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This is a lecture about supersymmetry : beyond the standard model.

Beyond the Standard Model Physics = “BSM” physics

I ITheories that have not been proven experimentally
"#3%E&'H#"%#&" () *+%,%+(-.%+("%!/0%*#%)*12$3%

So why spend time on this?

Research is about understanding things we do not yet know.

Supersymmetry and exotics (Next week) are various attempts to
answer guestions that are not answered by the standard model.
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1.! Why do we need BSM theories?
2. What is SUSY How can SUSY address these questions?

3. How can we tackle these experimentally?

4+5'.6 SUSY theory: motivation+constructions, from the symmetry to
the physical particle spectrum

4+7+))+86% Tommaso Lari (INFN Milano)
SUSY phenomenology + illutration with a few recent LHC results
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1$)9&$9)"%o+:%$2" %0/ :/<%=%>?+@ &HYA"&$9) " #%

B3 %C2'$%D9"#@+(#%5+%8"%8' ($%0$+%' (MBHE %
The Planck and GUT Scale

The hierarchy problem

Dark Matter

Sakharov’s conditions

Other Problems with the Standard Model

K K K K K

GB%/9.HY&.77"8). % % % % % F14%0
Construction of supersymmetry

Particle spectrum

SUSY Particle production and decay

R-Parity

Some experimental searches

K K K K K

4+7+))+8]  FKC%'(5%CF>L>%M%
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C2")"%*#%61) O*$.%6*(%$2"%/$ (5')5%0+5"-E
e e
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WA
n
Weak
green P n
reen- ] interaction b/w
green aniiblue e P nucleons is really
between quarks between nucleons b/ w quarks
Strong Interaction
N($ll)l&@+(% LII_I@OIIO/ Ll(lu% >I)&2|(1II% Ol##% T2|)1"% /H*(%
#$)"(1$29 PQ"RS%
Strong 1 short~ 1 fm Gluon 0 0 1
Electromagnetic ~ 1/137 infinite (1/r?) Photon 0 0 1
Weak 107 short ~ 10~ fm W+ W-, 20 80.4,91.2 +e,-¢,0 1
Gravitational 10°% infinite (1/r?) Graviton?? O 0 2

I no renormalisable quantum field theory that would fit with Strong and EW I
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C2")"%*#%1) 0*$.9%*(%$2"%/$'(5')5%0+5"-E

U+82")"V% is not included in the standard model!

It is even worse:
Q"(")'-%)"-'@0O*$.%'(5%D9'($97%7"&2' (*&#%") "% (+$%&+7H' @W-"3%

In particle physics experiments gravitational interaction is simply too tiny
to be detectable.

General relativity and quantum mechanics are incompatible.
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MClassical general relativity breaks down at singularities (black holes...)

¥MHow to determine the gravitational field of a particle? since according to
Heisenberg’s uncertainty principle its location and velocity cannot be known.

¥MTime has a different meaning in quantum mechanics and general relativity

X-'(&Y%/&'-"%

An energy or mass or time scale where both quantum and general relativity effects
become important.

Eg.1. Early enough in the Big Bang.

Eg.2. Doing quantum mechanics experiments close to a black hole.

[+9%:")%5*5%(+$%7" (' 1"%$+965+%6"*$2")%*(%$2"%-"WM3%
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Consider a particle of O").%2*12%7'##%

\ >
7]

The Compton wavelength: ", = T size | of the particle
or the wavelength of the photon needed to probe that particle.

o

The particle cannot be localised better than ! .

But if | _is small enough it is can be within its /&28')Z&2*-5radius r, =2Gm ,]%W-'&Y%2+-"%

7T
| =—  particle inside a black hole => 73> A, = Gm >— or smaller
m m

I, =G  Planck length ~10-3 m

1
mp = ﬁ Planck mass/ energy ~10%° GeV
If m>my, then *$%*#%*(#*5"%'%W-'&Y %2+-"%
one can never know its position better than |.

The condition ! . <rgstarts to be fullfilled for:

42"%F"*#"(W")1%9(&")$'*($.%H)*(&*H-"%W)"'Y#%%{H‘% X~y
Can never distinguish between two locations separated by less than |,

[A+&' @+(\%-+#"#% 7" (*(LM%
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C2.%*#%*$%*TH+)$ ($%$+96Y (+8% ' W+9$%$2"%X-' (&Y Yo#&,'-"E%

| @ | | ‘

It shows us the limitations of general gravity and quantum mechanics when put together.

"#3%&'#"%#&" (") *thk laws of physics we know work up to an energy of 10%° GeV
But this is not a good scenario for experimental physicists.
If 10%° GeV is the only place where known laws of physics they break down,

then it is going to be very very very difficult experimentally....

L"7"7W")%M%
MEarly enough in the Big Bang.

¥MDoing quantum mechanics experiments close to a black hole.
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42"%&+9IH-*(1#%&+(#$' ($HY* (%$2"%/$'(5')5%0+5"-%

N($")&@+(% L"-@0"? L'(1"% >?&2'(1"%
#$)" (192

Strong 1 short~ 1 fm Gluon

Electromagnetic  1/137 infinite (1/r?) Photon

Weak 10° short~10%fm  \\f \\f 20"

The relative strength is a combination of the value of the coupling constant and the
mass of the exchanged boson.!

€ & e e q
9 87
y ZU gS
q
8

er £ e- z &£ q
electromagnetic weak strong

gva
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Effective dependence of charge in material

Look for instance at a particle with ("1'@QO" charge g in a dielectric.

Assume that the material is composed of molecules charge qin a
which W"&+7"%H+-")*ZHy the electric field of q. dielectric medium
The material produces a dipole field which e ﬁ
)"'59&"#%he electric field from the charge Q. o

y
F-—1 5 - /% 5

2 7r — 2
Ame v Adre v

r

0
Vo
If one measures the charge qin the medium one 0
will in practice measured a screened charge 2> q ’

r

The #&)"'(*(1%"""&®ecomes smaller closer to the charge q.
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Screening in a Dielectric

)

effective charge Q-

intermolecular I
separation

The effective charge increases at small distance.

The effective charge increases significantly at distances < the distance b/w molecules
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R'&997%X+-")*# @+(%

42"%[0O'&997\%&+(#*#$#%+:%0*)$9'-%H") @ &-"#%a9&$9' @ (1%*($+%'(5%+95%+: %" ?*#$
An electron *#%#9))+9(5"5%W.%0*)$9'-% ki }{@&.a6t to shield the charge
in the same way as the dielectric medium screens the charge.

The lightest charged particles are the electronand the positron so the easiest pair
of virtual particle-anti-particle to produce is €" €.

The EM coupling constant
/aries mildly with momentum

P

The screening decreases at smaller distances r

135 k transfer"
e e
e e 3 i
= 130
4 . 125 -
- 2 3 4
e- ¢ 1 10 10" 10" 10
o e (momentum of exchanged phofoQy

1(¢c)
plus additional loops ...
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C2'$%'W+93$%%$2"%/$)+(1%N($") &@+(E%

0 &
qq "g'
qq
[ET*Y%H2" (+7"(% :
*(%b9 ($97%T2)+7+5.( 7*&#

Additional complication due to the gluon-gluon interaction!

