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Local (Gauge) Symmetries

We are seeking for a model of weak interactions that has good UV-properties. Gauge Principle
is the key...

Let's consider the free Dirac Lagrangian:

. OHONON®
Lo =9 (i0-m)y T I T
and make global U(1)-symmetry @/ @ @ g

L NN & v e

local, i.e., w — w(x)

0Ly = Opw - Jy, J, = —ez/_ryuw, a short-cut to Noether current

To compensate 6L we add an interaction of the current J, with field A,:
Lo L= Lo+ Ay =0 i(0+ieA)—m|w, A= A=A, — B

NB: Symmetries not only restrict possible interactions, but can also force interactions to be
introduced.

A. Bednyakov (JINR) QFT & EW SM 3/48



QED: Local U(1) Symmetry

We constructed Quantum ElectroDynamics:

Loep = (iD — m) » — %ij

D, =0, + ieA,, covariant derivative,

Fu = 0,A, — 0,A,, field strength tensor.

77[} N ¢/ — eiew(x)w
Ap— A, = A, — Ouw

Dlﬂ/J N D;ﬂ;[), _ eiew(X)D#dJ,

Covariant derivative makes the combination wLDuwﬁ gauge-invariant.
(Ex: make it also Lorentz-invariant, «, 8 are Dirac indices:)
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QED: Quantization Issues

The second Noether theorem says that theories possessing gauge symmetries are redundant

(some degrees of freedom are not physical). Let's add a gauge-fixing term to the free
vector-field Lagrangian:

1
. 2
4 m - 275 (OP«AH) = _EAPJK/“’AV‘

This term allows one to obtain the photon propagator by inverting K,,,:

(0] TAL () A, (¥)[0) :/ d'p ~i[gw — (1= pupu/P?] ey

(2m)* p? + ie

The propagator now involves an auxiliary parameter £. It controls propagation of unphysical
longitudinal polarization e/ﬁ o py. But the corresponding terms drop out of physical quantities*

eFLLJM o puJu =0, we have no source for unphysical v

NB: The propagator drops down for large p as 1/p2.
*serves as a good cross-check of lengthy computations
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Abelian vs Non-Abelian

m The U(1) internal symmetry is Abelian (the order of two transformations (rotations in 2d

plane) is not relevant) :
Im ¢(x)

Im (x)

A

as eloq . ela2 — eIOQ . elal aq
a2

Re 6(x)

Re o(x)

m U(1) transformations commute with each other.

NB: Abelian symmetry is not sufficient to account for Wj. Why?
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Abelian vs Non-Abelian

A
m We can generalize U(1) to the Non-Abelian case. . o >
Consider SU(n) group, i.e., unitary n X n matrices

. . e e Gogemmonx e
Ujj depending on n?> — 1 parameters w? and having o ke
det U =1:

- —
(1) The book in its ‘

original orlentation. > i ‘

£
T

, ; tawa ‘(""):g‘:‘;:‘gy- (5) Rotated about
Vi = ¢ = Uj(w)yy, Ulw) =e'®

y.then x.

(B. Crowel, General Relativity)
m Generators t? of the group obey su(n)-algebra

[t2, 7] = ifabete, f2b¢ _ structure constants

m For constant w? this transformation is a symmetry of
Lo= i (ia — m) b,  i=1,..n
describing n free fermions in fundamental representation of SU(n).
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http://www.lightandmatter.com/genrel/

Abelian vs Non-Abelian

m For space-time dependent w?(x) we introduce (matrix) covariant derivative depending on
n? — 1 gauge fields W

(Du)ij = Oudij — igtiWy;

m The transformation properties of W7 can be deduced from
D' = Uw)(Duwy), U(w) = e®™
= W2 = W2 + 0,0 + gf P Whw*
= W32+ (Du)*ws,  (Du)?? = 0,0% — ig(—if ") W

m The field-strength tensor is the commutator of the covariant derivatives (Ex: check this
also for U(1) symmetry)

