Stefano Pozzorini

2016 CTEQ & MCnet School, DESY Hamburg

7 July 2016

IENS NF |

FONDS NATIONAL SUISSE
SCHWEIZERISCHER NATIONALFONDS
FONDO NAZIONALE SVIZZERO

Swiss NATIONAL SCIENCE FOUNDATION

Universitat
Zirich™




Standard Model of Particle Physics

Gauge interactions (3 parameters)
o SU(3)xSU(2)xU(1) symmetry, universality

Quarks

Symmetry breaking sector (2 parameters)
o W, Z masses via gauge interactions

@ minimal and weakly coupled but many
alternatives (2HDM, little Higgs, extra dim)

Leptons Yukawa sector (20 parameters)

o fermion masses via Yukawa interactions

o rich flavour structure, mixing and CP violation

Simple and highly predictive
o almost all natural phenomena down to 10~ times the atomic scale

o renormalizable = very accurate predictions and tests
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Huge progress in perturbative calculations

do = doro + asdonro + agw dUEEVO + (1% donnLo + (.Y:Sg donsto

Perturbative calculations for hard scattering processes
@ more general, automated and widely applicable methods

= drastic improvements for vast range of LHC processes

when order automation availability precision
2009-now NLO QCD+EW full 2 — 2,3,4(5) processes O (10%)
2011-now NNLO QCD partial 15 2 — 2 processes few %
2015-now N3LO QCD - g9 — H ~ 1%

= crucial ingredient of any SM precision test and many new-physics searches
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Standard Model Production Cross Section M Status: Nov 2015
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2012 Higgs Boson Discovery (48 years after hypothesis)
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Higgs mass measurement has turned the SM into a fully predictive theory
at the quantum level!
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First Higgs measurements [Run1 combination ATLAS-CONF-2015-044]
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= still limited precision and room for surprises
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Millennium XXL simulation of cosmic web: Cluster formation at the intersection of filaments

Motivations
o dark matter in the universe
o quantum instability of Higgs mass

Qo ...

High discovery potential at LHC

o vast campaign of SM tests and BSM
searches at higher energies

o precise SM predictions crucial for
direct/indirect BSM sensitivity and
interpretation of possible discoveries
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(@ Gauge symmetry and symmetry breaking
(@ Electroweak Standard Model
(@ Theoretical implications of a light Higgs Boson

(@ Higgs production and decays at the LHC
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Particles and forces are a realization of fundamental
symmetries of nature

Very old story: Noether’s theorem in classical mechanics

L(g;,q;) such that oL

oL
=0 — p; = =— conserved
qi 94

i
to any symmetry of the Lagrangian is associated a conserved physical
quantity:

> q; =x; —> p; linear momentum;

> ¢ =0; — p; angular momentum.

Generalized to the case of a relativistic quantum theory at multiple levels:
> q; — ¢;(z) coordinates become “fields”<+» “particles”
> L(¢j(x),0u0;(x)) can be symmetric under many transformations.
> To any continuous symmetry of the Lagrangian we can associate a

conserved current

oL
JH = ——-0¢; suchthat 9,J" =0
) !



The symmetries that make the world as we know it

> translations:
conservation of energy and momentum;

> Lorentz transformations (rotations and boosts):
conservation of angular momentum (orbital and spin);

> discrete transformations (P, T,C,CP,...):
conservation of corresponding quantum numbers;

> global transformations of internal degrees of freedom (¢; “rotations”)
conservation of “isospin”-like quantum numbers;

> local transformations of internal degrees of freedom (¢;(x)
“rotations”):
define the interaction of fermion (s=1/2) and scalar (s=0) particles in

terms of exchanged vector (s=1) massless particles — “forces”

Requiring different global and local symmetries defines a theory
AND
Keep in mind that they can be broken



From Global to Local: gauging a symmetry

Abelian case
A theory of free Fermi fields described by the Lagrangian density
L =1(x) (i) — m)(x)
is invariant under a global U(1) transformation (av=constant phase)
Y(x) = e"p(z)  such that 9, (x) — € (x)

and the corresponding Noether’s current is conserved,

T =)y (r) = 0" =0
The same is not true for a local U(1) transformation (o = a(x)) since

Y(z) = e Pp(z) but G(x) = ¢ DI(x) +ige D) ()

Need to introduce a covariant derivative D,, such that

D, (x) — em(z)DMz/)(m)



Only possibility: introduce a vector field A, (x) trasforming as
Au(z) = Au(z) — é@ua(x)
and define a covariant derivative D, according to
D, =0, +1igA,(x)

modifying £ to accomodate D,, and the gauge field A, (z) as

- ) 1.
‘C = 1#(95)(1&* m)¢($) - EFH (x)Fuu(x)
where the last term is the Maxwell Lagrangian for a vector field A*, i.e.