The qq loop leads to a screening in the same way as for QED, proportional to the number
of quark flavours.
1-9+(61-9+(=> opposite and stronger effect, related to the number of gluons.

The total resulting effect => " gdecreases at small distance (opposite of QED...)
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Coupling constant of the Strong ASym ptOtl C Free d om

Interaction vs Exchanged Momentum
0.5

Strong interaction (QCD) is realized by

A A Deep Inelastic Scattering

ol oe ete— Annihilation i gluon EXChange.
' ¢ Hadron Collisions

® ® Heavy Quarkonia

The coupling constant * ¢ # 1 decreases at

03t small distances.

o (Q)

At R>~1fm " S #1 non-pertubative, hadrons

At R<< 1fm ot <1 pertubative,
quarks,gluons

0.1F

== QCD (xs(MZI) =0.1189 £ 0.0010 /'O"#%H")$9)W'@ +(%$2'éh)d%sage of

1 10 100

Feynman diagrams for high energy, Q>~1GeV

Q[GeV]
Measured " gas function of the exchanged Q"
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1$)"(1$2%+:%$2"%>-"8$)+7'1(" @ &% (5%C"Y %d+)&"#%

do/dQ” / pb GeV ™~

10 As expected for Q°> M?,,, the cross
sections for the electromagnetic and
weak forces becomes of similar strength.

<= Data from the HERA electron-
proton collider.

This hints at $2"%9(*c& @+(%o+:%$2"%%
"8 B)+T'L(" @& (5%$2"%8"Y %
*($")'&@+(3%

0 M? ~ 6400 GeV
2 2
T — - 1 o ~‘g‘
3 4 ~ 5
10 10 )
Q? [GeV?] ‘gW
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LO((*(1%+:%$2"% T+IH-* (1% T+(#$' ($#%

1 / Coupling Constants

The coupling constants approximately

g 60 converge at high energy.

30 If one makes '%7"($'-%"?H")*7"($%'$%0").%%

10 #7'--%5*#3$'(&"#.e. very high Q), then
#&)"'(*(1%"N'&$#HY0:+)%'--%e % +) & "#%5*#' HH"") %

30 and $2".%W"&+7"%)+912-.%$2"%#'7"V%

20 " .
U+$" The extrapolation is based on the very

10 low energy measurements (many order of
magnitudes before convergence)....

?o E 10 ll(;S
log Q

The experimental domain: Q~ 1000GeV

The coupling for the EM, Weak and Strong interactions seem to converge
at very high energy = very small distances.

Is this evidence that they are different manifestation of a single force?
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-

40

The Answer is 42!

Now in the rest of the lecture let’s try to find the
guestion

LHC Physics Grand Unified Planck
Scale Scale
or GUT scale
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SUSY & Exotics

There must
be new physics

50 |
40
G.N 30 j-""‘ -
20 -
0 SU(3) Standard Model .
0 i yod v voondl o vord o ol v ool v s ool round v vened 690 mGUTcy 5)%
102 10 10° 10° 10" 102 1014 1016 1018
] u (GeV) ] T
LHC Physics Grand Unified Planck
Scale Scale
or GUT scale
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60
50
G.N 30

20

0

40

10

Should be new physics here too
| in same way that we need W/Z/Higgs
" boson to have a unified electroweak theory
need new particles to unify QCD and EW

u)

——

"

Standard Model

Mgy /o mpYo

SU(3)

‘ | H‘ | HM‘ 111 1L ‘HH‘

102 . 10* 10° 10® 10 10'? 1014 1016 1018

] u (GeV) T

LHC Physics Grand Unified Planck
Scale Scale
or GUT scale

SUSY & Exotics
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42"%F*"))&2.%X)+W-"7% /

We now know from the LHC that the H

Higgs mass is my ~125 GeV )‘f )\f

A2"%F*1 1HY% T HHY%)" & O " #%-")1"%&+))"& @ +(#%:)+ 7%:") T*+(#I%
A?
2 2
G2 —2Mgy + 6m% In (Myy/mg) + .. ]

The biggest contribution arises from the top quark which has the highest massand ! ;.

2
AmH—

M,y is the highest energy scale in the standard model, this is the upper end of an integral

82'$%6#2+9-5%8"%& 2+ 8 %%
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42"%F*")")&2.%X)+W-"7% AG

1672

Mgy at most ms or Mg ?

If ",y at = 10 or 10%° GeV then the Higgs mass should be enormous! not 125 GeV...

e%Q"(")*&%"'(#8")#%$+%$2"%2*")")&2.%H)+W-"7%
1. Fine tuning (unnatural)

¥ All the corrections to the Higgs mass compensate each other to the 30t decimal

in @ miraculous way.

2.! 42")"%*#%'%)'"#+(%:+)%$2"%&'(&"--'@+(#%+:%'--%$2"%$")'/#E/;I:/:#?P;..?;:;//Z

¥New symmetry and new particles kick in well before mp or mg;r. M%
¥m, ~125 GeV tells us something about the scale of new physics
¥myeyw ~ 100 — 1000 GeV

U"8%$2"+)*"#%+:%1)'0*$.%
e3 C'%T7'5"%'%7*H$'Y"%82" (%68"%6&+THIS 5%6$2" Yo X- (&Y Y%7 #1%5) 0/o5+7" (4++ (M6

¥Something we do not know about gravity and quantum mechanics
MPlanck mass is much lower than we think.
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New symmetry and new
particles to solve the hiearchy problem

below ~1 TeV? T T OTIm T IO T OO T In T OOy T O TP Ty T TH”U‘ T ”TTI
o | ul)
40
v
T~ 30—
d [
20

Standard Model

Mgy /o mpYo

SU(3)

‘ | H‘ | HM‘ 111 1L ‘HH‘

102 . 10* 10° 10® 10 10'? 1014 1016 1018

] u (GeV) T

LHC Physics Grand Unified Planck
U+8%$2")"%*#%2+H"V% Scale Scale
or GUT scale

SUSY & Exotics
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f)Y%0'g")%6X)+W-"7

MRotation curves of galaxies —
~
GM(R) E
V= —
R >
MGravitational lensing
MWMAP / Planck

M/lows to weigh the Universe

Conclusions
1) Dark Energy (75%)
M responsible for accelerated expansion
of the Universe- no clue what it is.
Repulsive effect.

2) Dark Matter (20%)
¥ “normal” gravitational behaviour,

best candidate is a weakly interacting
particle y with mass 100-1000 GeV

SUSY & Exotics
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T 1T 7 I 1T 171 I 1T 171 I 1T 1T 1 I L ]
- NGC 6503 -
'I _‘I ] 11 | 1 1 1 I | 1 1 I | | llS Ig;asl |
5 10 15 20

R [kpc]

Cosmic microwave background temperature
measured with WMAP

Created during the big bang and left over
“relic” observed now: must be stable
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L"-*8%f)Y%0'g")%f" (#*$.

