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>0) Introduction
- What is the Standard Model?
- Coupling constants, masses and charges
- Units and scales

>1) Interactions
- Relativistic kinematics
- Symmetries and conserved quantities
- Feynman diagrams
- Running couplings and masses

>2)Quantum electrodynamics
- Test of QED: Magnetic momentum of the muon
- Test of QED: High energy colliders

Alvaro Lopez Solis | Introduction to the Standard Model I- DESY Summer student program | 21.07.-25.07.2022 | Page 2



>3) Strong Interaction: Quantum-Chromodynamics
- A short history of hadrons and quarks
- DIS and gluons
- QCD and its properties

>4) Electroweak interactions
- History of the weak interaction : B-decays
- Parity violation
- CP-violation
- GSW mechanism and CKM
- Experimental verification

>5) The Higgs
- Why is it necessary ?
- How was it found ?

> Beyond the Standard Model (brief)
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Weak interactions:
Electroweak unification



A little bit of history: the B~ decays and radiation

> Discovered with radioactivity. Initially, only observed that nuclei emitted one
electron and the atomic number was unchanged.

> Puzzling at the time:
o Spin of the nuclei unchanged or integer change — electron with spin 2. How ?

o Energy conservation: if only electron is emitted, energy should have a defined value —
But continuous

> Pauli’s proposal: neutrino
Detected in 1956 (Cowan.Reines)

Intensity [arbitrary units]
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Electron Energy [MeV]
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https://www.science.org/doi/10.1126/science.124.3212.103

A little bit of history: Weak interactions

> |n addition, B~ decays usually have a long lifetime ( e.g. isolated neutron
having a half life of 10 mins)
o Lifetime depends on interaction’s strength — \Weak interaction !

>Fermi theory proposed as explanation of beta-decay
— four point interaction

>Coupling constant G. measured
from lifetime of muon: 1.6637 x 10° GeV2

>Suggested generic four point interaction (a la QED) e
Gr, - -
M = ZE 0" ) et n .

>Fermi's theory successfully described decays but incomplete.
Weak interaction decays started to show strange behaviours w.r.t electromagnetic and strong

interactions
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Let’s go back to the properties of an interaction

Helicity Right-handed: Left-handed:

Particles whose momentum direction

. : = >
aligns with spin — right-handed particles P 2
Particles whose momentum direction
aligns with spin — left-handed particles
Dependent on the reference frame.
Parity Charge conjugation
Mirror the coordinates of the particle. Change a particle by its anti-particle

Changes sign of momentum, coordinates
Spin doesn’t change sign.

Parity Transformation =4.7 MeV/c?

: "o

j <= |
.
This world “Mirror” world
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Let’s go back to the properties of an interaction

Chirality
Identical to helicity in the massless case but something more complicated

It tells how two separate components of a fermionic field change under Lorentz boost
(space-time change) — Weyl spinors. Each fermion has a left-handed component and a

right-handed one

‘Canbrat Lo tramsformation Y

0: angle in space rotations

5io 6 — -0' ¢ 0 ] ®: boost (time and space rotation)

S—exp[ 0 %ia-0+%a‘-¢

Spinor of fermion: 2 terms (Weyl spinor) with 2 I

components ) . . |
Yr = exp (—ia‘ ‘00— —o- 4,) YR right-chiral /

w 2 2
v=|"E , 1. 1
(173 Yy = exp (510” 0 + 20 ¢) (9 -1

Mass terms in Lagrangian \/
—mPY =—m(eLer + erer) -i

1
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What'’s the strange behaviour ? The 7-0 puzzie (1956)

> Additional measurements showed interactions similar like the 3-decay.

4 u v . 4 u |J+
. W+
L weak
0 lectromagneti + , .
n’ < u ;’?ecr;gtioig etic | xt interaction
u ; d i
; ” : !

\

Mean life 7 = (8.52 + 0.18) £ 10~17 s)) Mean life T = (2.6033 + 0.0005) & 10—8 5 )
>In the 50’s, two particles were observed: 7" and 6*.7-6 puzzle
7T > atataT P(r7) =P atn")=—1
9+ _s +0 P@O") = P(rnta?) = +1
> Decaying into different states and different parity .... Same mass, lifetime,
charge, spin ....

> Proposal that both particles are actually the same particle (K*)but parity
violation in the interaction.
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B-decays of Co®’: Parity violation of the weak interaction

Co® atoms aligned with magnetic field
Experiment of Madame Wu

Check decays of Co® into Ni®°. Align
+ + Co°° using a uniform magnetic field
and reduce thermal motion with
Q low-temperature experiment. 2y from
Ni* de-excitation, isotropic. Anisotropy
would show how Co® was aligned. If
parity symmetry, no preferred direction
of the electron from this decay.

g?Co — ggNi +e + 7.+ 2y

Scintillator (for
measurement of
gamma ray

polarization)x
Dewar

Scintillator

Photomultiplier

Light pipe

CeMg-nitrate + °Co specimen

Solenoid (for specimen
polarization)

Scintillator (for
{ measurement of
gamma ray

polarization)

Magnet (for cooling by
adiabatic demagnetization)

_
liquid helium \}\quuid nitrogen
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B-decays of Co®’: Parity violation of the weak interaction

13 T T T = T T T

Co® atoms aligned with magnetic field |

Q) EQUATORIAL COUNTER
b) POLAR COUNTER

If parity symmetry, no preferred decay o § s
60 60N 1+ o= 1 I * 3/ d
07C0 = g Ni+e™ + v, + 2v 8
1 I 1 1 1 I I {
GAMMA-ANISOTROPY CALCULATED FROM (a)&(b)
. W)~ W(O) 7]
€7 dioke W(%) _
FOR BOTH POLARIZING FIELD

UP & DOWN

il )
0 | 1 1 1 1 1
T T T— 1 ) T T T
1.20 B ASYMMETRY (AT PULSE =
z HEIGHT 10V)
3 H XCH
wlA LoH x« M Etsncs A#qGE =
—lw
Bl |
[+ 4 é .X
© 1.00 £ X .o
Zle »
=z
3|2 o0s0 =
3|3
o
S=5 S=4 VY - J
[ 1 1 1 1 1 1

05— 2 4 6 "8 "0 12 & 16 8
TIME IN MINUTES

Observed that electrons are preferentially emitted in opposite
. . . F16. 2. Gamma anisotropy and beta asymmetry for
dll’eCtIOI’l tO nUCIGUS Spln polarizing field pointing up and pointing down.