F(x) =0,A,(x) — 0, Au(x) .

Requiring invariance under a local U(1) symmetry has:

—— promoted a free theory of fermions to an interacting one;
— defined univoquely the form of the interaction in terms of a new vector

field A*(z):
Cint - _g'lzj(x)’Yud)(x)Au(‘T)
— no mass term A*A,, allowed by the symmetry — this is QED.



Non-abelian case: Yang-Mills theories

Consider the same Lagrangian density

L =1(x) (i) — m)(x)

where ¢(z) — ¢;(z) (i =1,...,n) is a n-dimensional representation of a
non-abelian compact Lie group (e.g. SU(N)).
L is invariant under the global transformation U («)

W(z) = Y (z) = Ula)p(x) U(a) = T = 4T + O(az)

where T ((a = 1,...,dqq;)) are the generators of the group infinitesimal

transformations with algebra,
[Ta7 Tb] — Z-fabcTc

and the corresponding Noether’s current are conserved. However, requiring
L to be invariant under the corresponding local transformation U (x)

U(z) =14 ia®(z)T* + 0(a?)
brings us to replace 0, by a covariant derivative

D, =0, —igAj(x)T"



in terms of vector fields Af,(z) that transform as
a a 1 a aoc c
Au(x) — Au(w) + Eaﬂa (x)+ f b AZ(x)a (z)
such that
Dy — U(@)DuU™!(x)
D(z) — U(z)D,U ' (2)U(2)y = U(z)Dyuih(z)
Fju.u = E[D/m D:/] d U(.’E) /“,U_l(.il')
g
The invariant form of £ or Yang Mills Lagrangian will then be

Lyn = L, Duyp) — TTFWFW =P(ip—m)y — XFSVFW
where F,, = Fj, T and

Ff, = 0,A% — 0,A% + gf*" AL A



We notice that:

e as in the abelian case:

— mass terms of the form A“* A are forbidden by symmetry: gauge
bosons are massless

—— the form of the interaction between fermions and gauge bosons is
fixed by symmetry to be

Lint = —gh(@)y, T (x) A" ()

e at difference from the abelian case:

—— gauge bosons carry a group charge and therefore . ..

— gauge bosons have self-interaction.



Feynman rules, Yang-Mills theory:
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Spontaneous Breaking of a Gauge Symmetry

Abelian Higgs mechanism: one vector field A*(x) and one complex

scalar field ¢(x):

1 1
La=— FMWE, == (0"A = 0"A") (0, A, — 0, Ay)

where

and (DH=0" + igA*)
Ly = (D"¢)* Dyip = V(¢) = (D"¢) Dyt — 1*¢*¢ — M9 )
L invariant under local phase transformation, or local U(1) symmetry:

$lz) — ()
At (z) — A“(ac)Jr;@“a(:c)

Mass term for A* breaks the U(1) gauge invariance.



Can we build a gauge invariant massive theory? Yes.

Consider the potential of the scalar field:
[V(9) = 120" + A0 0)? |

where A>0 (to be bounded from below), and observe that:

— unique minimum: — degeneracy of minima:
2

= rp=_H_
vy PO= 9



e 12>0 — electrodynamics of a massless photon and a massive scalar

field of mass p (g=—e).

e 1?2 <0 — when we choose a minimum, the original U(1) symmetry
is spontaneously broken or hidden.

g\ 1/2
t=(-b3) = T5 = o) =6n+ 5 (6r(0) + idalo)

¥

1 1 1 1
= "F"E,, + ngvQA“Au + 5((’)“gzsl)Q + 122 + §(<’9“q32)2 + gvA O o+ . ..

£=-4

massive vector field massive scalar field Goldstone boson
Side remark: The ¢, field actually generates the correct transverse
structure for the mass term of the (now massive) A* field propagator:

AR = iy (4= 550 )

k2 —m? k2



More convenient parameterization (unitary gauge):

¢<x>=ez¢; (0+H(z) %mmm»

The x(z) degree of freedom (Goldstone boson) is rotated away using gauge

invariance, while the original Lagrangian becomes:
L=ca+? " yn A+ = (8“H8 H +2°H?) +
which describes now the dynamics of a system made of:
e a massive vector field A" with m? = g%v?;

e a real scalar field H of mass m2, =—2u%2=2)?: the Higgs field.

