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The Standard Model
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n these lectures, | will discuss the Standard Model of particle physics. This (so-called) “mode
s not a model — it is a modern theory of strong, electromagnetic and weak interactions, d
oinnacle of our understanding of fundamental laws of Nature. And it we add Einstein’'s gravity
to the SM, we get a theory of everything (well, almost), turning the whole Universe into a
aboratory where this theory can be studied.

THE UNIVERSE AS A WHOLE IS OUR PLAYGROUND! WE USE THE
INFORMATION FROM TODAY’S TOOLS TO LEARN ABOUT
FUNDAMENTAL LAWS OF NATURE.

Who ordered flavour?
Dark matter?

How did it all start?

Where is the antimatter?

Origin of life?
Higgs boson? Alone? Really?

Time




The Standard Model is based on three principal ideas:
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With this, the Lagrangian of the Standard Model is the sum of the following terms:

- the kinetic terms of the gauge fields: they are fully-fixed by the selected gauge groups;
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The kinetic terms for the gauge fields read:

Kin Kin Kin
£kin — ’CQCD + ’CSU(Q) + ’CU(I)

A A ' 1 ~ ~ N 1 v
Ir [GWGW} £§|8(2) — _ETr [WLWWW/} 55(1) ~ _ZBWBM

N 1
ﬁéco — 5

GH = HGY — 8YG* — ig[G*, GY] WK = WY — BYWH — ig[WH, W] B* = o*BY — 5" BH

The vector potentials are matrices in the corresponding “Lie algebra” space, written as the
inear combinations of generators of the corresponding algebro

3

3
GH = Z Ga’“'TSa Wu _ Z Wi,u,Ti
1

1

Generators are normalised in a standard way and satisty the standard Lie algebra commutation
relations

1 A |
Tr[Ta,Tb] _ §5ab [T’, Tj] _ Ieuka [Tsa' st] _ IfabCTC



To add matter terms, we need to distinguish between left and right fermion fields. This is

necessary since “left” fields participate in the (charged) weak interactions and both “left” ana
“right” fields are involved in the electromagnetic ones.

The left and right fields are constructed using the projection operators that involve the Dirac

matrix s = Yy’

szl;%w szlz%w 752(_01 2) ¢:<§>

Since left and right fields transform differently under gauge transformations, mass terms for

matter fields are forbidden. Hence, all matter particles in the SM Lagrangian are originally
Mnassless.

_ m , — _

my) = > (¢R¢L T 1/JL1/JR)
We will only consider left-handed neutrinos. Three generations of leptons and of up-type
and down-type quarks are included into the theory. Left-handed fields are SUL(2) doublets;

right-handed fields are singlets of the SU(2). gauge group. Both left fields and right fields
transform under U(1)y.




The kinetic term for leptons and quarks reads

Lkin — Z [j,L/.D,uJ’YMLj,L -+ Z TJ"RI.D“’YM/J',R -+ Z \TJJ',LI.DM’YMWJ"L —+ Z UJ',RI.D'UJ’YMUJ',R —+ + Z DJ,RI'DM’YMDJ,R
J J | | J

J J

where the covariant derivative reads
3 3
D, =08, —igW —igdYB, —igG WH = Z WHETT 0 Gr =) " G™#T
1 1

The way the covariant derivative acts on the matter fields follows from the formulas below

—

where T are the Pauli matrices and x are the Gell-Mann matrices.

— —

R T = = T — =
SUL(Q) TLJ',L — §LJ’L, T/JR — O, T\UJ‘,L — § JoLo TUJ',R — TDJ',R — O,
~ 1 A ~ 1 ~ ? A 1
Uy(l) YLJ',L — _§LJ,L1 Y[j',/:\’ = —Ii R, Y\Ij_j,L — 6 JLo YU_],R — § iR YDJ,R — —g iRy
. . , ) , ) , )
SU(S) TSLJ',L — TS/j,R — O, Tswj,L — 5 J, Ly TSUj,R — § /Ry TSDJ,R — § J,R-



The kinetic term of the scalar field and the symmetry breaking term read

v2\
LHiggs — (DMQO)T (Du(p) — A (QDTQD )
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Gauge transtformations allow us to remove three real fields from the Higgs doublet
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The Higgs boson kinetic term plays a very important role in the Standard Model as it allows us
to generate masses for gauge fields.

2\ 2 . | ~
LHiggs — (D,UJ(:D)Jr (Du(p) — A ((pT(p \/2 ) DM — au o IgW,LIL T Ig/BMY

By definition, mass terms are quadratic in the corresponding fields; to find the mass terms of
the gauge fields, we need to replace the Higgs field with its vacuum expectation value.

p(x) ( ; ) ( y )
X) =1 vthx) Pvac — v

From the kinetic term, we find

V292

2( 2 72
t . | | % + |
(Dyp)' (D*) — . (\/Vi\/Vl s WEWZ “) (9 3 9") (cos O W} — sin 9\/\/BM)2

where cosine and sine of the weak mixing angle are defined through the gauge coupling
constants

g
Va2 + g7

cos by, = . sInfyy =



Written in terms of the W3 and B fields, the mass term is not diagonal. This is inconvenient.

v2g? v2(9° +9”)

(D) (D*p) — == (WiW™ + W2W>*) A - (cos O W2 —sin6yB,)"
/
cos By, = \/ 29 =) sin By, = \/ 29 >
g+ 9 g+ 9

To take care of this problem, we define new fields which diagonalize the mass matrix. They read

. . n 1 .
Z, = cosby W —sinby By, A,=sinfy W +cosby B, WF= 5 (Wi ¥ W)
29 2
The masses of the gauge bosonsare: My = —, Mz = , mag =0
2 2 Ccos By

There is an important relation between W and Z masses and the weak mixing angle
™Mw — Tz COS HW

Since the field A is massless, it is a candidate to describe the electromagnetic field.



nteractions of matter fields with gauge bosons are hidden in the kinetic term for the matter
fields, more precisely in the covariant derivatives.

Lign = LiciDuy*Lis +» TriDuy*lig + ¥ W, 1iDyy V), D, =20, —igW —igYB, —igG
J J J

We rewrite the covariant derivative in terms of the physical (mass eigenstate) gauge fields.