Weak interaction violates parity (maximally)
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First proposal of a QFT for weak interactions

Feynman and Gell-Mann proposed a QFT where the force field is V-A
interaction

Explanation of Wu’s experiment : weak interaction only with left-handed states of particles (and
right-handed anti-particles)

Vector-axial symmetry — Interaction only happens between left-handed particles (or
right-handed antiparticles).

er = (1 - ys)e~__
/=
er = 7(1+7s)e

e
QFT theory still allows the f{ i >.,\N\< g
d v

CP-symmetry

7,7 (1= 5)p| [e1a(1 = 5)ve(@)] + coc. .

ol

Change parity of the interaction and change particles
by anti-particles — Same probability. Iy >uvv\< "
: - m
Experiment of Wu didn’t show any problem
CP-symmetry
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Further problem: K% and K° and CP-violation

Experiment of Christenson-Fitch-Cronin-Turlay: link
Two neutral kaons (meson with one strange quark) were known with same mass and properties

but two different lifetimes and decay types: K°, and K°

KOL,T=5-1 : 10_8S(C’E= 15 m) KE g 7.‘.07.‘.07.‘.0/7.‘.+7.‘.—7.‘.0 ,CP = —]

> Lifetimes typical of weak

interaction np—
> Experiment with a beam of

neuptral kaons. If beam |Ong “-:— - .-;-:-:;:4?5:&:;:;:2:1:i:=:4:':':':.:,:? 5

. : 0 22777
enough, enriched with K7, . |
57 Ft 'o‘———‘i Helium Bag . . /

> If Only 3'”' decays, no CP internal target Scintillator C:Ir::m

violation.
FIG. 1. Plan view of the detector arrangement.
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Further problem: K° and K° and CP-violation

Experiment of Christenson-Fitch-Cronin-Turlay: link

k

Two neutral kaons (meson with one strange quark) were known with same mass and properties
but two different lifetimes and decay types: K°, and K°

K%, 1=9.0-10"" s (ct=2.7 cm)
K°,t=5.1-10"%s (ct=15m)

> Lifetimes typical of weak
interaction

> Experiment with a beam of
neutral kaons. If beam long
enough, enriched with K°,.

> Observed more events than
expected and associated to
production of 21!

K — n%7n°/ntn~

K — 17070 /ntn—m

0

CP =+1
“{OP'= —1

—— DATA

(b)

----- MONTE - CARLO CALCULATION
VECTOR f «0.5

f+

0.998

0.9199
cos @
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Further problem: K°S and K°Land CP-violation

Experiment of Christenson-Fitch-Cronin-Turlay: link
Two neutral kaons (meson with one strange quark) were known with same mass and properties

but two different lifetimes and decay types: K°; and K°

CP =+1

K — n%7n°/ntn~
o ;CP=-1

K%, 1=9.0-10"" s (ct=2.7 cm)
K%, 1=5.1-10"%s (ct=15m) K — 777 /ntn—

= As we know today, the reason is that KOS and K0 are actually a mixing of the

strong interaction eigenstates K° and K°
> Mass and charge of the interaction determined by QCD and QED (this is the

particle we see).
> But QCD eigenstate is not weak eigenstate. QCD eigenstate = composition of

weak eigenstates — Turn CP=1 state into CP = -1 — CP-violation!

- u,ct
K° and K° can turn from qd S
one into the other: KO W i o
“‘oscillation” S d

u,c, t
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Towards a QFT of weak interactions — Electroweak

>Problem: Divergences! Theory only valid at low energies

Ly = 3—% 7,77 (1 = 5)u] [Ena (1 — ¥s)ve(@)] + cc. .

_ _ ier
e Flve—€ Ve __ F 12
g = —FEaou

Additional problems:

> Radiative corrections divergent (but needed)

> Unitarity violated at high energy (cross-section goes to very large values)

> Loop processes such as K° mixing meaningless/incorrect

> Need theory which includes Feynman theory but does not diverge at high energies

1960-1968: Formulation of electroweak unification
(Glashow, Salam, Weinstein) — massive W/Z bosons + massless vy
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Gauge theory for the weak interaction — Electroweak

A gauge theory is a QFT theory that is invariant under local transformations
Local transformation = transformation that is not the same in all space — x+Ax with Ax = f(x)

This is the way that interactions are introduced in the SM — Find a variable/symmetry

of the interaction and formulate a theory including a new gauge boson that would
make the lagrangian invariant.

Invariance under phase transformations?
Lagrangian of the free Dirac field Physics should be similar

U( )_>ezq’\(.1:)/h ( )
w() w( ) —ig\(z)/h

ahe—t N @) [ h e p 2 A(r)/h
Introduce A  to absorb 3A(x) £ = e ¥ (iheyd, — me*)e
M . / - lr (Lh(mn(aﬂ i anuA( )/h) )
1

A“‘ — A“ + 8“/\(.13)/ Du = 8;1, - EQA,L

L = P(ihey"d, — me* )y —

Lagrangian of the QED (U(1))

) L= J)(iﬁ(:'y“D“ me ) F},,,F e
L = P(ihey* (8, — iqA, /) — mc®)y

X%
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Gauge theory for the weak interaction — Electroweak

Transformations are described by a Lie group of transformations — Includes the
whole ensemble of NxN matrices that make a transformation possible in a space
defined by N-sized vectors.