¥

Total number of degrees of freedom is balanced



Non-Abelian Higgs mechanism: several vector fields A% (x) and several
(real) scalar field ¢;(z):

1 A
L=La+Ly . Ly=5D'oP=V(0) . V(o) = 6"+ 56"
(4% <0, A>0) invariant under a non-Abelian symmetry group G:
¢i — (1 + Z'O[ata')ijd)j t“:_i’];a (1 — aaTa)ij¢j

s.t. D, =0, + gA¢T*). In analogy to the Abelian case:
H H W

1 1
5(‘DH¢)2 — T 592(Ta¢)1(Tb¢),AZAbM 4+ ...
- 1
bmnsPo 4 3 g (T"0)i(T"¢0); ALA™ + ... =
—_—
m2

ab

Ty #0| — massive vector boson + (Goldstone boson)
— massless vector boson + massive scalar field



Classical — Quantum : ‘V(¢) — Veyr(oa) ‘

The stable vacuum configurations of the theory are now determined by the

extrema of the Effective Potential:

1
Vers(wa) = —ﬁFeff[%] , ¢a = constant = ¢

where
_ow]
©6J(2)

FWWM=WM—/fW@@M),¢Mﬂ — (06(x)[0).s

WJ] — generating functional of connected correlation functions

Legfléea] — generating functional of 1PI connected correlation functions

Vers(pear) can be organized as a loop expansion (expansion in ), s.t.:
Vers(@er) = V(per) + loop effects

SSB — non trivial vacuum configurations



1) Gauge symmetry and symmetry breaking
(@ Electroweak Standard Model
3) Theoretical implications of a light Higgs Boson

4) Higgs production and decays at the LHC



Towards the Standard Model of particle physics

Translating experimental evidence into the right gauge symmetry group.

e Electromagnetic interactions — QED

> well established example of abelian gauge theory
> extremely succesful quantum implementation of field theories
> useful but very simple template

e Strong interactions — QCD
> evidence for strong force in hadronic interactions

> Gell-Mann-Nishijima quark model interprets hadron spectroscopy
> need for extra three-fold quantum number (color)
(ex.: hadronic spectroscopy, ete™ —hadrons, ...)
> natural to introduce the gauge group — SU(3)c
> DIS experiments: confirm parton model based on SU(3)¢
> ... and much more!

e Weak interactions — most puzzling ...
> discovered in neutron S-decay: n —p+e” + e
> new force: small rates/long lifetimes
> universal: same strength for both hadronic and leptonic processes
(n—pe Ve, 7 = pu +Uu,p =€ Vetvy,...)



> violates parity (P)
> charged currents only affect left-handed particles (right-handed
antiparticles)

> neutral currents not of electromagnetic nature

> First description: Fermi Theory (1934)

Lp= GT/; (P (1 = ys)m) (e (1 — ys)ve)

Gr — Fermi constant, [Gr] = m™2 (in units of ¢ = h = 1).
Easely accomodates a massive intermediate vector boson

Livp = %W:JJ + h.c.

with (in a proper quark-based notation)

1-— wl—
Ju = Uy %d—l- —%e

X

M, — ==__

provided that,



> Promote it to a gauge theory: natural candidate SU(2)r, but if
T%2 can generate the charged currents (T+ = (T' +iT?)), T3
cannot be the electromagnetic charge (Q) (T2 = 03/2’s
eigenvalues do not match charges in SU(2) doublets)

> Need extra U(1)y, such that Y = T3 — Q!

> Need massive gauge bosons — SSB

¢

SU2), x ULy 2B U (1),

‘CSIVI = ‘CQCD + ‘CEW

where

__ pferm gauge SSB Yukawa
‘CEW - ‘CEW + ‘CEW + [’EW + ‘CEW



Strong interactions: Quantum Chromodynamics

Exact Yang-Mills theory based on SU(3)¢ (quark fields only):

Y. (4 1 a,puv pa
Loco =y QiiP—mi) Qi — L

with
Dy, =0, —igA,T"
a a a abc Ab pc
Py, = 0,A, — 0, A, + gf* A A}
e Q;— (i=1,...,6 > u,d,s,c,b,t) fundamental representation of

SU(3) — triplets:

e Af — adjoint representation of SU(3) — N? — 1 = 8 massless gluons
T — SU(3) generators (Gell-Mann’s matrices)



Electromagnetic and weak interactions: unified into
Glashow-Weinberg-Salam theory

Spontaneously broken Yang-Mills theory based on SU(2) x U(1)y.