D, = 8, ’j’% (W T~ +WSTT) —iZu(gcosbw T — g'sinbyY) —igsinbwA, (Ts+Y)

1 =17 =115

IN QED, the coupling of a fermion with the charge Qe (e > O) to a photon field reads
Py (0" — iQeAu)
Comparing this expression with the above covariant derivative, we find

e = gsin By Q=T2+Y

Standard results for electric charges of neutrinos (Q = 0), leptons (Q=-1), up-quarks (Q=+2/3)
and down-quarks (Q =-1/3) easily follow from the weak isospin and hypercharge

assignments discussed earlier.




Before we continue with the discussion of weak interactions of the matter fields, we need
to discuss the Yukawa interactions. The most general Yukawa Lagrangian reads

Ly,L — _f_}k[j,L¢/k,F\> + h.c.— ( (d)WLJ<b Dk r + h. C) — ( (U)ijqb UkR + h. C) CE = (IT20")

After the spontaneous symmetry breaking, we are left with terms that are quadratic in
fermion fields, but where different “generations” of leptons and quarks mix

vV — — V — vV — y
Linsss = =75 (GxThor + irlin) = (De " Dric+ hc.) 7 (00U x+ h.c.)

These terms have to be diagonalised. This requires different “inter-generational” rotations
of left-handed U and D fields which, however, are part of the same left doublet. The
gauge-interaction term that induces transitions from U to D and vice versa becomes

affected by the 3 x 3 unitary mixing matrix, which describes the “mismatch” in rotations of
up-type and down-types left-handed fields

Ve Vs Vb 0.9743(1) 0.2253(6) 0.0035(1)
VM — | Vv, Ve Vo | = | 0.2252(6) 0.9734(1) 0.041(1)
Vie' Vis Vip 0.0087(3) 0.040(1) 0.99915(3)

Since for us neutrinos are massless, a similar matrix does not appear in the lepton sector.



't is convenient to re-write the Z-boson contribution to the covariant derivative through the third
component of weak isospin Tz and the electric charge. We find

. g .
_IZ'UJCOS QW (T3 — QSIﬂ 9\3\/)
g u
The contribution to the Lagrangian is written as Lz = oS O JZ ZM
%%

1 _
T 3 .2 3
The current reads JZ — 5 Z Y [(TL — () sin QW)%L _ TL”YMVE’)} )
pel,q
where we sum over all guarks and leptons.

The W-bosons contribution reads

1 ) 1 _
Ly = \%Wjjé‘ﬁ the ST =5) m (-l g Y w1 - 75)Vigd;
z i

Note the CKM matrix in the quark current.



The Standard Model is a weakly-coupled theory; therefore, we can use the perturbative
expansion to arrive at physical predictions. Here are the examples of the Feynman rules:

_ W
1 NNNNNN U
N L 7 .
k}ww s ig cos Ow [gap(p — k) + 9u(k — @)a + Gualq — p)g]
. W+

A —1 [ N kuky (1 5)] 8
N\NNNN V g —
H k2 — MI%V HY 2 €m%,v
f wu,d W’j:
g 1=
————— : 9 VeI
i(p+my) ’ 2 mw Yd,u
; P2 — m?c + i€ f
Yy )y
h 7/ h \‘\\ Z:LL . g f f A,u )
----- D o p? — Mj +ie Wi 19 MW G ZCos O Tu (gv - gA%) —ieQ
ffww vy Vs
WF
_____ Yz l
D P2 — §m2Z + 7€

\\ g
. \ m
gOi v cos Oy Z G
D p2 — fm%v + 1€
Zy,



D

O

S

O

ca
INC

N g
ag

nysical ©

dantum field theory, one has to distinguis
‘angian and physical quantities observed in

nservab

uch computations may lead to poorly defi

"

N renor

uantities, such as masses, couplings e

LC.

dre si

nave

N between parameters that appear in the
Nat

nce they may not be the same.

to be defined through physical

es and related to the Lagrangian parameters through (perturbative) computations.

vergencies affect relations between physical anc
technical issue that, by itself, has nothing to do wit

nysical parameters to their experimental values.

culation are written in terms of physical parame
ependent of the “divergencies problem”).

ned quantities that we refer to as divergent. These

Lagrangian parameters, but this is a

malisable theories, this problem of divergencies
T this

N the need for the renormalization.

s taken care of by fixing a few
s done and the results of the
ers, all predictions become finite (i.e.




The Standard Model was proven to be a renormalisable theory. This implies that by fixing the
(finite) number of input SM parameters from experimental measurements, we get a theory
with an absolute predictive power (provided that our computational prowess is sufficient).

The input parameters include masses of quarks and leptons, CKM matrix elements, the Higgs

S€e

SU

f-coupling constant, the Higgs field vacuum expectation value and the gauge couplings for
(3), SU(2) and U(1) gauge groups.

A useful alternative to fixing two gauge couplings (SU(2) and U(1)), the Higgs self-coupling and
the Higgs vacuum expectation value, is to fix masses of W and Z bosons, the Higgs boson
mass and the value of the electromagnetic coupling constant.




Remarks on precision SM physics



Historically, after the SM was formulated as a theory of weak and electromagnetic
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This simple idea is behind all high-precision low-energy experiments; it is also becoming the
dominant philosophy behind the many LHC measurements. However, it has important

imitations because getting to higher and higher precision forces us to dive deeper and deeper
into complicated physics leading to uncertain outcomes.

When discussing precision physics one has to remember that

- not all observables are equal; there are observables that are easier to understand

theoretically than the other ones; simple observables must carry more weight in the
comparison with the SM.

- SM physics is not the same as “perturbative SM physics”; in some cases, we start feeling
“lack of perturbativity” by pushing to higher and higher precision.

- Opbservables that can be studied at the highest energies are important because effects of
heavy New Physics at high energies are more pronounced. Thus, lower relative precision of
SM predictions at high energies is typically sufficient to probe for New Physics.