In QFT, we us unitary matrices U(N) and SU(N) (with det(U))=1
e Each transformation can be described by a set of N>-1 matrices — generators
e In the context of QFT, one gauge boson per generator

A complex example: SU(3) or also called QCD !!
e Strong interaction behaves equally for 3 different colors — Gauge invariance from color
transformations — 3 different directions : red, blue and green gluon
e Transformations between 3 colors leave invariant the lagrangian

e 8 different generators — One gauge boson per generator ! 8 glu (D/,L)ij — 51.3.3“ — z‘g

A, generators of rotation in SU(3)

X —39s ‘;qR A (e . (

i
i 0 10 0 0
o, ¥=[0 -1 0],x=10
0 0 0 0 1
0 1
1], T4 i, 1
0 ) =2

0
i
0 10 0 °
% 0
= —ig, (1 00) [1 00 1 (
0 00 0 '
qu ¢qR
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Electroweak interactions

Usually observed charged (positive and negative) interactions with
long-lifetime — Propose mediated by two charged heavy bosons!

> Consider W+/W- as doublets of the charge current
> Introduce in QFT — Postulate SU(2), symmetry acting only on the left-handed fermions.

o Observed that weak interaction between two distinct particles — Introduction of weak

isospin o
o A 3rd gauge field — Introduction of neutral current ! WL ( v )

e
> Try preserving SU(2), and U(1 )Q symmetry — Introduce Hypercharge Y to preserve U(1),
> Arrive at a unified interaction with massive W/Z boson +massless y

(" -

+ u e u* m W- o

'IT< -|-|-<

Y
H v

~ x
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Electroweak unification !!!

@ Glashow, Salam and Weinberg unified electromagnetic and weak
interactions to electroweak interaction

@ Gauge fields are linear combinations of
B* (U(1)y weak hypercharge with coupling g’), and
w23 (SU(2)r weak isospin with coupling g)
1
V2
Z = cos Oy W3 — sin Oy B®

A = sin Oy W3 + cos Oy B°

WE = _—_(W!Fxiw?

@ with the masses related (at tree level): my = mz cos Ow
and 6y, the weak mixing angle with

/

. g
sin Oy = : =
Va?+g
GF \/i g2 B
0 — — — 5 2
GF - - B 1.1663787(6) & 10 Gev 2022 | Page 20 B\EvS/Y{

Alvaro Lop| (hc)3 8 M2 4

w¢ ~ée




Electroweak interactions

Left-chiral fermions Right-chiral fermions
Weak Weak
Fermion Electric = Weak Electric = Weak
family charge  isospin " charge | isospin ypee
0 T charge 0 T charge
3 Y 3 Y
Vi Va ¥ 0 +% -1 No interaction, if they even exist 0
Leptons |—F =
e, u, 1t | -1 -3 -1 |epHpTp| -1 0 -2
u, C, t +§ +% +% uR' cR’ tR +§ 0 +§
Quarks 1 1 1 1 2
dsb ~3 “2 *3 |9rSmbr| -3 0 "3
Sssaction Electric = Weak Weak
Boson  charge isospin hypercharge
mediated
0 T3 Yw
Wt +1 +1 0
Weak ki I
ST = - from wikipedia
Electromagnetic Yo 0 0 0
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Flavour and weak interaction: CKM matrix

> In the 60’s, together with parity and CP-violation, observed:
o u—d,e—-v, - v, transitions with weak interaction had same
probability to happen
o AS =1 transitions had % of probability of occuring than AS =0

> We have seen that weak interaction eigenstates are not electric or strong
interaction eigenstates — Mixture of quarks are weak interaction
>Nicola Cabibbo introduced mixing angle

' %,
!d’] N [ cos 6, sm0cl [d] o [ 13
Pl - S S
P sinf. cosf,.||s 2 | d= cosb.d + sinfs | _
) 8 =—sinf.d + cosb, s @
Vas|  0.22534 o 7

. - 6, = 13.02°
MO = el _ O97AZT © 5
® O
; D
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Flavour and weak interaction: CKM matrix

> GIM: using Cabibbo theory and GSW theory, cannot explain K° - K® mixing — Introduced

the c- k
€ cquar cosf, —sinf u, c
d S d > > > S
U, € U, 6 W W
5_' & § .. < - d
sinf, cosf u,c
> CKM matrix: Cabibbo-Kobayashi-Maskawa oyt - - - -
! d’ Vud Vus Vub d

observed that the current Cabibbo matrix (2d and
u,d,s,c) couldn’t explain CP violation (can rotate 2d s' = Vg VCS Vcb i | s
matrix to absorb any phase)

o Added a 3rd generation _ b L il Vzd Vts th LY b A
o CKM matrix explaining mixing in charged
currents with quarks Same matrix for leptons (PMNS)
01201—3 812;13 s1ze s
—812C23 — C12823513€13  C1aCp3 — S12823813€13 823C13
S12823 — C12C23813€" 1 —C12893 — S12C23513€°1  Cp3Ci3
5
fo=-L e 27 ] w ene,




Evidence of GSW validity: neutral weak interaction

> Neutral current discovered in 1973 with Gargamelle at CERN by
observing ev — ev

> Before this: no observation/indication of neutral weak currents

chamber

n
\\\

i@tu

N
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Evidence of GSW validity: neutral weak interaction

The first picture of a neutral weak process
L e B

The neutrino enters from below (leaving no
track), and strikes an electron. which moves
upwards, emitting two photons (visible via the
e+e- pairs from subsequent conversions)
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Evidence of GSW validity: Angular relations

>Angular distributions changed by electroweak interactions

dog” @f 5
M ———— A ‘
o 43( + cos” ¥ + Acos )

120 T T T T ] T T T T ] T T T T ' T T T T

>Total cross sections
unchanged

>Reason: V-A structure
of neutral current (NC)

ete -
V& ~345GeV

PETRA |

“JADE Angle between
30 - & MARK-J iti . . *
ipos positive incoming |
" TASSO and outgoing
fermion i
0 1 1 1 1 l 1 1 1 L I 1 1 1 1 ] 1 1 1 L
-10 -05 0 cose 05
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Evidence of GSW validity: Discovery of W boson