e SU(2)1, — weak isospin group, gauge coupling g:
b three generators: T% = 0%/2 (o = Pauli matrices, i = 1,2, 3)
> three gauge bosons: W{', Wj', and W
> P = 2(1 — 735)¢ fields are doublets of SU(2)
> YR = 5(1 4 7s)1 fields are singlets of SU(2)
> mass terms not allowed by gauge symmetry

e U(1)y — weak hypercharge group (Q = T3 + Y, gauge coupling g':

> one generator — each field has a Y charge
> one gauge boson: B

Example: first generation

VeL
LL:< ‘ > (ver)y=0 (€r)y=-1
crL
Y=—1/2

uL
QL= ( ) (ur)y=2/3 (dr)y=—1/3
dr,
Y=1/6



Three fermionic generations, summary of gauge quantum numbers:

SUB)e SU@2) Ul)y U()q

Q
e
Il
~/
S
=
~_—
~/
» o
& o
~
~/
> o~
SIS
~
w
)
=
l wlN
Wl

dr
U;Q = UR CR tr 3 1 % %
R = dr SR br 3 1 -1 —1

h
e
I
VRS
X
S
~_
/N
= X
S
~
/N
X
SR
~
J—
)
|
S
=)
—

e’h = ER HUR TR 1 1 -1 -1
Vg = VeRr VuR VrR 1 1 0 0

where a minimal extension to include v% has been allowed (notice however

that it has zero charge under the entire SM gauge group!)



Lagrangian of fermion fields

For each generation (here specialized to the first generation):
Lo = Lo(iD) Li+er(iP)er+ver(iDver+Qr(iP)Qr+ur(iPur+dr(iP)dr

where in each term the covariant derivative is given by
- 1
D, =0, —igW,T" — z'g’EYBH

and T = ¢ /2 for L-fields, while T% = 0 for R-fields (i = 1,2,3), i.e.

D,u L = alt — ﬂ 0 VV;L _ ng - g/YBN 0
’ V2w, o 0 —gW2 —g'YB,

1
Ou +zg’§YBu

IS

S
=
B

|

1

W
V2

Wl i)



L can then be written as

Lo = L + Leo + Ly

kin

where

,Cl;grnm e .Z/L(Z(?)LL + éR(i@)eR + ...

Lo = 7VV+Z/€L’)/ e + W, ery ver + .

V2
£ _ gwrii = 1 = i g/B Y L — m _ "
ve = W, [Zery"Ver — ELY"eL] + 5 Bu [Y(L)(Pery"ver + ery"er)
+  Y(er)VerY'ver + Y (er)erY"'er] + . ..

where
Wt = % (W; F zWi) — mediators of Charged Currents
PV[f and B, — mediators of Neutral Currents.

¥

However neither Wi’ nor B, can be identified with the photon field A4,

because they couple to neutral fields.



Rotate W ;f and B, introducing a weak mixing angle (6w )

W'i = sinfwA, +cosbwZ,

B, = cosOwA, —sinfwZ,

such that the kinetic terms are still diagonal and the neutral current
lagrangian becomes

Lyc = Py* (g sinOw T + ¢ cos Oy — ) YA, APyt (g cos 0w T? — ¢ sin Oy — ) vz,
for T = (Ver, €1, Ver, €R,. - - ). One can then identify (Q — e.m. charge)
. 3 Y
eQ = gsinfyT° +g COSHW5
and, e.g., from the leptonic doublet Ly, derive that

’
Ssinfy — % cosby =0 ) ,
. J — gsinfy = ¢’ cosby = ¢
—2sinfy — & cosfy = —e



where

vf

af

= —ieQy"

ie 2 ]__
Vs)
WP (

= dey"(vy —ayvs)

3
Sw i
Cw Qs 2swew

3
Ty

2SWCW



Lagrangian of gauge fields

1 1
l:%avgge _ 7ZW;:uWa7l“/ o ZBW/B/LV
where
B,u,u = a,u.Bu - aqu,
W:l/ = aMWua - 8VVV/? + geabCW;leuC

in terms of physical fields:

gauge __ gauge 3V 4v
EEW - Ekm + ‘CEW + ‘cEW

where
LR = L@ A W@ W - W)
- i(auzv — 0, 2" 2" — 0 2" — i(auA, —O,A) (A — 5 A"
L3 (3-gauge-boson vertices involving ZW W™ and AW TW ™)
Lyw = (4-gauge-boson vertices involving ZZW W™, AAWTW ™,

