


SM on a mug

+ Lagrangian betore SSB

Summation over
SU@3), SUR);, U(l)y

fields implicitly assumed




NGUtFlHOS =¥ see lectures by S. Lavignac

neutlos de se pe
—_ Uu+e (ol [®
+ Neutrinos are known to oscillate, which implies that (at least two) have (tiny) mass co e Te
= ® = = o |
+ Canonical SM formulation with massless neutrinos clearly fails here < = < z < <

+ However, simple extensions the SM that could yield neutrino masses have been proposed

+ Neutrino as a Dirac particle (Dirac spinors)

+ SU(2) singlet RH neutrinos v, mimicking the construction in the quark sector — Dirac mass term, but note ¥, = 0 — sterile
neutrino (only gravity)

+ neutrinos get mass through EW SSB, would require neutrino Yukawa couplings of (at least) 4-5 orders of magnitude smaller
than electron Yukawa coupling

+ Neutrino as a Majorana particle (Majorana spinor -> Dirac spinor for particle = antiparticle)

+ Observed v; : LH component of a light Majorana neutrino with small mass generated by a seesaw mechanism?



(Quantization of a spontaneously broken gauge

theory (1)

+ Abelian Higgs model: ‘ Unitary gauge
\ | i
1 - 1 . H(x) = §'(x) = eT*PV(x) = — (v + p(x)
o= (V i P(X)) et = (v + p(x) + i&(x) + ) \/5 ( )
\/5 \/5 Higgs Goldstone i
A0 a0 =4 0 - 0 c(y)
Lagrangian in this gauge: &Y
o = lF F* + l(a ) lg v2A AT lng,uA”p2 Lol A i i,04 + l//tzv2
1 % 2 2 5 4 4

Advantage: physical fields!

] (—gﬂy + kﬂky/mj)
Propagator of the A* field s alal k2 — m2 + ie

behaves as —as k — co; compare with — for massless photon
What about other gauges? il k



(Quantization ol a spontaneously broken gauge

theory (2)

o3 Abelian nggs model: ¢(X) . L v +p(x) eiﬂ(x)/v i L V +,0(X) 4 lﬂ(X) T
- ( ) 7 ( )
D, o)*(D* —l() )2+l(a )2+l >v2A A + gvA oMz + interaction t
( qu) ( gb)—z( P 5 T 2gv . gvA 0"z + interaction terms
1
Eliminate the kinetic mixing term gv A, 0"z by gauge fixing (M, = gv) Lo = — Z—C(dl“‘A/j‘ — EMy70)?
R: gauges

(manifestly renormalizable)

i <—g/w + (1= O o /(2 - 5m§>)

k? — mz + ie behaves as = ask =200

Propagator of the A* field NSNS\

l
Propacatorolithenbeld « ~ @ . 0SB EEaE k2 — Em2 + ie



(Quantization ol a spontaneously broken gauge

theory (2)

decoupled

("A? — EM 1)

R: gauges
(manifestly renormalizable)

i <—gﬂ,, + (1= Ok o /(2 — 5m§))

Propagator of the A* field NSNS\

k? — mz + ie behaves as = ask =200

l
Propacatorolithenbeld « ~ @ . 0SB EEaE k2 — Em2 + ie




(Quantization ol a spontaneously broken gauge

theory (2)

decoupled Unitary gauge

wAa 2
—i Feynman gauge C(a T o)

k* — mz + ie (or any other R ) R, gauges
(manifestly renormalizable)

; <—gﬂ,, + (1= Ok o /(2 — 5m§))

Propagator of the A* field NSNS\

k? — mz + ie behaves as = ask =200

l
Propacatorolithenbeld « ~ @ . 0SB EEaE k2 — Em2 + ie




(Quantization ol a spontaneously broken gauge

theory (2)

AH

l (—gﬂy + kﬂky/m§>

— 00 e decoupled Unitary gauge
s k* — mz + ic P y 5945

: Ura 2
— 18 1 Feynman gauge C(a T o)

k* — mz + ie k* — mz + ie (or any other R ) R, gauges
(manifestly renormalizable)

£=1

; <—gﬂ,, + (1= Ok o /(2 — 5m§))

Analogous treatment for non-abelian gauge theories, but k2 — m3 + ie behaves as = ask —> oo

apart from unphysical Goldstone bosons also unphysical
ghosts introduced ’

k* — Emz + ie



Counting parameters

+ The Standard Model has 18 free parameters®

+ 3 couplings g, g/, g,
= 2 parameters of the Higgs potential y, 4

« 9 (6 quark + 3 lepton) Yukawa couplings y;

« 4 parameters of the CKM matrix V-,

"though recollections may vary (one can additionally include non-canonical parameters, e.g. the ® -, CP-violating angle or parameters
of the neutrino sector bringing it up to 26 free parameters)



Counting parameters

+ The Standard Model has 18 free parameters® + Using relations between the parameters a more practical list can
be obtained, e.g.:

+ 3 couplings g, g’, &,
. . g

: . .. 2 coupling constants « = — and a, = —
= 2 parameters of the Higgs potential y, 4 47 4r

2

Fermi constant G, = 2
$ 44/2M3,

« 9 (6 quark + 3 lepton) Yukawa couplings y;

« 4 parameters of the CKM matrix V-, 5 M. and M
+ 2 masses M, and M/,

+ 9 fermion masses n;

+ 4 parameters of the CKM matrix Vg,



SM input parameters

+ All parameters of the SM have been experimentally
measured (last unmeasured was M)

+ Consult Particle Data Group for the most up-to-date values

» a~! =137.035999084(21)
a(M,) = 0.1179(9)
G, = 1.1663788(6) X 107> GeV>

+ M, =91.1876 + 0.0021 GeV
M, = 125.25+0.17 GeV

https; /] pdg.lbl.gov + With input parameters known, one can make theoretical
predictions for any SM observable!