Missing transverse energy
in events with £, > 15 GeV

g
s I | 1 ¥ I
I .
|

..,»-.._,-.... u,-.,-__‘-_—_-—__—_—_-'__'__,

’ Missing transverse energy 4 UA 1 -
~ B 68 W —ev
> EVENTS
o 12K 1
-
. ¥
vy
—
E sr .
>
("8}
L - -
0 ] ] I ]
0 20 L0
mw = (80.9 & 1.5 £+ 2.4) GeV AEy (GeV)

C. Rubbia, Nobel Lecture, 1984
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Evidence of GSW validity: Discovery of Z boson

electron .+

UA1 + UA2Z
Drn (e*e”)

m (p )

1 -

L R

0 20 40 60 80 100

dN/ dm (events 7/ L GeV/c?)
o
1

pp—=Z°(—e'e)+X

Invariant mass of 1717 pairs

my — (95.1 - 2.5) GeV

1983: first signals with 6 W — ev and 4 Z — ee events
1984: Nobel prize for C. Rubbia (UA1) and S. van der Meer
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EWK tests: o(e*e” — W/Z) production at LEP

%10 TUBL UL o L [ L R R LI | | U [ L R L LT
= V4
=
g
210 " g Fi
2 g e ¢ —hadrons ]
55
10° | E
3 ; C?SR [ ) TE%E‘ XxX7" 1
10 “ FDORIS 1 @ﬁé’ %"%’A =
C PEP :
i’ T PETRA : S
| KEKB L i SLC i
PEP-II -~
10 -E._ 1 | | IIJE:PII | | LEP I:I[ | _é
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

Precision tests Tests of the

of the Z sector W sector
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LEP: Cross section of e'e” — p'w

3
& DELPHISIS =55
ety F,(cosf)
@
% e —> () Fy(eost)
’8 Fz(cos6)
e
i
o
O 0.8
0.6
4 o+
0.4 g P+2 ¥
| *}+ +#+
0.2 P_2+ SR S
Vs 05 0 05 1

e 212 2 & 9
3 QeQu(l + cos® 0) = (1 + cos” )
Q.Q ) e
i 8 Cgsz Oy 2979y (1 + cos? 0) + 4g %' cos 0]
it

e? e? /-L2 M2 2
TR [(9v +924)(gv + g4 )(1+cos”0) +

89% 99y 94 cos 0]

Terms o« cos0 in do/dcos6
— asymmetry

1(0)
A do
UF(B) 73 dCOSOdCOSH
0C=1)
— OFr—0B
AFB - orp+oB

0@ -
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EWK tests: o(pp — W/Z) production at LHC

50—

Status: February 2022

L T T l Al

Th NNLO =
I ; M;"S’:rimem’ ATLAS Preliminary -
200

Epp—)w Ypp—)Z/y'

2.76 TeV, 4 pb ™', EPJC 79 (2019) 901

5TeV, 25 pb™’, EPJC 79 (2019) 128
150+ 7 TeV, 4.6 fb", EPJC 77 (2017) 367

= 8 TeV, 20.2 o, JHEP 02, 117 (2017) (for 2)
= 8 TeV, 20.2 fo”, EPJC 79 (2019) 760 (for W)
n 13 TeV, 81 pb™, PLB 759 (2016) 601 (for W)
13 TeV, 3.2 fb", JHEP 02, 117 (2017) (for 2)

100

Total production cross section [nb]

S0

O G T S N R T R N R T S N I (. T N R R T M S

L | L
2 4 6 8 10 12 14
Vs [TeV]
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Consistent picture of electroweak parameters

ATLAS W-mass measurement

Measurement Fit [O™*_oM|sMeee
LEP 0 1 2 3 ATLAS ® my
Aol (m,)  0.02750 + 0.00033 0.02759 s
m,[GeV] 91.1875+0.0021 91.1874
LEP Comb. P 80376+33 MeV
I, [GeV] 2.4952 + 0.0023 2.4959
Ggad [nb] 41 540 4 0037 41 478 Tevatron Comb. Y 8038716 MeV
R 20.767 + 0.025 20.742 LEP+Tevatron g 80385:15MeV
Ag 0.01714 + 0.00095 0.01645 i N ——
A(P.) 0.1465+ 0.0032  0.1481
Electroweak Fit _?ﬂsseza MeV
R, 0.21629 + 0.00066 0.21579 | . . !
80320 80340 80360 80380 80400 80420
R, 0.1721+0.0030  0.1723 m,, [MeV]
AlP 0.0992 + 0.0016  0.1038
= m,,-m_-m_ dependence
AL 0.0707 +£0.0035  0.0742 W't H
A, 0.923 +0.020 0.935 > C aras 00 B =m, =8087020019Gev
A 0.670 + 0.027 0.668 O, 806 B m, = 172842 070GeV
. E; E - m,=125.09 = 0.24 GeV
A/(SLD) 0.1513+0.0021  0.1481 80.451- % 68/95% CL of m,, and m, —
sin07(Q,) 0.2324+0.0012  0.2314 ; R
m,, [GeV] 80.385+0.015  80.377 i = -
I [GeV] 2.085 + 0.042 2.092 soss i e E
m, [GeV] 173.20 = 0.90 173.26 [ ]
80.3 :_ ...... s 68.,95% CL of Electroweak_:
March 2012 0 1 2 3 E Zlﬂ:chamg4) 3046) E
_ | 8025 "yeg""470 175 180 185
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Higgs boson mechanism



But why was the Higgs predicted?