[D,., D] = —igt*F3,,

Fa, = W3 — 0,W; + gfbe w; wb
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Abelian vs Non-Abelian

m Non-Abelian gauge symmetry predicts not only interactions between fermions ) (more
generally, fields in fundamental representation of the gauge group) and gauge fields W?2 ,
but also self-interactions of the latter (gauge-fields are also “charged” under the group) :

— /. A 1
£:¢<iD—m>w—ijyij:£0+£/

(o 1
o= (id—m) - SRR L. = 0] - OW
L1 = glihs tivs W
_ %fabCW'fWCFa _ gffabcfadeW:WfW;WVe

v oy

NB1: The strength of interaction is governed by a single coupling g.
NB2: The mass term m? W2 W:/2 violates gauge symmetry...
NB3: Non-Abelian gauge theory is also called Yang-Mills theory.
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YM: Quantization lIssues

m To quantize YM theory we add
1 . .
Lgf = % (F?)?, F?=0,W; < gauge-fixing function

m Contrary to the case of QED, fermionic current J§ = g@Z_Jt"fy#v,ZJ is not conserved and can
produce longitudinal W7

m Self-interactions of W] guarantee that at the tree-level all amplitudes involving
unphysical polarizations (for external states) vanish.
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Fadeev-Popov Ghosts

m The cancellation does not work for loops.

m Add Faddev-Popov ghosts ¢; and ¢; — anticommuting “scalars”.

m The Lagrangian for ghosts is related to the gauge-fixing function F,(= 9, W,,)
—aaFa(Ww) b

—~a ab b
*Cghosts = —C —8wb c = — a”DM c

— —5382C3 _ gfabC(aM(—:a)CbAZ

NB: This is the price to pay for explicitly covariant formalism.
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Gauge Theory of Electroweak Interactions
To describe both electromagnetic and weak interactions in the SM we use
SU2)L® U(1)y

m The group has four generators = gauge bosons. Three (W,,) belongs to SU(2),, while
photon-like B, mediates U(1)y.

Weak Hypercharge U(1)y Weak Isospin SU(2),

NB: To explain beta-decay and electromagnetism we need only 3 gauge bosons W¥ and ~.
But we predict an additional one! Where is it hiding?

From J. Maldacena, “The symmetry and simplicity of the laws of physics and the Higgs boson”.
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https://arxiv.org/abs/1410.6753

Gauge Theory of Electroweak Interactions
The SM fermions are “charged” under SU(2) ® U(1).

Leptons Quarks
(), (), (7) (@), (), ()
¢/ HJy T)L d/, \s/, \bJ,
er KR TR Ur,dr CRr,SR tR,br

To account for (V' — A) pattern only left fermions interact with W,,. The covariant derivative
for left SU(2) doublets

DL — au_é(gW/erg,Y[Bu) __i\if%le_/ . ’
8 —imWe Ou+ 5 (W —g'Y[By)

while for the right SU(2) singlets we have

R -/Yf'tf
DN :8H—1g7BH

Here g and g’ are the SU(2) and U(1) couplings. But what is Y[/R?
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Gauge Theory of Electroweak Interactions
Let us consider the interactions mediated by the introduced gauge bosons in more details. We

have “charged-current” interactions

L = L opyWie +he. = by, W (1—s) e +he.

V2 2v2 g

and “neutral-current” interactions
Q: Where is QED photon A,?

/ .
[';VC = 78y, (—Fing 4 gg/5u> Ve Weinberg angle
1 v/ Wj’ = Z,cosOw + Ausintyy
= 3
+ ervu (—2gWN + 2Lg’Bu> €L B, = —Z,sinfyw + A, cos by
e
+ gléRfmﬁBMeR The photon A, should not interact with
2 v, but couple to ¢; and eg with the same
strength!

