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Phenomenology of the Electroweak Standard Model

The Fermi constant G is measured with high precision from muon
life time Gp = 1.166 378 7(6) x 107° GeV ™2

Since the muon mass m, < My, one

can neglect the W-boson mass in

the propagator and immediately

get the following relation g2 G r

As we have seen the W boson mass is obtained in SM due to the Higgs
mechanism and proportional to the Higgs vacuum expectation value v

1
Mi, = ~giv* 1

L:I:
| : v — — 246.22 GeV
From these two relations we obtain V2G

At this point one can see the power of gauge invariance principle, g, is the
same gauge coupling

The Higgs field expectation value v is determined by the Fermi constant
6¢ introduced long before the Higgs mechanism appeared!
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N2 2 e _ N
M, w = 792V Jasw = € M W = M 7CW

.. M3Z, Ty, ..
M2 (1) = 20— 42
" ( J-fé) V2Gy

Qem = €2/47 is the electromagnetic fine structure constant. The low
energy value follows mainly from the electron anomalous
magnetic measurements

oy = (137.035999074(44)) "

One gets A, very precisely from low energy measurements

Ay = 37.2804 CeV

From the other hand one gets A, from measured values for the
masses of W and Z bosons

My = 80385 £0015 GeV I
. a r Vs — .Q}'r "y --\“"
M, — 911876 +00021 Gov v Ao = 3795 Ge

Values are close. The difference is about 1.5%.
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CC and NC interactions of SM fermions, as we know already, have the
following structure

Lee = (Z}. = )\/—Sﬁ szlﬁ.uz ”u‘(l — 75) f
Ine = C S Py —ag) 20
where Vij is the CKM matrix element, i, j = 1, 2, 3 - number of fermion
generation
Uy, = 1 — %aﬁ Ay, = 1; vy = —1+ %sﬁ ag, = —1
ve = —1+4sf,, ar = —1; v, = 1. a1, =

from L., and L\, allow to get
tree level formulas for
the W and Z boson widths

/

] (T . 7 _ 72N a2

The Feynman rules following w INN7A W = el Vil \175””
/
/ \

(7 th = N aMg o
; [(Z—[]) = Nzt (gﬁu)[g+a§}

N, = 3 for quarks, and N. = 1 for leptons
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Since CC for all fermions have the same (V - A) structure one can

very easily obtain branching fractions for W decay modes
5BV —a) = 2N} =
S, Be(W — ) = 3.4 =

Measured Br(W — €v) = (10.80+0.09)% is in a reasonable agreement
with simple tree level result 1/9 = 11%

QCD corrections to Br(W — qq) improved the agreement

The decay width of the Z-boson to neutrinos, the invisible decay mode,
allows to measure the number of light (m, < M,/2) neutrinos

7 —1% _17 _1%

inv tot had f+i—

Fét — 24952 +0.0023 GeV is measured from the shape of the Z-boson resonance

FZ,-= 83.984+0.086 MeV
rZ = 17444420 MeV

> 7 _ 4990415 MV

mnu

o AT al\Vl 2 2 Z _1Z _ N\ . O-;\*“-IZ . .
In SM F(Z — ff) - :\61281]512(22-914,’) {?“f + af] r-.i-nv _ rm? _ ‘1\-'/ 12 Siﬂ2(291ﬂy) (l —1_ l)
Confirmation of 3 fermion generations
‘ ‘ assumed in the SM and observed in
2.9840 4 0.0082

nature
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Another way to make this test

[Z 2N,

tnv

7, 1+ (1—4s)

The experimental value 5.942 + 0.016

N — 3 gives for the ratio about 5.970 in an agreement
©'v 7% with the measured value (s,? = 0.2324)
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An important part of information about EW fermionic interactions and
couplings comes from e+e- annihilation to fermion-antifermion pairs

€>N\/\/<f €+>/\/\A< !
_I_
e e Z f

do _ o’ N 1 052 f 1 (s — -HQ)
dcos —  4s ° o {(1+ cos0): X1 = e
2 2 2N 2 2 b 16sh e (s — MZ)? + M2ZTY,
' {Qf — 2\10.vpQy + Xalag + ?f’e)(af + ?f’fﬂ + 1 g2
X2

_ ~ orp2 2 (o g2 V7272
+2cos 0 [ =2 1acarQr + dxoacarvevy| | 256sjy ¢y (s — Mz)? + M7