PBJ*O")#"%*#%5" (#"%'(5% 2k Particles are
in thermal equilibrium.

ff <= xx

PG&2"%;(*O"#"%*#%#@--%'$%"DBt*W)?
expands and cool to a temperature T<m,. 32
The # density is Boltzmann suppressed, 3

fallingas: N # e® /7

Number Density

ff" ## takesover

oo
=

0.01 E L B S | T T YT T T TTTTTT
r =
= (1)
0.0001 I .
10-8 g— ..!:
10-¢ E— ) “5
107 | Increasing <o,v> .
100 k- v .
100 f & - ]
7 1
10710 - = _i
E S
10-11 - Q .
o E D N . e e e B
R B (3) 3
10-18 & P .
= 1
-ul O ]
10-14 !' ()] \\ - }.
T S -
o ]
10~V i .
3 NEQ 3
10718 - }-
10-w® 4 i
10_” o i L L L LAl ‘l 1 L 1 1 L1 ll L 1 1 LAl l:
1 10 100 1000

The higher the annihilation cross section
<$ ,v>, the longer ff <= XX continues

(3) The Universe is so cool and diluted that
"DI9*-*W)*97%*#%(+%-+(1")%7*($*("5%

x=m/T (time -)

ff < x¢ almost stops and we are left

with an almost constant relic dark matter

density.

This cross section determines how much
dark matter left today in the Universe

QDM ~ <0’AU>_1

SUSY & Exotics HASCO 2012
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Mass of Dark Matter Particle from Supersymmetry (TeV)

42"%CNOX%O*)l&—" 0.01 0.1 1.0 10

! - 10°
100%

Using dimensional analysis one can
show that:
4rad

30%

oav =k (1 or v?)

2
mX
1 or V2 depending on the angular
momentumin """ # ff

10%

3%

#,is the &+9H-*(1%&+(#$SBociated to
the weak interaction in the SM.

Fraction of Total -Dark Matter Density

K =is just a 7"'#9)"%+:%5"O*' @ffom

this simplistic dimensional analysis. For a given value of IT.. varykin0.5-2

Best candidate for Dark Matter is a C"'Y-.%N($")'&@ (1%0'##*O"%X") GRMP) in the mass
range 100-1000 GeV (must be electrically neutral).

This naturally yields the observed current amount of dark matter.

42"%1$'(5')5%0+5"-%5+"#%6(+$%8&+($* (%' YCNOX%6]%H) "5*&$#%6'%6("8%H') @&-"Y%6W"-+8

Recommended reading
“T+--*5")%X2.#*&#%' (5% T +# 7+t 1E&g http://arxiv.org/abs/0801.1334
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/'Y 2')+Oh#%&+(5*@+(#%
Observation: 42"%;(*O")#"%5+"#%(+$%&+($*(%-) 1"%'7+9($#%+:%(@67'g")%

Therefore during the big bang microscopical processes between particles must
have slightly favoured matter over anti-matter.

4+9%1"(")'$"%$2" %O W-"%7'g")%i%' (@67'g")%'H.77"$).%*(%$2"%: (*O"}#"%

¥MBaryon Number B must be violated
¥C- and CP- symmetries must be violated
¥MOut of equilibrium

Baryon number conserved in all particle physics experiments so far
and is a result of symmetries in the SM.

T6and TX6%O*+-'@ar@fbesent in the Standard Model, but not large enough to explain
the large asymmetry we see.

0*(*7'-%&+(&-9#*+(J%
Additional sources of CP- violations beyond the Standard Model are needed.

SUSY & Exotics HASCO 2012
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d-'0+9)%H2 #*&#%' (5%1"(")-%")&2*$"&$9)"%o+:%$2"%o#S$' (5')5% 7+

Table 1. The fermionic particle content of the Standard Model. Here we’ve put primes
on the neutrinos in the same spirit of putting primes on the down-quarks in the quark
doublets, indicating that the mass eigenstates are rotated by the MNS and CKM matrices,
respectively. The subscripts g, r, b refer to colors.

y —~1/2 VL —~1/2 v —~1/2 » » »
e ), 1 - €Rr KR TR
. 1% 1?6 ”

1/6 p 2/3 2/3 42/3
U R,g R,g R,g
d s b d—1/3 —1/3 b—1/3

8 8 I )
() ()" e g,

/ — — —

Ve A A Ay s b

1 1 1
(2) (2) (») G R R
d L,b 5 /L b L,b dR,b SR,b bR,b
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d-'0+9)%H2 #*&#%' (5%1"(")-%")&2*$"&$9)"%o+:%$2"%o#S$' (5')5% 7+

Table 1. The fermionic particle content of the Standard Model. Here we’ve put primes
on the neutrinos in the same spirit of putting primes on the down-quarks in the quark
doublets, indicating that the mass eigenstates are rotated by the MNS and CKM matrices,
respectively. The subscripts g, r, b refer to colors.

y —~1/2 Vl,t —~1/2 v —~1/2 _1 » »
e €R KR TR
e Y
. 176 1/6 ”

d’ L.r s’ L.r b L,r d;,lr/B 8;{11"/3 b;zlr/s
OF OF oF B E
d L,b s’ Lb b Lb dz_z,lb/B 3;2,16/3 b;z,lb/s

Is it not ugly?
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d-'0+9)%H2 #*&#%' (5%1"(")-%")&2*$"&$9)"%o+:%$2"%o#S$' (5')5% 7+

Table 1. The fermionic particle content of the Standard Model. Here we’ve put primes
on the neutrinos in the same spirit of putting primes on the down-quarks in the quark
doublets, indicating that the mass eigenstates are rotated by the MNS and CKM matrices,
respectively. The subscripts g, r, b refer to colors.

y —~1/2 s —~1/2 v —~1/2 » » »
e - €Rr KR TR
e )

tt\

1/6 2/3 2/3 2/3

u C t U’R,g R,g tRag
d’ s b d—1/3 —1/3 b—1/3
e e e e  TRe B
() ()" ()" vy e, Gy

/ — — _

e N pe A\ pe o det st b
(2) (2) (») G R R
d L,b 5 /L b L,b dRm SR,b bRﬁ

Is it not ugly?
N3N3%L'W*%$+%'#Y %[82+%+)5")"5% 9+(E\%

42"%#"&+(5%1"(")'@+(%-"5%$2"%U+W"-%b'9)"'$"%
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d-'0+9)%H2 #*&#%' (5%1"(")-%")&2*$"&$9)"%o+:%$2"%o#S$' (5')5% 7+

» IWhy this assignment of quantum numbers?
»Why are hypercharges quantized in units of 1/6?

These specific values are &)9&*'-%%$+%19')'($"'%$2"%&'(&"--'@+(%+:%'(which#ould
jeopardize the gauge invariance (will come back to that later)

»1Conspire for the neutrality of matter

Q(e) +2Q(u) + Q(d)=0 (hydrogen) Verified experimentally to a very high

Q(u)+2 Q(d)=0 (neutron) degree of accuracy.

»IThe proton and electron a priori have no connection!
<"$%%$2".%2'0"%"?'&$-. % +HH+#*$"%&2")1"#V%

There must be an underlying connection! (for theorist this is Grand Unification theories...)

»Where do the flavour matrices (CKM and MNS) come from?

SUSY & Exotics HASCO 2012 32



Quarks spin =12 Leptons spin = 1/2

Approx.