Ex: Derive similar expressions for quarks.
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Gauge Theory of Electroweak Interactions

It is a simple exercise to get the following relations between fermion electric charges Qf and
weak hypercharges Y:

gsinty
g'Y/cos Oy
g'YLQCOSHW

g'Yhcos Oy

e(QV -
e(Qu + Qe

e(Qu + Qd
2le7

and the elementary charge e.

Qe)
)
)
f

LEPTONS

< (=22 Mevic2
g |23 23 2

e @ |f= i i
up I charm I top gluon

three generations of matter
(fermions)

=128 Gevic?

J

=1731cev2 | fo

=4.7 Mevjc2 =96 MeVic? 4,18 Gev/c’ 0

s 3 5
‘oo @
down strange bottom photon

=0.511 MeV/c* ~105.66 Mevic? =1.7768 GeV/c’ =91.19 Gev/c' =)
1 1 1 o

- Q-0 @ | @
electron muon tau Zboson

<2.2eV/c <17 MeV/c* <15.5 Mev/c’ =80.39 Gev/c®

Y o o 4 ‘

@ - @ (- @ ||
electron muon tau

neutrino l neutrino ) | _neutrino ‘ Whoson

From these relations we obtain e = gsin#y and can fix all hypercharges

YR =

but one, e.g., YL’.
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4
yy— =
R 3

/
Y.,

2
v =42

Y/
3D

Standard Model of Elementary Particles

=125.09 Govic*

GAUGE BOSONS

H

Higgs

Sorry, too many e's.
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Gauge Theory of Electroweak Interactions: Neutral Current
The neutral-current Lagrangian Lpyc takes the form:

A g ¥4
Lync = eJM AF + cosQWJ“ Z,,

where

— 1 - Garrae||,192—3
S=DD@Fnf, ST =Y Pl —ams) £,
f f

Ve = 2T3f — 4Qrsin? Oy, ar = 2T3f ’ ’
and T = j:% for up-type/down-type fermions. g
Example: Q, =2/3, T3 =1/2, so 5 " .
vy=1- gsin2 Ow, a,=1 ’ coomtrons 1

Ex: Deduce v¢/ar for other fermions. ' '. m sk =
NB: No dependence on Y/, which remains to be free (to be fixed)! " E SR NN

TP E

20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)
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The EW interactions of the SM fermions: Mini summary

v" We use gauge principle to introduce EW interactions.
v" We account for (V — A) structure for charged currents

g _ _
Lcc = mue’m(l — 75)Wje + ayu(1 — 75)Wu+d +h.c.
v" We reproduce electromagnetic interactions:
A A
’CNC = eJ“ AH
v" We predict additional neutral boson

A z
= Z,
Lhic cos HWJ

x All gauge bosons are massless! A mass term like I\/Iav WJ W, is forbidden by symmetry
W, — W, + 0w + ...

x All fermions are massless! A mass term like m.€e mixes left and right. But ¢; belongs to
SU(2) doublet, while eg is SU(2) singlet!
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Hidden Gauge Symmetry

We need to generate masses for W/jt and Z, but not for A, without explicit breaking of the
gauge symmetry.

Let's consider simple U(1) gauge symmetry for scalar electrodynamics:
1 .
L = 0,0'0u0 = V(9'0) = T2, + ie (910,0 — 60,6") A+ 2AuAGT0,
which is invariant under
¢ — Mg A, 5 A+ 0w

In polar coordinates (¢ = %p(x)e”’(’()) the Lagrangian

1 e?p? 1 1
L= 5(@9)2 + Tp (Aﬂ - g8u9> (A# - g{m) V(p?/2) ~ —F2

is still invariant. (Ex: How p and 6 change under U(1) transformations?)
NB: The symmetry becomes hidden if we define B, = A, — %GMG!

A. Bednyakov (JINR) QFT & EW SM

18 / 48



Spontaneous Symmetry Breaking
1 62 2
L= 30w + L BB~ V(7/2) ~ {F(B)

Here p(x) is a dynamical field. We get mass term if p(x) — v = const.

