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The Standard Model and its Drawbacks

e The Standard Model (SM): theory of strong, weak, and electromagnetic

interactions based on the gauge principle

* The group of the SM: SU.(3) ® SUL(2) ® Uy (1)
* Field content of the SM:
- Gauge sector: Spin= 1

gluons G, (8,1,0) SU.(3) g,
intermediate weak bosons W) : (1,3,0) SUL(2) g
abelian boson B,: (1,1,0) Uy(1) ¢




- Fermion sector: Spin=1/2

quarks

i Uci _ u'
b Dy, L - d L

<§ )L (2 )L (3,2,1/3)

Urr = UR CiR tir (3%,1,4/3)
Dip = dn Sir bir (3%,1,—2/3
Rz v, v,
leptons L., = ( . ) ( y ) ( ; ) (1,2,—1)
L L L
Eor = €R MR TR (1,1,-2)
1=1,2,3-color, « =1,2,3,... - generation.

- Higgs (scalar) sector: Spin= 0

H° )
H = ( ), (1,2,-1) «
H »
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* The Lagrangian of the SM:

L = Lgauge + Lyukawa + Liggs,
where
1 1. . 1
Lgauge - _ZGZVGZI/ - EW;VW,EV - ZBWBW
+iLyy" D, Lo 4+ i1Quy" D, Q. + iEN"D,E,
+iU,y"D,U, +iDyy"D, D, + (D,H) (D, H),

with
G, = 0,G) — 8,,GZ + gsfabCGZG(;,

0%
Wi, = 9Wi— W' + g WIwk,
B, = 0,B,—0,B,

N
[0
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and

D,L, = (aﬂ _ ZgTiWi +¢%BM) L.

D,E, = (M+ng)E
9, — i TWl—Z'g/ — %G Q.
: 6 o " V) e

DU, = (@—Z—B = —S)\“GZ> U,

D,D, = <6M+Z%B — z—)\“G“)

[Q%Muwa:::y351:1l13}] +'ygﬂcéal)ﬁ}y +'ygﬁcjalzﬁjy‘+'h“cw

where H = ir, H. ::
In the end
Ligiggs = m*H'H — N(H'H)?. E
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* Particle masses - spontaneous symmetry breaking of SU(2)
as a result of the non-zero vacuum expectation value of the
Higgs field:

(H) = (g) v =m/V2A\.
As a result the gauge group is spontaneously broken
SU.(3) ® SUL(2) ® Uy(1) = SU.(3) ® Ugp(1).
The weak bosons are
e - Wa T W,
H V2

with masses

Z, = —sin Oy B, + cos Oy W},

qu m '

my = my = v talleyv = él
V2’

cos Oy’ g
The photon field remains massless

Y = cos By B, + sin QWWj.
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The matter fields acquire masses

d d l l
Ozjﬂ — ygﬁ’U, Maﬂ — yaﬁ’U, Ma[)’ — yaﬁ’U, Mg = \/ém
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e Drawbacks of the SM

* large number of parameters.

* formal unification of strong and electroweak interactions.

* Higgs boson, its nature. It is not clear whether it is fundamental
or composite.

* number of generations is arbitrary
* origin of the mass spectrum

The answers lie beyond the SM
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e Three possible ways:

* the same fundamental fields with new interactions
— supersymmetry
— Grand Unification
— String Theory
* new fundamental fields with new interactions
— compositeness
— Technicolour
— extended Technicolor
— preons
* Exotic ways
— gravity at TeV energies
— large extra dimensions
— brane worlds
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Supersymmetry
e Motivation of SUSY

x Idea of unification toward smaller distances up to Ipjgner ~ 10733,

But:

— graviton has spin 2, gauge bosons have spin 1: they correspond
to different representations of Poincare algebra.

— no-go theorems: their unification within unique algebra is for-
bidden

— the only possibility: supersymmetry algebra (possibility to com-
bine fields with different spins into the same supermultiplet)

— Mathematical statment: the uniqueness of SUSY

— How does it work?
It ) is generator of SUSY algebra, then

Q|boson >= |fermion > and Q|fermion >= |boson >

Thus, SUSY algebra links together various representations with
different spins by following chain of states

s=2—5=32—-s=1—-s5=1/2—>5=0
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As a result: we have possibility to unify all interactions as well
as "matter" with "forces".

