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The supersymmetric harmonic oscillator

Recall raising and lowering operators in quantum mechanics

b*lng) = +Vng+1lng+1)
b_|n3> = ,/nB|nB—1>

where b=[0) =0 and [b~,bT] =1;[b7,b7] = [b",bT] =0

— bT /b~ creates/annihilates bosons

5/52



The supersymmetric harmonic oscillator

Recall raising and lowering operators in quantum mechanics

b+|nB> = \/nB—|—1|nB+1>
b_|n3> = ,/nB|nB—1>
where b=[0) =0 and [b~,bT] =1;[b7,b7] = [b",bT] =0

— bT /b~ creates/annihilates bosons

Analogously for fermions
f+|n,_-> = \/n,:—|—1|n,:+1>
f_|n[:> = Vn,:\n;:—l)
But fermions obey Pauli exclusion principle
— only two states |0) and fT|0) = |1)
So for fermions

FH0) = |1),F7[1) = [0) and £~[0) = FH[1) =0

5/52



For fermions

FHO) = [1), F]1) = [0) and £|0) = FH[1) =0

Matrix representation:

. (1 [0
with |0y = <O) and |1) = (1)
one has +_(00 -_ (01

f _(1 O) and f —<00

and {f fty=1{f,f }={f",f"}=0.

6/52



For fermions

FHO) = [1), F]1) = [0) and £|0) = FH[1) =0

Matrix representation:

with |0>E<(1)) and |1>E((1])

h . (00 _ (01
one has f_(10> andf—<00
and {fF fy=1{f,f}y={f"f}=0.

Thus, bosonic and fermionic Hamilton operators take the form

1
Hg = wsg <b+b_ + 2)

1
He = wr (f+f2>
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SUSY transformations

SUSY operators act on product space

|ng)|ng) = |ngng) where ng=0,1,...,00; ng=0,1



SUSY transformations

SUSY operators act on product space

|ng)|nF) = |ngnF) where ng=0,1,...,00; nF=0,1

Need to construct operators with
Q+‘anF> X |nB—1,nF+1>
Q_|ngng) o |ng+1,ng—1)

so that
Q4 |boson) « |fermion) Q4 |fermion) =0

Q- |fermion) o |boson) Q@_|boson) =0.



SUSY transformations

SUSY operators act on product space

|ng)|nF) = |ngnF) where ng=0,1,...,00; nF=0,1

Need to construct operators with

Q+‘anF> X |nB—1,nF+1>
Q_|ngng) o |ng+1,ng—1)

so that
Q4 |boson) « |fermion) Q4 |fermion) =0
Q- |fermion) o |boson) Q@_|boson) =0.
A simple choice is Q. = b fF
Q- = b'f™

where (fT)?=(f7)2=0 = @ =@~=0.



We now want to construct a SUSY invariant Hamilton operator so that

[Hsusy, Q+] =0.

8/52



We now want to construct a SUSY invariant Hamilton operator so that

[Hsusy, Q+] =0.
The simple choice
P Hsusy = {Q4+, Q-}

works.

[Check e.g. [Hsusy, Q] = @+ Q-Q+ + Q- Q+Q+ — Q+ Q4+ Q- — Q4 Q-Q1 =0]
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We now want to construct a SUSY invariant Hamilton operator so that

[Hsusy, Q+] =0.

The simple choice

Hsusy = {Q4+, Q-}

works.
[Check e.g. [Hsusy, Q] = @+ Q-Q+ + Q- Q+Q+ — Q+ Q4+ Q- — Q4 Q-Q1 =0]

Now recall Q. = Vwb fF
Q = Job'f
so that Hsuysy = W{b_f+»b+f_}

= w(b frbrf~ + b b FY)

= w(+bTb) T+ bbb (1—FTFT))
= w(fTf +bth7)

= Hp+ HF

provided we set wg = wr = w .
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The energy spectrum of the SUSY oscillator has remarkable features

Hsusy|ngnr) = w(Ng + Ng)|ngng)

— E:(JJ(FIB +HF)

— the energy of the ground state is zero

9/52



The energy spectrum of the SUSY oscillator has remarkable features
Hsusy |ngne) = w(Ng + NF)|ngnF)

— E:w(nB +nF)

— the energy of the ground state is zero

The spectrum of the SUSY oscillator:
e

+ Energies

- '.\\{l Ex = E;n = 2w
_.N E10 = EOl = w
'-\\\ﬁ Ep =0
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Summary of the SUSY oscillator