70 2 2
' V = 12616 + A(919)

u>0

It is invariant under global

D phase-shift symmetry
----------- ) 6+ e,

m The case ;2 > 0 is trivial.

m For ;12 < 0 we have a valley of degenerate minima:

oV 2 v2 Vg
8¢T 0:>¢0¢0 ——=—>0= ¢ = e

2 2
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The Brout-Englert-Higgs mechanism

Non-zero ¢ in the minimum of the potential is interpreted as the vacuum expectation value

(vev) of the quantum field:

\% = (0l6(x)[0), 5 =0 (Why?)

To introduce particles as excitations we have to shift the field:

o(x) = L) icvare  iolaolo) =0, (0l¢(x)10) = 0

V2
1 e2y2 e?
L= S(0uh)? + =5 BBy + evhB,B, + § BuBuh — V - ZFiy(B)
2
V= |“2| (v + h)* + Z\(v+h) 27 p2 vk + Ah“—%v4

Massive field B,, without explicit symmetry breaking! This is the essence of
Brout-Englert-Higgs-Hagen-Guralnik-Kibble mechanism.
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The Brout-Englert-Higgs mechanism: Counting DOFs
We start with

L1=0,0'0,06+ ie (¢Tau¢ - ¢au¢f) A+ @AM D~V — 1F2 (A),

4 K
and end with [v2¢ = (v + h)exp(i((x)/v), B, = A, — 9,(/(ev)]
1 e’v? h? 1
Ly = 5(8Mh)2 - <1 + ?> B,B, + evhB,B, —V — ZFﬁy(B).
L1: 2 DOFs (complex scalar ¢, ¢) + 2 DOFs (massless vector A,,).
L>: 1 DOFs (real scalar h) + 3 DOFs (massive vector field B,,).
One scalar DOF was “eaten” by the gauge field to become massive.
V(¢)
0
Q: Which one? QLDC
A: The (would-be) Nambu-Goldstone (boson)! |
A. Bednyakov (JINR) QFT & EW SM
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SSB and Renormalizability

Both £; and £, has some issues:
L1 : Manifestly gauge-invariant, but not suitable for PT (imaginary mass);

L5 : Hidden gauge symmetry, only physical DOFs, but non-renormalizable by power counting.

There is another, explicitly renormalizable version of the Lagrangian with shifted ¢ written in
cartesian coordinates: ¢ = % (v+n+if
vid 1 e?v? 1
£3 = T - ZFP«VFNV + TA:U*AM + Eaug aﬂg — evAuf)Mf
1 2v2\
+ Ea,m O — 5 n? + eAuE0,m — eAnduE — van(n? + &2)

A e?
- Z(n2 + &) + o AuAu(2vn + n? +€%).

NB: Now we have massless unphysical field £ in the spectrum, but it mixes with longitudinal
component of A, (“partially eaten”).
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A Remark on the Goldstone Theorem

breaks a global continuous symmetry there is a
massless boson (Nambu-Goldstone) in the
spectrum: any non-derivative interactions violates

V(¢) The Goldstone theorem states that if the vacuum
A

(—(+evw, w=const

Fortunately, we have local symmetry with hungry A,,...

m We need 3 massive bosons W=, Z,.

m 3 symmetries out of SU(2), x U(1)y has to be
spontaneously broken to get 3 vietims (would-be)
Nambu-Goldstone bosons.