— The key relation in SUSY algebra
{(ch C?di} - 2675¢i}3i'

Now using of the infinitesimal transformations d, = €*Q,, - =
(Q.€" one gets B
{0, 0:} = 2(ec"€)P,.
Now choosing € to be local, i.e., € = €(x), then it is a local
coordinate transformation - General Relativity.
Local SUSY = supergravity
* Unification of gauge couplings
— Philosophy of Grand Unification: gauge symmetry increases

with energy

— at high energy: one Ggyr = SU(5), SO(10), ... with one cou-
pling constant gopr

— crucial point: running coupling constants given by the renor-
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malization group equations

da; )
dt Z’
where

a, = (5/3)g”/(4r) = ba/(3 cos® Oyy),

ay = ¢°/(4m) = a/ sin” Oy,

az = g;/(4m),

where « - fine structure constant, b; depend on the model and

ar(My) = 0.017,  au(Myz) = 0.034, ay(My) = 0.118-0.003)

— The SM: unification is impossible !
— Minimal supersymmetric extensions lead to unification with

Mgysy = 10° — 10'GeV, Mgyr ~ 10"°GeV, agyp =~ 25,
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* Solution of the hierarchy problem

— existence of two different scales V' > v (My and Mgyr) in
GUT theories - hierarchy problem

— two different aspects of the problem
1. the very existence of the hierarchy: for desired spontaneous
symmetry breaking one needs

my ~ v~ 10°Gev,

my ~ V ~ 10"°GeV,

where H, > - Higgs fields responsible for the SB of SUL(2)
and GUT groups.

Question: how to get so small number 10?/10'% in natural way.
2. preservation of the hierarchy: radiative corrections can de-
stroy and will destroy it.

Supersymmetry - the only way how to cancel quadratic diver-
gences.

Nice example: radiative corrections to the Higgs boson mass:
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om2 ~ N2 M2

boson

fermion

M A A

When supersymmetry is broken with the SUSY breaking scale
A43U5y,then

omy, ~ XN’ Mygy ~ my,
and Mgygy ~ 1TeV .
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* Beyond GUTs - superstrings
e Basic facts about SUSY

* SUSY - symmetry between bosons and fermions

4«
44

A

v

H

Back

Close




* Algebra of SUSY - Super-Poincare Lie algebra:

P, P)

P/m Mpa] = (gupp - guapp)>

My, Myo| = i(90pMys = gooMup = GupMuo + GuoMip),
B,| =
u]

] [ZPM]:Oa

M) = 5000 (@5 Ml = —5@ ()l
[Qa,Br}zwr)j b Q6 B = Qb
{Qi, @)} = 267(0") 5P,

(QL, Q)Y = 2,37, Zy=alb, Z"=2Z7,

{Q:, Qjﬁ} = —QEdBZ”, | Zi;, anything] = 0,

where 7,7 =1,2,...,N.
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* how many SUSY generators are possible: the restriction is N <
4S5, where S is the maximal spin of the particles. Thus, N <8

We shall consider only N =1 supersymmetry.
* Superspace and superfields

— Superspace: x,,0,,0;
{0.,05} =0, {64,0;}=0, 0:=0, 6:=0
— SUSY group element in superspace:
G(:E, 97 é) _ ei(—x“PM+9Q+§Q),
then supertranslation:

r, — x,+1i00,&—ico,0,
0 — 60+e¢,
0 — 0+¢.
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— Superfields: )
1. Scalar superfield F'(z,0,0) - SUSY invariant.
It is reducible: a) chiral superfield; b) antichiral superfield
Chiral superfield:

_ _ o
DF =0, D=——z—ifo"d, (1)

In components:

(z,0,0) A(:c)i&a“@_@MA(x)+i€96_9_DA(az)

i _

— —000,(x)0"0 + 00F (),
7 W () ()

where A(x) is complex scalar, ¥(x) is Weyl spinor - super-

partners

F(z) - is an auxiliary field.