T'he trouble with theoretical predictions

+ The running of couplings — depending on the strength of the coupling different methods applicable
+ expansion in the coupling constant(s) in the perturbative regime
+ lattice gauge theory (e.g.) in the non-perturbative regime
+ Feasibility of performing calculations in the sense of obtaining finite results (renormalisability)— depends on the theory

+ Problem (in perturbation theory): calculations of quantum loop corrections involve integration over unconstrained
momenta of the virtual particle(s) in the loop(s)

>ww< >jvvvwv< W >O< e.g. ete” - utu” @1 loop

The integration can yield
— UV singularities when k — oo treated by the renormalisation program
IR singularities when kK — O cancel against IR singularities from real emission diagrams



UV singularities and how to cure them

1. Acceptance. UV singularities can appear in the intermediate stages of calculations.

2. Diagnosis. Infinities are given mathematical meaning. Achieved by introducing a regulator parameter in the expressions for the
loops. The regulator makes the integrals well-defined, apart from a limit value of the regulator, for which the integral is singular.
— Regularisation
Most often used: dimensional regularisation (DR).

.. Integrals are calculated in d # 4 dimensions. d*k — | d%

g% — g2ut %o keep the action dimensionless, y is an arbitrary scale

1
G—a)k

.. Singularities manifest as poles

+ DR preserves gauge symmetry and can be used for regularisation of both, UV and IR singularities.

3. Treatment. The singularities are absorbed in the redefined parameters and fields of the theory. A finite number of redefinitions has
to yield well-defined results for all observables at any order of perturbation theory:. — Renormalisation



k-p
: i ] d*k (dk G .
y y x |d’k s e logarithmic singularity
P k (k* — m?)(p — k)? — m?) ok

large k

Dimensional regularisation (d = 4 — 2¢)

Jddk ”dQ "°°dk el @0t 1 | 1 | log(K) + 6(e)
> = = = X O €
TREL . el TR (B0 o el s



OED renormalisation

1
.. Reinterpret the QED Lagrangian L = — Z(aﬂAv — 6yAﬂ)2 + <i}/”0ﬂ e - m) W

as written in terms of bare (unrenormalised) parameters e,, m, and fields y’, A® and relate
Y = \/2 ‘ i Ag — \/E . A/f my = £, Mp ey = Z,€p renormalisation constants Z,
» With Z, = ZeZz\/i3 and Z, = 1 + (4, — 1) obtain Lagrangian of the renormalised perturbation theory

. 1 . . .
i —(a AR — 9, AR 4 R (Wuaﬂ AR mR> R . 1)(0,AR - 3,480 + i(Z, — DRy o w® — ex (Z, — DpRrrA R

—Z, - 1)+ (Z, - V)| mpp"yF
counterterms

— additional Feynman rules for the counterterms, e.g.

AMNANVONN,  —i(Z; — 1) (p*g" — pFpY)

+ Fix renormalisation conditions defining Z; ‘s



Example ctnd.

D - e ETLp) LY lrd d ol 2
— — e”) e =— | dxx(1=-x)|—+10
) ) pg pp o(p A e O B m2 — p2x (1 — %)

Counterterm contribution i’ = dme TE y?

ANV EDONNNN —i(Z, — 1) (p?g"* — p*p")

Renormalisation condition I1(0) =0

where —i(p*gh — p#p*) TI(p?) is the sum of all 1PI contributions to the photon 2-point function

2. I 1 1 0 N
Up to order e? [I(p?) = e*TL(p?) + (Z; — 1) + ... hence B - —log il
62 e 2 m?

! 82 1 m2
= |l = —| dxx(1 —x)lo + ... finite result!
(P) = L 0 ofioel =0 e



Renormahisability (1)

+ Renormalisable theory: all UV divergencies can be cancelled with a finite number of counterterms to any order in
perturbation theory

+ QED renormalisation program at 1 loop:

W\/\QVW\ gN\M/% | 4 renormalisation conditions
- |

Z ¥ 7 Z

e

+ Normalisation of the fields not observables, so can be rescaled. Normalisation of the parameters set by measured quantities.

+ The principle of renormalisability is an essential condition for any viable physical theory — observables are finite functions
that can be in principle calculated in perturbation theory

+ Renormalisation procedure introduces renormalisation scale u as an artefact of the regularisation prescription



Renormalisability (2)

+ Although Weinberg and Salam speculated that their theory is renormalizable, a proof of renormalizability of Yang-Mills

theories with SSB was delivered a few years later, in 1971, by t'Hooft and Veltman &9  (Nobel Prize 1999)




Renormalisability (2)

+ Although Weinberg and Salam speculated that their theory is renormalizable, a proof of renormalizability of Yang-Mills

theories with SSB was delivered a few years later, in 1971, by t'Hooft and Veltman &9  (Nobel Prize 1999)

+ Renormalised QED has proven to be spectacularly successful

+ anomalous magnetic moment of the electron

calculated up o in

a®™ = 1159652.18059(13) x 10  [Fan et al. Phys.Rev.Lett. 130 (2023) 7]
agrees with the SM to 1 part in 10'?



Renormalisability (2)

+ Although Weinberg and Salam speculated that their theory is renormalizable, a proof of renormalizability of Yang-Mills

theories with SSB was delivered a few years later, in 1971, by t' Hooft and Veltman /At

+ Renormalised QED has proven to be spectacularly successful

+ anomalous magnetic moment of the muon

calculated up o in

a"P = 1165847.1893(10) x 1077
a,™ = 1165918.100(430) x 1077

(Nobel Prize 1999)
5.00
< % >0 }
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 5.10 >
O +—o—
SM: e+e- HVP World Average
T.l. White Paper (2023)
(2020)

New results in tension
with White Paper (2020)

17.5

18.0 18.5

190 195 200 205 210
a,x 10" - 1165900

a;? = 1165920.591(221) x 107

Muon g-2 Collaboration, August 2023

(world average 0823)



Running coupling

+ The renormalisation process and the measurable quantities must be independent of the arbitrary renormalisation scale —
consequence: running coupling. Not being an observable, the coupling can depend on this scale.



Running coupling

+ The renormalisation process and the measurable quantities must be independent of the arbitrary renormalisation scale —
consequence: running coupling. Not being an observable, the coupling can depend on this scale.