Mass  Electric
GeV/c? charge

Flavor Mass Electric Flavor

Gev/c2 Ccharge

u 0.003 | 23 p,, electron 0

P € neutrino @

d down 0006 | 13 e ton [0.000511| -1

C charm 1.3 2/3 "y muon <0.0002 0
M neutrino

S strange 0.1 -1/3 JL muon 0.106 -1

T top @/2/3 y tau <0.02| ©
T neutrino

b bottom 4.3 -1/3 T tau 1.7771 -1

The masses of the fermions stretches over 13 order of magnitudes!
We understand how particles get a mass, by interacting with the Higgs field but ...

We cannot predict the values of the Yukawa couplings to the Higgs (which set the masses)

SUSY & Exotics HASCO 2012



TKUTA;/NKU%/K%dIL%

¥The Standard Model is an incomplete theory.

¥MThere must be new physics / particles at an energy scale of ~1 TeV

60

50

40

~ 30

20

10

0
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GUT scale Planck Scale

LHC Physics
today!
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1$)9&$9)"%o+:%$2" %0/ :/<%=%>?+@ &HYA"&$9) " #%

GB%/9.HY&.77"8). % % % % % F14%0
Construction of supersymmetry

Particle spectrum

SUSY Particle production and decay

R-Parity

Some experimental searches

K K K K K

4+7+))+8]  FKC%'(5%CF>L>%M%
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See Hitoshi Murayama

|('-+1.%8*$2%"'"&$)+5-('7*&# http://www.arxiv.org/abs/hep-ph/0002232v2

The reason why supersymmetry is needed is similar to the reason why the positron is needed.

2
An electron in vacuum has a Coulomb AE o 1 e
electric field around it with energy: Coulomb — 47'('5() r

e

To avoid the T+9-+7W%#"-:6"(")1.%$+%W"&+7"%t(e (% forced
to define a #*Z'8bthe electronr..

Since this energy is present for any electrons it has to be considered
l#%Hl)$%+:%l(%Il_ll&$)+(%)Il#$%ll(ll)4 2 2
(mec )obs — (mec )ba/re + A-EICoulomb

Experimentally we know that the size of the electron must be small
<1017 c¢m, this leads $ E,omi=10 GeV. The bare mass must be negative:

0.511 =-9999.489 + 10000 MeV !

Requires a ridiculous c("6$9(*(1%o give the observed electron mass.
Avoid this by requiring $ E,jomeS MC? but this leads to r,>1013 cm

I IApplying the simple model above to r <103 cmleads to absurd results.
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I(-+1.%8%$2%6"-"8&$)+5.(' 7T*&#%PGS %
> > >

We can depict the electron self-interaction by:

€ € €
But the H+#*$)+(%"?*4#B#& the world is quantum mechanical so B
the vacuum can fluctuate to give an "-"&$)+(6H+#*$)+uring a e
atime: At ~ h/AE ~ h/(2mec?) >
during that time the electron can cover a distance: €+
d ~ cAt ~ he/(2mec?) = 200 x 10713 cm .

W"-+8%S24HIHE "% T IHS%S Y "%+ ($+%'&&+I($%0'&9970 €

2
Provides a contribution to the electron self-energy that AE o 1 e
cancels with the previous divergent term. pair — 47'('8 r
0'e
Leading remaining term:
5 5 3o h
(mec )obs — (mec )ba're 1+ E 1Og -
(& (&

K(-.%jk%&+))"&@+(%"O" ($h'BLoportional to bare mass
I lno correction if the particle is massless
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F*1 1H%0!+#+(%/"-:6>(")1.%'(5%4+H609") Y %A
H

-3 V- -
The biggest contributor to the loop corrections to the Higgs / /
mass is $2"%$+H%D9')Y %59"%$+%*$# UMt Us N4Heo

_ _ fermion loop
coupling to Higgs)

h2 1 distance at which SM has"

Au? = —6-—2 problems:" S
Heop A2 4, ry~ 10%7cm ~ 1 TeV! RAEN
[ 1
If we invent the #9H")H")$(")%+:%0%$2"%$+HYDOHE'-") % " A )
$+Hywark or “#$+H{same quantum numbers as top but spin 0) H_ 2e8.7
) h2 1 scalar loop
Apsio, = +6
stop 2
41 H
We are left with the top / stop correction to the Higgs mass:
h? 1
2 2 2
Aptiop + Aftiop = —6y( ; —m{)log W

Ideally one would have m- — n,
in the same way that the positron has the same mass as the electron.
Can be overcome if the two masses not too different, will come back to that later.
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We need a conspiracy of ("8%#H*(%Z")+%H") @&at#l6uld precisely cancel the
divergences from the standard model fermions.

) AT iong? o
AmH 5 (QMUV) _I_ s s s f*) &%: )7*+(#%

167

AS
Am3 = A 62 Mgy + ... &%

fermion and boson loops give +HH+#*$"%&+($)*Wa@+(#

L 9% T+(#H*)'&.%*(YH2.#*&#%*#%&'--"5%'%#.77"$).%
We need a symmetry between fermions and bosons = /;X>L/<00>4L<%

A symmetry between fermions and bosons in fact guarantees that for each
standard model term there will be an exactly compensating supersymmetric term.

SUSY & Exotics HASCO 2012
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0'$2"7'@&'-%W"'9%$.E%
The idea of the positron arose when putting together quantum mechanics and relativity
in form of the *)'&%"D9'@+({@describe the fermions.
Quantum mechanical equation *(O")*'($%9(5")%$2"%X+*(&')"%1)+9H
I Describe more with less: both positrons and electrons described by the #'7"%"D9'@+(%
[OH"#.77"$).%*#%$2"%+(-.%(+(635)*O*'-%"?$" (#*+(%0+:%%$2" % X+*(&')"%1)+9H%
N:%2*#$+).%)"H" $#%*$#"-1%$2*#% &+9-5%W"%0O").%:)9*m9-3%

This beauty argument alone does not tells us whether Supersymmetry should exist at the
electroweak scale, it could also be a symmetry that rules at GUT for instance.

In this lecture consider only 8"Y%#&'-"%#9H")#.77%)(Ythat #+-O"#%$2"%2*"))&2.
H)+W-"7

Note that if the hierarchy problem was solved by something else SUSY could still be
relevant at much higher energies (but not for the LHC ®)
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For details and to work through notations see:
/9H")#77"$) %/&2"7l@&# S. Martin hep-ph/1205.4076v1 (adopted here)

also

S. Martin hep-ph/9709356 A. Bilal hep-th/0101055v1

A supersymmetry transformation turns fermion states into boson states and vice versa.
We consider Q, Q the operator that generates such transformations

Q‘ fermi0n> = |b0s0n> Q| boson> = fermi0n>

QT‘ fermion> = |bosorn) Q |boson) = fermi0n>

We have to think the :")7*+(#%'#%n%&+7H+("($%f*) & Yo# Mi(ielh¥4present the ") 7*+(%
and '(@6:")7*+(%and -"062'(5"5%and )*12$62'(5"5%elicities.
Q is an anticommuting spinor.