Antichiral superfield: &+

+V201(x)

o . -
DF = O, D = % + w“@@u.
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2. real vector superfield: V =V
In the so-called Wess-Zumino gauge:

B - - 1
V = ~00"0v,(x) + i000X(x) — i600X(z) + S0000D (x),

where v, - gauge vector field, A - Majorana spinor.
Analog of the F),, in gauge theories - field strength tensor

g - 1 _
Wa = —EDQGVDQQ_V, Wd = —Z—LDQBVDQG_V (2)

e SUSY Lagrangians

* Lagrangian without local gauge invariance

_ 1 1

44
First integral - kinetic term. »
Second integral - superpotential W'. :
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Explicit form:
_ 1 I, - -
L = id ot + A;OA; — imzj%‘%’ - §m:;<j¢i¢j

yz’jk%%‘flk - ?J;jk&i@;jAZ - V(Ai, Aj)-
* Gauge invariant SUSY Lagrangian

1 (S
L= / FOW W, + / W,
1, 1 ]
= D' = JF,F" —iXo" D,

* The scalar potential is completely defined by superpotentialll
* The Lagrangian is practically fixed by symmetry requirement
The only freedom: field content, gauge coupling, Yukawa cou-
plings, and masses.
e Spontaneous breaking of SUSY
Physics - supersymmetry have to be broken!
Two possibilities: explicit or spontaneous
Spontaneous breaking preserves needed properties of SUSY.
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MSSM and NMSSM

e Particle content
SUSY - number of bosonic degree of freedom = number of fermionic
Thus, the SM is non-supersymmetric:
1. no fermions with the quantum numbers of gauge bosons
2. Higgs fields and his nonzero v.e.v.

3. One needs at least two complex chiral Higgs multiplets to give
masses to up and down quarks

Conclusion: for each known boson - new fermion, and for each known
fermion - new boson.

L leptons L = ("), sleptons L, = (7), (1.2-1)

B In = ex n=¢én (1,1-2)

Q quarks Q= (4), squarks C:QL =(3), (3.21/3)

U Ur = ug Urp=1ur (3,1,4/3) 4
D Dy = dp Drp=dp (31-2/3) »»
H, higgsinos (H" H;), Higgses (51?)L (1,2,-1) I?
H, (Hy, H): (%)L (1,2,1) Back
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~

G gluons G gluinos GZ (8,1,0)
V' SU(2)-gauge bosons Al gauginos A} (1,3,0)
V' U(1)-gauge boson B, gauginos B, (1,1,0)

e Higgs bosons

Two Higgs doublets: 5 Higgs boson (physical states) - two CP-even
neutral (h, H), one CP- odd neutral (A) and two charged H*.

e Lagrangian of the MSSM

L — Lgauge + LYukawa + Lbreakin97 (3>

where L g4 is defined as

Lywe = 30 G [TWW TVW] (4

SU(3),5U(2),0(1)
4+ Z (I);_feg:séJrngnglV’q)i’

Matter

and Ly ,rawa Part which is responsible for the generation of masses
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of the particles has the following form:

AN AN AN

LYuk:awa = hZﬁ@aﬁgﬁZ—'_hiﬁ@aﬁ%ﬁl+hlaﬁLalgH1 +Mﬁ1ﬁ2 (5)

e Lagrangian of the NMSSM
superpotential:

)\/
W= \H S + 25° + ..

where S is new gauge singlet superfield.
Then: 3 - CP-even Higgs bosons (one of them is the lightest), 2 -
CP-odd, and 2 - charged.

e Breaking of SUSY in the MSSM:

- gravity mediated SUSY breaking: two sector, SUSY is broken in
hidden sector and it is mediated into the visible sector via gravity

4«
44

-

v

Back

g

Close



1 -
- LBreaking — m(Q) Z ’%‘2 + <§m1/2 Z )\a)\a
+ A[RY G,tChs + W2 GadShy + hE1,E0h,]
+ Bluhihs] + h.c.). (6)