+ Consider a dimensionless observable R, e.g. a ratio of two cross sections. If only one scale Q is relevant for this observable,
then from dimensional analysis after renormalisation R = R(O?/u?, a(u?)) a = g%/(4r)

+ Independence of R on y implies

d L oa 0
2= _R(O% 42 a(u?) = |42 2 R(O%u2 a(u®) = 0
e Q77 a(u”)) TR (Q7/pu*, a(u”))
2
: ) oa Q ) o ;
With f(a) = ﬁ t = log ﬁ 0 = a(u”) renormalisation group equation
’ . 5

a [ Al
7 ﬁ(aﬂ)a—aﬂ R(e',a,) =0




Running coupling (2)

6 ool P
O solve I o, )——
ot ”aaﬂ

] R, a,)=0 (*)

define (in an implicit way) a new function, the running coupling a(Q?), through the equation
J'Ol(QZ) do
. @

)

By differentiating this equation wrt. ¢ at fixed a, and wrt. a, at fixed t one finds R(l,a(Qz)) is a solution of (*)
— entire scale dependence in R enters through a(Q?)

Using B(a) = — a’by + ... integration of (**) gives

g
t=i( 1 1) S a(u?)

by \ (0% a, I + a(u?)bylog(Q*/u?)



Running coupling (5

non-perturbative perturbative

a(u?) —} m— |

1
Gielb) o e 2y — S ——
In QED bO = C((Q ) 033 [ T decay (N°LO) H

low Q? cont. (N°LO) e+ |

HERA jets (NNLO) H+ ]

Heavy Quarkonia (NNLO) 1 -
e'e jets/shapes (NNLO+res) H* ]
pp/pp (Jets NLO) H=- -

EW precision fit (N°LO) +e 7]

pp (top. NNLO) v -
m S000 {\ fooTsT (\¢ - '\';::;:‘.‘ :

T ——

127

2
- = 0.(M,)=0.1179 £ 0.000

) - L]
2 2 . L Ll 1 L1l 1 L3 a3l i
l " 127 lOg(Q /,Lt ) o 1 10 100 1000

Q [GeV]

b(?CD = > (0 for ne < 17 aS(QZ) —

= see lectures by Xu Feng infrared

asymptotic

freedom

JEAY SRy

confinement, hadronization



Running of the SM parameters

SM gauge couplings together with Higgs and Yukawa couplings
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Hint of unification?



Anomalies

+ Anomalies appear when a symmetry of a classical system is not preserved at the quantum level
+ Noether’s theorem: continuous symmetries imply conserved currents

+ Currents associated with anomalous symmetries are not conserved — in OFT gauged symmetries must be anomaly free —
consistency check (global anomalies not problematic)

+ In the SM, axial currents J/‘;‘ = yy,rsI"y receive non-zero corrections to 0”];‘ from one-loop triangle diagrams

+ The anomaly comes with a factor Tr[7%{7”, T°}], — Tr[T*{T", T}, where T" are the generators of the considered symmetries
in the SM and the traces are over all LH or RH fields

+ In the SM only U(1)-SU(3)-SU(3), U(1)-SU(2)-SU(2), U(1)-U(1)-U(1) anomalies contribute



Anomalies (2)

Ur

€r,

€R

U

dp

Up

Y

-1

-1

-2

1/3

1

4/3

-2/3

+ number of particles and their

hypercharges conspire to cancel

T D, - W P

+ works within 1 generation

+ anomaly cancellation provides a
strong restriction on potential new
particles

. U(1)-SU(3)-SU(3), only quarks 3

. U(1)-SU(2)-SU(2), only doublets 2

. U(1)-U(1)-U(1) all fermions




SM@[.HC (1

Standard Model Total Production Cross Section Measurements Status: October 2023
S 10 ko e —

o 340 ub™t 8O b ATLAS Preliminary Theory
b 105 Vs =5,7,8,13,13.6 TeV =
- N
o LHC pp Vs = 13 TeV 3
5 = b -1 -=
10° ¢ o0 BBl  D:aa 32-14010 E
; “o LHC pp Vs =8 TeV E
10* F Bl Data 202-203fb0
C LHC pp V5 =7 TeV :
103 BB Data 45-461b2 i
3 O -0 E
- A o ! v E

L m
102 3 v “ o o Ca’ “ oo E
1 : “ o] tolt;aln Ao oo i
100 F 2 fot - 3
ik VBF A ;
WH & .
1 s o www
El VH - E
o X i
107 E ttH I o E
(x0.3) WWwWz -
(><0.2)= ]
1072 F -
PP w Y4 tt t Wt H A wz 27 t ttw  ttZ tttt
WwWwvVv
t-chan s-chan

tot.



SM@].HC

Overview of CMS cross section results

CMS preliminary

3ub~1-138fb~!(2.76,5.02,7,8,13,13.6 TeV)