&
Qa operates on the first two components, the -"0%2'(5"5 part. (

and QJr operates on the )*12%$%2'(5"5part (the last two components).

II# ~ &L
%, (eR

)
X

* 4 —

From now on remove the subscript a,f.

Theories that fullfill these requirements are restricted in 4 dimensions with chiral fermions.
Q carried helicity L and spin % QT carries helicity R and spin %.
They must satisfy ...
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1&2"7' @&HY%+:%/9H")#.77"$).%6l-1" W)

{Q,Q } = P* P# generator of space-time translations
{QQ ={Q.Q} =0
[Pan] = [PanT] =0
[7¢,0] =[T*,0]=0 T? generator of gauge transformations

A single particle state is then represented by a #9H")679-@H-"$
A #9H")%79-@Heains both ;") 7*+(#%' (5% W+#+;(that are #9H")H")$(")#%f each other.

|" '> is a superpartner of |" > means that| Q'> can be obtained by a combination

on and QJr operating on|§2> :

Qand O commute with P“. Therefore they commute with P>
| OeHOH")H)S(" 4967 94$%2 0" %$2 Yot T % T 13%

Qand Q' commute with T
| O6HOH")H)S("}#%62'0"% 52" % 7" %D ($97%(97W")#3%
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42")"% 7 OHSYOW "% $2"Yo# 7" % (97W") Yo-+: %6 | +H+(#%' (5%d") 7*+(HY6*(
#IH")679-@H-"$

Sis the spin, we consider the operator (-1)2S,

(-1 2S| fermi0n>
(-2)*’|boson) = |boson)

—|fermi0n>
(-1)2S must anticommute with Q and Q :
(" D*>°Q| fermion = (" 1)*°|bosor} =|boson

Q(" 1)*°| fermion) =" Q| fermion =" |bosor}

Consider the sub-space of fermions and bosons|i> with the same momentum p“ :
Any transformed state obtained by applying Qand Q on|i> has still the same momentum.

If one writes (-1)*Sin that subspace on a basis of fermions and bosons, it must be diagonal
with ones and minus ones on the diagonal for each boson and fermion.

example: if we have a basis made of 2 bosons +1.0 0 0
and 2 fermions (B, B, F, F,) (D = 0O +1 0 O
O 0 -1 0
O 0 O -1

| The trace of the (-1)*Soperator is equal to
U97W")%+:%!+#+(#%p%U97W")%+:%d" jifsn @00t Bred4t9H") 79-@H-"$

A priori we don’t yet know how many fermions and bosons in the supermultiplet.
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U97W")%+:%!+#+(#%'(5%d") 7*+(#%*(% %#9IH")6 79-@H-"$
T Y1 =n, " n,

now let’s calculate that trace:

TH(" ] =# (il D))
PATAC 1= pHE Gl ]0) =2 Gl 1> P
we know that the SUSY generators must fullfill: {Q,QT} = P* hence:

=" (il#n*QQliy+" (ilen**Qq)

insert the completeness relationship:
=’ < (#D* o0 H+" " (D™ 0| j)Jl0li)

J i

=" (il o0l +" " (jlolixilen™ Q')

" (i#EDT e )+" (jlen®e i)

anticommutation relationship Q and (-1)25! — puTr[(_l)zs] = p“(n, -=n.)=0
B F
- 20197l }‘,E il-D*QQlj)

= Ng =N
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Ny =N T94$%W"%+9)%19%5"*("%$+%&+H$)I&SYHIH")%79-@H-"$#3

A standard model fermion has $8+%2"-*&*$.%#H# e if we put one SM fermion
in a supermultiplet we have n.=2.

So we must have ng=2 with two corresponding spin-0 fields. quarks, leptons

| 10ne scalar (=spin 0) field for each helicity states and Higgs fit here

These are the so called matter supermultiplets (also called chiral or scalar)

A standard model vector boson (e.g. photon) with spin 1 has two helicity states
(massless, before EW symmetry breaking)
I Ing=2

The superpartner of the gauge boson the multiplet must be a fermionic state: $2"%1'91*(;+
with two helicity states
I Ine=2 gauge bosons
fit here
This is called a gaugino or vector super-multiplet.

Theories of extended supersymmetry have more than one pair of generators Qand Q .
Consider only one pair ie. “N=1 supersymmetry” in these lectures.
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'&Y %$+%/$'(5')5%0+5"-%d") 7*+(#
>?"7H-"%he electron el, e; must be part of a matter supermultiplet.

There are two scalar states one associated to the LH electron and one to the RH electron.
€,.,6, these particles have spin zero, the indices R,L refers to which of the LH or RH
electrons they are the partner of. (since they have spin zero, they have no helicity...)

Situation is the same for the squarks.

Ik

For the neutrinos, usually neglect their mass: no RH handed neutrinos, only: N 01 o

[:/<%H") @ &-"#%")"%5" (+$"'5%8*$2%' % % +(%$+HYo+:%$2"%#S$' (5')5% 7+5"-%H") @ &-"%5"
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0'g")%/9H")79-@H-"$#%*(%$2"%0*(*7'-%/9H")#.77"$)*&%/$'(5')5%0+5"-

Names spin 0 spin 1/2 | SU(3)¢, SU(2)L, U(D)y

squarks, quarks | Q | (ar dr) | (ur dr) (3,2, %)
(x3 families) u U, u}} (3,1, —%)
d d, dt, (3,1,

sleptons, leptons | L (v er) (v er) (1,2, -3)
(x3 families) e €R 6}} (1,1,1)

Higgs, higgsinos | H, | (H HY) (f[; f[g) (1, 2, +%)
Hy | (H} Hy) | (H] Hy) (1,2, —3)

The scalar quarks are often called “squarks” and the scalar leptons are often called “sleptons”:
Scalar fermions are given their name with a “s” in front:

top quark ! stop (s)quark, the “stop”...
electron ! selectron, sneutrino...

The superpartners of the SM bosons are appended the suffix —ino.

Higgs boson ! Higgsino, W ! Wino, B! Bino
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F+8%0'(.%F*11#%/9H")79-@H-"$#E

Yy =0

SM  fermions

anomaly cancellation
Miracle* of the standard model

*Miracle:

More likely the standard model
is the low energy remnant of
a higher order gauge group
eg. SO(10) at GUT scale

SUSY & Exotics

HASCO 2012
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F+8%0'(.%F*11#%/9H")79-@H-"$#E

f H,
" 3 _ "10
Y3 =0 197
SM fermions %&
anomaly cancellation Now in SUSY we got at least

one new fermion, the Higgsino

SUSY & Exotics HASCO 2012
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F+8%0'(.%F*11#%/9H")79-@H-"$#E

EYB - { 5(

SM fermions 2
anomaly cancellation Now in SUSY we got at least Need a Higgsino with
Miracle of the standard model one new fermion, the Higgsino Y=-1/2 to avoid anomalies

This new anomaly cancels if and only if both the FTU and I—"fd Higgsinos exist.

The masses of the up-quarks (u,c,t)arise from coupling with Hu 2 Higgs doublets
needed!