» If we start with a bosonic system we need to introduce fermions
(and vice versa)

» We need identical couplings: wr = wp
» The spectrum consists of pairs of states (bosonic/fermionic) with

the same energy

» The energy of the ground state is zero



Summary of the SUSY oscillator

» If we start with a bosonic system we need to introduce fermions
(and vice versa)

— for a SUSY extension of the SM we will have to introduce
SUSY partners for all SM particles

» We need identical couplings: wr = wp
— SUSY extensions of the SM do not introduce new couplings

» The spectrum consists of pairs of states (bosonic/fermionic) with
the same energy

— SM particles and SUSY partners have the same mass
(and internal quantum numbers)

» The energy of the ground state is zero
— SUSY QFTs have less divergences
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Why supersymmetric quantum field theory?

SUSY is a symmetry which relates fermions and bosons:

Q|fermion) = |boson)

Q|boson) = |fermion)

Q is s spinorial generator, i.e. has spin = 1/2.
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Why supersymmetric quantum field theory?

SUSY is a symmetry which relates fermions and bosons:

Q|fermion) = |boson)

Q|boson) = |fermion)
Q is s spinorial generator, i.e. has spin = 1/2.
To construct a Lagrangian which is supersymmetric, i.e. invariant under
|fermion) <+ |boson)

we will need to double the spectrum.
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Why supersymmetric quantum field theory?

SUSY is a symmetry which relates fermions and bosons:

Q|fermion) = |boson)

Q|boson) = |fermion)
Q is s spinorial generator, i.e. has spin = 1/2.
To construct a Lagrangian which is supersymmetric, i.e. invariant under
|fermion) <+ |boson)
we will need to double the spectrum.

Example: electron (¢e)1(s = 1/2) <+ ¢ (s = 0) (scalar electron &)
(Ye)r(s = 1/2) <> ¢z,(s = 0) (scalar electron &g)

Note: & /r are called "left/right-handed” selectron to indicate SUSY partner
(scalar particle has no helicity).



How do we characterize a particle?

Consider Lorentz group (rotations & boosts) with invariants
P,P*=m? and W,WH'=-m?s(s+1).

P,: energy momentum operator

W, = %e””P"PuM,,J: Pauli-Lubanski spin vector

where M,,,, = angular momentum tensor = x*P” — x”P" + %Z’“’

— particles are characterized by Lorentz invariants: mass and spin
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How do we characterize a particle?

Consider Lorentz group (rotations & boosts) with invariants
P,P*=m? and W,WH'=-m?s(s+1).

P,: energy momentum operator
W, = %G”VPUPVM,,J: Pauli-Lubanski spin vector

where M,,,, = angular momentum tensor = x*P” — x”P" + %Z’“’

— particles are characterized by Lorentz invariants: mass and spin

Lorentz external
The symmetry is an symmetry.
Gauge internal

— invariants of gauge symmetries (“charges”) do not change in space
and time

— the generators of the gauge group T2 commute with the generators
of the Lorentz group [T?, P*] =0 and [T?, M**] =0

14 /52



The Coleman-Mandula theorem

Coleman & Mandula, " All Possible Symmetries of the S Matrix",
PRD 159 (1967):

The only possible conserved quantities that transform as tensors
under the Lorentz group are the generators of the Lorentz
group (P, M, ) and Lorentz scalars (internal symmetries).

According to Coleman & Mandula, if we add to the Lorentz symmetry
any further external symmetry, whose generators are tensors, then the
scattering process must be trivial, i.e. there is no scattering at all.

Let us work this out in an example. ..



We consider

2 — 2 spinless scattering

/, S .

and take, for simplicity, p? = m? = m>.

Momentum conservation implies p; + p» = ps + ps.
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We consider

2 — 2 spinless scattering

7 }\FH

and take, for simplicity, p? = m? = m>.

Momentum conservation implies p; + p» = ps + ps.

Now let us postulate an additional external symmetry,

— 1 2
e.g. a conserved tensor R, = p,p, — 78uM".

If R, is conserved, then
Ru + R = Ri +R.

and thus pip, +pops = PP+ PP -
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Specifically, in the center-of-mass frame we have

pr = (E0,0,p)

p2 = (E,0,0,—p)

ps = (E,0,psinf, pcosf)

ps = (E,0,—psinf,—pcosh)

Let us look at e.g. u=v = 4. We find
2p? = 2p® cos b .