inelastic 7 TeV Phys. Lett. B 722 (2013) 5 o(inelastic) = 6e+13fo 3ub™?t
inelastic 13TeV  JHEP 07 (2018) 161 o(inelastic) = 6.8e+13 fo | 41 ub~!
Jet 7 Tev PRD 90 (2014) 072006 o(Jet) = 42e+09fb m 5 fp1
Y 7TeV  PRD 84 052011 (2011) o(y) = 4e+07 fo = 36 pb~!
W 2.76 TeV  PLB 715 (2012) 66 o(W) = 3.5e+07 fb  uf} 231 nb7t
w 5.02 TeV SMP-20-004 o(W) = 6.8e+07 fb | 298 pb~!
w 7TeV  JHEP 10 (2011) 132 o(W) = 9.5e+07 fb 36 pb~?!
w 8TeV  PRL 112 (2014) 191802 o(W) = 1.1e+08 fb | 18 pb~?!
w 13TeV  SMP-20-004 o(W) = 1.9e+08 fb i 201 pb~?
z 2.76 TeV  JHEP 03 (2015) 022 o(Z) = 8.9e+06 fb |} 5 pb~!
z 5.02 TeV SMP-20-004 0(z) = 2e+07fb | 5 pb~?!
z 7TeV  JHEP 10 (2011) 132 0(Z) =2.9e+07 fb  § 36 pb~!
z 8 TeV PRL 112 (2014) 191802 0(Z) = 3.4e+07fb | 18 pb~?!
z 13TeV  SMP-20-004 0(Z) = 6e+07 fb | 201 pb~1
z 13.6 TeV SMP-22-017 0(Z) = 6e+07 fb | 5 fb~t
wy 7TeV  PRD 89 (2014) 092005 o(Wy) = 3.4e+05fb  wift 5 fb~t
wy 13TeV  PRL 126 252002 (2021) o(Wy) = 1.4e+05fb @ 137 fb~?!
zy 7TeV  PRD 89 (2014) 092005 o(Zy) = 1.6e+05fb & 5 fb~1
Zy 8 TeV JHEP 04 (2015) 164 o(Zy) = 1.9e+05fb & 20 b1
ww 5.02 TeV PRL 127 (2021) 191801 o(WW) = 3.7e+04 fo fl§ 302 pb~?
ww 7 Tev EPJC 73 (2013) 2610 o(WW) = 52e+04 b I 5 fb~!
ww 8 TeV EPJC 76 (2016) 401 o(WW) = 6e+04fb W 19 fb~?!
ww 13TeV  PRD 102 092001 (2020) o(WW) = 1.2e+05 fb | 36 fb!
wz 5.02 TeV PRL 127 (2021) 191801 o(WZ) = 6.4e+03 fo [ + 302 pb~?
wz 7 TeV EPJC 77 (2017) 236 o(Wz) = 2e+04fb 5 fb~t
wz 8 Tev EPJC 77 (2017) 236 o(WZ) = 2.4e+04fb 20 fb~1
wz 13TeV  JHEP 07 (2022) 032 o(WZ) = 5.1e+04fb | 137 fb!
7z 5.02 TeV PRL 127 (2021) 191801 0(2Z) = 5.3e+03 fb N 302 pb~?
zz 7TeV  JHEP 01 (2013) 063 0(z2) = 6.2e+03 fb 5 fbt
zz 8 Tev PLB 740 (2015) 250 0(z2) = 7.7e+03 fb I 20 fbt
7z 13TeV  EPJC 81 (2021) 200 0(Z2) = 1.7e+04 b § 137 fb?
%% 13TeV  PRL 125 151802 (2020) o(VWV) = le+03 fo [l 137 fb~!
WWW 13TeV  PRL 125 151802 (2020) o(WWW) = 5.9e+02 fo  nijilllls 137 fb~?
wwz 13TeV  PRL 125 151802 (2020) o(Wwz) = 3e+02 fb ([ 137 fb~!
c wzz 13TeV  PRL 125 151802 (2020) o(wzz) = 2e+02 fo (NN 137 fb~!
8 777 13TeV  PRL 125 151802 (2020) =0(ZZZ) <2e+02fb 137 fb!
g Wvy 8 TeV PRD 90 032008 (2014) o(WVy) < 3.1e+02 fb 19 fb~1
o wwy 13TeV  SMP-22-006 o(WWy) = 6o s 138 fb~!
* Wyy 8TeV  JHEP 10 (2017) 072 o(Wyy) = 4.9fo i 19 fb?
Wyy 13TeV  JHEP 10 (2021) 174 oWyy) = 14 o i 137 fb~1
Zyy 8 TeV JHEP 10 (2017) 072 o(Zyy) =13fb i 19 fb~?!
Zyy 13TeV  JHEP 10 (2021) 174 o(zyy) =54t i 137 fb~!
VBF W 8TeV  JHEP 11 (2016) 147 o(VBF W) = 42e+02 fo  mifjm 19 fb~!
VBF W 13TeV  EPJC 80 (2020) 43 o(VBF W) = 6.2e+03 fo I 36 fb~1
VBF Z 7TeV  JHEP 10 (2013) 101 O(VBF Z) = 1.5e+02 fb  mmjffim 5 fbt
VBF Z 8 TeV EPJC 75 (2015) 66 O(VBF Z) = 1.7e+02 o miffjm 20 fb !
VBF Z 13TeV  EPJC 78 (2018) 589 O(VBF Z) = 5.3e+02fb 1l 36 fb !
EW WV 13TeV  PLB 834 (2022) 137438 O(EW WV) = 1.9e+03 fb  mijis 138 fb~!
ex.yy»WW 8TeV  JHEP 08 (2016) 119 olex. yy-wWw) =22 o I 20 fb~?!
EWqqWy 8TeV  JHEP 06 (2017) 106 o(EW qqWy) = 11 fb  weel 20 fb~1
EWqgWy  13TeV  PRD 108 032017 o(EW qqWy) =24 fb s 138 fb~!
EWos WW 13TeV  PLB 841 (2023) 137495 O(EW os WW) = 10 fb i 138 fb~!
EWss WW 8 TeV PRL 114 051801 (2015) o(EW ss WW) = 4 o - 19 fb~1
EWss WW 13TeV  PLB 809 (2020) 135710 O(EW ssWW) = 4 fb  wilf 137 fb~1
EWqqZy  8TeV  PLB 770 (2017) 380 o(EW qqzy) = 1.9 fb  miiR 20 fb~?
EWqqZy  13TeV  PRD 104 072001 (2021) O(EW qqZy) =52 o  wifi 137 fb~!
EWqqWZ  13TeV  PLB 809 (2020) 135710 O(EW qqWZz) = 1.8 fo  meifiil} 137 fb~!
EW qqZZ 13TeV  PLB 812 (2020) 135992  [0(EW qqZZ) = 0.33 fb [l 137 fb?
tt 5.02 TeV JHEP 04 (2022) 144 o(tt) = 6.3e+04 fo [ 302 pb~?
tt 7 Tev JHEP 08 (2016) 029 oftt) = 1.7e+05fb b 5 fp1
tt 8 TeV JHEP 08 (2016) 029 o(tt) = 2.4e+05fb k 20 fb 1
tt 13TeV  PRD 104 (2021) 092013 o(tt) = 7.9e+05fb I 137 fb~!
tt 13.6 TeV Submitted to JHEP o(tt) = 8.8e+05fb | 1fbt
te—ch 7 Tev JHEP 12 (2012) 035 ofte-cn) = 6.7e+04fb | 2 fbt
te—cn 8 TeV JHEP 06 (2014) 090 ofte-cn) = 8.4e+04 b 1 5fb1
te_cn 13TeV  PLB 72 (2017) 752 olti—cn) = 2.3e+05 o Wl 2 fb1
tw 7TeV  PRL110 (2013) 022003 o(tw) = 1.6e+04 fo [l 5 fbt
tw 8 Tev PRL 112 (2014) 231802 o(tw) = 2.3e+04 fb [l 20 fb~!
tw 13TeV  JHEP 10 (2018) 117 o(tW) = 6.3e+04 fo Il 36 fb!
ts—ch 8TeV  JHEP 09 (2016) 027 olts—cn) = 1.3e+04 o« i 20 b1
tty 8TeV  JHEP 10 (2017) 006 oltty) = 3.5e+03 fb [ 20 fb!
tty 13TeV  JHEP 05 (2022) 091 oltty) = 1.2e+03 fb  mef 138 fb~t
tzq 8TeV  JHEP 07 (2017) 003 o(tzq) = 2.9¢e+02 fo [N 20 b1
tzq 13TeV  JHEP 02 (2022) 107 o(tzq) = 8.7e+02 fo 138 fb~?!
ttz 7TeV  PRL 110 (2013) 172002 o(ttz) = 2.8e+02 fo  w ([N 5 fb~1
ttz 8 TeV JHEP 01 (2016) 096 o(ttz) = 2.4e+02 fo Il 20 fb !
ttz 13TeV  JHEP 03 (2020) 056 o(ttz) = 9.5e+02 fb =i 78 b1
ty 13TeV  PRL 121221802 (2018) olty) = 1.1e+03 fo  uifim 36 fb~!
tw 8TeV  JHEP 01 (2016) 096 ottw) = 3.8e+02 o = [ 20 fb~1
ttw 13TeV  JHEP 07 (2023) 219 o(ttW) = 8.7e+02 fb  mum 138 fb~?!
twz 13TeV  TOP-22-008 o(tWz) = 3.7e+02fb »  mifim 138 fb~!
tett 13TeV  Submitted to PLB oftttt) = 18 o wif 138 fb~!
ggH 7 Tev EPJC 75 (2015) 212 o(ggH) = 1.6e+04 fb [l 5 fpb~1
ggH 8 TeV EPJC 75 (2015) 212 o(ggH) = 1.5e+04 fo  [i= 20 fb~?!
ggH 13TeV  Nature 607 60-68 (2022) o(ggH) = 4.7e+04 fo 139 fb~?
VBF qqH 7 TeV EPJC 75 (2015) 212 o(VBF qqH) = 2.2e+03 fb | 5 fbt
VBFggH  8Tev  EPJC75(2015) 212 o(VBF qqH) = 1.6e+03 fo [N 20 fb!
VBF qqH 13TeV  Nature 607 60-68 (2022) o(VBF qgH) = 3e+03 fb [ 138 fb~!
VH 8 TeV EPJC 75 (2015) 212 o(VH) = 1.1e+03 fo  |JIEN 20 b1t
WH 13TeV  Nature 607 60-68 (2022) o(WH) = 2e+03 b+ [} 138 fb~!
ZH 13TeV  Nature 607 60-68 (2022) 0(zH) = 1.1e+03 fb i} 138 fb~!
ttH 8TeV  EPJC 75 (2015) 212 o(ttH) = 4.2e+02fb = 20 fb~?!
ttH 13TeV  Nature 607 60-68 (2022) olttH) = 4.7e+02fo 138 fb~!
tH 13TeV  Nature 607 60-68 (2022) o(tH) = 5.3e+02 fb 1 i 138 fb~!
HH 13TeV  Nature 607 60-68 (2022) — o(HH) < 1.1e+02 fb 138 fb~!
1 1 1 1 1 1 1 1
1.0e+00 1.0e+02 1.0e+04 1.0e+06 1.0e+08 1.0e+10 1.0e+12 1.0e+14
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb] August 2023