> Problem with electroweak unification:

> (Gauge invariance implied mass less gauge bosons and fermions
o Mass terms are not allowed for gauge bosons

Lagrangian of the QED (U(1)) + mass term for gauge bosons
M ]' v 1 2 H
L = Y(ihey* D, — mc*)y F,WF — —2-m A“A
Mass term + gauge transform A“ — Al, 5 B“A(:I?)
.
+%m2A“A“ — —l—%mzAuA“ + mzAuc‘?“A - %mzc‘?“Aa“A

Breaking of gauge symmetry — Forbidden mass terms
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How can we get massive gauge bosons — BEH mechanism

We know weak interaction must have massive gauge bosons—
Spontaneous symmetry breaking

Symmetry is formally kept in the Lagrangian, but in reality, the ground state of the theory
doesn’t preserve the symmetry.

EHz'ggs — (quﬁ)f (Du¢) - V(d))

> Add scalar field with a particular potential
> |If y? > 0, potential follows the “Mexican”

2
hat form V() = —pilo+ A (¢T¢)

o Minimum of potential is not for <P>

+
= 0 but for: ¢=((ZO>—’_“
1 0 ik
@=7 (o)

v = Vacuum expectation value (VEV)

> Ground state of field, a certain value
with v = p2/A

> Excitations around VEV. Quanta of the e
field — Higgs bosons
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Brout-Englert-Higgs mechanism — Higgs boson

> When spontaneously breaking the GSW SU(2), X U(1),,, got a residual
symmetry U(1), — Associated to QED

> 3 massive bosons (electroweak bosons)

> Massive scalar (Higgs)

> Electric charge as function of weak isospin —T ly
and hypercharge. Q 3T 3w

SUQ2)L@U(l)y — U(l)g

Mass terms for gauge bosons Mass term for fermions

2
Lyw=flpoer+ fuqrdur+ faqr ¢dr+ h.c

Ly % er + erer uR + ﬁRuL)R +dgdyr)

PN W)+ (W) + (oW - 9'BL)’]
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Where is it ? The Standard Model's biggest triumph

Even before the direct discovery, indirect constraints on Higgs mass
though connections with W and top

miz—{i/f, — ’y)z(cosOW sinOw)(B)
2 VA —sinfy cosfy / \ W3

g v mw
mw = —/— —

2 " cos Ow
1/2
| T Oy, 1
e \/5 G sin 6, radiative corrections

F H
2 H
w m
W,Om:;L WQ(M '\A/VV\Q\AN\N
W W H A W
)
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LEP: Quantum corrections and the Higgs

o)
o
o

L I I I I I I I I I I I 0 I I 1 1 1 pg 1 1 I I
S % B I [ B ] | 1
[ - [} 68% and 95% CL fit contours : | mgin Tevatron average + =
O, -  w/o M, and m, measurements b
Eg 80.45 —  68%and 95% CL fit contours A
i w/o M,,, m and M, measurements al
- M, world average + 1o o 4

80.4 ;
80.35 — =
80.3 — —
e e - 5 4 —
80.25 — o0 o : ~
- @g?' @.{’\ : fitter|svff
_."I" | | | 1 | | 1 -’1‘ | . E | | | I | | | | i
140 150 160 170 180 190 200

m, [GeV]
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WW — Fvaq 3
WW — ['vIv ]

=y
=
o
o0
X
o)

ZZ — I'vv
ZZ — I'TT

.
e,
.
L D
e

R
Bl 28

LHC HIGGS XS WG 2012

250

Low mass (< 140 GeV)

H — ~v
Rare decay, but distinct signal

H— Tr
Enhanced in MSSM, also contributes
to SM search

H — bb

Main search channel at LEP and
Tevatron, important to study Higgs
properties

M, [GeV] -
Intermediate and large m g (2 130 GeV) ! '
H—> WW t ’
. . i ¢ i M= L)
Large signal yield ; b
H — ZZ
Y Y

Very clean signal if both Z — ¢¢




@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST




H— vy

=2000 - CMS Preliminary

[}
(D1800F 1s=7TeV,L=5.11b"
5 C \s=8TeV,L=5.31f"

—e— S/B Weighted Data

C o
B +20

S+B Fit
Bkg Fit Component

40
m,, (GeV)

Events/5 GeV

H—-ZZ
401 - ooa 2011 2012 ATLAS
C iggs Boson *
35 :_ m,=124.3 GeV (fit) !'_sl,_>7ZTZeV7|fI<-ilt 4.6 b
- Background Z, ZZ* o gl
F [ Backgroundz,27 ooV [Ldt=207 b
~ [ Background Z+jets, ff
30— % syst.Unc.
25
20(—17
15
101
511
o 1

100 150

250
m,, [GeV]

LHC is running at 13 TeV since 2015 — much bigger sample will be corrected in

the next year — precision Higgs physics, possibility to discover the open ttH

coupling
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The last missing piece in the Standard Model

Higgs boson production modes

Higgs boson decay channels

Illlllllllllll]lllllllllll
ATLAS e Total | Stat. == Syst. | SM
Vs=13TeV, 24.5-79.8 fo
my, =125.09 GeV, |y | <25
Py =% Total Stat. Syst.
o = 113 2043 (7012, +0.06)
Ovar/ Oggr = 128 (R0
0.59 0.44 0.39
O/ Oggr E 124 T02s (D35 .+ Zoze)
r 0.47 0.37 0.30
O 21/ Oggr %—' 101 o3¢ (L0290 Zos )
0.31 0.24 0.20
Syipietts OagF = 120 055 (1051 5 o7 )
Byy/Bzz- ——— ool o
Byw/Bzy == 684 Tou Uer el
B./By == 0ss 02 (0. TR
B._/B FHe—— +038 ,+027 +0.26
bE/ 2z — 093 _o27 (o021 + —018 )
1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1

1 1 I 1 1 1 1 I 1 1
1 1.5 2 2.5 S
Parameter normalized to SM value

138 fb™ (13 TeV)
e Observed [7]+1 5D (stat)
w— +1 SD (stat @ syst) . +1 SD (syst)
— +2 SDs (stat ® syst)