The masses of the down-quarks (d,s,b)arise from coupling with Hd

The masses of the squarks and sleptons is another story, will come back to that point.
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0'g")%/9H")79-@H-"$#%*(%$2"%0*(*7'-%/9H")#.77"$)*&%/$'(5')5%0+5"-

Names spin 0 spin 1/2 | SU(3)¢, SU(2)L, U(D)y
squarks, quarks | Q | (ar dr) | (ur dr) (3,2, 5)
(x3 families) u U, uk (3,1, —%)
d | dy di (3,1, 3)
sleptons, leptons | L (v er) (v er) (1, 2, —%)
(x3 families) | e &, el (1,1, 1)
Higgs, higgsinos

SUSY & Exotics

leads to 5 physical Higgs bosons in MISSM ...

HASCO 2012
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Q'91"%/9H")79-@H-"$#%*(%$2"%0* (*7'-%/9H")#.77"$)*&%/$'(5')5%0+5"-

We have to do this before electroweak symmetry breaking

Names spin 1/2 | spinl | SU@3)¢g, SU(2)L, U(1)y
gluino, gluon g g (8,1, 0)
winos, W bosons | W¥ WO | w* Wwo (1, 3, 0)
bino, B boson B° B (1,1, 0)

We add the suffix%p*(to the name of the Standard Model gauge bosons.
Q'91"%W+#+(#%,]%1'91*(+#%
The gluinos are spin % colored octets. They also correspond to a physical mass state.

The *(+%nd C*(+#%re however not mass eigenstates, mix with Higgsinos and with
each other.
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JOH")#.77"$).%09#$%W"%'%!)+Y"(%/.77"$).

Remember?

Q and QT commute with P*. Therefore they commute with P.2
L 9%#9H"YHS(")#%79#$5%2'O"%$2"%o#' 7" % 7' H##3%

The electron has a mass of 0.511MeV so the #"-"&%$)+(%ould be a particle
of spin zero and mass 0.511 MeV.

This particle would have been found a long time ago, should also exist abundantly
in cosmic rays (the way many other particles were discovered, eg. the positron).

L YQH™M#E.77"$).%79#$%W"%'%W)+Y" (%0#. 7 THEh&vacuum state we are in.
Remember standard model fermions are 7'##-"##%W":+)"%$2"%>C%#.77"$).%W)""Y*(1

I IThe SUSY particles do not get their mass from the Higgs, but from some other unknown
mechanism, will be discussed later.

h2 IKd4%/;/<%!)"Y*(19
2 2 _ _@a't —
A:UJtop + A:U”cop _647T2 ( t mt) log 2
t
S |
only logarithmic divergence Log (1/#)! (e ops = (MeC®)pare l I i_o‘ log
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J+0%/9H")#.77"$).%!)" Y *(1

K(-.%&")$*(%$") 7#%")"%'--+8Fbthe Lagrangian so that SUSY is broken, but in a soft
way so that it still functions to solve the hiearchy problem

yl—susv"' Lsoft\

X9)"- . Y%HIH"#.77"$)* &6 Allows eg. for different masses
entirely determined by between SM and SUSY particles.
1'91"%&+9H-*(h#Heo
#$'(5)5%7+5"-%<9Y'8'Y
&+9H-*(1#%%%

/H"&*c&%$+%+9)%0'&997%#I'$"

o\

Should be predicted by a theory
of supersymmetry breaking
(difficult problem, many ideas...)

IKd4%/;/<%")"Y*(1%
¥MOnly certain terms (digrams/ interactions) are allowed
¥The mass parameters cannot be much larger than ~1 TeV

SUSY & Exotics HASCO 2012 54



[+0%/9H")#.77"$).%!)" Y *(1

1 . — —
Lsoft = 75 (M399 + MWW + M{BB + c.c.)

— (ﬁau @Hu — éad @Hd — Zae ZHd — c.c.)

—@Tmé@—zfm%L—um% ol gm d T

—my, HoHy — mi; HiHg — (bHyHy + c.c.) .
K9&2V%

Since we do not know how / why Supersymmetry is broken then simply add

CDIN
R

all the terms that are allowed by Gauge symmetry and that only softly breaks SUSY.

Note: many of the above are matrices...
I 942"%0*(*7'-%/9H")#.77"$)*&%/$'(5)5%0+5"-%2'#%]|BGro%oH") 7"$")#3%

d+)%"2H")* 7" ($'-*HSHY* SV H%8) 9&*'-%$+96)"'59& "% $2' $%6(97TW" ) %oH"O") -%o#8.2" 7" H#Yo$+

SUSY & Exotics HASCO 2012 55



42"%[+0%/;/<%!)"Y*(1%4") 71#%PBS

1 - — -~
Eé\ngtSM =173 (M3gg + MWW + M{BB + c.c.)

Gaugino masses: bino, wino, gluino: M, M,, M.
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42"%[+0%/;/<%!)"Y*(1%4") 1#%PGS

1 o o~
cMssM - (M3§§ + MyWW + M;BB + c.c.)

soft 9

— (ﬁau @Hu — éad @Hd — Zae ZHd — c.c.)

“Trilinear couplings”, they couple
¥a member of RH supermultiplet (u, d, e)
¥a member of LH supermultiplet (Q,L)!

¥a Higgs doublet (H,, Hy)!

O
Hd | _ ~% T
S Sp _ dj,
) T
N N _ g g
* ~ ~
'L _y ‘v\t\R d dr, SR

example of diagram arising another example

from this type of coupling, can turn
LH quark into a RH handed one.

SUSY & Exotics HASCO 2012
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42"%[+0%/;/<%!)"Y*(1%4") 7#%PeS

1 - —— ~ ~
%ESM = —— (M3gg + MWW + M{BB + C.C.)

2

— (ﬁau @Hu — éad @Hd — Zae ZHd — c.c.)

ID9)Y %' (5%#-"H$+(% 7'##%S$") 7#% %
¥Mfor the LH matter supermultiplets Q, L!

¥for the RH matter supermultiplets u,d,e!
Mg, M, My, My, Mg are 3x3 matrices in 2'0+9)% H

Apriori we do not know whether the

flavour eigenstates correspond to EW eigenstates,
$2")"%&+9-5%W"%#+7"%a'0+9)%7*?*(13%

SUSY & Exotics HASCO 2012
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not observed experimentally
will be able to use this to
constraint these mixing matrices
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42"%[+0%/;/<%!)"Y*(1%4") 7#%PeS

1 - — .
Eé\ngtSM = -3 (M3gg + MWW + M{BB + c.c.)

— (ﬁau @Hu — éad @Hd — Zae ZHd — c.c.)

~

—@Tmé@—zfm%L—umguT—dm d —em

u

—my, HyHy — m3; HijHg — (bHyHy+ c.c.) .