See here for all cross section summary plots

Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction




I.W tests over the years

+ LEP: e"e™ collider, in operation 1989-2000 “ Spps, in operation 1981-1990 N J_JL“]FH -
+ 4 experiments (ALEPH, DELPHI, L3, OPAL) « 1/s =540, 630 GeV ;: T e '; 7
%+ 4/8 from 90 GeV to 209 GeV + discovery of W and Z bosons (UA1 &UA2) . E q jn :
# Two phases + Tevatron, pp collisions (1987-2011) e

+ LEP1: Z physics + /s =1.8,1.96 TeV

« LEP2: W physics, reaching the WW threshold and + top quark discovery, mass measurement

Bvents/(20 GeVic!

above _‘
. + My, measurements R
+ largest and most powerful eTe™ collider to date | Ty — :

s ven CDF _

e , + LHC, pp collisions (2008 - ) g . |

+ SLC, e"e™ collider, in operation 1989-1998 s | |
. + Higgs boson discovery .
+ 4§ ~90 GeV, polarised beams %

i .
O 120 160 200 240 280
Reconstructed Moss (GeV/c?)

ge . 1995, CDF and DO




Testing the SM

+ What can be tested?
+ Theoretical predictions for observables: cross sections, differential distributions, decay widths,,...
+ “Properties” of the theory
+ built-in assumptions, e.g. number of generations

+ existence of the particles appearing in the model and their properties
— most famous: Higgs boson but also top quark, 7 neutrino, and even earlier W, Z bosons or b and ¢ quarks,..

+ existence of the interactions predicted by the model and their properties
— e.g. Yukawa couplings, gauge boson interactions, gauge-fermion interactions

+ running of the coupling

+ Overall consistency — global precision fits



cte = ff

+ eTe” — ff cross section
VA
T,

Y / ig
_ el — ol
2 COS QW}/ ey = cars)
L' 2l

W

at the Z resonance c{/ =15 —2e; sin” 6y,
=T
dra | ) 2 S Ca= 13
o = , (62 L ei)el, +el)
3s 16sin*0y, cos* Oy, (s — M3)?> + (M,I",)?
+ Partial width
aM, 2 2
[ — ¢kl - )P
D sinzé’Wcoszﬁw( nt . ; !
Fer \) 127 Fer
= e rEa and at\/E=MZ o= L
M% (S T M%)2 = (Mzrz)z m% F%



/. line shape

<+ /. resonance curve

T, :

(4

M% (S - ]‘4%)2 - (Srlez)z

eak = 9) 5)
mz; 17

oc=12n with peak at o,

+ Resonance location gives M, width of the curve gives I';, height .,

gives 11

The formula receives QED (and QCD if hadrons in the final state are
considered) corrections, most importantly from the QED initial state radiation

myz |GeV| 91.1891 4+ 0.0031
[z [GeV] 2.4959 + 0.0043
op [mb]  41.558 + 0.057

Test of lepton
couplings” universality

as measured by ALEPH

Ghad [llb]