B H Stat Syst
l»‘-ggH -.- 0.97:2:2: 20,04 jﬂ:
“VBF _a" 0.80:012 :?: 3:::
My i 1445 a1

1

tH

O P

+0.22 +0.09
1.2905 =020 Tyq4

+0.20

<013
0947, 015

~0.12

+206 +1.69
~1.89 -138

+2.66
—>{6.05'2%

PETIETE PEEPS FEPITES BT
0 05 1 15 2 25 3 35 4 45

Parameter value

CMS 138 b™ (13 TeV)
® Observed []21 5D (stat)
= 1 SD (stat ® syst) [0 =1 SD (syst)
— 22 SDs (stat @ syst)

B : Stat Syst
w' = 1.13:008 w008 %
u# -E— 09751 007 ‘aoe

pw '.' 0.97+009 1005 1008
[Thas —.-h 0.85:0.10 006 =008
ol g RS an 10
uH —‘*—: 1215 2% G
ol e 1

PEPETErS B aa g
0 05 1 15 2 25 3 35 4
Parameter value



Beyond Standard Model



The Standard Model: Free parameters

The standard model establish relations between different parameters
However, some of its parameters cannot be known a priori — Experiments
o Particle masses

o CKM parameters

o Gauge couplings at a given energy: strength of forces

o CP properties of QCD

o Parameters of electroweak symmetry breaking: vand m

Parameters of the Standard Model [hide]
Renormalization 11 | 63 CKM 23-mixing angle 2.4°

# | Symbol SesoaRion scheme (point) Value 12 | 645 CKM 13-mixing angle 0.2°
1 mg Electron mass 0.511 MeV 13|46 CKM CP violation Phase 0.995
2 my Muon mass 105.7 MeV 14 | g4 or g' | U(1) gauge coupling s = mz 0.357
3 m Tau mass 1.78 GeV 15 | goor g | SU(2) gauge coupling s = mz 0.652
4 |my Up quark mass s =2 GeV 1.9 MeV 16 | g3 or g5 | SU(3) gauge coupling Hjs = Mz 1.221
5 my Down quark mass s =2 GeV 4.4 MeV 17 | Bacp QCD vacuum angle ~0
6 | mg Strange quark mass Unis = 2 GeV 87 MeV 18 | v Higgs vacuum expectation value 246 GeV
7 |m, Charm quark mass Ui = M 1.32 GeV 19 | my Higgs mass 125.09 +0.24 GeV
8 |my Bottom quark mass s = My 4.24 GeV
9 m Top quark mass On shell scheme | 173.5 GeV
10 | 645 CKM 12-mixing angle 13.1°
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The Standard Model: Extremely predictive

Once parameters are known, everything else is “fixed”

Standard Model Total Production Cross Section Measurements
memmmﬂ_mﬂ\mﬁv

PP

tt—chan

Wt

WW

Wz

Y44

ts—chan
ttw
ttZ
WWW

WWZ |
tttt

10~° 10~* 102 102 107

4r7%0730185091mwm]

COMPETE HP! R!RZ(meory)
o =95352038+13 &
COMPETE HPR1R2 (! wy)

r~l901102164
0+C TuNNLO(tzwy)

nr—-ll269:31nb
DYNNLO + CTMNNLO(My)
-1:987110028:2191nb ta)
DYNNLO + CT14NNLO (! )

ATLAS Preliminary
\Vs=7,8,13 TeV

-r~58433003xl660b(dala)
DYNNLO+CT14 NNLO (theory)

1773424x0032092v\b(¢!la)
DYNNLO+CT14 NNLO (theory)

17729531003.:077 b(ﬁta)
DYSWLOBCTDNMO(m

o= 82642361196 )
10p++ NNLO+ Lrbriwy

o 2"29:17:36{‘7}x
1op++ NNLO+NNLL

o 1329:31:6‘?3
1op++ NNLU

o= 24716146

OML(W‘
o 896:l7+72 6490(631))
NLO+NLL (theory)

o 6822:890(&23)
NLO+NLL {

c=94+10+28-2 p(darx)
NLO+NNLL (theory)

o =23+13+34-37pb(data)
NLO+NLL {theory)

4
0
o

Op

a
A

°

=

PUB-2022-009

M RARRRERRE RERES RARAS B

Op

=16.82 2.9 3.9 pb (cata)
7= NLORLL {ineony

.r_555x32+24 2.2 pb (data)
LHC-HXSWG YR4 (theory)
c=271743+23-1 (da
LHC MW VA4 (oo
o =221+67-53+33-27pb (daa)
LHCHXSWGYR‘( y)
.v—lsooululowb(dala)
INLO (theory)

ry)
o= 68.2 +1.22+46pb(data)
NNLO (theory)

o=51922244 data
£ NNL a(v*\eoryfbl )

0-51108:23%5 )
o=243206+09

MATRIX (NNLO| (tiaory)
r=19+14-13+1 (cata)
7= MATRIX (NNL )(ﬁw)

l73x06x08:b
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o= 73:04+04 0.3 pb (data)

NNLO (theor

¢¢ .
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o
o

a
°
o

0o,

eory|
o =067207+05-04pb (data)
NNLO {theory|
o=48+08+16-13pb(data)
NLO+NNL (theory)
o =8702130+ Nob(dmaz
Madgraph5 + aMCNLO (theory)

o = 369 4 86 79144’!)(&(3)
MCFM (

o 990t50f805hic b
Madgraph5 + aMCNLO (theory)

o = 176 + 52 - 48 £ 24 1b (cata)
HELAC-NLO (theory)

o = 0.82+0.01 + 0.08 pb (data)
NLO QCD (

o 055x014+015 013»(&\:)
Sherpa 2.2.2 (theo

24+4
st o
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o
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10°