Wl
ol

NB: The Higgs boson (see lect. by F. Maltoni) was a by-product of the mass-generation
mechanism (the main task was to “exorcise” massless fields).
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SSB in the EW theory

m To break SU(2), x U(1)y we can use a scalar SU(2)-doublet:

= %exp <,<2_‘;> (V +0h(x)) ., o= (0/o)0) = \% <8>

m Let it be also charged under U(1)y:

i Y,
® — exp (ig%wa + ig/?Hw,> >

m We do not want to break U(1)emand seak for a combination of SU(2); and U(1)y
generators that annihilate the vacuum:

o3 Yu 1[/1+4Yy 0
d) = = — _— =
QP =0, Q=7+ 2( 0 —1+YH)

m For Yy = 1, the vacuum has zero electric charge.
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SSB in the EW theory
m The Lagrangian for ¢

Lo = (D, ®)(D,®) — V(), with V()= p2dTd + \(dTd)?

leads to v = |“ 1 provided 1 < 0.

m Gauge symmetry allows us to get rid of (; (unitary gauge):
g2
|D,®|? = —(a h)? + (v + bW 4 WP

+ §(V + h) (gW:’ —g'YuB,)>?.

m We do not want to generate mass for the photon (Yy = 1):

0=gsinfy — g cosbyy, Wj = ZycosOw + Aysinty
e=gsinfy = gg'/\V/g?+ g7 B, =—2Z,sinfy + A,cos Oy

Ex: We have not fixed the value YL’ for leptons. Relate YL’ to Yy.
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SSB in the EW theory
m The Lagrangian for ¢

Lo = (D, ®)(D,®) — V(), with V()= p2dTd + \(dTd)?

leads to v = |“ 1 provided 1 < 0.

m Gauge symmetry allows us to get rid of (; (unitary gauge):
g2
1D, ®[* = —(a h)? + %, E (v mPw,w,
+ §(V + h)?(g? +g’2)Zﬁ.

m Masses of W- and Z-bosons are related:

My = 2, Mz=+/g? 2y /2
w = gv/ 72 z g°+g"?v/ W:’: Z, costy + A, sin by
M, .
P = m: 1(?) B#:—Z“SInew—i-A#COSHW
Ex: We have not fixed the value YL’ for leptons. Relate YL’ to Yy.
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SSB and Fermion Masses
m The SU(2), x U(1)y forbids fermion mass terms:

my = m (Yrpr + YrL)

m To add masses in the SM we introduce Yukawa interactions:

Ly = —ye(Ld)er — ys(QP)dr — v, (QP)ug + h.c.

with SU(2) doublets

= (2), 0= (), 0= (o) o= (55)

m & — (0|®|0):
YeV _ YdV 5 YuV _ )Za%
cr=— e+ —dd+ uu}, mg = —
” [ﬁ V2o V2 V2
Ex: Check that all terms in Ly are singlets w.r.t SU(2), x U(1)y.
A. Bednyakov (JINR) QFT & EW SM

26 / 48



SSB and Fermion Masses: Towards Flavour Physics

m The Lagrangian Ly can be generalized to account for known three generations (introduce

indices i,j = 1,2, 3):

Ly = —y,’j(Z,-CD)IJ-R — yg(@,fb)dJR — y,’;j(C_),-d)C)ujR + h.c.

m Yukawa Matrices are non-diagonal (and complex) =

i, oyl
ﬁ;:—%6ﬁ$+ho Mg:%é

m Mass Eigenstates: Diagonalizing My we obtain masses my.

NB1: Couplings of the mass eigenstates f to h are proportional to my.
NB2: Three generations are required to have CP violation in quark sector.
NB3: Dirac mass for neutrinos can also be introduced in a similar way.

(see details in lect. by J.Zupan and S. Pascoli)
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The SM Lagrangian: Gauge

Let us combine all the ingredients and write down the Full SM Lagrangian

Lsm = Lcauge(8s,8.8")
+ Lyukawa (Yus Y Y1)
+ Lriiggs(\, %) [ Vhiiggs (A, 142)]
+ LGauge-fixing T LGhosts

1 11
»CGauge = _Z G:VG:IJ _Z W,uu W,ul/ _Z BMVBNV +(DM¢)T(DM¢)

SU(3)c SU(2), u@)y
+LiDLi+QiDQ+IriiDIg + driiDug, + driiD dg,
SU(2), doublets SU(2), singlets

We have three parameters g5, g, g’ in the Gauge sector.
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The SM Lagrangian: Gauge Self-Interactions