I I I
40
. ALEPH
. DELPHI
i L3
‘%O - OPAL
20
¢ measurements, error bars ;"
mcreased by factor 10
10 - o from fit
[ — QED unfolded
‘.l.- I 1 1 1 I L 1 1 l 1

' M

86 88 90

z .
92
E

cm

! 9[4
|GeV]

Determination of ¢/

V,
(— differential distributions)

C£ from forward-backward asymmetry



Number of light neutrino generations

+ Therelation I',=TI,,+30,+T,

allows to determine the invisible partial width
Finv — NUFU Fl/ — F(Z = DlDl)
+ The number of neutrinos
N 1—‘inv . 1ﬂinv &
- T I [
! !

from exp. from SM

+ Combined result from the four LEP experiments

N, = 2.984 + 0.008

)

5,
=
S
=

O

30

10

2V
~ ALEPH
DELPHI
1.3 4v
OPAL

| ¢ average measurements,
error bars increased

by factor 10

86 88 90 92 94
E,_ [GeV]




Away from the Z pole
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WW threshold

+ Measurements of eTe™ - WTW~ — 4 fermions allow to

+ probe gauge boson interactions 30 -
preliminary
+ determine My, from the dependence of the WW production
threshold behaviour on My))
20 —
?c ‘:. - ,/*—___/_ v +
— e o o... -.." o~ /
F T s
P ) S }/
: EIRN ; e“l+< 10 —
= y s W e Z 'fé wo f
e W T e W T ; W YFSWW/RacoonWW
/ "?< % F /A no ZWW vertex (gentle)
f f ¢ only v, exchange (gentle)
:}.’&éy
0
| | |
160 180 200

Vs (GeV)

0.5 % precision
of theoretical predictions



Global fits

{G,, dem} (Fixed)
Wrmns my, Mz, a,(M3z), Aa{f:)d(ML’,)} (Float

#" EWPO: Theory

‘ M3 4w
Ay = = (1 + \/l — _\/Q'JMM; (1+ Ar))

112
o[ 4]  + ] + sevc

£}

Fa

Fitting
Framework

J‘ '1"\‘[) 1_”
I.Ci | I

—

experimental measurements image credit: ]. de Blas




Global consistency of the SM

A (LEP)

A(SLD)

2 - lopt
sin“0_,, (QFB)

sIn?0"' (Tevt.)
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— see lectures by J. Guimaraes da Costa

1803.01853

+ Input data from many experiments: at LEP, SLC (e*e™), Tevatron (pp), LHC (pp), ...

+ Global fits can be similarly used to put constraints on BSM models /SMEFT parameters



Predictions from global fits

+ First direct indication of the predictive power of global fits: top

mass prediction on basis of measurements at LEP and SLC 200
discovery
et foet top f et H f 2
>\Mféw< + >W\/\NQJU/< + >«M\%§w\/\m~< + .. 150
z 74 z z ~
- e anti-top Fooe z f > ¢ Tevatron
- “% SM constraint
s 68% CL
+ Good agreement between the indirect prediction of m, and the 100
directly measured value confirms the validity of SM radiative
corrections
direct search lower limit (95% CL)
50 .

T l T T y T |— Y 2 T T
1995 2000 2005
year

1990



Indirect Higgs searches

+ With the top mass measured, one could make prediction for the Higgs mass — the famous “blue band” plot

Just before turning on the LHC...

6 July 2008 m . . =154 GeV
| (5) _

5 | 2 ‘_‘ Aahad - | |

. i —0.02758+0.00035 { :

: L L --0.02749:0.00012 [f @ 1
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N, 3
<

2 — —

1 — —

0 Excluded “ i Preliminary
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Indirect Higgs searches

+ With the top mass measured, one could make prediction for the Higgs mass — the famous “blue band” plot

Just before turning on the LHC...

=154 GeV

6 July 20(.)8 ‘ L|m|t
> 5 (5) _ |
5 a ‘-. AOchad - |
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No sign of the Higgs boson
poneeee HALF PRICE

The legendary particle that physicists thought explained why matter has mass probably does not exist.
So say researchers who have spent a year analysing data from the LEP accelerator at the CERN nuclear

physics lab near Geneva.



Indirect Higgs searches

+ With the top mass measured, one could make prediction for the Higgs mass — the famous “blue band” plot

Just before turning on the LHC...

=154 GeV
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show up by about 130 GeV “Then I would have a good long think,” he says.
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No sign of the Higgs boson
poneece HALF PRICE

The legendary particle that physicists thought explained why matter has mass probbly does nerlst.
So say researchers who have spent a year analysing data from the LEP accelerator at the CERN nuclear
physics lab near Geneva.

Not everyone is too bothered, yet. Frank Wilczek, a particle physics theorist at the Massachusetts
Institute of Technology, points out that you could take the LEP results as evidence that the Higgs must

be sitting at an improbably high energy. He says he’ll start to get ucmfortable‘ 1f the nggs doesn t

, _




Indirect Higgs searches

+ With the top mass measured, one could make prediction for the Higgs mass — the famous “blue band” plot

Just before turning on the LHC...

=154 GeV

6 July 20(.)8 ‘ L|m|t
> 5 (5) _ |
5 a ‘-. AOchad - |

* 1 —0.02758+0.00035
ER 0.02749+0.00012 -
4 - ++ incl. low Q° data —
NX 3 |
<
2 _ _
1 — ]
0 Excluded \*.__ /=  Preliminary
30 100 300

NEWSLETTERS N sc‘ q SUBSCRIBE AND SAVE 77%
Sign up to read our regular email newsletters ew Ien IS

News Podcasts Video Technology Space Physics Health More ¥ Shop Courses Events Tours Jobs s Sign In Q Search

No sign of the Higgs boson
0O0OBO00 - HALF RCE

5 December 2001

| + Quite a few good reasons to keep on searching: [ the LEP accelerator at the CERN nuclear