=t

CDIN

Higgs mass terms%
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X)@&-"%T+($"($%+:%%$2"%0//0

after EW symmetry breaking

o~

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1 | HY HY H} Hj RO HO A® H*
ur g dr dg (same)
squarks 0 -1 S, SR CL Cr (same)
tL tr by br t1 tg by by

€L €r Ve (same)

sleptons 0 | -1 BrL BR Uy (same)

TL, TR Ur T To Ur
neutralinos 1/2 | -1 B® wo ﬁg fIg N; No N3 Ny
charginos 1/2 | -1 W* H} H; CE CF

gluino 1/2 | -1 g (same)
(raitine) (éﬁ) -1 G (same)

also often denoted
~0 ~0 ~0 ~0

XisXosX3sXas

nt nt
1172

index: increase with
mass

Mass eigenstates are not necessarily the same as the gauge eigenstates

SUSY & Exotics

HASCO 2012
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:1<%0'##%/H" &$)97 J%PNSY%/9H" Y H)$S(")#%+:%$2"%d") 7*+(#

U # e $ diagrams. From experiments we know these are ~0

d\\ flavour mixing in
... d  thequarksector d-'0+9)%T2'(1*(1%U"9$)-%T9))"($%PdTUTS%
: " is not allowed a tree level in SM.
B YM\?NW st d+Z Very strong experimental constraints
a on this type of interaction.
/ more contributions to K°" K~ mixing
_ S* 7% 7 _ S* CZ'*
8 SR %R __ d 5 SR 9r___d
~ ~ ~ < ~
g 9 g Y
d___}dr SR} s d dp SL}) s
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:1<%0'##%/H" &$)97 J%PNSY%/9H" Y H)$S(")#%+:%$2"%d") 7*+(#

Due to the very strong experimental constraints on:
Mflavour changing neutral currents

Mflavour conservation

MCP-violation

We can assume that the mass matrices are diagonal as well as the trilinear coupling matrices.

Even if it is not true it must be a very good approximation.

If Supersymmetry is verified in Nature, it would be good if it provided additional sources
of CP violation=> Remember Sakharov’s conditions.

d+)%/9H")#.77"%$).%*$%*#%"'#.%$+%H)+0*5"%7+)" % ThdoQte-S@rd%d Model, so
that is a good thing.

For the rest of these lectures: /;/<%&+(#")O"#%D9") Y %'(5%-"H$+(%a'O+9)#1%(+%T X% O*+-' @+
Also most common assumptions made by experimentalists. (pMSSM or phenoMSSM)
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:1<%0'##%/H" &$)97 J%PNNS%/9H")H)$("V#%+:%$2" Vol +#+(#

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1 | HY HY H} Hj RO HO A® H*
ur, Ug dr, dg (same)
squarks 0 -1 S, SR CL Cr (same)
tr tr br bg t1 ta by by
€L €r Ve (same)
sleptons 0 | -1 BrL BR Uy (same)
TL, TR Ur TL To Ur

Absence of large extra CP-violation, FCNC and flavour mixing

I' IRH and LH squarks and sleptons are also the mass eigenstates
(those you are looking for in your experiment)

Not sufficient for the stau, stop and sbottom
Ty Ty Ty Tie Dy D

there is something else going on.

SUSY & Exotics HASCO 2012 63



[1<%X)$("H%+:%$2"%2" O*"#$%: ") 7*+(®# , ", T, T, b, b

R

Look at the stop quark as an example (A related to a, on slide 59)
90,,,2 2 4 ou
2 _-/0ng tm,+ m,[At #u/tan$]£
e A #Uult 2 rml+"
gnlA #utang]  m, +m7+" ;)

Hg* The +765*'1+("-%%$") 7#Eén be large for $2"%2"0.%%
: ")7*+(# since due to large couplings with the Higgs.
+ At The mass eigenstates: Z:I, ZL'2
tr, v- A v tE . . F T
_ - ~ are mixes of the gauge eigenstates t,_ , tR

this process makes
the F [ to mix! Denote with index 1, 2 the 7'##%"*1"(#$'$"#
L' 'R '

these are the particles you could expect to
produce in your high energy collider.

Mass states:

~

e m. < m.
19 19 tl, tza bl, b2 I 2
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:1<%0'##%/H" &$)97 J%PNNS%/9H")H)$("V#%+:%$2" Vol +#+(#

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1 | HY HY H} Hj RO HO A® H*
ur, Ug dr, dg (same)
squarks 0 -1 S, SR CL Cr (same)
tr tr br br t1 o by by

€L €r Ve (same)

sleptons 0 | -1 BrL BR Uy (same)

TL TR Uz T To Uz
neutralinos 1/2 | -1 B® WO ﬁg I—~Ig N; Ny N3 Ny
charginos 1/2 | -1 W* H} H; CE CF

gluino 1/2 | -1 g (same)
(i?ﬁsigﬁg) (éﬁ) . G (same)

SUSY & Exotics

HASCO 2012

potentially
large mixing

in the Higgsino/

gaugino sector

also often denoted
~0 ~0 ~0 ~0

X1 X2 X35 X4

XX

index: increase with

mass
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0'HHY%+:%$2"% Q' 1*(+#%' (5%F+1 1#*(+#

mass gauge mass gauge
eigenstates eigenstates eigenstates eigenstates
"o~ "o~ n +% " .+g
Nl % BO 0/ $Cl N M $HU I
_ 1 _ 1 + - : o+
5 3,\,0. HCi8 WS

Y N30
$N3 : $H d, The Charginos
$~ $ ~ 0
they are the physical
states we are looking
The Neutralinos for in the experiment

they are the physical |
states we are looking The Chargino

' ' . Mixing Matrix
for in the experiment The Neutralino g
Mixing Matrix
n jon index: incr ith . < L < L < . <
otation index: increase wit le mN2 mN3 mN4 m c m cr

mass
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0'#H#%+:%$2"% Q'O 1 (+#%' (5Y6F* 1 1#*(+#
The Higgsinos and electroweak gauginos mix
The neutral Higgsinos (H,H ) mix with the neutral gauginos (B, W °)
The charged Higgsinos (F*, ) mix with the charged gauginos (W * W ")
M 0 —9g'va/V2  g'vu/V2
0 M, gua/V2  —guu/V2

M~ —
N —g'va/V2  gua/V?2 0 —p
gvu/V2 —gu,/V2 |  —p 0

Bino, Wino masses: M, M,
Arise from couplings between Higgsino mass %
gaugino, Higgs bosons and

Higgsinos. M
2 gu
\ /j é ( U )
gua M
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:1<%0'##%/H" &$)97 J%PNNS%/9H")H)$("V#%+:%$2" Vol +#+(#

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1 | HY HY H} Hj RO HO A® H*
ur, Ug dr, dg (same)
squarks 0 -1 S, SR CL Cr (same)
tr tr br br t1 o by by

€L €r Ve (same)
sleptons 0 | -1 BrL BR Uy (same)

TL TR Ur L T2 Ur
neutralinos 1/2 | -1 B® WO ﬁg I—~Ig N; Ny N3 Ny
charginos 1/2 | -1 W* H} H; CE CF

gluino 1/2 | -1 g (same)
(i?ﬁsigﬁg) (éﬁ) . G (same)

Now we have the SUSY particle spectrum

LII7II7WII)

¥MThe mass parameters cannot be much larger than ~1 TeV

also often denoted
0 10 10 70
1% 29 39 4>

~ =4 ~ ==

X 52

index: increase with
mass

Should be able to
produce some at the
Large Hadron Collider
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48+%0's+)%!)' (&2"#%+:%/;/<%X2"(+7"(+-+1.