Let us combine all the ingredients and write down the Full SM Lagrangian

Lsm = Lcauge(8s,8.8")
+ Lvukawa (Yus Yds Y1)
+ Lriiggs(\, %) [ Vhiiggs (A, 142)]
+ LGauge-fixing T LGhosts

Due to Non-Abelian nature we have Gauge-boson self-interactions:

w+ vz w+ Wt w+
v, Z
A 4 w-  Ww- w-
A. Bednyakov (JINR) QFT & EW SM
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The SM Lagrangian: Gauge Self-Interactions

I S ::>XAﬁJvf{ij: f:::ﬂﬂﬁdvi{ij:
€ —w—a N\ NN

= 30 T T T T
& LEP :
= i
= S
b .'.. ,"’
20 -
.."‘.j/'( ‘ \ . . . ——s .
A
1 0 T ‘.;'4"' N
YFSWW/RacoonWW
N ---no ZWW vertex (Gentle) 1
# ----only v, exchange (Gentle)
01— . :
160 180 200
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The SM Lagrangian: Gauge-Higgs Interactions

Let us combine all the ingredients and write down the Full SM Lagrangian

805 — High Q® except m, /T,
ﬁSM = EGauge(g&gyg,) SB%SL T
/_h\ +£Yukawa(}/ua}/da)/l) N
’ \\ é, v
W~ W+ Lhiggs(A 12) [~ Viiges(A, 12)] :

+ ﬁGauge—fixing + EGhosts

Excluded

The Higgs boson h interacts with W and Z, but not with ~: i ™ %?;ZV] "
w+ Z h Z h w+
h--- h--- . R
a Z h g 7 ok -

Ex: What are the couplings?

A. Bednyakov (JINR) QFT & EW SM
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The SM Lagrangian: Gauge-Fermion Interactions

Let us combine all the ingredients and write down the Full SM Lagrangizaop

— High Q® except m,

ﬁSM = £Gauge(g57 8, g,)
t +£Yukawa(}/w)/d7y/) 3180— b
w+ v>-_<:>~¢- wt + »CHiggs()‘nu'z) [— VHiggS()‘7ﬂ2)] i
+ LGauge-fixing T L£Gh
b auge-fixing osts 160 Excluded

10 10 10°
m, [GeV]
After diagonalization of Yukawa matrices, we have flavour-changing charge-current interactions,
but flavour-conserving neutral-current transitions:

uj d;
w+ %< + W- A>< Z,vy
di Uj

NB: The CKM matrix appears in charged currents (see lect. by J. Zupan)
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The SM Lagrangian: Yukawa

Let us combine all the ingredients and write down the Full SM Lagrangian

Lsm = Lcauge(8s,8.8")
+ Lyukawa (Yus Y Y1)
+ Lriiggs(\, %) [ Vhiiggs (A, 142)]
+ LGauge-fixing T LGhosts

u,d,l
The Higgs boson h interacts with fermions (again, no
change of flavour). Not all parameters in complex b
matrices yr are physical. The physical ones are 64 + 3,
masses, 3 angles in CKM matrix and 1 CPV phase.
u,d,l

Ex: What are the couplings? Why no Flavour-Changing-Neutral-Current?
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The SM Lagrangian: Higgs self-interactions

Let us combine all the ingredients and write down the Full SM Lagrangian

Lsm = Lcauge(8s,8.8")
+ Lvukawa (Yus Yds Y1)
+ Liiiggs(A, 11%) [— Vhiges(A, Mz)]
+ LGauge-fixing T LGhosts

The shift in the Higgs field generates triple self-interaction h:

h h h
h----4 »
h h h
NB: Two parameters in the Higgs sector: My, = 2\v? and v2 = —|u[2/\.
A. Bednyakov (JINR) QFT & EW SM
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The SM Input Parameters

m There are 18+1 free parameters in the canonical SM (no vg).
m To make predictions they have to be extracted from experiment.
m There are different, yet related, sets of parameters. For example,