= 0 =0, i.e. no scattering

17 /52



The Haag-Lopuszanski-Sohnius theorem

Tensors a,, ..., are combinations of Lorentz vector indices, which each

transform like a vector:

! - Vi N YN
a#l"'MN - /\#1 /\MN al‘l"‘l‘N

— tensors are bosons

This points to the loop-hole in the Coleman-Mandula “no-go” theorem:

The argument of Coleman-Mandula does not apply to conserved charges
transforming as spinors.



The Haag-Lopuszanski-Sohnius theorem

Tensors a,, ..., are combinations of Lorentz vector indices, which each

transform like a vector:

/ AV AN
a#l"'#N - /\#1 /\MN al‘l"‘l‘N

— tensors are bosons

This points to the loop-hole in the Coleman-Mandula “no-go” theorem:

The argument of Coleman-Mandula does not apply to conserved charges
transforming as spinors.

Haag, Lopuszanski & Sohnius (1975):

Supersymmetry is the only possible external symmetry of the
scattering amplitude beyond Lorentz symmetry, for which the
scattering is non-trivial.



The Haag-Lopuszanski-Sohnius theorem

Tensors a,, ..., are combinations of Lorentz vector indices, which each
transform like a vector:

/ AV AN
a#l"'#N - /\#1 /\MN al‘l"‘l‘N

— tensors are bosons

This points to the loop-hole in the Coleman-Mandula “no-go” theorem:

The argument of Coleman-Mandula does not apply to conserved charges
transforming as spinors.

Haag, Lopuszanski & Sohnius (1975):

Supersymmetry is the only possible external symmetry of the
scattering amplitude beyond Lorentz symmetry, for which the
scattering is non-trivial.

How could nature have ignored this last possible external symmetry?



Supersymmetry

What is the algebra of the SUSY generators Q,?

One can work out that

[P“a Qa] =0
M, Qa] = —i(c")a@Qs
{Qa7 Qﬁ} =0

{Qu, QY = 2(6")asPs

where ot = (1,07), 6% = (1,0'), o* = (oH5Y — oV5H)/4.
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Supersymmetry

What is the algebra of the SUSY generators Q,?

One can work out that

[P“a Qa] =0
MM, Qa] = —i(c"")2Qs
{QouQﬁ} = 0

{Q, Q) = 2(6")asPy
where ot = (1,07), 6% = (1,0'), o* = (oH5Y — oV5H)/4.

Q raises by spin 1/2, Q' lowers by spin 1/2

w2

S —

".;.-‘L.\_‘__[\.srr_'?j & LS:'—\‘
el z
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Supersymmetry

What are the immediate consequences of SUSY invariance?

PYQl=0 = [mQ]=[P.P"Q]=0
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Supersymmetry

What are the immediate consequences of SUSY invariance?

PYQl=0 = [mQ]=[P.P"Q]=0

Thus we must have
mg = Me .
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Supersymmetry

What are the immediate consequences of SUSY invariance?

PYQl=0 = [mQ]=[P.P"Q]=0

Thus we must have
mg = Me .

But we have not seen a 511 keV= m; charged ([Q, T°] = 0) scalar

— SUSY must be broken

At what scale?

What is the mass of the supersymmetric particles?
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The hierarchy problem and the scale of SUSY breaking
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The hierarchy problem and the scale of SUSY breaking

Let us first look at electrodynamics:

. . 2
The Coulomb field of the electron is Eyp = %i—
This can be interpreted as a contribution to the electron mass:

2 2
MeC™ = MeoC™ + Eelt -



The hierarchy problem and the scale of SUSY breaking

Let us first look at electrodynamics:

The Coulomb field of the electron is Eg s = %—.
This can be interpreted as a contribution to the electron mass:

2 2
MeC™ = MeoC™ + Eelt -

However, with r. < 107 cm (exp. bound on point-like nature) one has

~

mec? = 0.511 MeV = (—9999.489 + 10000.000) MeV

— fine-tuning!
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Is there fine-tuning in quantum electrodynamics?
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Is there fine-tuning in quantum electrodynamics?

€

*'L
Coulomb self-energy in time-ordered . 1 e
perturbation theory: LS

-+,
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Is there fine-tuning in quantum electrodynamics?