In the region much below Z-boson pole one can neglect Z-boson exchange
diagram and well known QED formula is restored

i Ama® 5o
Q%N(—;(l 1+ cos? 0), o= “; QQ Ne¢

do T2

dcosd 2s

N, = 3 for quarks, and N_ = 1 for leptons
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Cross-section (pb)
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In the region close to the Z pole the photon exchange part is small

A :\TF — E\TB
App = - T N\NT
1 0
N O do Np = ‘OIS do
Np /0 d(cos Q)dcos(f Np = /ld(cos Q)d(’.(_)SQ

Asymmetries for different fermions allow to extract the coefficients
a; and v

3 2, U,
5‘46 . 141" 14e1f — gjf f

App =
“ 2 -2
Ao p T Vo g

(a?c+?;?) - from partial decay width of Z
The best way to measure s*? sin® 6Pt = i (1 - E)
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A —— 0.23099 + 0.00053

A(P.) — = 0.23159 + 0.00041
A’ —v— 0.23221 + 0.00029
A * 0.23220 + 0.00081
Q" X 0.2324 +0.0012
Average - 0.23153 £ 0.00016
103 vYd.of:11.8/5

>
Q
4

I
£ 10 2 ) = 0.02758 + 0.00035

B m=178.0 £ 4.3 GeV

: — —
0.23 0.232 0.234
lept

.2
sin Beﬁ

E.Boos Quantum Field Theory and the Electroweak SM

11



Well known example demonstrating correctness of the Yang-Mills interaction

of gauge bosons is W-boson pair production. Triple gauge boson vertex WWy
and WWZ have been tested at LEP2 ( ¢"e~ — W1V~ ) and at the Tevatron
(97— WHW—, 47 — W~ qf — WZ ).

The triple vertex of Yang-Mills interaction
I?E'll;i;lz;/?i (p1p2p3) — g“y,Z [(pl o p?)mggmﬂng + (p? o pl)mggmﬂng + (pQ _ p3)m1 g-mgmg}

gﬁf = €, Jz = JoCw = eﬂ

SW
e W e’ W et W+
j\\j\,\wﬁ >AA/\/D: +
e ) 4 W=

. 30T x—
) LEP
; Three SM diagrams
~ 201
| ] The quartic gauge couplings WWyy, WWyZ, WWZZ
10 q gaug piings WwW -
I A —— have not been tested yet. This is challenging task
A e ey ] for the LHC. It will require high luminosity regime
Ry , , at a linear collider
160 180 200

Vs (GeV)
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In the SM there are no 1 — 2 decays of fermions to the real Z-boson
due to absence of FCNC.

The top quark is heavy enough to decay to W-boson

q
¢
a b 4 7
I'fﬂar ~ 1 > ";tsu ‘td
W

In SM top decays to W-boson and b-quark practically with 100% probability

If one neglects the b-quark mass
GpM? MEN? /. M3
F op — ——t J- _ i J_ —|_ 2 N
R PNG! ( M} ) M}

T(t — bW)ro ~ 1.53 GeV, T(t = bW)eorree = 1.42 GeV 7 =1/T

Top decays (7, ~ 5 x 1072° sec ) much faster than a typical time-scale for a
formation of the strong bound states ( 7y ~ 3 x 10* sec’). The top-quark
decays before hadronization.

No top hadrons

13
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In the limit M,,, >> My, one can use the EW equivalence theorem
to estimate to top width.

According to the EW equivalence theorem amplitudes with external
W and Z bosons are dominated by the longitudinal polarisation of the

bosons W.Z 0/1,
€L ~P / My 7

”

But the longitudinal W,Z components in the SM appear from “eated
Goldstone bosons w,, z,

q
[ - / with the Yukawa vertex M, /(tx/j)

H‘N..
Sy

~~ ™
Wg

[ = 3; (E) ‘M, = GrM; gives exactly the leading behavior
24T v ‘

s

GpM? M2 N\? [/ M2,
1’\ — t 1_ W J_ 2 W
82 ( H) ( ' ﬂ-ff)
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The electroweak single top quark production is another confirmation of

the EW fermion structure of the SM

q t
—be s-channel, Q% >0,
q

CMS, 1.17/1.56 tb"
ATLAS, 1.04 fb'
Do, 5.4 fb"
CDF, 751"

--- NLOQCD (5 flavour scheme)
e theoretical uncertainty (scale @ PDF)
(Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042}