Masses of the Standard Model particles (and some other things)



An important class of required SM inputs is comprised by the masses of elementary particles.
Flectron and muon masses are know from atomic physics, light-quark masses are known
noorly but do not really matter, c-quark and b-quark masses are derived from D and B meson
Mmasses and the rest comes from collider physics measurements. Note that the (relative)
orecision of the top quark mass measurement is extraordinary (a few per mille).
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The Z-boson mass was measured at LEP. Z-bosons were produced at LEP in collisions of
electrons and positrons, and their decays into various final states were studied. An amplitude
to describe the electron-positron annihilation into a pair of muons reads

€ 7
A _ G _Ypo  Fo 7p Ypo 5o
M = ‘]Z,eS —mZ JZu 5 S Sy 47
1 : | g
Jh = Z Y [(T} — Qsin? 6 — TPyH 5] 9 L7 = J?
Z 9 w;q [( L S W)%L LY ’75] A oS HW 7 Z’u
At s=m% the non-resonant (ohoton) term can be neglected. ot ut
, R(m?
WM = ( ZQ)

However, now there is an apparent problem since the above matrix element blows up at
the most interesting kinematic point s ~m?7 . What happens there?
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The Z-boson mass was measured at LEP. Z-bosons were produced at LEP in collisions of

electrons and positrons, and their decays into various final states were studied. An amplitude
to describe the electron-positron annihilation into a pair of muons reads

e i
iM=Jjy e _jo o je Jec jo 2%
€ g — mQZ y v,€ S Yo
At s=~m3 the non-resonant (photon) term can be neglected.
R<m22) eT N+

M =

a2
S mo

The residue R is computed from the product of the electron and the
muon currents. The infinity at s = mZZ s avoided by the re-

summation of the vacuum polarization contributions in the vicinity of

s~ m7.

R
IM = my — Re [llzz(m? . =m7 .. Im[Izz(m
c m%_|_ M,,(s) Z [ 72 ( ,phy )} ,phy 1z
Once this is done the matrix element is defined for all | R
values of s, and m, ,nys — mz IS the physical Z-boson IM = - -

MAass.



The cross section for mu-pair production in the electron-positron annihilation in the vicinity of
the Z-pole is computed as follows. The starting point is the familiar expression that involves
squared amplitude, the normalization factor and the phase space.
L% L5, 1 o
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The measured cross section looks very different from a simple formula that we derived. The
‘eason is the radiative corrections; chief among them is the initial state radiation as it distorts
the shape of the Breit-Wigner distribution. 127 T, .1,
] - o —
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Performing the integral, we find very large radiative corrections: v = —Z
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The Higgs boson, discovered at the LHC, is produced in the gluon fusion and observed in two-
ohoton and four-lepton final states. Higgs boson is a very narrow resonance; for this reason
measuring its line shape at the LHC is impossible.
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The W-boson mass measurement requires a somewhat different approach because hadronic
decays of the W-boson are buried in backgrounds, and neutrino is not observable, so
reconstructing the invariant mass is not an option. .

't is possible to study two variables with pronounced kinematic boundaries —
the transverse W-mass and the transverse momentum of the charged lepton.

MJ_ — \/2pe,J_pu,J_ — Qﬁe,J_ . ﬁI/,J_

do 65 """""""""""" 5 do |
dM s My < My dpel 2 Pe, 1 < —5—

50 60 70 80 90 100 20 30 40 50 60
M 1 Pe, L



The W-boson mass measurement requires a somewhat different approach because W hadronic
decays are buried in backgrounds, and neutrino is not observable. It is possible to study two
variaples with pronounced kinematic boundaries — the transverse W-mass and the transverse
momentum of the charged lepton.

mw = 80.377(12) GeV  PDG

The precision of the measurement is extraordinary given the fact that QCD radiative corrections
to processes at the LHC are typically of the order of 10 percent.
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do do |
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15|
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Beyond the edge: mostly detector effects Beyond the edge: the initial state radiation
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The strong coupling constant



The strong coupling constant is another input parameter of the Standard Model. We will
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One option is to consider decays of Z-bosons to hadrons and to charged leptons. Z decays occur at
distances that are about 100 times smaller than the Compton wave length of the proton (which is a distance
of where strong force becomes strong). For this reason, we can use quarks and QCD perturbation theory.

> (9v")2 +(g9a")°

q

rZ_>Ch_ lept 3 X 83. 984(86) MeV rZ—)Ch. lept ¢ Z(g\(//))z 4 (ggl))z
/

rZ—>hadr L 1744(2) MeV — 602 I_Z—>hadr

1 _ . _
Jy = 5 > [(TF — Qsin® 0w )y, — Tiytys| v = T2 Y [g%u +gf§vw5} 0

PDG 52 = 0.231 (0% 4 g% = (=14 4s2)? + 1 ~ 1.0056

O
(74 gl = (1 - Z53,)° + 1 ~ 1.1475 (7 g7 = (—1+ 350)° + 1~ 1.4789

We obtain as(m,) = 0.108, but the result depends strongly on the assumed value of the
weak mixing angle. The value of the strong coupling constant allows us to determine the
energy scale where QCD becomes strongly-coupled (i.e. non-perturbative).

n 11 2 m
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AN alternative determinatio
The idea is identical to wha

N of the strong coupling constant involves decays of the tau le
- we did with Z decays, but the energy scale (the tau mass) is s

.
ler

olte
Ma

and the sensitivity to the strong coupling constant is (potentially) larger. The price is larger non-
oerturbative contributions that need to be analysed. '
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m, = 1.77 GeV
Non-perturbative contributions are quite small; they scale as A§qp and, therefore, produce
small corrections (fraction of a percent). The very important feature of the above formula is that

there are no non-perturbative effects t

and this makes the non-perturbative corrections small.
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We solve the above equations for the strong coupling constant and use the RG equation to

compute ag(mz)
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To see how this works, we consider the case where the emitted gluon is soft k< Q
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The electromagnetic coupling constant



The electromagnetic coupling constant determines the strength of two charges separated by
a distance r. In Quantum Electrodynamics, the “constant” becomes a function of the distance.

The distance scale where r-dependence becomes strong, is the Compton wave length of an
electron.

V(r) = Qlcrba Ae = 1/m~ 1071 m r>> A — a(r) — a.
0
)= T (@) L,(?=0=0 =  a0)=a

n practice, measuring the Coulomb force isn't the best option; instead, one finds a quantity
that can be measured and computed with very high precision. A suitable option is the
electron’s anomalous magnetic moment.