f[ﬂt Reference

(L

50x10°% PLB 761 (2016) 158

8x10°® Nucl. Phys. B, 486-548 (2014)
0.081 PLB 759 (2016) 601
20.2 EPJC 79 (2019) 760
46 EPJC 77 (2017) 367
3.2 JHEP 02 (2017) 117
202 JHEP 02 (2017) 117
46 JHEP 02 (2017) 117
36.1 EPJC 80 (2020) 528
20.2 EPJC 74 (2014) 3109
46 EPJC 74 (2014) 3109
3.2 JHEP 04 (2017) 086
203 EPJC 77 (2017) 531
46 PRD 90, 112006 (2014)
3.2 JHEP 01 (2018) 63
203 JHEP 01, 064 (2016)
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203 EPJC 76 (2016) 6
45 EPJC 76 (2016) 6
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203 PLB 763, 114 (2016)
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36.1 PRD 97 (2018) 032005
20.3 JHEP 01, 099 (2017)
4.6 P PPty
20.3 LB 756, 228-246 (2016)
36.1 PRD $9, 072009 (2019)
203 JHEP 11, 172 (2015)
139 Eur. Phys. J. C 81(2021) 737
203 JHEP 11, 172 (2015)
139 arXiv:2201.13045

79.8 PLB 798 (2019) 134913
139 JHEP 11 (2021) 118
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The Standard Model: Extremely predictive

Once parameters are known, everything else is “fixed”

Standard Model Total Production Cross Section Measurements [Ldt
Ty W ey (7]

Reference

[T i ; = B
__ Cowpete H:T%z((&eory) ATLAS Pre'lmlnary g ° 8x10 i s b
DYNNLO + CT14NNLO (theory) o 0.081  PLB 753 (2016) 601
w 7= N CTRNLO (theory) \/' =7.813 TeV A 202 FHchenn®
= 987120028+ 2101 ob (data) = 1,0, € o) 46 EPJC 77 (2017) 367
7= B S R R R o 32 JHEPO2(2017) 117
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r=68241244.6pb(data
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More and better in the LHC Physics talks by Evgeniya Cheremushkina !
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What is missing ? Beyond Standard Model Physics

Standard Model of Elementary Particles

three generations of matter

three generations of antimatter

interactions / force carriers

(elementary fermions) (elementary antifermions) (elementary bosons)
| 1l 1] | 1l 1l
T - = ﬁ
mass =22 MeV/c? =1.28 GeV/c? =173.1 GeV/c? =22 MeV/(:2 =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge | % % g % 3 =% -3 — % = 0 0
Ol Ol O @O @ @ ®
up charm top antiup anticharm antitop gluon higgs
\ J \ \ \ _,J
) a7 Mevic =96 MeV/c* =4.18 GeV/c* =4.7 MeV/c’ =96 MeV/c? =4.18 GeV/c? ) 0 %?
X |« 4 -+« 48 -% A % ; % : ) n
g |« % % %\ % 1 < O
< _ _ o N
- down strange bottom antidown ntistrange| antibottom photon 0ne O
z (11]
(e} \ \. \ A (@) bt
, — \ 02
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c* =0.511 MeV/c’ =105.66 Meylc’ =1.7768 GeV/c* 91.19 GeV/c* 11} 8 ‘_gz
i-1 ; =1 -1 1 1 { 0 0 o o |
% Y Y % % 1 590 g
&)
| electron muon tau positron antimuon antitau Z° boson (<9 é (7))
N N N ' "
2] — A D D N &
z <2.2 eVic? <0.17 MeV/c? <18.2 MeV/c? <2.2 eVic* <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c* =80.39 GeV/c*
Ol 4B i) 0 0 0 o £ 1 -1
E Y Y % % % % 1
l | electron muon tau electron muon tau
- | neutrino neutrino neutrino | lantineutrino) |antineutrino) (antineutrino W' boson || W boson

Is the SM complete ?

Presented the SM during the last days. Very successful and predictive theory but

>

>
>
>

We know gravity to be one interaction of nature. Why is it not included ?

Naturalness problem
Hierarchy problem

Matter-antimatter asymmetry
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Naturalness problem (some might call it hierarchy)

Mass corrections to the Higgs
As we have seen, some Feynman diagrams might diverge and renormalization of couplings
and masses helps to remove these divergences.

> Correction to the Higgs mass include loops with creation of fermions.
> Cannot absorb this correction. Dependent on cut-off A.

Radiative correction to Higgs mass very large, if no
other new physics of mass A

10%

tuning

3 g g
Am2 ~ _(_ 2 2 M<( )1TeV
h 42 At 1 —|—8cos20W+)\)A
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Naturalness problem (some might call it hierarchy)

Mass corrections to the Higgs
As we have seen, some Feynman diagrams might diverge and renormalization of couplings
and masses helps to remove these divergences.

> Correction to the Higgs mass include loops with creation of fermions.
> Cannot absorb this correction. Dependent on cut-off A.
> Very typical new theory to solve Naturalness problem : Supersymmetry !

Radiative correction to Higgs mass very large, if no
other new physics of mass A

/7 N\
H E‘\ /)i H
Am? ~ i(_ A2 4+ g n g’ n )\) A2 ‘4* _C}
" 4 Y4 8cos? by '

A super-partner of the top (boson) would generate same
correction but with negative value — Cancellation
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Gravity, dark matter, matter-antimatter asymmetry, .....

More missing pieces
Gravity: non-renormalizable theory

Observations
from starlight

Dark Matter: no candidate particle
in SM

We live in a matter dominated _ _ T,

Universe. CP violation in EWK and : i SO E - the visible disk
CKM/PMNS cannot explain it. Why | ‘ ; :
f)

Strong CP problem . 0 30,000..< 40,000
. 3 % Distance (light years)

Velocity
(km s-1)

And many more missing pieces ! ‘
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So what else is out there?




So what else is out there?