NLO+NNLL QCD
e theoretical uncertainty (scale & PDF)
Kidonakis, Phys. Rev. D 83 (2011) 091503

a [
& | L]
IR T S
q . q' f
2 W t-channel, Q% <0, 10k
b y t g
'F
g NN t -
. ‘ 0
! +W-associated, Q% =~ M3,
b VAVAVAVAR /4

Reasonable agreement with SM including pQCD
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Spin correlations in single top

V-A vertex structure in SM T ~ M2 ~ (t+ms)-lb-v

b . :
where in the top-quark rest frame, the spin four-

vectors = (0, §) is a unity s vector that defines the
spin quantization axis of the top quark. In the top
quark rest frame: | 40 1

T dcosO, 5(1 + COS 68)

Hence the charged lepton tends to point along the direction of top spin

4 W vV
I
Single top production as top decay back in time

Down-type component of weak isospin doublet -
d-quark in production plays a role of charged lepton in decay

o ;t(1->uv b)g+b:2 — 5 | f-ChGnnel Pf’OdUCTiOﬂ

— | {t->W b)q+b: 2 -4 |

Best spin correlation variable -

the angle between the lepton from W-decay
and momentum of outgoing light jet in the
top-quark rest frame. Polarization

Ao 14+ P cos 9;}

| | ! ! l ! ! | I ! | | | | |

[ 1
-7 -0.5 0 0.5 eoso"l 7 E d cos 9:.:{ = ) F)tOp ~ 90 %
g
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Electroweak SM beyond the leading order

in many cases a high accuracy of experimental measurements requires the
SM computations beyond the leading order

Divergences in computing corrections
“ =
Hard: UV divergences Soft: IR/collinear divergences
(renormalization) (cancellation due to Kinoshita-Lee-
Noenberg theorem)

Introduction to renormalization. QED as an example

In the SM dimensions of all coupling constants are zero. This has an important
sequences making the theory renormalizable. In renormalizable only few diagrams
are UV divergeni 3

w=4—Ly— §Le index depends only on a number of external lines

All the UV divergences may be incorporated intfo few constants such as coupling
constants, masses, and field normalization constants.

17
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The generating functional integral

Z|Jn.n = [D(UUA)exp (i [d*acV (i) —m)¥ +icA+ J,A*

L*

F Uy = AE, PP L [ (0, A0)?)

There are only three divergent graphs in QED: A (O ™ A

Dyson-Schwinger equation for the photon propagator. The equation is a
sequences of the invariance of the measure of functional integral with

respect to the shift A, (x) — Ay (2) + 2,(2)

D5 (k) = (Do) 5 + g (JVO/\/‘)_II (JV\/\/‘)_I_|_ @
/

trancated 1 particle irreducible vertex function I (p1, p2, k)

At one loop level TT (k) is given by the following (divergent) Feynman integral
4 RN WA
(—ie)? / d*p T [ p+m N (p — k) +m H]

(20t {2 —m2 400 " (p— F)2 —m?+i0

18
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Dimensional regularization d*p — dPp(p?)? =P

T,y has the following sructure

Hflj(;l) — (gc.t,ﬁkz o kﬂ' ;'5) H(Az)

Because of Ward identity
R, (propa k) = S™Hp1) — S7H(pa) ko™ = () = —=F) = P —m) = [(p — ) —m]

/ dD P TI‘ }’6 + m B (}6 — }{) —|_ m ~ D — 0
(2m)" PP=m?4i0 (p—k)P—miti0) |

Therefore the dressed photon propagator

l l k‘f_‘.t k,ﬁ + £ k‘r_l-' AT;?
Jap — ¢ :
k2| 1+ 11, (k2 2, p4?) o ™ 12 T k2

For TT = O one gets the free photon propagator

Dcxﬁ (A) — =

l'.
k2 + 40

DO'(A’.) = —1

j 225

. kky
o — (1=

19
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Correct normalization of the kinetic term by rescaling A (x) field
1

‘Aﬂ- (I) - \/7‘3

A,, where Z'.g”’) = (1 +11,(0,2)) 7"

Direct computation of 1-loop integral with well known Feynman technics

IL, (k% e, p?) = 3% + Wyinite

|

Zit =1+ g

c=(4-D)/2

20
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Dyson-Schwinger equation for the dressed fermion propagator

ST =S5 -2 (—O0—) = (—)1—%

the same trancated vertex function I (p1, p2, k)