AZWHW ™, and WHW - WHW ™)



k —i ik,
MY = o | g —

W T R M2 M2
Wi
v ieCv (g (ks — k=) + gup(k— — kv ) + gou (kv — k)]
»
Wi
= iCQCVV’ (29pugpa' — Gup9vo — g;m'gup)
Wy Vs
where .
Cy=1, Cz=--"~
SW
and .
C Ccw
=— =X C,z=—, C = —
C’Y"/ 1 ) CZZ 5‘2/[/ ) ~Z s WwWw %V



SSB

The Higgs sector of the Standard Model: sU2)r x U(1)y == U(1)o
Introduce one complex scalar doublet of SU(2)y, with Y =1/2:
¢O

.
¢= ( ¢ ) e L3 = (D"9)'Dus — 1*¢'6 — Mo'¢)?

where D¢ = (0, — igWiT®* —ig'YyB,), (T*=0"/2, a=1,2,3).

The SM symmetry is spontaneously broken when (¢) is chosen to be (e.g.):

1o . yar 1/2 ,
<¢>—E<U> with U—<T> (u* <0, A>0)

The gauge boson mass terms arise from:

v

1 0
(DH¢)TD#¢ N ...+§(0 v) (gWSUaJrg/B#) (nguabJrg/Bu) ( >+

102 .
— e [V W)+ (—gWi+ ¢ B’ + -



And correspond to the weak gauge bosons:

1

+ 1 Y172 _ v
Wio= FWiFI) —

1

VT

Z, = W2—gB,) — |Mz=\/g>+g?%

while the linear combination orthogonal to Z,, remains massless and
corresponds to the photon field:

_ ! e -
Ap = \/Tg/?(‘q Wy +9Bu) —
Notice: using the definition of the weak mixing angle, 0,,:

!/
g sinf,, = g

the W and Z masses are related by: | My = Mz cos 8, |

cos b, =




The scalar sector becomes more transparent in the unitary gauge:

_ evX(@)T 0 SU(2) _ i 0
=7 (U+H(LE) > s \/§< v+ H(x) >

after which the Lagrangian becomes

1 1 A 1
£:N2H2—)\’UH3—ZH4:—§M12_IH2_ §MHH3—1>\H4

Three degrees of freedom, the x*(z) Goldstone bosons, have been
reabsorbed into the longitudinal components of the let and Z,, weak

gauge bosons. One real scalar field remains:

the Higgs boson, H, with mass ‘ ME = —2u% = 2)\0?

and self-couplings:
H H H

~ N -
N N -

AN . M? N L7 .
P e < =3
- v - N

H” H” N H



From (D*¢)'D, ¢ — Higgs-Gauge boson couplings:

vH VH H

. M2 . M2
_ V. A1V - _ V. MV
}’ " 2,[/ Y g F\\\ 27] ’U2 g
VY V' N H

Notice: The entire Higgs sector depends on only two parameters, e.g.

My and v

v measured in p-decay:

o= (V3Gr) V2 = 246 GeV — |SM Higgs Physics depends on My
= » -




Also: remember Higgs-gauge boson loop-induced couplings:

NN Y v.Z
H_o____ H_____
N\ y y
660 9
H_o____
0000 g

They will be discussed in the context of Higgs boson decays.



Higgs boson couplings to quarks and leptons

The chiral nature of gauge symmetry in the SM also forbids fermion mass
terms (L,,, = my f1 fr+h.c.), but all fermions are massive.

Fermion masses are generated via gauge-invariant Yukawa couplings:

3
Cyakawa = I { =Y QLo uly — Vi Quodly — VI Lol + hc.}
ij=1

such that, upon spontaneous symmetry breaking:

1 0
o) = \/§< v+ H(z) >

; v+ H v+ H i U+ H

['Yuk:awa = _Kj'jﬂZL,TUR Ud2 \/5 dR }/ZJZZ \/_ lj + h.c.
H
- Z ZfL]\[U < >+h.c.
f=u,d,li,j=1

with a complex-valued non-diagonal mass matrix

@] ij
My =Y, \/_



Upon diagonalization (by unitary transformations Uy, and Ug)
Mp = (U MUY,
and defining mass eigenstates:
1= WDfi and fi = UR)isfh
the fermion masses are extracted as

. . H
Lyurawa = Z fiz[(Ug)TMfU};]fg (1 + ;) +h.c.

PEN

= S i+ Fast) (142)

Fhing

-m .
> W= it =iy
f



In terms of the new mass eigenstates the quark part of Lo now reads
Lo = Laf|(UH Uy d + h.c.
V2
where
Verw = (UHTUE

is the Cabibbo-Kobayashi-Maskawa matrix, origin of flavor mixing and
CP violation in the SM.

No flavour changing neutral currents < minimal form of SM Higgs sector