R S L eh
He=—ji-B = gloS fo = g =2(1+ac)
TNC
X
2. = 1.15965218073(28) x 10> de = 5+

a ' = 137.035999174(35)



Contributions to precision electroweak observables must be expressed through fine structure
constant at the scale g =mz. At low values of g, one cannot use quarks to compute hadronic

contributions to the vacuum polarisation function. [, q
o q° ds
ala) = [ 2) = — Im [y~ (s
(9) 1+ Ny (q?) v (q°) - /S(S_ 7 — i0) [Myy(s)] o .
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From the above estimate: = o '(m,) = 129.05




A simple test of the Standard Model



The muon decay in the Standard Model proceeds through the exchange of a W-boson. As we
discussed, the mass of the W-boson has been precisely measured. Hence, we can compute
the decay rate with high precision and compare the prediction with the result of the
measurement.

We do this to test the consistency of the Standard Model and check for possible contributions
of physics beyond the Standard Model to the muon decay.
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The muon decay rate is usually computed in the context of the Fermi theory. Then, effects of
heavy electroweak physics are hidden in the Fermi constant.

- Ggm,, ]
19273 \ m?

f(x) =1—8x+8x>—x*"—12x°Inx

T =2.1969811(22) x 107° sec PDG

G _ 19273h
" Tm;f(m2/m2)

A=6.58211928 x 10722 MeV sec

e = gsin

B V2mg3, (1

Gr =1.1245 x 107> GeV 2

m, = 105.6583715 MeV, m, = 0.510998928 MeV

Ge=1.16394 x 107 GeV 2

Why there is a 3.5 percent difference?
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't turns out that such enhanced corrections are hiding in the vacuum polarization functions of

electroweak gauge bosons. We will now investigate how this happens and what is the
enhancement factor. We will start with the discussion of the impact of the vacuum polarization

contributions on the Fermi constant.
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We will continue with the study of the the self-energy corrections to the propagators of Z anad
W bosons.



We will focus on the fermionic contributions to vacuum polarisation functions of the gauge
bosons — they are the important quantities; they involve vector and axial-vector currents.
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Combining propagators using the Feynman parameters and shifting the loop momentum, we
obtain to obtain the unshifted momentum in the denominator, we fina

49, =9 g k2 — (2g*q" — 29" ) x (1 — xo) / d9k 1
uy d T,UJ/ — 4 uv d .
h 4/ [dx]12/ (2mr)? (k2= A+ i0) 2 = Ammeg 1 [ omya e =B + 0

[dx]1o = dx; dx0(1 — x3 — x2) A =miz, + msxe — ¢ xa(1l — x2)



gt Tt [7%(35) (k4 ma)y” (75) (k = g+ mo)]

o= |
q A O (e (R et
Th =T T i = TP - T
y d9 k @gwlé _ (2quql/ . q2gu1/)X2(1 _ X2) o ,UJ// d9 k 1
= 4/ e | oy (k2 — A+ i0)2 foo = ammeg™ [18z | omya (e = a + 0
[dX]]_2 — dX1 dX25(1 — X1 — X2) A — m%xl -+ m%xg — QZZIZ'Q(]. — 372)

Integration over the loop momentum is performed using the following (standard) formula
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We will drop terms proportional to g*q” because they lead to the mass-suppressed terms.

We can assemble the vacuum polarization contributions for different vector bosons. For the
ohoton, where only vector current contributes, we find (ny = N. for a quark and ny =1 for a
epton).

1
1)) = ¢*I7(¢%) = EQene (T + T2) == = Qe N (3 -8 [ o X“X”“uz)
0

We note that the result is proportional to g2, which implies that the photon remains massless
(as it should be, of course).




Next, we compute the Z-boson vacuum polarization. The interaction of Z-bosons and fermions

involves vector and vector-axial currents.
f

. 9 ( (f) (f) )
z o 9V gAY s
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(f) g° 2 2 2
I, (q°) = 16c2, Ny ( (gV,f _I_gA,f) (Th +T5) — ng,fTQ) R

Note that there is a Contr|but|0n that involves only T2 and that T2 is proportional to the mass of
the fermion in the loop squared. If the fermion is heavier that the Z-boson , this gives @
significant enhancement. The same applies to the vacuum polarisation of the W-boson where T
appears.
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We will now use these results to compute the vacuum polarisation corrections to the Fermi
constant making use of the fact that leading contributions to ZZ and WW vacuum polarisation
functions are independent of g (since they are proportional to the heaviest (top) quark mass).




Corrections enhanced by the square of the top quark mass and fairly large correction related to the
change in the fine structure constant help us reconcile measured and predicted values of the Fermi

constant.

2 b
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Another interesting quantity is the relative strength of charged and neutral current interactions, at
low energies. It is characterised by the so-called rho-parameter.
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We will again compute a generic vacuume-polarisation contribution and then use it to derive
corrections to various relevant quantities. We work in the unitary gauge where unphysical parts of

the Higgs doublet are not present. k+q
d JeH eV //// H \\\\
THY — mz/ dk g™ m? 1
> (2m)d k2 —m? (k+q)> — mg W
k

Combining propagators using Feynman parameters, shifting the loop momentum and neglecting all
terms that are proportional to the momentum g in the numerator, we arrive at

d v kK kY
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Computing the contribution of the Higgs boson to the rho-parameter, we find a logarithmic
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The muon anomalous magnetic moment: a two-decade saga
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Nothing epitomises challenges faced by the precision SM physics program better than the
Mmuon anomalous magnetic moment. This guantity was measured in the dedicatec
experiment at BNL where circa a 3-sigma deviation between theoretical and experimental

results was observed. To clarity the origin of this discrepancy, the storage ring was moved to

-NAL and the new experiment there was started.

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS
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Note that we like to study the muon and not the electron magnetic anomaly
because New Physics contributions affect the muon anomalous magnetic
moment 40.000 times stronger than the electron one. In fact, we have used
the electron magnetic anomaly to fix the value of the fine structure
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Several contributions need to be computed to arrive at the muon anomalous magnetic
moment at the shown level of precision.

a) C) d)
Y. Y Y.
M v,
u
QED 116584718.95(8)
Electroweak 154 + 2
Hadronic vacuum polarization, LO 69490 4+ 37 + 21
Hadronic vacuum polarization, NLO —08.4
Hadronic light-by-light 105 £ 26
Deviation: 240

The magnitude of various contributions, in units of 10M.



QED provides the largest contribution, by far. The current frontier is the five-loop QED; its
calculation requires an extremely high degree of specialisation, outsiders cannot judge the
correctness of these results.