Here ; are all scalar fields, )\, are the gaugino fields, h; and hy are
the SU(2) doublet Higgs fields. We assume so-called universality of
the soft terms.

e Gaugino-higgsino mass terms
nondiagonality of the matrices - mixing

I - 1 _
LG—H = _§M3)\a)\a — §>_<M(O)X — (wM(c)w + h.C.),
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where A\, with a = 1,2, ..., 8 are the Majorana gluino fields,

are the Majorana neutralino fields and

- (1)

are Dirac chargino fields. The neutralino mass matrix is the following

M1 0 a b
]V{<0) _ 0 ]kfé C d

a ¢ 0 —p |’

b d —u 0
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where

= — My cos 3sin Oy,
M sin 3 sin Oy,
M cos 3 cos Oy,
d = —Mjysin G cos Oy,

where tan 3 = vy /v; and sin Oy is the usual sinus of the weak mixing
angle.

o o Q
I

For charginos we have the following mixing matrix

M(c) _ M2 \/EMW sin /6
V2Myy cos 3 H .

The masses of its eigenstates )Ziz are given by diagonalization of the
above matrix

1
2 2 2 2
my, = 2[M2 + w4 2My,

(M5 — pi?)* + 4Myy, cos(20)
AMZ (M + 1% + 2Mop sin(28)) ]

1oH
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e Squarks and sleptons masses
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where

1
g +m; + —(4My, — M3) cos(23),

6
2

8+ m? — S(M, — M) cos(2),
1

i+ mi = <(2M, + M) cos(29),

1
fn% -+ mz + g(M@V — Mg) cos(203),

1
g, +m; — 5(2My, — My) cos(20),

my +m2 + (Mg, — M) cos(2/3).
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Tree-level masses:

1
mt2172 T 5 [me + m?R
+ \/(me —m;i )2+ 4m; (A, — p cot 6)2],
1
My, = 5 [, + 1,
/g, — i} )2+ 4mR(A, — o tan 5],
1
-9 ~9 | -2
mTl,z - 5 [mTL + m..

T\, — 2 )2+ Am2(A, — g tan B)2].

e Masses of the lightest Higgs boson
In MSSM — two Higgs doublet:

H? Hf
e (). e ()

= 5 physical Higgs bosons:

4«
44

A

v

H

Back

Close




— neutral CP- even: h, H
— neutral CP- odd: A
— charged: H*

one-loop effective potential:

Vi = Viee + AV)
‘/tree = m%\Hl‘Q—Fm;]HQ]Q—mg(H1H2+hc)
92+g/2

_|_

2
(E? = |Ho)? + S H Hf,

where m? = mj, + p*,i = 1,2 and mj = —Bp.
— Minimization of the potential:

1)2 . 4((m% + 21) — (mg + 22) tan2 6)
(9% + g*)(tan®  — 1) ’ «

oIm?>

. 2 _ 3
sin(26) m? +m3+ X + Xy’ ad

-

v

where v? = v +v3, v, =< H; >=wvcos 3, v, =< Hy >= vsin
and tan 8 = vy /v;. Futher: m? = m3 = m3 + pd (GUT scale) Back
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— tree level masses:

2 2 2
my = mj+ ms,

2 o 2 2
mHj: —_— mA—i—MW,
1

2 . 2 2
My g = é(MZ‘i‘mA

T \/(M§ +m?%)? — 4M2Zm? cos? 203)

e In the NMSSM: 1t = Ay, where y =< S >
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e Parameter freedom in the MSSM

* gauge couplings «;, 1 = 1,2, 3

* Yukawa couplings h!,

* Higgs mixing parameter p

* soft breaking parameters (universal case)

— Mg - common scalar mass

— 1My /2 - COMMoON gaugino mass

— A - common trilinear scalar coupling
— B - bilinear Higgs coupling

— tan 3 = v /v, - ratio of two v.e.v
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e The 3rd generation 1-loop RGEs in the MSSM:

dY;
dt
dYy
dt
dy;
dt
dA,
dt

dA,
dt

dA.
dt

13
C~143+3CV2+1—5C¥1—6E }/b),

7
5434‘3@24'1—5541—5@—6%—3/7)7

9
Y: 3542‘|‘50~41—3YE)—4K>7

16 3
( 3 CV3M3 + SO{QMQ —5041M1)
_6}/;At }/E)Aba
16 7
— ( 3 Oé3M3 + 3CYQM2 1—5041M1)
-6y A, — Vi A, - Y A,