+ Unitarity

+ Triviality

+ Vacuum stability




Unitarity bound

+ Partial wave decomposition of amplitude
+ Consider 2 — 2 elastic scattering

Lo A=167) (21+1)P(cosf)q,
dQ  647x4s =0
« a; are the spin [ partial wave amplitudes
gL 20,
P/(cos 0) are Legendre polynomials: dxP(x)P;(x) = Y —Il—,ll
J_1
— ol — %i (21 + 1) i (2l’+ 1) alaﬁr d cos GP,(cos 0)P;(cos ) = ?i (21 + 1) \allz
=0 I'=0 o =0
Direct consequence of the unitarity of the S matrix: the optical theorem
1 1
o =—Im (A(Q = O)) so for each / Im (al) — 0 > and ‘Re (al) ‘ - =
S



Unitarity bound (2)

+ Highly relativistic (boosted in the z-direction) gauge bosons dominated by their longitudinal polarisation
+ Longitudinal degree of freedom <> Goldstone mode

+ Equivalence theorem: at very high energies, s > M3, the scattering amplitude for the longitudinally polarised W bosons can be
approximated by the scattering amplitude for the Goldstone bosons, up to @(M‘%,/ E?) corrections

+ Consider AW, W, - W W) ~A(p™p~ = pp7) AN Lo N \:/
Mil a2 MZ Mz | ME M2 sl M
A= |2 S . and it follows a, = = = = lool [ - S
V2 s—Mg t— Mg 167v? s—Mz s Mz 8mv?

1
Hence for s > Mfl from |Re q,| < 5 it follows My < 2\/zv = 870 GeV



Triviality bound

+ Running of the Higgs self coupling

d/ 1

dlogQ* 1672 |

% In the limit of the strong coupling 4
d/ 3

dlog Q% 47x?

3 0*
(Landau) pole at 1 = ﬂﬂ(v)log —

T P2

Requesting finite 1 at a given Q = A, i.e. A(A)~' > 0leads to scale-dependent condition M7, <

: 3 3 2\
124% + 64y — 3yt — 51 (3g5 + &7) + N <2g§ + (85 + &7) )

A
— = 92 with a solution A(0) = W) >
1 -2 iwlog (£)
82

3 log (?—j)




Vacuum stability bound

dA | 3 3 0
= 1242 £ 6y 3y {32 £ g0 (2 44 (g2 482 )
dlog 02 167z2[ T (38 + &1) 16 \ 782 (85 + &) _

+ In the limit of a weak Higgs self-coupling at the EW scale, the negative terms in the equation above can in principle lead to a
negative value of the coupling — unstable Higgs potential

+ Considering only the dominant term with the top Yukawa coupling y,

dA 3mt4 : . ) 9) 3mt4 Q2
Tlos O = R with the solution A(Q°) = A(v?) PR log =

. A , 3mt4 : A2
e Imposing A(A) > 0 leads to M}, > o 0g .



Constraints on My in the SM
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=» see also lectures by J. Ellis

Perturbativity (triviality)

Stability of the potential
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Living on the edge

0.10
0.08 - “ 30 bands in
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Precise knowledge of the top mass and the top Yukawa coupling (its running, measurement) crucial

180

178

176

174

172

170

Stability

128
Higgs pole mass Mj, in GeV

130

VIH]
A

» H




12 years with the Higgs @ |.HC

=» see also lectures by J. Ellis

> C T T T e e : CMS 137 fo'' (13 TeV
8 60000 '__ ¢ Data A TLAS ‘—_' > 1l 1 11 ] T 11y rrriri ] Ty rrrrnri ] TP rrTa I T l(l [ L r—)-
> L mes Background Ys=13TeV, 139 b n © 250 D —
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Global signal strength u = 6/0g\,

4=105+006 (ATLAS) 4u=100+0.06 (CMS)



How to make the SM Higgs at the 1LHC

700000

281177

107

‘1 pPp = WH (NNLO QCD + NLO EW)

I 1 I I 1 I I I 1 I 1 I I 1 1 l 1 1 I

pp — H (N3LO QCD + NLO EW) /s= 13 TeV

| | 1% 1111

LHC HIGGS XS WG 2016

pp — qgH (NNLO QCD + NLO EW)

| | llllllI

pp = ZH (NNLO QCD + NLO EW) '
C__pp — ttH (NLO QCD + NLO EW) L 2

PP — bbH (NNLO QCD in 5FS, NLO QCD in 4FS) @
— ’ 7

llI

|

%e

- L 4
4
1 1 1 I 1 1 1 I 1 | | I | | 1 I | 1 1 j ‘

M, [GeV]
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=» see also lectures by J. Ellis
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Gluon fusion

Calculations of the inclusive rate

+ Higgs boson does not couple directly to gluons

E =13 TeV Courtesy Grazzini and Kado « From IHixs

- . 5 . 5 * F. Wilce :

+ At LO the gluon fusion process is mediated via loop, with the LO™ I | cric-vi.x. Gainard, 0.V, Nanopoulos, G.T . Sachwaids : 1977 - 1980
. : 3 H. Georgi, S. Glashow, M. Machacek, D.V. Nanopoulos :
biggest contribution from the top quark (y, & m,) T. Rizo ;

. . o NLO - QCD* | . 1991 - 1995
+ Effective (loop-induced) ggH coupling in the heavy top mass O jouadl, . Graudens. P.M. Zorwas E
(m, = oo0) limit

NNLO+NNLL QCD - NLO EW . 2002 - 2012
1 S.Catani, D. de Florian, M. Grazzini and P. Nason :
S g Uy S. Actis, G. l?assarino, C. S?urm, S. 9ccirati :
e bl e ;

N°LO - NLO EW | 2016
C. Anastasiou et al. -
g “000) 5
o ATLAS Collaboration Run 2 Ly
t H N Nature 607, 52-59 (2022) . 2022
P, o CMS Collaboration Run 2 :
o O '.'4-;."3 Predictions for m = 125 GeV Nature 607, 60-68 (2022) '
,.-f._-.-g | | I | | | | I | | | | I | | | | I | | | : I | | | | l | |
| 10 20 30 40 50 6

+ In the heavy top limit approximation analogous to the Drell-Yan
process!