Nevertheless, one can argue that QED cannot be the
reason for the large g-2 discrepancy since in this case

@ @ @ @\ either the three-loop contribution or the enhanced
four-loop contributions must be wrong. But all these

Peo(P>) Peip(P>) Ps(P>) Pl P5)

contributions have been checked multiple times, so

@ @ @ @ we are confident that QED is not a reason for the

il P PPy P current discre PANCY.

N.B. Since very high precision is required in this case, sometimes interesting side questions are
neing discussed that people have not thought about before (actually, people did think about it
well before and forgot). For example, can QED bound states (positronium) contribute to g-2 and
whether or not such contributions are “outside” of the conventional perturbative computations?
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The reason is the “anomalous” contributions which exhibit strong sensitivity to infra-red
ohysics where using quarks in the loops becomes invalid and hadrons are needed. Note that
the result below contains hadron masses which is not something that is seen often when
oop diagrams are calculated.
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The next contribution we discuss is the hadronic vacuum polarization. It is a large contribution
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By itself, the CMD-3 result would have remained controversial because other measurements
consistently arrive at lower result for a hadronic vacuum polarization. However, a new lattice
calculation by the BMW collaboration also arrived at the result that is close to that of CMD-3

and (maybe !) solves the g-2 problem tully.

a,® = 7141(45) x 10~ BMW lattice collaboration

-or completeness: the last contribution is the hadronic light-by-light scattering one. It is small
out very troubled contribution, that was often considered as a leading candidate for being
wrong (primarily because there is no data that can be used to evaluate it and because it used
to be a negative of its current value for a while). However, theorists seem to have gotten it right
(within a fairly large error bars), as is also confirmed by the dedicated lattice calculations.

Y.

ah® = (1054 26) x 10"




Hence, after more than 20 years,
measurement of CMD-3 and wor
crises is starting to ease. Of cou

we will start seeing the convergence of the theoretica

thanks to the new result of the BWM col

< of many theorists, it seems that the mc

'se cross checks of these resu
results soon.

aboratio

O

ts will conti

| | | | | | | | |
BNL 2006 | 7x |
FNAL 2023 —A—
Experimental avg. |—&—]
| = |
This work
| O |
BMW 20
< 4.00 >
| ® |
White paper
5.20
< Ll ~ [ | >
I 1 e | I |
BaBar Ll P [ |
I 1 ~ | |
H 0 H CAMD-S
KLOE | A |
| \'4 |
Tau
| | | | | | | |

|
175

180

185 190 195 200

a, x 101 — 11659000

205 210 215

/. Fodor, BMW collaboration, ICHEP 2024

N, the new
N Mmagnetic anomaly

h

nue and, hopefully,



The unitarity of the CKM matrix



As we have seen, the CKM matrix arises when generic Yukawa interactions are diagonalised by
independent unitary transformations of left up-type and down-type quarks. The CKM matrix is
unitary. How this can be checked?

Ly = —W:J“’ + h.c.
Vud Vus Vub | \/_ 1
CKM
V — Vcd Vcs Vcb Jﬁ/’_I_ = — Z 5[’7'“’(1 — ’75)l T = Z%’W”(l o /75)‘/;de
Vg Vie Vit 24 T

We will discuss tests of unitarity relations that involve light-quark CKM elements

‘\/ud|2 T |\/u5|2 T I\/ub|2 —

Since |Vup| ~ 105 we will drop it from the above equation. Hence, we will be checking the relation
between cosine and sine of the Cabibbo angle.

|\/ua"2 T ‘\/L,5|2 —

To get access to these CKM matrix elements, we need to understand weak decays of light
hadrons. Hadrons are always difficult and, it we aim at testing the above relation with high
orecision, we should find a way to avoid the hadronic uncertainties impacting our predictions.




Consider the decay 7~ — @ + e+ ¥, m, = 139.57 MeV m;) = 134.98 MeV

_ G
e L= —=V,qJI(x)J2(x)

lep

. V2
. oot = EY(1 — ¥5) Ve
7_‘_O

- % 1 (T (Pro) | S 1T () X Te(P3)Ya(1 = ¥s)Vo(pa)

(10 (pro) | JZ(0) | (pr-)) = (1°(pro)| By d|m ™ (py-)) = Fi(a”) (Po + PF-) + F2(q7) G° qd = Pr0 — Pr-

The isospin symmetry implies f(g°) =0 because the current av*d is conserved, similar to
the electromagnetic current. The isospin symmetry does not restrict the form factor f;(¢g?) .

he important simplification arises because in the decay ™ — ™™ + e+ U, the momentum
transfer g is very small.

G° = (Pr- — Pro)® = M + M2 — 2My- Epo

qz‘max — (mﬂ'_ — mWO)Q ~ (5 I\/IeV)2 \/qr2nax < AQCD



The decay 7~ -’ +e+ 1, M = % ud (T (Pro) [ JZ T (Pr-)) X Te(p3)Vall — ¥s) Vi (ps)

(T0(pro) | JE(O) |7 (pr-)) = (10(pro) |Gy d|T (pr)) = f1(q%) (Pro + Pr-)-

2
AQCD

f1(q®) = f1(0) (1 - ) — f1(0) qd = Pr0 — Pr-

Conservation of the isospin current  4y*d implies that f,(0) = v/2 , i.e. the value of the
form factor at g = O is completely fixed! Hence, the only unknown parameter in the decay
amplitude is the CKM matrix element Vg .

G
M = - Vid fl(o)(P;L— =+ Pﬁo) U(pl)%(l +vs)u(py)
V2
GF|VUC/|2A5 5m2 3 A
M= ] - =€ = My —
2073 e > A= m, M0

We can immediately use this formula to extract Vug from the decay of a charged pion.
However, it we do so, we will miss an important effect, related to the radiative corrections.




This effect is a logarithmically-enhanced short-distance renormalisation of the Fermi Lagrangian
that is relevant for describing decay of the charged pion. Our goal is to find diagrams that

exhibit logarithmic sensitivity to the mass of the W boson which is much larger than the mass of
the pion.

N L= B @ hapale) = 0rl-w)d S = w)
e
e d U d U
W 5 > >
T . 1 Vud W )
di
> >
Ve €

To simplity the calculation, it is useful to employ the Landau gauge for the photon propagator
since in this gauge the vertex corrections are ultraviolet finite.