In the second order of perturbation theory Z(2)(p)

dP I

¢ ¢ . € i D — K —|_ (aL!
l (p) ( EE) (2W)D (/‘l ) ! 1 ( ) (p o A‘-)Q o ".TT?.Q )

Direct computation gives the following answer:
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Generic structure of Z(p) and fermion propagator:

S(p) = BH 0P — mb(r*)

) — 1 ! 1
T R A w1 B T L AR L0
The physics mass: L= falmyny,)

Mphys = M

1 — fl(n?phtjb)

The fermion propagator has the following form close to physics mass

. 1 = N " Z
Zo (2, 1) Zy=(1=fi)7"  mpp = mz>

S(p) = . . L\
(p) f }nph( p{) Zm — (l - ff_’) !
4
@

At one loop:

5 Zyt =1+
Z‘2 S (4”? _ ]5) c T Efz'm’te

+ O(«)

Ae

Zil =1+~ 4 0(a)

TE

E.Boos Quantum Field Theory and the Electroweak SM 22



The remaining divergent QED diagram is the vertex function correction

= (e [

X (?) }6 ¢ ‘ }{—f— ?‘??.
o (P —(q — 1.’-)2 —m? + 20

p—q)—m2ri0 Pr2107

In order to compute the divergent part one can compute the diagram
L7 (p,0) =~ [ () ]

Iy

Therefore the vertex function including 1-loop correction may be written in

the form , o -
—iel'y = —ieZiy, 1 =1~ ii + O(a)

Therefore Z, = Z, at 1-loop level. But this is correct to all orders of
perturbation theory due to the Ward identity

KT, (1. pa. k) = S (p1) — 57 (pa) k=0 Tu(p.0) = 8,57 ()

E.Boos Quantum Field Theory and the Electroweak SM
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Let us rewrite our initial or bare (before renormalization) QED Lagrangian

1 = .
L — _ZF‘?VFOW — Wy (ilD— mo) Wy F), = 0,A) —0,A). Dy = 9y —ieg A

in the following way:

1 _
L = —IFESth'DW — \I"ph(iDph — 'Tn/ph_)\l;ph. + AL
AL = —(Zy— 1)gFprFP + (Zy — 1)U, (i) W —

— (Zm. — 1)?’”}9;‘1 quh.quh - (Zl o 1)6}#1 II;P]I (‘ﬂph.) ‘ijh

flp_h = Zg_lmflgw lI"ph- — 22—1/2\1;’ Mph — (ZQ/ZW)THO

1

7 r7—1r7—1/2 - ; .
o = 225" 25 ()PP P, DR = 0, — ey AL

ph

The terms in the Lagrangian AL are called counter-terms

When one computes some effects using the Lagrangian L+AL all UV
divergences are cancelled out order by order in perturbation theory by
contributions of the counter-terms. Number of the counter-terms is finitel
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7 r7—1r7—1/2 _
co = 2175 Zs / ()72 “epn (1)
dimension of the charge

Z, = Z, due to the Ward identity =) = Z;l/g(;t)mg_geph(p:)

Note that e, does not depend on ¢
_ e
- Ax

g = Zy (1) " apn ()

For the coupling constant (v D=4-—2¢

Ja 202 3(a)
/ dp  3m
The equation is a particular example of the renormalization group equation
which we do not discuss in these short lecture course

Taking the derivative p{&% :

; bg 9 2
At one-loop level the p-function in QED  F(a) = pu bo = 3
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The equation for the coupling constant a can be easily solved

a(feo)
1 — “(3%0) In(p/po)?

a(p) = Running coupling constant

a = 1/137 being measured at very small scale in Thompson scattering
increases with the scale growing and becomes a(M;) # 1/129 at the Z-
mass. This fact was confirmed by LEP experiments.

This means the charged particle-antiparticle virtual pairs screen the bare
charge at small p2 or at large distances

If the scale y increases to very large values the well known Landau pole
approaches where the perturbation picture in QED brakes down

bg ‘
—1In(p/p)* =1

s
Note that in QCD the p-function is negative leading to anti-screening
effect, the a; becomes smaller with increasing of the momuntum scale
(momentum transfer) or decreasing distances (“asymptotic freedom”)
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All terms of the SM Lagrangian have dimension 4, and all the coupling
constants are dimensionless. So, the SM is the renormalizable theory in
the same manner as QED.