Ogqr (PP — H+X) [pb]



Higgs boson interactions

| @Kk, =K, CMs 138 fb~" (13 TeV)
100} + #, is a free parameter ATLAS Run 2 + ks are rescaling factors of the SM
= — SM prediction Run t ® Observed || #1s.d. (stat) :
= mmm +1 s.d. (stat @ syst) D +1 s.d. (syst) Couphngs
= —— 12 s.d. (stat ® syst)
s> 107 = N :
= (2 — : Stat Syst :
< — Ky —i— 1.0240.08 005 +0.05 | mf
< n B : //\ =0
S : i
o 107 =5 K, —@- 1.04+0.07  +0.05 +0.05 | M W
>3 - Leptons Quarks - E
= |> . : I
< il e || M | ol © |n Ky = 1.10+0.08  #0.06 *0.05
103 = — E
§ EI c > In Kqg -@i— 0.92 +0.08 +0.05 +0.06 E
e Force carriers Higgs boson B | | i
10— &) g || i 4 | H K, —@— 1.01:0-11 z007 :0.08 Mﬂ‘.’h—\—"‘\‘_\ o lgMVg//tI/ KV
EIIII | | | ILIij‘IIIII | | | llIllI | | | IIlIll | — E
1.4 | %, —a— 09937 w012 02
: - = + “kappa-framework” is very/too simple
. 1.2 — K, —elr— 0.92 +0.08 +0.06 +0.06 i . .
; . . - (pI‘ oblems Wlth gauge Invariance,
0 + s AR 3 :
& 1.0p : ¥ éi 2 ot —=iE— 11255 133 w0 kinematic information, consistency at
L | P 4 = : ; -
038 -_1 .| [ | ]|1 11l Lol Lol ] “zy i E 1'65i8:g£7‘ iggg igg)g hlgher OrderS’") 4 better approaCh -
10-" 100 10° 107 e e b provided by effective field theory
Particle mass (GeV) B
arameter value

+ Higgs-gauge boson couplings — test of the EWSB mechanism, Yukawa couplings — mass of elementary particles

+ The scaling of the couplings with the mass of the particles is a central prediction of the theory



Higgs self-coupling

,1
V=_—202 4 \vH3 + _H*
2 4

o(pp — HH + X) [fb]
M, = 125 GeV
PDF4LHCIS

+ Value of 4 decides the shape of the SM scalar
potential

* A can be probed at hadron colliders through the 0 F

Higgs pair-production processes

VBF (N'LO)

+ Extremely low cross section at the LHC (1000 times 2
smaller than single Higgs production) :

gg — HH (NNLO

I"l'approx)

-
—
s

== ttHH (NLO)

" tjHH (NLO)
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SM mm EFT

+ SM “works” fantastically well — a very good approximation of an unknown BSM theory chosen by Nature — all new

physics at a scale A > v — SM as lowest order in EFT expansion of the full theory

o o SM fields
gSMEFngSM+XgS+Xg6+--- OCZ,,I:ZCI({)@I(()A/
k

BSM effects

+ All the principles same as behind SM (QFT, local gauge symmetries, matter content and the quantum numbers, Higgs
mechanism of EWSB via single SU(2) doublet field) apart from renormalizability: order-by-order

V2

.. Dim-5: only 1 operator (Weinberg) 0Os = 71721@ — Majorana mass term

+ Dim-6: 59 operators (“Warsaw basis”), 2499 if flavour structure considered
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+ SM “works” fantastically well — a very good approximation of an unknown BSM theory chosen by Nature — all new
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+ Dim-6: 59 operators (“Warsaw basis”), 2499 if flavour structure considered



T'he future 1s bright

+ Next stage of the LHC, after current Run 3: High-Luminosity LHC (HL-LHC): 20 times larger data sample and improved detectors

LHC HL-LHC

EYETS Ls? 13.6Tev  [RUAE 13.6 - 14 TeV
13 TeV — R e— snery

8 TeV splice consolidation cryolimit LIU Installation _ HL-LHC
7 TeV e button collimators interaction o A inner triplet installati

R2E project w‘ Civil Eng. P1-P5 /Mam raﬂmo_nllq instaliation

Sto 7.5 x nominal Lumi
ATLAS - CMS —
k] upgrade phase 1 ATLAS - CMS —
beam pipes HL upgrade
nominal Lumi 2 x nominal L“"Ll ALICE - LHCb } < X nominal Lun

—

75% nominal Lumi | '/—_ upgrade

" orm

m integrated JEAUUURIYE
luminosity JEIVR{ B

+ However, precision measurements of the full Higgs sector: triple and quartic self-interactions, Yukawa couplings to light fermions
etc. will require next generation colliders such as e.g. FCC (-ee).




Summary

+ With the discovery of a new boson 12 years ago, and then subsequent confirmation of it as the Higgs boson, the EW SM is now
complete

+ Results of collider physics experiments are in agreement with the EWSM — it “works” amazingly well
+ Yet, it can only be an effective theory — the evidence for BSM physics is there

+ dark matter

* neutrino masses

* matter-antimatter symmetry
+ The Higgs sector still needs to be fully tested

+ The search for new physics relies on developments in both experiment and theory



Summary

+ With the discovery of a new boson 12 years ago, and then subsequent confirmation of it as the Higgs boson, the EW SM is now
complete

+ Results of collider physics experiments are in agreement with the EWSM — it “works” amazingly well

* Yet, it can only be an effective theory — the evidence for BSM physics is there ... and many theoretical questions remain:

S ol et + where does the Higgs potential come from?
+ why 3 generations? Why the observed mass

<+ neutrino masses
pattern?

< -anti '
matter-antimatter symmetry + what protects the Higgs mass (naturalness
s problem)?

+ The Higgs sector still needs to be fully tested

+ The search for new physics relies on developments in both experiment and theory



Summary

+ With the discovery of a new boson 12 years ago, and then subsequent confirmation of it as the Higgs boson, the EW SM is now
complete

+ Results of collider physics experiments are in agreement with the EWSM — it “works” amazingly well

* Yet, it can only be an effective theory — the evidence for BSM physics is there ... and many theoretical questions remain:

+ dark matter + where does the Higgs potential come from?

+  why 3 generations? Why the observed mass
* neutrino masses

pattern?

“+ matter-antimatter symmetry

s Good news: there is a lot to understand and discover!

+ The Higgs sector still needs to be fully tested

+ The search for new physics relies on developments in both experiment and theory