. ko k My [ Ak k(L — ) kAP kaks
Dag (k) (—gaﬁ = 5) M, = C@Q D [ oo 5k 9ap ~ 3

T k2 2
Y k2

OéA 7 (8% 0 2
dmu YRV = 5) kY gap — 7V =)y v Gpogap = V(1 —5)
> >

, N
= = K2y (1 = )
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T we put everything together, including estimates of long-distance QED corrections, we find

— 0 .
T — T + e+l e
e . F o L g mW -
. = L = 7 J7 (%) Jiep,a () Sew =1+ —In o=~ ~ 1.013
T q °
— 1 Vud 1 . 0
' . > i Gr|Vial* A 5m2 3 A
‘ T 30n (1 A2 2m, Sew (14 6rc)

[ =T, to; Br [ tor = (2.6033 4 0.0005) x 107° sec™ ", Br = (1.036 + 0.006) x 10~°.
V,q|= 0.9739(29).

Getting Vus is somewhat easier but we have to rely on lattice computations.

a . Oliy*ydim™(p)) = frp* ((m—pv) Vil 7 fk
(Ol ay*y?s|K™ (p)) = fxp FK o o)~ Ve r2 e mem) = 1.1932(19)
Vis
— 0.23131(45)
Vud

Finally, we find: |V,a|® + |Vis|® = 0.9992 4= 0.006




Precision physics at the

HC



Physics at the LHC, so far, can be summarized as follows: discovery of the Higgs boson, no new

partic
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sectio
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nteractions, strong exclusion |
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August 2023 \Vs=13TeV
. 4 ..
Model Signature  [Ld:t[fb7'] Mass limit Reference
L] L] Ll L] T T L) L) I L] T L] L] T
~0 . ~
qg, g— Oe,u 2-6jets EMmis 140 1.85 m(X )<400 GeV 2010.14293
2 44, G—qX\ monojet  1-3 jets E%m 140 |G [8x Degen] 0.9 m(G)-m(¥})=5GeV 2102.10874
S 3 ot Oep  26jets EP™ 140 |z ‘ m()??) -0GeV 2010.14293
& 4 Forbidden 1.15-1.95 1)=1000 GeV 2010.14293
% 28, §-qaWx! Teu 2-6 jets 140 |2 2.2 m()21)<eoo GeV 2101.01629
o~ o~ - ~0 i P &
S = gaa(eO¥; ee, 2jets  Ep™ 140 | Z 2.2 m(ff:l)><7°° GeV 2204.13072
(%) 38, 3—>qqWZ¥ Oe,pu 7-11 jets  ET™S 140 4 1.97 m(X}) <600 GeV 2008.06032
88, 8—qqWZx, ! T 1)
2 SSe,u 6 jets 140 |z 1.15 m(z)-m(¥})=200 GeV 2307.01094
S gz oty 0-1e,u 3b EMs 140 |2 2.45 m(¥})<500 GeV 2211.08028
SSe,u 6 jets 140 g 125 m(g)-m(X;)=300 GeV 1909.08457
b1b, Oe,pu 2h  EPS 140 | b 1.255 m(¥1)<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
@ = Dby, by—b¥s — bh¥) Oe,u 6b EE?-“ 140 | Forbidden 0.23-1.35 Am(B,¥)=130 GeV, m(¥})=100 GeV 1908.03122
§ -% 27 2bh EPSS 140 by 0.13-0.85 Am(¥5,¥0)=130 GeV, m(¥})=0 GeV 2103.08189
%g i1, oty 0-1eu >ljet  EP™ 140 | @ 1.25 m(PY)=1GeV 2004.14060, 2012.03799
" g fif, il—>WbX/? 1epu 3jets/1 b EF™S 140 7 Forbidden 1.05 m(¥7)=500 GeV 2012.03799, ATLAS-CONF-2023-043
S N, ioTiby, T1o16G 127 2jetsb EPS 140 |7 Forbidden 1.4 m(71)=800 GeV 2108.07665
= & AR, iod e eock Oe,u 2¢ Ei‘“ 361 |z 0.85 m(¥})=0 GeV 1805.01649
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. Xifi via t’L /v 2e.pn EP™ 140 X7 1.0 m(?,7)=0.5(m(¥; )+mm)) 1908.08215
= § il 27 EP™ 140 [FUFRFRDT0S4 048 m(¥})=0 ATLAS-CONF-2023-029
WS 7 plig, I-00 2epu Ojets  ER™ 140 |7 0.7 o m(t?)=0 1908.08215
ee, L >1ljet EP™ 140 |7 0.26 m(?)-m(¥})=10 GeV 1911.12606
HHA, H—>hG/ZG Oe,u >3b EE?-‘S 140 | @ 0.94 BR(/\'/(? - hG)=1 To appear
de,p 0 jets ER}SS 140 i 0.55 BR(X; — ZG)=1 2103.11684
Oepu >2large jets EP™ 140 )ik 0.45-0.93 Bva, - ZG)=1 2108.07586
2e,pu >2jets  EP 140 i 0.77 BR(¥! — ZG)=BR(¥! > 1G)=05 2204.13072
Direct ¥1X7 prod., long-lived ¥7 Disapp. trk 1 jet Emiss 140 iz 0.66 Pure Wino 2201.02472
o S5 0.21 Pure higgsino 2201.02472
[} .
g % Stable g R-hadron pixel dE/dx EP'SS 140 g 2.05 2205.06013
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pixel dE/dx EP®S 140 |7 0.36 w(f)=10ns 2205.06013
G0 XS ze—eee 3e,u 140 Pure Wino 2011.10543
TEXT 105 — Wwyzeetevy dep Ojets  EP™ 140 m(¥})=200 GeV 2103.11684
28, 8—qa%), X — qqq >8 jets 140 2.25 Large 17, To appear
S o)X - bs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& 77, i—>bX7, X7 — bbs > 4b 140 Forbidden m(t¥)=500 GeV 2010.01015
fiiy, i—bs 2jets+2b 36.7 1710.07171
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L L Il L L L L L I L L Il L L
*Only a selection of the available mass limits on new states or 10! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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n general, the theoretical foundation for describing processes with large momentum transfer in
nadron collisions is the collinear factorisation formula. Since non-perturbative corrections are
typically small, we need partonic cross sections with high enough precision and parton
distribution functions.

dohard = Z /dfl?1 dzs fi(w1) fj(w2) doij(r1,%2), {Psin}) OJ({Pfin}) (1 + O CD/QR))

17€{q,9}
Qs 0 A\ 3
doj; = do'¥ (1! C1—|—( S) Co I( S) C3—|—°">
T T T

One would expect moderate higher-order effects: ¢1 ~ Ca, & ~ C4  ag/m ~ 0.04
However, in practice large corrections have been observed for many processes; one reason is
that it high powers of the strong coupling constant are involved, the scale dependence of the
strong coupling constant plays an important role: it you start with a wrong scale, corrections try
to move the result in the right direction and this leads to large radiative corrections.