€

*'L
Coulomb self-energy in time-ordered . 1 e
perturbation theory: LS

-+,

e

But also have positron e with Q(e™) = —Q(e™) and m(e™) = m(e™)

| <
4a |

— new diagram T P

£ %,
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Is there fine-tuning in quantum electrodynamics?

€

“L
Coulomb self-energy in time-ordered . 1 e
perturbation theory: LS

-+,

e

But also have positron e with Q(e™) = —Q(e™) and m(e™) = m(e™)

| <
dq |

— new diagram T P
£ %,

3 h
%mec2:meoc2<l+aln( ))
’ 47 MeCre
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We found that mec? = me oc? <1 + 32 n ( h ))

mecre

So even if re = 1/Mpjanek = 1.6 x 10733 cm, the corrections to the

electron mass are small
mec? ~ me70c2 (1+0.1).

Also, if me o = 0 then m, = 0 to all orders:

the mass is protected by a (chiral) symmetry
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We found that mec? = m, oc? (1 + % In (mhf}r ))

So even if re = 1/Mpjanek = 1.6 x 10733 cm, the corrections to the
electron mass are small
2 2
mec® &~ meoc”(140.1) .

Also, if me o = 0 then m, = 0 to all orders:

the mass is protected by a (chiral) symmetry

Recall 't Hooft's naturalness argument

A dimensionless number x is allowed to be very
small iff

The value x =0 would imply an exact symmetry




Now let us look at the scalar (=Higgs) self-energy:
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Now let us look at the scalar (=Higgs) self-energy:

d*k 1 2m?
2 2 f
o =205 [ 05 (7 * G o)

The integral is divergent, so we introduce a momentum cut-off.

[Recall that d*k ~ k3dk — ["dkk3/(k2—m2) ~ A2 and ["dkk3/(k?—m?2)? ~ InA]
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Now let us look at the scalar (=Higgs) self-energy:

d*k 1 2m?
2 2 f
o =205 [ 05 (7 * G o)

The integral is divergent, so we introduce a momentum cut-off.
[Recall that d*k ~ k3dk — ["dkk3/(k2—m2) ~ A2 and ["dkk3/(k?—m?2)? ~ InA]

Straightforward calculation gives

N(f) \2 A2+ m? A?
2 _ f (a2 2 f 2
Amy = 82 A4 3mzIn 2 —|—2mf/\2+ 2 )
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Because of the quadratic divergence we find

Am3(A = Mplanc) ~ 10¥GeV? = (3 x 10" GeV)?
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Because of the quadratic divergence we find

Am3(A = Mplanc) ~ 10¥GeV? = (3 x 10" GeV)?

and so
mi <1TeV? = mé}o + Ami5

implies a huge fine-tuning:

1,735, 405,204, 836, 950, 645, 958, 932, 812, 557, 642, 954
— 1,735,405, 204, 836, 950, 645, 958, 932, 812, 557, 642, 829
= 125

Comment: it is essential that A < oo, i.e. we assume that new physics sets in
at E ~ A. Is this a tautology? No: we assume new physics at some very high
scale A and find that the standard model needs new physics well below A.

The natural mass scale of a scalar field is the highest scale in nature.
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The SUSY solution to the hierarchy problem
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The SUSY solution to the hierarchy problem

Let us increase the particle content (as for the e~ self-energy)

Before we had g _ -Q_ _¢
,“_’.

Now we include in addition two scalars ?L, ?R with couplings

Ar

5‘% 2 712 7 12 N2 712 712 T T*
Lo == 0 (1P + o) =30 (IR + 1l )+ ( 5 AORT +he

which lead to additional contributions to the self-energy:

26 /52



The additional contributions to the Higgs mass are:

) conom [ Ak 1 1
~ ~ d*k 1 1
- Gprn) [0 <<k2 —m2)? >2>
o d*k 1
£ AN /(277)4 (k? = m2)(k? — m7 )
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The additional contributions to the Higgs mass are:

) conom [ Ak 1 1
~ ~ d*k 1 1
- Gprn) [0 (w —m2)? >2>
o d*k 1
£ AN /(277)4 (k? = m2)(k? — m7 )

The first term cancels the SM A2-contribution if

A=A and  N(F) = N(f)
as required in SUSY.
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The cancellation happens because of spin-statistics:

.—"\l
y IS

fermion loop — (-1) boson-loop — (+1)
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The cancellation happens because of spin-statistics:

< . '
< A ~ B Q o WIS~ ! !