'jo't-
N-Y
More and better in the BSM talks in September by Marco Rimoldi! |,.#

i
n&tu

i e .’,':'x (hn'sl..,‘ “\,gd\“ qp_‘:?‘,‘ “'
-:‘7':'5\“‘ n""" ‘| NGG e e 1.9 1' H. Murayama
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Handed-ness and hadronic decays: The Pion

m=(ua—d@)2  15UPC) =1-(0— )

Mass m = 134.9766 + 0.0006 MeV (S = 1.1)
m_. — m_o = 4.5036 + 0.0005 Me
» Mean life T = (8.52 + 0.18) @ (S =12)
cr = 25.5 nm

Scale factor/ p

x0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
—> 2y (98.823+0.034) % S=15 67
at o=~ { 117410028\ % S—aAR A7

w =ud,w =#d 16(JPy=1-(07)

Mass m = 139.57018 + 0.00035 MeV__(S = 1.2)
» Mean life 7 = (2.6033 + 0.0005) @ (S=12)

cr = 7.8045 m
p
=+ DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
— uty, [b] (99.98770+0.00004) % 30
nta o~ A (200 1n2% \Yvin—4 2n
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Handed-ness and hadronic decays: The Pion

U y
- U electromagnetic
interaction
L u v
“u }J+
W+
) weak
B = interaction
\d !
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Handed-ness and hadronic decays: The Pion

16(JPy=1—(0)

Mass m = 139.57018 + 0.00035 MeV (S = 1.2)
Mean life 7 = (2.6033 & 0.0005) x 10~8s (S =1.2)

cr = 7.8045 m
P
x+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ptu, [b] (99.98770+0.00004) % 30
pt v,y [c] (200 £025 )x10~4 30
et v, [b] ( 1.230 +0.004 )x 104 70
et vy [c] (739 005 )x10~' 70
ot 70 {102 +00NA ) x 1n—38 a

why is the decay to muon and neutrino so much more likely than the
decay to electron and neutrino, although the muon is much heavier
than the electron?
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Handed-ness and hadronic decays: The Pion

¢ neutrino is left-handed, = has spin 0
= charged lepton also has to be left-handed, which is the “wrong” spin

* the heavier the charged lepton, the less suppressed is the wrong helicity,
proportional to (1-v/c)

-+ | |left-handedness of neutrinos also means that weak interaction violates C,
but CP can be conserved (and indeed CP violation is much smaller)

L
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LEP: Cross section of e'e” — p'w

5° ]
(s—M%)z-H\l%FQZ

4o 719‘—2[]7,y (cosO)+F, z(cosB) slo=hi) +Fz(cosb)

dcosB — 2s (5—MZ)Z+M2TS,
Y v/Z interference Z
{ ]
vanishesyat \/; ~M
F(cos't ¥ = QgQi(l + cos? §) = (1 + cos? )
Ez(cogd) & = e ?;2’382 ™ [29% g% (1 4 cos? 0) + 495 g% cos 6]
Fz(cos) = s (98 +95%) (gl + g/t )(1+ cos?6) + 8g5, g5yg8g's cos o]

16 sin® Oy cos? Oy

a = a(my):  running electromagnetic coupling [a(m5) = a /(1-Aa) with Aa~0.06]

dy, 9a= Cy, C,: effective coupling constants (vector and axial vector)
0w
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LEP: Number of light neutrinos

2v

>Data selected using invisible Z

30| ALEPH decays with photon radiation

DELPHI
L3
OPAL

20

| L3
K 800 » Data 1992-94
| ¢ average measurements, — ] [lvvy signal
error bars increased > [ Jeey backgr.
by factor 10 o 1 [yyy+2y backgr.
B < 600-
10 S
L c ]
[}
& 400
“6 4
o |
s ¥ 1
O.I...l...l...l...l 5200-
86 88 90 92 94 Z
E_ [GeV] ‘
0
cm 0 10

E, (GeV)
>Width of Z boson depends of the
number of decay channels
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LEP: WW production and the TGC vertex

> LEP also proved self-interaction of weak bosons through indirect measurement of
triple gauge coupling vertex
> Interference between all three diagrams leads to “safe” energy behavior

30

Phys.Rep. 532, 119-244 (2013)
——
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i e ................ =) S W ..... ; i v
: i ¢ 2
i et W ief |4
i ' t
: g Z
; 10 - =
: : YFSWW/RacoonWW
i e Wt 1 e” Q) % 1 i ....no ZWW vertex (Gentle)
: b) ' ;4 ....only v_ exchange (Gentle)
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160 180 200
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Gauge invariance and Noether's theorem

Noether's theorem (informal version):
If a system has a continuous symmetry property, then there are
corresponding quantities whose values are conserved in time.

quantity interaction invariance
strong | elm. weak
energy yes yes yes translation in time
momentum yes yes yes translation in space
angular momentum |yes yes yes rotation in space
As in classical mechanics, equations of
d(JdL JdL motions (e.g. Dirac equation) can be obtained
: - = 0, from Lagrangian (or rather: can construct
dt \ 04, aq. - -
i i Lagrangian to further analyse equations of
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Gauge invariance and Noether's theorem

> Invariance of field equations describing electromagnetic and weak interaction
(— Lagrangian)

> Gauge (phase) transition possible (without changing effect of interaction)

for electron (— U(1) symmetry: U(A)U(B) = U(B)U(A):

ap‘lb - e’.aap‘b ’

Y > e Y.

Y(x) = e Y (x),
> Apply to field questions .

> These extra phase terms cancel in the equations and we are left with:

d,j* =0,

> Global gauge invariance — o fixed to one value everywhere

>Conservation of electrical charge!
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Gauge invariance and Noether's theorem

> More general: local gauge invariance, o depends on space points
B

> With some tweaking to make this gauge invariance work, we arrive at the
Lagrangian for the QED (Quantum electrodynamics):

> B

> Note: This was done posteriori (i.e. after QED was already know)

> One take away message however for theorists: It only works, if the photon is
massless (and this also explains problems with the weak boson masses)

> Works well also for QCD (and naturally requires gluon self-interaction)

> Find a solution that allows for gauge invariance in EWK interactions

including massive W and Z bosons
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