The perturbation theory expansion EW parameters a/w with a,,, ~ 1/129
1/30 are very small

and a,..x ~

Naively - the EW higher order corrections are not that important

However, the experimental accuracies are in some cases so high, that
even 1-loop EW corrections might not be sufficient

M, —
I', =
My =
My, =

91.1875

2.4952 4+ 0.0023

80.385
173.2

+  0.0021

+ 0.015
+ 0.9

Most important corretions:
Resummation of large logs - log (M,,,2 /m.?) ~ 24.2;
Corrections proportional to M,,? /MW coming from longitudinal modes

GeV
GeV
GeV
GeV

E.Boos Quantum Field Theory and the Electroweak SM

0.002%

0.09%
0.02%
0.52%

sin’ 9

Po =

Pe
lept

a2
My

m2 cos? Oy

= 1.0050 = 0.0010
= 0.23153 £ 0.00016
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CDF (JLdt = 2.2 fb-1)
Electron and Muon
M,, = 80387 + 19 MeV

Dzero (JLdt = 5.2 fb-1)
Electron only
M,, = 80369 + 26 MeV

difficult analysis
Calibration / alignment
Understanding of recoil

Mass of the W Boson

Combination : M,, = 80385 = 15 MeV

E.Boos Quantum Field Theory and the Electroweak SM

Measurement . M,, [MeV]
CDF-0/I ; ® 80432179
DI 80478 + 83
DIl ow —— 80402 + 43
CDF-l| @2m?) '—:.—' 80387 + 19
DG-Il  @an? + 80369 + 26
Tevatron Run-0/I/ll FQ-' 80387 £ 16
LEP-2 '—.:—' 80376 = 33
World Average hdq 80385+ 15
| 1 I I i . 1 1 |
80200 80400 80600
My, [MeV] March 2012
o
0.02% )



. . . 1 m%;)m%; B wa(my) 1
M,, is a function of M, and M, in SM w2 mE T RGrmi - Anw
/ h
h /’—\\\\
WVW\AOM/\M W //"\\\ 1:\ /‘
< ' ‘ + v
b
3Grm? 1 11G M2 c? m?
AT)iop R — : AT) Higes R —— 2 W I —
( )tOP 8/ 272 t%/v ( )nggs 24~/272 M%
t'L_EF’I1 ar;d S'LD | o 380-46 — LMC direct searches
80.5 - LEP2 and Tevatron (prel.) v :‘m‘“ M,: LEP+Tevatron, m_: Tevatron

68%C.L.

68% CL

3 8040 Top mass

©. 80.4 — P

= e most precisely measured
= quark mass !
80.34

80.3
80.32
150 175 200 8030'“46s 470 175 180 L

m, [GeV]

mS°™P = 173.18 + 0.56 (stat) + 0.75 (syst) GeV
=173.18 £ 0.94 GeV

LHC: mi=173.3+0.5(stat.)+1.3(sist.) GeV

The top quark mass has been determined indirectly from the
analysis of loop corrections before direct observation

= 178 +8 T Gev

— 30
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Loop corrections lead to the fact that SM parameters (coupling constants,
masses, widths) are the running parameters, and they are nontrivial
functions of each other.

Summary of comparisons of the EW precision measurements at LEP1, LEPZ2,
SLD, and the Tevatron and a global parameter fit

Measurement Fit 60"1935—0'"/0"19‘35
) 1 2 3
m,[GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4959
op.g[Nb]  41.540+£0.037  41.478
R 20.767 £0.025  20.742
AY 0.01714 +0.00095 0.01645
A(P) 0.1465 +0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721 £0.0030  0.1723
AQP 0.0992 +0.0016  0.1038
AQC 0.0707 £0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481 - 1 vf
sin20°P(Q,) 0.2324+0.0012  0.2314 sin? 0 P = - (1 - —
off (Sip) ¢ 4 aj
my [GeVl  80.385+0.015  80.377
I, [GeV] 2.085 + 0.042 2.092
m [GeV]  173.20+0.90 173.26
March 2012 O 1 2 3
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1T forward-backward and
charge assymetries

& &
< <
v
A
3 3
T —

Tevatron

N(Ay>0)+N(A<O)

