is what we expect experimentally, that is
after QED radiative corrections. —
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Z line shape for ee2>Z->qq,ee
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The line-shape

To measure the Z boson “line-shape” we measure cross-sections as a function of the center of mass
energy for the selected final state.

O = (Ndata — Nbckg) / € x Luminosity vs Ecm %

G [nb]

Experimentally:

I LT,z

Count the events (Ndata)

» Determine the efficiency ¢ of the detector
* determine the background events (Nbckg)
* Measure the Luminosity

* Measure the beam energy

L L | T L | L
925 95
s [GeV]

To reach a precision of fractions of per mille on the Z boson parameters, we need to reach
these precisions on the initial state e*e (Ecm and Luminosity) and on the final state f*f-.

e
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Simplicity of the initial state -
simplicity of the final state
Y /
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TS
LHC, [CERN™

v
CMS Experiment it
Data recorded: Mg’ Mar 14-06:44:11-20
Run/Event: 1604'2?212}419 W
Lumi section: 4 7

/

-

Z - pu at LHC

| | |
~Qrbit/Crossing: 787815 @ 1886

[ ATLAS Online Luminosity -
70 ) —

E 3 vs= BTe\.-’.JLdt =63f" w>=195 -
60; [ Vs=7TeV, JLdt =52 <> = 94
500

80
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w
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Why so precise?

-E 35_—
o |
SoF Rinv = [inv/I'll = ( Tz- Thad- 3 Tl )/ Tee
25h
B Rinv = N(v) *[['w/I1l]gy,
201
150 N(v) = 2.9841 +0.0083
mf—
: The number of neutrinos is 3
{ T T T - the number of lepton families is 3

88 89 90 91 92 93 94 95
Energy, GeV

If there would have been only 2 or 4 neutrinos, the total width of the Z would have been narrower or larger.
Before LEP the experimental result was N(v) = 3.0 +0.9, 2 orders of magnitude less precise.
This was leaving many hyphotesys open.

(The tau-neutrino - v, has been directly detected in the DONUT experiment at Fermilab only in 2000)
20



ElectroWeak Radiative Correction

; W
J‘UWO/\NW ny Vi
LW TLW T LW TZMW

s Wi, Z
H
H .’_,- - .
.
AR AR A ARARAAR
ZMN ZIW ZMN ZMN
ZAN

The lowest order Feynman diagrams are accompanied at second order, by diagrams where

the propagator (gamma, Z or W) is modified by the EW Rad. Corr., i.e. by bosonic and
fermionic loops.

First calculations from G. Passarino and M. Veltman.

s el
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Radiative Corrections

Because of the EW Rad Corr , the foundamental expressions between SM variables
change:

M} —

- v =]‘+A Ap = f(sin® 8,,G, m*, logm
0 M7 057 0, P 0 o = f( w> Gp m,, logmy)

The Rad. Corr. Depends from the top-quark-mass squared and from the log of the
Higgs-mass.

Thus strong dependence from top-mass, weak dependence from the Higgs-mass.

When comparing the experimental measurements of the precision
variables with the Standard Model prediction the top-mass can be
determined in an indirect way, and limits on the Higgs-mass can be
set.
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Some new physics in the loop?

The Rad. Corr. are very important to get precision
measurements, but also to get information on what is not
directly produced at LEP.

Pry = 1.0050 + 0.0010

50 away from 1, but in perfect agreement
with the SM prediction with Rad.Corr
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Top and Higgs in 1996

a(M,)=1/128.89

LEP/SLC/CDF/DO/vN July 1996

0.233
STANDARD
- 0 M,=175+6
0.2325
0.232 |-
. D I
sin“0yeff |
0.2315
0.231
: —— 68% C.L.
- —— 99% C.L.
0'2305Llllllllllllllllillllll‘ L
79 80.1 80.3 80.5 80.7

M,(GeV)



The end of LEP

0233 March201.’f : \J——| : | |
m=173.2 = 0.9 GeV
my= 114..1000 GeV -
m, \ ]
S £0.232 -
=
Al A
S
7p) ]
0.231 - ,Y Ao m; 7]
68% CL
83.6 83.8 84 84.2

45

The central value is at the center of the
circle, the circle represents 68% of the
confidence level. The experimental result
can be compared with the predictions of
the Standard Model. In the figure the
predictions of the Standard Model are
shown with vectors. The vector on the
left (in magenta) represents the value of
the SM in the absence of radiative
electroweak corrections, and the
extension of the arrow represents how
much this value could change when the
electromagnetic coupling constant o,
changes. The other 3 vectors (blue, red
and yellow) are the predictions of the SM
when taking into account the radiative
electroweak corrections, and varying the
little known or unknown quantities, such
as the mass of the top (m,,, =174+ 5.1
GeV), the strong coupling constant (o, =
0.118+- 0.002) and the Higgs mass (m, =
300 +- 700-186 GeV)
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Where we stood before g4-July

M,,, VS My

top

Tevatron M,y Tour de Force!!

my, = 80385 + 15 MeV
( World Ave — Mar 2012)

March 2012

80.5 _I L I 5 -85 85,18 ] §o0.F O I | A4 5 A I L L WP ATL i \ I D 39 | I L I | Lt I-

L O LEPEWWG (2011) 68% CL (excluding M, mm&dlr«t Higgs exclusion) .