“Hard” Scattering

outgoing parton

g~ as()" = as(u)" (1 100 s(11) Iy ﬁ) Bo=11/3C4 —2/3n¢
2 T 221

underlying event

initjal;state
radiation

Ao, 11 . o

final—s:tate
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- — n_CA — = 1 QCA_ S O 24 [ outgoing parton
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Higgs production in gluon fusion



Consider the flagship L
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At the LHC, Higgs bosons are mainly produced in the gluon fusion. The top quark loop gives the
largest contribution

h _
V —_— —_— —_— —_—
N the limit My > My the Higgs field can be considered as t b o

constant x-independent field that shifts the quark mass.

%ab aTbl A2 400 a O _§ ﬁ .
47T5 ([ T9T°)(—q°g +6767)( 3In(1+v))_

Hence, the effective Lagrangian that describes interaction
of gluons with arbitrary number of Higgs bosons reads:




The limit of the large top quark mass allows us to “remove one loop” and calculate corrections in a theory with a point-like Higgs-
gluon-gluon vertex. This gives us O(3%) precision; once this is accomplished, all the “smallish” effects have to be evaluated anew.

H H [ — s G2 GaHY 1 4 h(X) . g G GHHVE,
A ---- = ~ {oq W 4 Y " 1270 MY

+2.22 pb (4+4.56%
o =48.58pb 352 00 (theory) & 1.56 pb (3.20%) (PDF-+av,).

48.58pb = 16.00pb  (+32.9%
+20.84pb  (+42.9% (NLO, rEFT)
— 2.05pb  (—4.2% ((t,b,c), exact NLO)

) (LO, rEFT)

)

)
9.56pb  (+19.7%)  (NNLO, rEFT)

)

)

)

0.34pb  (+0.7% (NNLO, 1/my)
2.40pb  (+4.9% (EW, QCD-EW)
1.49pb  (+3.1%)  (N3LO, rEFT)

+ + + +

Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Lazopoulos, Mistlberger

d(scale) d(trunc) 6(PDF-TH) d(EW) 6(t, b, c) 6(1/my)

o g‘g +0.18 pb +0.56 pb 40.49 pb +0.40 pb  +0.49 pb W2
o o2k +0.37% +1.16% +1% +0.83% +1% |

Mistlberger, Bonetti, Tancredi, K.M., Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Czakon,
Eschment, Schellenberger , Niggetiedt, Poncelet



Let us di
gluon fusion and assu

SCUSS what we can say fro

Higgs production in g

N Higgs production in
e able to measure

Nigh-precisio
|, eventually,

M the knowledge of the
me, for definiteness, that the LHC wi
uon fusion to a 3 percent precision.

The charm

Yukawa coupling |

ence, one can Ccon

noorly known. [ts co
ain the Yukawa cou

St

tribution to H
iNgs if they a

Iggs production is @

OOUt

e O(2) times larger t

e
the

han

percent.
SM.

inea
O(3)

‘he Higgs se

000007

A

QQQQ0O.

H

t,b,c

f-coupling changes the Hi

SO A th

times |o

‘ger than the SM.

ree-percent measurement

Ay + AL?
A

‘oduction rate

N

1

2
me

~1—92x10?

Y

Mgy

Oy Ao

'y prediction wi

h(x)

2 2

TV gy

t a percent. The effect is

-/

)

(1 + 9¢q

| const

‘ain ™3 couplings that are

X 10_3)



The large effects in Higgs boson production in gluon fusion that we discussed are not atypical,

although they are somewhat extreme. Furthermore, even in the simplest cases such as the total
Cross section for single vector boson production at the LHC, the perturbative expansion looks
oeculiar. At the same time, these results do not include N3LO QCD parton distribution functions,
SO it is not quite clear it there won't be any changes once higher-order PDFs become available.

1.1

1.05
o
-
Z 1.
S~
S ‘ | |
. K—Factor W* 3
09s- LHC 13TeV
| | | | | PDF4LHC15 nnlo mc
/’tcent_Q |
20 40 60 80 100 120 140 160 180 200

Q [GeV]

Duhr, Dulat, Mistlberger



Sudakov logarithms



At the LHC, electroweak corrections are usually less important than the QCD ones because of the
relation between the couplings as ~ 0.1 > a ~ 0.01 . But this is not always the case.

M = Hps 2 L(O) Lgo) — igz,eﬂlv%g s > mV
%

d*k  Ty*(pr + K)vP(k — po)yuv(ps)

(2m)* (k+ p1)?(k = p2)*(k* — my) M

L1P=g,.95,

d*k oy (1 + k)v°(k = Pa)yuv(p2)
(1),[) _ 2 r 1 1 D v 2
L0 = 92027 3) [0k | G G Py
- - (1) (0) ag 1l , s
A:man—l—PQ—IO:man—SXlXQ—IO [ VP = — [P In —5
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INn QED or QCD, enhanced virtual correction gets cancelled with the real emission contributions.

i Jepr Ry A(—pat k)
Mp = HP [ [P = — |
v R . _ m\g/ o,R R IgBgz,el1 201k + m\z/ —2pok + m\2/ V2
N o eLp,(o) P1€z  P2€z
k~my < \/g j R 9z ( p1 K PoK

2p1p
dor = doo g7 / K S oah) =

Comparison with the virtual corrections, makes the
cancellation obvious.