Arest (tf) —

Atheory — 0.07 + 0.006 Kuehn, Rodrigo

rest

Avest = 0.15 4+ 0.05 CDF
Arest = 0.196 = 0.065, DO

_N(Alyl>0)-N(Aly|<0)
LHC 2= N(Alyl>0)+N(Alyl<0)
Aly| = |yt| — |yl

E.Boos Quantum Field Theory and the Electroweak SM
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."dy

do

—top
- antitop

<Y
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Forward-Backward Top Asymmetry, %
Reconstruction Level
m; < 450 GeV

D@, 5.4b" 7.814.8

CDF, 5.3 b -2.2+4.3

m > 450 GeV

D@, 5.4fb” 11.5+6.0
p——
CDF, 5.3fb" 26.616.2
5. Frixione and B.R. Webber,
JHEP 06, 023 (2002}
| | i - | i I i | | 1 i | | i | [ i | i
-10 0 10 20 30
Y CMS L, =35pb',\s=7TeV
5 FomSPriminary U (MadGraph) & Semmarrrrr
2 0.15-1.09fb" at\s = 7 TeV — data = 4.55 -
w - |+'3t3 a -
g ot : ot :
=3 = - B =
0.05— — g =
: | - LHC rulled out most = ;
i — M = - = 0 4 -
- T = interesting t-channel ,. ¥ E
005__ — ° ofj e ° s -_ L, 3
g g poss‘b'llt'es 1.5? ~ -1cmnsistemwlthAFE,Bergere1al.—;
-0.1 :_ ‘ _: 1;_ - 20 consistent with A_,, Berger stal._;
-0.15 E— _E 0.5~ 222 Gombined Observed Limittt + 1
» . =P RN AR EPUPRTIN U EUUTETEN EPPRPI VEPRTEN PR R
-0 :|||||||||||||||||||||||||||||||||||||||||||||||||: 0200 400 600 800 1000 1200 1400 1600 1800 2000
'Bﬂﬂ 300 400 500 600 70O 800 8900 10001100 1;(]'[] m; (GeV)
M, . [GeVic’]
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Concluding remarks

1. Standard Model is the renormalizable anomaly free gauge quantum field
theory with spontaneously broken electroweak symmetry. Remarkable
agreement with many experimental measurements.

2. All SM leptons, quarks, gauge bosons, and, probably, the Higgs boson
have been discovered

3. SM predicts the structure of all interactions: fermion-gauge, gauge self
couplings, Higgs-gauge, Higgs-fermion, Higgs self couplings
(but not all couplings were tested yet experimentally)

4. The EW SM has 17 parameters (from experiments)
gauge-Higgs sector contains 4 parameters:
g1, 92, W3, A —> best measured a,,, G-, M, (or a,,, syw. My) plus M,

In addition, 6 quarks masses, 3 lepton masses,
3 mixing angles and one phase of the CKM matrix

plus agey =—=) 18 SM parameters

(+ may be masses and mixing parameters from neutrino sector) 34
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5. Facts which can not be explained in SM

- EW symmetry is broken - photon is massless, W and Z are massive prticles
Fermions have very much different masses

(Mtop = 172 GeV, Me = 0.5 MeV, AMv = 10-3 eV)
- Dark Matter exists in the Univers )

Rotation curves of galaxies ;
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- Neutrino masses, mixing, oscillations ark unknown matter

- Particle - antiparticle asymmetry in the Universe,

CP violation  baryon asymmetry: 23;2% ~ 100 CKM phase - too small efect
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6. The simplest Higgs mechanism SM is not stable with respect
to quantum corrections (naturalness problem)

Loop corrections to the Higgs mass
h

t
|
\\ ,I
h = -— - h———T'-—:‘--T'-—— h h =-— -
2 )

5mH 4\/_ (2mW+mZ+mH—4m )A2 —(O2A)

EmH<mH A<1TeV

In SM there is no symmetry which protects a strong dependence of
Higgs mass on a possible new scale

Something is needed in addition to SM...
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7. In addition to mentioned problems (naturalness/hierarchy, dark matter
content, CP violation) SM does not give answers to many questions

What is a generation? Why there are only 3 generations?

How quarks and leptons related to each other, what is a nature
of quark-lepton analogy?

What is responsible for gauge symmetries, why charges are quantize?
Are there additional gauge symmetries?

What is responsible for a formation of the Higgs potential?
To which accuracy the CPT symmetry is exact?

Why gravity is so weak comparing to other interactions?
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"It doesn't matter how beautiful your theory is, it
doesn't matter how smart you are. If it doesn't
agree with experiment, it's wrong"”.

Richard P. Feynman
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