L6X")*$.%&+(#")O*(1%/;/<%%PH)+$+ (% #0aENS S8R *+-' @ (1%/;/<%%[LXR\%
H)+$+(%*#%(+$%#$'W-"1%WI$%-*:"@ 7'|%*#%-")
MSUSY Particles must be produced in pairs
¥MSingle SUSY Particles can be produced

¥MOne SUSY Particle must always contains ¥One SUSY Particle can decay entirely
exactly one SUSY particle in its decay to SM particles alone.
products.

¥MRich phenomenology, long-lived particles

¥The A*12$"#3%/;/<%X") @8t possibly | | ¥The A*12$3"#3%/;/<%X") @&n"86cay “LSP”

decay “LSP”
¥The lifetime of the LSP can be almost
' %f)Y%0'g")%T'(5*5'$"% anything

| 96U+%f")Y%0'g'®%
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60_ ! | ! I ! I ! I ! | ! I ! I ! |
¥MSolves the hierarchy problem U(1)\“\\\ z
50F \\\\ L
¥Convergence of the coupling constants 40? = ,/'\\‘\\\
E SU@) T
-1 C == -7
o' 30 -
¥Can provide more CP violation 205
¥Plausible Dark Matter candidate in 10; SU(3)
models with R-parity conservation 05 N
2 4 6 8 10 12 14 16 18

Log, ,(Q/GeV)

. . . . \ | +(
The “Best” candidate for dark matter is the lightest neutralino: N1 ( ) )
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H

The Higgs mass is25ensitive to the highest mass in the theory. Ty Ar
Am2, = —L_ [—2M2, + 6m>1n (M -

Mg = 1671'2 [_ uv + mf n( UV/mf) + .. J fermion loop
Scalar loop corrections to the Higgs mass also lead to divergent
corrections: S

I' - ~\

Am? As 2 2 - -

mi = [MUV —2m< In (Myv/mg) + .. ] NP

1672

scalar loop

Even if it does not directly couple to any scalar particles it can still couple indirectly
to any heavy particle via gauge interactions:

2 2
Am%{ = (127‘{'2> [kM%V + 48777%1 ln(MUV/mF) + .. ]

k depends on the cut-off procedure, and X is a group-theory factor

Any direct or indirect connection of the Higgs to a heavy sector H < L

leads to quadratic divergences, M2, or n¥c. indirect coupling to
a heavy Fermion
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F*))&2%X)+W-"7%L"O*#*$"5%PGS

H

The Higgs mass is25ensitive to the highest mass in the theory. Ty Ar
Am3; = — L [-2MEy + 6m3 In (Myy /my) + -

myg = 1672 [OAY me 1 uv/myg .. J fermion loop
Scalar loop corrections to the Higgs mass also lead to divergent
corrections: S

I' - ~\

Am? As 2 2 - -

miy = 62 [MUV —2m< In (Myv/mg) + .. ] NP

scalar loop

Note that these two contributions have opposite signs in front of M?,, and m
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K("%A#$%X*"&" %W":+)"%8"%& (%5+% T +--*5") %X 2" (+7" (+-+1.
The following soft SUSY breaking terms are also allowed

1 1

D ijk 17k

These terms explicitely violate !").+(%(97W") B or A"H$+(%(97W'l) conservation.

Explicit B~ and-L~ terms are forbidden in the standard model by gauge
invariance.

Such terms are allowed in SUSY!

See for a detailed review R.Barbier et al., http://arxiv.org/abs/hep-ph/0406039/
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K("%AHSYX*"&" YW":+)"%8"%& (%5+% T +--*5")%X2"(+ 7" (+-+1.%P!

These terms are problematic as they can allow for instance the fast proton decay.

( d - et
SR
+ /£ 3 - / %
P wu 112 112 u
0
L U U }W

Experimentally we know that the life-time of the proton is > 1032 years

Many more decay channels / diagram could be allowed (many terms in the previous page)

Cannot simply impose !').+(%(97W") B or A"H$+(%(97W'D) conservation.

I IPostulate a new discrete symmetry “R-Parity”
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L6X)*S.

R-parity = +1 for Standard Model Particles R
= -1 for SUSY particles

(_ 1)3(B—L)—I—2S

R is a multiplicative quantum number

Require L6H")*$.%&+(#")O'@intead of I').+(%(97W") B or A"HS+(%(97W')
I lLooser condition than in the Standard Model

If R-parity is conserved the proton decays can be avoided.

+)W*55"(%W.%L6H')*$.%8&+#")O'@+(I%

r B e-i—
%
d 8%
+ 11E3 I / *
PT Y w 112 112 u
0
L u U }W
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L6X)*S.

R-parity = +1 for Standard Model Particles R
= -1 for SUSY particles

(_ 1)3(B—L)—I—2S

R is a multiplicative quantum number

Require L6H")*$.%&+(#")O'@intead of I').+(%(97W") B or A"HS+(%(97W')
I lLooser condition than in the Standard Model

If R-parity is conserved the proton decays can be avoided.

+)W*55"(%W.%L6H')*$.%8&+#")O'@+(I%

( | | +
d B ’
A u Mo 112 u*
| | 0
LU | | u (7
R=(+1)x(+1)x(+1)=+1 - R=(+1)x(-1)=-1 I R=(+1)x(+1)x(+1)=+1
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T+(#"'D9"(&"%+:%L6X")*$.%T+(#")O'@+(

LEX)*$.%&+(#") O*(1%/:/<% %P H)+$+(Y1H#%#S W-"S%

MSUSY Particles must be produced in pairs

¥MOne SUSY Particle must always contains
exactly one SUSY particle in its decay

products.

¥The A*12$"#$%/;/<%X") @&ntdt possibly

decay “LSP”

| 96)Y%0'g")%T'(5*5'$"%

SM+SM " SUSY+ SUSY
R=(+D#(+1) = ($1 # ($D
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T+(#"'D9"(&"%+:%L6X")*$.%T+(#")O'@+(

LEX)*$.%&+(#") O*(1%/:/<% %P H)+$+(Y1H#%#S W-"S%

MSUSY Particles must be produced in pairs

¥MOne SUSY Particle must always contains SUSY —=SUSY+SM +SM + ...

exactly one SUSY particle in its decay
products. R=(-1) = (-1 x(D x(+I)

¥The A*12$"#$%/;/<%X") @&ntdt possibly
decay “LSP”

| 96)Y%0'g")%T'(5*5'$"%
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T+(#"'D9"(&"%+:%L6X")*$.%T+(#")O'@+(

LBX')*$.9%8+(#") O*(1%/:/<%%PH)+$+(%*

MSUSY Particles must be produced in pairs

¥MOne SUSY Particle must always contains
exactly one SUSY particle in its decay

products.

¥The A*12$"#$%/;/<%X") @&ntdt possibly

decay “LSP”

| 96)Y%0'g")%T'(5*5'$"%
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LSP X SUSY+SM +SM +...

R=#1) = #D) $(+) $(+D)

not possible because no lighter SUSY particle

LSP YSM +SM +...
R=(-1 = (+1) x(+]1

not possible because R-parity
must be conserved

80