18= 1 1 1 1 1 9 4

primary: g g & A By Yij
practical: as Mz o GrF My m¢ Vieku

2 2 12Y,,2
0s = B, (4m)a = g%62/(8? + £7). M} =7

GF = ﬁ, My, = 2A\v?, me = yrv/ V2

Ex: Where is u? (Lagrangian parameter, not renormalization scale:)
NB: Tree-level relations, can be corrected in high orders of perturbation theory
(renormalization scheme!).
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Scale dependence of primary SM

m Hint for
Grand
Unification?

m Hint for
vacuum
metastability?

A. Bednyakov (JINR)
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Fig. made by A. Pikelner, MR package


http://apik.github.io/mr/

Standard Model Production Cross Section Measurements

Status: March 2018
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May 2018 CMS Preliminary

=)
o L T T @ 7 TeV CMS measurement (L < 5.0 fb)
—_ [ o S S @ 8 TeV CMS measurement (L < 19.6 fb)
@) P @ 13 TeV CMS measurement (L < 35.9 fb™)
n js$ S -~ Theory prediction
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The Absolutely Amazing Theory of Almost Everything: Summary

Based on Symmetry principles: Lorentz + SU(3)¢ x SU(2). x U(1)y gauge symmetry
Renormalizable and unitary

All predicted particles are discovered experimentally

The structure of all interactions is fixed (but not all couplings are tested experimentally)
Anomaly free theory*

Can account for rich Flavour Physics (lect. by J. Zupan).

Three generations allow CP-violation (lect. by J. Zupan).

Can be extended to incorporate neutrino masses and mixing (lect by S. Pascoli)

Survives stringent experimental tests
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Issues of the SM

Features to be clarified:

m Unification of all interactions? (Gravity?)

Pattern behind Flavour Physics (hierarchy in masses and mixing, 3 generations)?
Symmetry behind SM charge assignment?

Origin of the Higgs potential?

Origin of accidental Baryon and Lepton number symmetries*?

No CP-volation in strong interactions**

Why the Higgs mass is so low? (Hierarchy/Naturalness problem)

Phenomenological problems:

Origin of neutrino masses (see lect. by S. Pascoli)
Baryon asymmetry (see lect. by A. De Simone)

[
[
m Dark matter, Dark energy, Inflation (see lect. by A. De Simone)
m Tension in (g —2)u, b — spu, b — clv.

[
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Concluding remarks

m The SM is enormously successful theory.
m Any New Physics theory should reproduce the m
SM as the low-energy limit.

m The values of the SM parameters do not give %

hints for New Physics scale.

m We still believe that the SM is not an ultimate
theory (see lect. by B. Allanch) and we you
eagerly search for any deviations ...

m In the absence of direct signal a key role is
played by precision measurements

4

ne
' 5
o
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FCC-ee prospects

[ Observable [ Measurement [ Current precision [ FCC-ee stat. [ Possible syst. [ Challenge
Mz [MeV] Lineshape 911875+ 2.1 0.005 <0.1 QED corr.
Iz [MeV] Lineshape 2495.2+2.3 0.008 <0.1 QED corr.

Re Peak 20.767 £+ 0.025 0.0001 < 0.001 Statistics
Ry Peak 0.21629 + 0.00066 0.000003 < 0.00006 g — bb
N, Peak 2.984 £ 0.008 0.00004 0.004 Lumi meast.
ARE Peak 0.0171 4 0.0010 0.000004 < 0.00001 Epcam meast.
as(Mz) Ry 0.1190 + 0.0025 0.000001 0.00015 New Physics
1/aqeDp(Mz) AEE around peak 128.952 £ 0.014 0.004 0.002 EW corr.
My [MeV] Threshold scan 80385 + 15 0.3 <1 QED corr.
N, ete” — v Z(inv.) 2.92+0.05 0.0008 < 0.001 ?
Oés(Mw) Bhad = (rhad/rtot)w Bhad =67.414+0.27 0.00018 0.00015 CKM Matrix
Miop [MeV] Threshold scan 173200 £ 900 10 10 QCD

A. Bednyakov (JINR)

From Mogens Dam, Precision Electroweak measurements at the FCC-ee
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https://arxiv.org/abs/1601.03849

FCC-ee prospects

[ Observable | Measurement | Curren+ sssible syst. | Challenge |
Mz [MeV] Lineshar~ <0.1 QED corr.
Iz [MeV] <0.1 QED corr.