- @ 68% CL (by area) M__ (2009), m N -

- @ 68% CL (by area) M, (2012)m " 1‘6‘ il

8045 — N —

o~ — -

> = _

v 804 B ]

Y 0 4
S

23 Z ]

8035 -

803 —

155 160 165 170 175 180 185 190 195
Miep GV

LHC Excluded a wide range of
Higgs masses in 2011
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LEP Expected to exclude: mH<115.3 Beglnnlng

Excluded: mH< 114.4 GeV of 2012
6 ‘ i
5- Aagd = .-':
— 0.02750+0.00033 Y o h
----0.02757+0.00010 m(H)< 152 GeV/c?
4 -+= incl. low Q7 data : at 950}) CL
N
N Q. 3
2 -
1
EW precision 0 EXC":ldedl N
measurements 40 100 200
m(H)= 94 +222 GeV/c? my, [GeV]
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The Higgs mechanism

The Higgs mechanism has been invented to give mass to the elementary particles.
(Brout, Englert, Higgs - 1964)

The idea is the following:

The photons are massless and they travel at the speed of light in the vacuum.
In relativity: v=c — m=0

In the matter, v < c: the electromagnetic field interacts with the matter and the wave is slowed
down.

This is equivalent to the photon acquiring an effective mass

The vacuum if filled by the Higgs field (107'° s after the big bang) and the elementary
particles interact with it and acquire their mass.

In relativistic quantum mechanic we expect a particle associated to the Higgs
field: the Higgs Boson

This field must be a scalar (no direction preferred, no change with the reference systems,

and the value at the minimum of energy must be =/ 0

w- g
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The Higgs mechanism

The SM Lagrangian must be symmetric, gauge invariant and conserve all the properties.
But particles have mass.
Mass terms like are of the kind “¥ * Wy “ and violate gauge invariance

(¥’ Wg having different quantum numbers).

The Higgs mechanism is able to add masses without breaking the symmetry of the L.
It add a complex scalar fields doublet : }
(i.e. the minimal representation of SU(2)) ¢ — 1 _[¢! +ig, ] 2 (5‘1’ ]
V2 (@ +ig, ) |¢°
With a potential
V(g) =1 (9* p)+ AMp* ¢)°

With p’> <o
Th w@D==( -
e vacuum Sy | 5
: V2 \v+h(x) z i
S| e
' ifi ] / ,)
The scalar field must have specific quantum numbers: /4 | o
¢° > I=1/2,13=-1/2,Q =0 and Y=1, -

.. . : @]
this is necessary to have My=0 (the vacuum is invariant for U(1)g,,)

It must be a scalar, J=0, since it must be a Lorentz invariant. VBN




Gauge boson masses

My= 0 by construction - it forces ¢°to have Y=1
My, =1/2 vg
M, = Vo v V(g2+g2) = 1/2 vg/cosBy, (M, =M, , Z is a mix of B and W3)

2> M,,/M, = cosby,

And since Gy/V2 = g2/8M2, =1/(2v2) > v=246 GeV
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Feynman rules

A
—7 ‘
h Z*
N , 5
™ i g
- — gf”"
e 2 cos? 0,
h / VA
’7
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The Higgs potential

Mass -
| ‘ 2 _ 1 A .
V(e'®) = p’efe + A\(0'0)” = 5’771117 + \/—mhh -Ih'l
Self coupling
m2 = 2\v?
h h h
™ A / _
;Xi . _I_i g° m,, /;___‘(/ - _jg'th
2 mw
he N A n)n \\l 4
L — — | — e
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Fermion masses