9
- (3@2M2 + 5@11\41) — 3V, A, — 4Y. A,
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dB . 1.
% = —3 <052M2 -+ 3@1M1)
=3V, A, — 3V A, — Y A,
dm? 16 1
dtQ = ( 3 OZgM + 30[2M + 1_5041M2)

=Y, (mg, +mi +m3, + A7)
=Yy (mg + mp, + mi, + Ay)
dmz, 16 16
= M M?
dt ( 3 Qi  p i )
—2Y; (mf) +mi +mi, + A7),

dm? 16 4
Mp _ ( Gy M2 +—a1M2)

dt 3 15
—2Y;, (m§, +m3 + mj, + A;) «
44
[ <
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3 (&2M§ — %&1]\412)

—3Y, (mé2 +mj, + my + Ag)

—Y, (m} +mj +mj, + A2),

3 (&2M22 + %071M12>

—3Y; (mf) +mi +mi, + A7)

3 (@2M§ -~ %&mﬁ)

—Y, (m} +mj +mj, + A2),

%@1]\412 — 2V, (m} +m}, +my, + A2),

~2

~2
- __bicyia
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where

Y, = hi/(4m),

G; = of(4m) = g7 /(4n)?,
(b17 bz, bS) — (33/57 17 _3)7

t = log(Mgyr/Q°)

e In the NMSSM we have in addition

dY; 3

d—tA = “VA(@BYi+ Y5+ 2¥y — 34y — an),

dYy

th = —6Yy(Ys+Yy),

where Y\ = A\?/(47)? and Yy = N?/(4m)* «
>»
K
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Infrared Quasi Fixed Points

e infrared behavior of RGEs (small tan j3):

example:

Yi(t) = Hﬁfﬂ(f?(t); Yy = Y,(0),

E(t) = (1+ Bst)" (1 4 Byt)*/P(1 + pyt) '3/ 015,

t

F(t) — / E(#)dt.
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where p; = Y;/as.
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2,04
1,51
1,0—-
0,5-.
’g«u 0,0—:
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e Possible deviations from IRQFPs must be taken into account

e infrared behavior of RGEs in the large tan 3 case:

* all equations are relevant
* no exact solutions exist
* two possible ways:

a) numerical solutions
b) iterative solutions
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e The lightest Higgs boson in the MSSM: tan § ~ 1

100 —

95

[ [ DR A ———— L
mh=90GeV I

-
a0-
-
ro-
500 1000 1500
|VlSUSY <«
at Mgygy = (g, my,)/? = 1TeV: i
my = (9434 1.6+ 0.6 £5 £ 0.4) GeV 2
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e The lightest Higgs boson in the MSSM: tan 8 ~ 50

135 N A
’ SUSY)’M/////
120 | ///////////' b c

105 -

90+

75

60

w i T " T ‘ ‘ .
300 600 900 1200 1500

SuUSsY
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o0 360 600 900 1200 1500
MSUSY
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e The lightest Higgs boson in the NMSSM: tan 3 ~ 1

130

[GeV]

' mh(MSUSY
125 4
120 1
115
110 4
105
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400 800 1200 1600
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Focus Points in the MSSM - mass of the lightest
Higgs boson

e to have both focus points at the M scale

0.60 . —

p,=p=0.562
/

0.55

0.50

0.45 4

0.40

0.35 4

T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
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130 .

1254

120 4

1154

1104

m =113.4 GeV |

''''''''''''

500 750 1000 1250 1500 1750 2000
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IVlSUSY

with mP”¢ = 174.2 GeV and tan 3 = 58 and

my, = 115.9 T

05 £04Gev,  for Msysy =1 TeV,
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Conclusions

e There is still space for SUSY Higgs
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