However, this cancellation does not quite work for electroweak corrections since process pp->X
and pp -> X+ 'V (V=2 W) are, typically, treated as different processes in experiment. This implies
that there are double logarithmic electroweak corrections that are always negative and they grow
with the collision’s energy. To estimate the size of these corrections, we write the coupling for the

/-boson and take s =1 TeV.
0 S .
(T3 — Qsin’6y,)? I In° = ~ —0.16 (T3 — Qsin“ Oy )°

a p—
9 52 c2
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The top guark mass
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ATLAS+CMS Preliminary
LHCtopWG

-------- LHC comb. (Sep 2023*), 7+8 TeV LHctopwa [1][16]

L statistical uncertainty
total uncertainty

LHC comb. (Sep 2023*), 7+8 TeV
World comb. (Mar 2014), 1.9+7 TeV

ATLAS, l+jets, 7 TeV
ATLAS, dilepton, 7 TeV
ATLAS, all jets, 7 TeV
ATLAS, dilepton, 8 TeV
ATLAS, all jets, 8 TeV
ATLAS, l+jets, 8 TeV
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ATLAS, dilepton (*), 13 TeV
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CMS, all jets, 7 TeV
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CMS comb. (Sep 2023*), 7+8 TeV

CMS, all jets, 13 TeV
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CMS, l+jets, 13 TeV
CMS, single top, 13 TeV
CMS, boosted, 13 TeV

Mop SUMmary, Vs = 1.96-13 TeV November 2023

total stat

Myep * total (stat + syst + recoil) [GeV] JL dt Ref.
172.52 + 0.33 (0.14 £ 0.30)
173.34 £ 0.76 (0.36 + 0.67)
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Top quark mass extractions from cross sections rely on its strong sensitivity to m: and on higher-
order perturbative predictions for top quark pair production cross section. From this observable
alone, the top quark mass was measured to about 700 MeV.

To be certain that this works in the right way, we need to know whether there are linear non-
oerturbative power corrections to the cross section; otherwise they may impact the extracteao
value of the top quark mass.

dohard = Z /dflfl d$2f7;(561)fj($2) dUij(iﬁl,mz), {pﬁn}) OJ({pﬁn}) (1 - O( aCD/Qn))

ij€{a.9}
5 - -

—r [ r 1t 1 1. r 1 1t 1 [ T T 1 T [ T T T T [ T T T 1 o @ 1 AQCDI
ATLAS Preliminary M, from cross-section measurements Ott = 00 m T Cnp m Lo
September 2019 t - t -
NNLO+NNLL: tf inclusive, 7 TeV 2014 171.44 2.6
NNLO+NNLL: tf inclusive, 8 TeV 2014 17414 2.7 ~ Cnp
NNLO+NNLL: ff inclusive, 7-8 TeV 2014 172.9725 Mg — 1 5 AQCD
NNLO+NNLL: tt inclusive, 13 TeV 2019 173.1720
NLO: fird jet, 7 TeV 2015 178773 The existing theory of hard hadron collisions does
NLO: tt leptonic differential, 8 TeV 2017 173.2+1.6 NOT QHOW us to SOy Wtﬂ COPﬂd@ﬂC@ Whe:her SJCh
NLO: tt+1 jet, 8 TeV 2019 171.1%) 2 : N : S,

corrections exist or not; without this, it is not
m,,, from top quark decay, 2018 S 172.69+ 0.48 . .
N N . P B possible to trust the ultra-precise value of the top

140 150 160 170 180 190
Jquark mass.

Miop [GeV]



One possibility to explore this problem is to connect perturbative and non-perturbative

computations, by checking the sensitivity of the former to “non-perturbative” (soft) momenta
regions.

't is certainly possible to understand the famous (Kinoshita-Lee-Naunberg) cancellation of soft

and collinear singularities in this way; it becomes particularly instructive it the gluon is given o
Mass.

t

A g kN)\NAQCD
et
t
m/\ mt
dge+e——>tt_ ~ dO'() (1 — C10g In Tt x ) dO—e"‘e_—)tlT g ™’ dO'() C10g In 7 R

Ao e+e— i + do—e*‘e‘—)tf—l—g ~ doy (1 T 0450()\0))

nfra-red safety implies that the sensitivity to long-distance physics, parameterised by the mass of
the gluon, is absent, i.e. whatever this mass is, the result is the same, up to power corrections.




Power corrections O(A") are also interesting it our goal is high-precision predictions; these
corrections basically tell us when perturbative predictions alone become insufficient.

We would like to know whether or not there are linear correction to top quark pair production

at a hadron collider since, if it is there, it would have important implications for the extraction
of the top quark mass with the highest precision.

doyi(E,\) = do\) + A dot + O(\?)

To answer this guestion, one needs to compute loop corrections and A
real-emission contributions to top quark pair production cross section

with the massive gluon and then expand the result in the small gluon
Mass up to the linear terms.

N addition, it turns out that for this discussion, it is important to

understand what is meant by the “top quark mass” that one tries
to measure.




IN guantum field theory, particle masses are inferred from poles of propagators. This cannot work for
quarks beyond fixed-order perturbation theory (confinement). This issue is quite obscure for the top
quark since it is very heavy and very unstable (top is the only quasi-free quark, as we often say).

1 pole at ég%
G(p, m) ~ — p2 — m2 - — ES

p2_m2

4 [ Bk as(k]) - L L i)~ D
§/4w2 = w(lkl,m) w(lk|,m) ~ 1, [k| <m %(W)NEQ—A?QCD

Mpole =— Mbpare +

0

The pole mass of a top quark cannot be determined with the precision better than ém ~ Aqcp ~ 300 MeV.

We must think about the top quark mass as a parameter of the Lagrangian and define it according to a chosen
renormalization ~ scheme”. Depending on the choice of the scheme and the renormalization scale, we get
different mass parameters, that range from the MSbar to the low-scale short-distance masses (kinetic,

ootential-subtracted, 1S etc.). On the other hand, these short-distance masses can be determined with a much
higher precision than the pole mass, at least in theory.
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One can show that o\ ~ O(Aqep) POWEr corrections to top quark pair production cross section
cancel provided that it is expressed through one of the short distance masses; however, such
corrections are present if the cross section is written in terms of the pole mass. Below the way
the cancellation works in case of single-top production at the LHC is shown.
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_inear power corrections do exist in kinematic distributions independent of the mass parameter
use. In general, shifts are not large but they become enhanced and reach a few percent close to
edges of the allowed kinematic regions. Linear power corrections are not universal and exhibit
non-trivial dependencies on the kinematic variables.
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Results for the Tevatron where quark annihilation channel dominates. Makarov, K.M.  Nason Oczelik
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