* The same Higgs doublet that gives mass to
W,Z can give mass to the fermions

G,v @

L3 = —\/; (eLeR +eR€L) \/é(eLeR +?R€L)h
mass term interaction term with

the Higgs field

7

h il f
e : .#. .
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Higgs properties

v /ﬁl — /J_-.i:.
iy 2 J Ny
i -”'rf h T o . i - . g b .
e — I,l . ':; — . ) , r‘j_ A = —_ I. I iy
" . Lgmw g HL tgmz g
Il" ey
| I 7v
No direct decay to neutral particles
H - vy
a b w
H->gg @l (b) Y
..... H W v
b
(© y
t
_H t
Top is dominating i
¥ e

destructive interference between W and top




Given a H mass, decay properties are fixed

w+5 Z, t,b,c,v,......... + S Y
S e 44

Higgs BR + Total Uncert

102

\ W-Z, t,b, ¢, T,

L

LHC HIGGS XS WG 2011

200

300 400 500

1000
M, [GeV]

56

< G
T(H— =N, —EL_m* (M* M
( 1) < 4l2m (M )My,

G
I(H—=>VV)=08, —E— M (1-4x+12x*
( ) V16\/2_7; H( )ﬁV

where: 6, =1,8, =2, x=M; /My, B =velocity

(+ W-loop contributions)

\ 2 2 7N
T'(H — gg) = MM;{ [1+(9_5__f)&]

273 4 6 T
2
G.o 4
F 3 2
I‘(H—*yy)=—"3M,, che: -7
128271
< 10° ' ‘ 1%
8 | 15
r :g
10 =
1— =
10‘1? """"""""""" 3
102, e e
100 200 300 500 1000

M, [GeV]



Higgs production at LHC

0

= v, Vs=7TeV 1 ggF: NNLO+NNLL QCD + NLO EW
E 10 “acy, 1 — .
T /

; i

g 1% E -- H
El i

10" _; g

i\

107

1000
M,, [GeV]

WH: NNLO QCD + NLO EW A
ZH: NNLO QCD + NLO EW

g’ W/Z g ' 1

300 400 500

\  @H: NLOQCD =

q H g i
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Higgs production at LHC - 2016

T T T I T T T I T

T T | T T T I T T T

PP — WH (NNLO QCD + NLO EW)
1 #A — ZH (NNLO QCD + NLO EW)
p — ttH (NLO QCD + NLO EW)

_10% _ =
8 [ pp—H(N3LOQCD +NLO EW) Vs= 13 TeV i1
2 i %
L 10
+ ot £
I
T 10 E
a F =
a PP — qqH (NNLO QCD + NLO EW) i
5 =

Pp — bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

107 -
1 1 I 1 1 | l 1 1 1

126 128 130
L [GeV]

WH: NNLO QCD + NLO EW
ZH: NNLO QCI) + NLO EW

gt W/z g I

1 1 1 I 1 1 1 l

120 122 124

q H g f

ttH: NNLO QCD tH: NLO QCD

The LHC Higgs Cross Section WG
YR1, YR2, YR3, YR4

ggF: N3LO + NLO EW

8

g

qqH: NNLO QCD + NLO EW
q q

-~ H
q q
Scale PDF Total error
ggF 4% 1.9% ~7-10%
VBF 0.4% 2.1% 2.5%
WH/zZH 0.5-3% 1.5% 4-5%
—] ttH +6% -9% 3% ~13%




The channels at LHC

5 decay modes exploited

Exp Sig (CMS)
@125.7
 bb 2.60
¢ TT 3.90
- WW 540
« 17 6.30
*YY 5.30

oy/M

10%
10-20%
16%
1-2%
1-2%

« and searches in Zy, uu

Improved treatment of the uncertainties on the BR, news from LHCHXSWG

Higgs BR + Total Uncert [%]
o

=
n

1 0‘3 1

—
LI I

1

Zy

ZAN

1 1 11 1 11
LHC HIGGS XS WG 2011

100 1

0 140 160
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H >ZZ->41 (1=e,p)

« The probability that the H - ZZ—>4l is very small
The Higgs boson decays in 41 only in 10% of the cases.

« The events are very “CLEAN”
4 leptons (electrons or muons)
- with very high identification and reconstruction efficiency
- coming from the primary vertex (Higgs lifetime is 1022 s)
- and with very high transverse momentum (p;~15 - 45 GeV)
- isolated (i.e. not inside jets)
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KM (Z,) py: 12 GeV

CMS Experiment at LHC, CERN

Data recorded: Tue Oct 4 00:10:13 2011 CEST
Run/Event: 177782 [ 72158025

Lumi section: 99

4-lepton Mass : 125.8 GeV

e*(Z,) p; : 28 GeV

w(Z,) p; : 15 GeV

e(Z,) p;: 14 GeV

The experimental resolution is excellent, we measure with high precision muons and

electrons.
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A beautiful peak

4 July
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The beauty of an equation is more important than its correctness, e [GoV]
4l

in the sense that if an equation is beautiful, sooner or later it will be
demonstrated to be correct. Paul Dirac
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The 41 mass spectra
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The properties

*  The 4l channel allows to measure the properties (Spin, Parity, mass) of the
Higgs with high precision.