Ry 20.001 Statistics
Ry 0.00006 g — bb
N, ).004 Lumi meast.
AEE .00001 Epeam mMeast.
as(Mz) - 10015 New Physics
1/aqeD(Mz) AER 002 EW corr.
My [MeV] Thre 1 QED corr.
N, ete” 001 ?
as(Mw) Bhad = ( : 15 CKM Matrix
MeV Th it CD
o WeV] | Thres o 2

A. Bednyakov (JINR)
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Some additional material
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Some of the LEP EWWG Results

LEP W-Boson Mass

%?IDoF = 48.9/41

81.0

ALEPH —— 80.440 = 0.051
DELPHI —— 80.336 = 0.067
L3 —— 80.270 = 0.055
OPAL —o— 80.415 + 0.052
LEP - 80.376 = 0.033
L P I P P |
80.0 80.2 804 806 808
M, [GeV]

From arXiv:1302.3415

A. Bednyakov (JINR)

sz
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6
54 — 0.02750+0.00033
1 ---- 0.02757+0.00010
4 *+ incl. low Q2 data
3 -
2 -
1 —
| Excluded W
0 : ' ol
40 100
m, [GeV]

200
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https://arxiv.org/pdf/1302.3415.pdf

Hierarchy /Naturalness Problem

m What is wrong with light higgs boson?:
v ~ 102 GeV

Anp ~ 103-16 GeV

Radiation corrections to the mass of scalar Higgs boson depends quadratically on UV
cut-off (possibe New Physics) A ~ Axp.

7 . \ W,z H
W.Z,H ! 1 SR
H H \ ! , \
———— - - - e e e S@efmmmmm —-oo- * ¢-----
\ 7
f

n I\/l,%, = I\/I,%L0 + 6M,24, MELO — bare mass.
2

1 A
2 _ (L g.2 2y o2 A
IME = <4 (9g +3g ) by; +6>\> 1672

A=10TeV, (800 GeV)®> (1.8 TeV)” (600 GeV)?
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Higgs Boson and Scattering of Longitudinal W-bosons

At high-energies the amplitude of longitudinal W scattering:

M = g2€lZ(P1)€IZ(P2) (zg/wgvp — BupBvos — g,uugpa) ei(kl)e([(l@)
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Higgs Boson and Scattering of Longitudinal W-bosons

7%y

The Higgs is crucial for unitarization of WW-scattering!
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Axial Anomalies

Anomalies correspond to situations when a symmetry of the classical Lagrangian is violated at

the quantum level. A well-known example is Axial/Chiral Anomaly, when classical conservation
law for the current is modified at quantum level:

— i 0 ~ ~
I =Vy sV, 0,J) = 2imUnsW + o FurFus Fuw = 1/26up0Fpo

The EW interactions in the SM distinguish left from right (remember V — A?).

Ut u(1) u(1) u1)
Anom ~ Tr[t?, {tb, t}Ho — Tr[t?, {tb7 tHr Sé é % g %

U(1)  U1) SU@) SU@2) SUE) SU@) grav grav
m If anomaly does not vanish, the theory is
not consistent.

3 _ 13 13_ i 3 _ _E 3 _ 3 _ 3_ _ 3:
m In the SM contributions to anomalies = [P - (G e 1 - o
miraculously cancel each other separately rroto 7 ! T o
for each generation.

From Kazakov D.I.
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