«  The experiments have measured the compatibility of the data with many
different hypotheses.

«  With very high confidence level (more than 99%) the quantum numbers are the
one of the Higgs boson as predicted by the SM.

(S=o0, P=+)

e
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Spin and parity

Most known particles have a property which physicists call "spin": in some experiments they behave
as they were macroscopical objects rotating about some axis. Electrons, protons, photons and even
neutrinos have a spin.

The Higgs boson is not allowed to have a spin: it must be what physicists call a "scalar" particle, a
particle with zero spin. Why?
The reason is somewhat technical.

The first idea to understand is that particles (all particles) are interpreted as excitations of some
underlying field, something like a long string with its two endpoints fixed: if you tickle the string at
one endpoint, a deformation of the original string is created, and propagates along the string until it
reaches the opposite endpoint, where it is absorbed. Photons, for example, are excitations of
electric and magnetic fields. Needless to say, when the string is left untouched (when there are no
electric or magnetic fields around), there is no propagating deformation (no photons): fields are zero
in the lowest-energy state. This is true for all fields, except the one associated with the Higgs boson:
the mechanism by which particles acquire masses is precisely the fact that the Higgs field is
different from zero (it takes some constant value) even when there are no Higgs bosons around.
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Spin and parity

The numerical value of this constant field is long known, and it is a fundamental constant of Nature, much
like the proton charge or the Planck constant.

The second important idea is what we call "relativistic invariance", a difficult name for a very simple thing:
the fundamental laws of physics must look the same for all observers, even if they choose different
reference frames. We call a "scalar" any physical quantity which has just the same value for all observers.
The mass of an object, for example, is a scalar quantity. A vector, such as for example an electric or
magnetic field, or the spin vector, does not share the same property: vectors look different to different
observers.

This is why the Higgs field must be a scalar field: because it takes a constant non-zero value in the

lowest-energy state, this constant must take the same value in all reference frame. This is only possible if
the Higgs boson carries no spin.

from Prof Giovanni Ridolfi (Genova)
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Spin and parity

The particle’s parity, a property which characterizes how differently the Higgs behaves when
observed in a mirror. With the Higgs, there should be no difference; otherwise, the
interaction of other particles with it, and so the mass they acquire, would depend on the speed
and direction with which they travel through the Higgs field.
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Hypothetical X — vy signal
on top of background

poor detector resolution

/

good detector resolution

pp — yy background

My

In the yy final state the background is dominating
(2 photons produced by quark interactions)

The 2 photons do not leave a track in the tracking detector, only an
electromagnetic shower in the calorimeter. Thus their primary vertex is not
know with precision.

This can be an additional problem when working with high pile-up, high
instantaneous luminosity.

W-" -
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Recorded Luminosity [pb "/0.1]
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H > WW= Ivlv

This channel is more complex, since there is the presence of 2 neutrinos, thus
“large missing energy”.

The background is dominating.

The neutrinos having m~0 are Left-Handed , thus their spin is opposite to the
momentum directions. Thus we expect to have the 2 leptons going in the

H S=0
W S=1
Ve

direction. /
e+
V5=1 7
ARV o S=-1/2
W 5=0,0 /’ e+ S=1/2
e

S=1/2
S=-1 e- [

e- S=-1/2
v
V4
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H >WW-Ivlv
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H - bb

Higgs decay into bb quarks.

The b quark is identified via its decay (it has a long lifetime) , but the ID has not
high efficiency and purity. Background is dominant.

o(bb) ~ 107 c(H ->bb)

35.9 fb' (13 TeV)
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my = 125.09 + 0.24 (£0.21 stat + 0.11 syst) GeV
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The SM: a long journey

°* 54 Yang & Mills define the gauge theory for massless particles (interaction between
particles and gauge fields). The theory is renormalisable.

61 Glashow the EM and Weak interactions are of the same kind, but the propagators
are different: one has M=0 the other M~100 GeV

* 64 Brout, Englert, Higgs et al: the Higgs mechanism

° 67'68 Weinberg and Salam: Spontaneously broken gauge theory: Yang e
Mills + Higgs > SM th of EW interaction

e 70 ‘t Hooft: : the sM th of EW interaction is renormalizable

« 73 Gargamelle : discovery of the week neutral current
« 83:Ua1 & UA2: W and Z discovery

* 89-2000: LEP and HERA: the triumph of the SM

« 95: Tevatron: top quark discovery

« 2012: LHC: discovery of a Higgs like boson
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...and the LHC, Atlas and CMS long journey
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