4
fermion loop — (-1) boson-loop — (+1)

Note:

» the cancellation of quadratic divergences is independent of

m;L, m;R, Af.

» the term A,c(;S?L?; breaks SUSY but does not lead to
N? divergences

— "soft” SUSY breaking

28 /52



Let us look at the finite SM 4 SUSY contributions:

)\ZN(f) ( ( 2) ”
Am? = f om? (1-n 20 pam2in TF
@ 1672 12 112
m? m? m?
2 f 2 f 2 f

where we have assumed m: = mz = m3
3 A 7
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Let us look at the finite SM 4 SUSY contributions:

AZN(f) m? m?
2 AF 2 f 2 f
Amy = 6.2 —2mg(1—1In 2 +4mgin 2

m?2 m? m?
—|—2m%<1—|n 2f>—4m%|n2f—|Af|2|n£>,
7 T 1

where we have assumed m: = mz = m3.
3 A 7

One has

Am’ =0 for Ar=0 and m;=ms (SUSY)
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Let us look at the finite SM + SUSY contributions:
0 (s 0) s
AmE = —2m?(1—In—L) +4m 2|—f
@ 1672 12 112
m?2 m?2 m2
+ Zm% (1 —1In f) —4m§|n —Zf — |A¢[2In ;) )
12 I I

where we have assumed m: = mz = m3
3 A 7
One has

Am’ =0 for Ar=0 and m;=ms (SUSY)

But SUSY is broken, i.e. m? = m? + 6°. Thus

AZN(F) m?
2 _ M 2 4

To have Ami small, we thus need m? = m% + 62

= O(1TeV?)
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Motivation for supersymmetry

A Priori:

» SUSY is the unique maximal external symmetry in Nature.

» Weak-scale SUSY provides a solution to the hierarchy problem.

A Posteriori:

» SUSY allows for unification of Standard Model gauge interactions.

v

SUSY provides dark matter candidates.
SUSY explains EWSB dynamically.

SUSY QFT's allow for precision calculations.

v

v

v

SUSY provides a rich phenomenology and is testable at the LHC.
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The Minimal Supersymmetric extension of the SM

» external symmetries: Poincare symmetry & supersymmetry
» internal symmetries: SU(3)®SU(2)®@U(1) gauge symmetries

» minimal particle content

Gauge Bosons S = 1 | Gauginos S = 1/2

gluon, W=, Z, gluino, H_..d"‘i

)

Fermions § = 1/2 | Sfermions 5

(ML) (I}E ) l': iy, \"l |lr. ‘I_"IJI'. .-'I.
dJrJ Ey, | l'!ljl_ LAY ‘.-" "I

£

Up,dp, € i, A, Eg

Higgs Higgsinos
(1 \( Hy \l (ff'})(ﬁr
VIaANTY i) ()
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Gauge coupling unification

In QFT the gauge couplings “run”:

dovi(p)
dlIn p?

= Bi(ai(p))

The beta-functions 3; depend on the gauge group and on the matter
multiplets to which the gauge bosons couple. Only particles with mass
< p contribute to the ; and to the evolution of the coupling at any
given mass scale p.

The Standard Model couplings evolve with o according to

SU(3) : B30 = (33—4ng)/(127)
SU2) : fao = (22—4n; —ny/2)/(127)
U(1) Bro = (—4ng —3n,/10)/(127)

where ng = 3 is the number of quark and lepton generations and n, = 1
is the number of Higgs doublet fields in the Standard Model.

33/52



Gauge coupling unification

Loop contributions of superpartners change the beta-functions. In the
MSSM one finds:

SU(3) : B3§°Y = (27—6ng)/(12n)
SU@2) : BSFSY (18 — 6ng — 3n,/2)/(127)
U@) o pEFSY = (—6ng —9n,/10)/(127)
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Gauge coupling unification

Loop contributions of superpartners change the beta-functions. In the
MSSM one finds:

SU(3) : B3§°Y = (27—6ng)/(12n)
SU@2) : B5§SY = (18 —6ng —3ny/2)/(12)
U@) o pEFSY = (—6ng —9n,/10)/(127)
<3 =3
= 60 1/a, = 60 Lo,
. \"\ SM B \ MSSM
50 50 \\
40 40 1o
30 30
20 20 ////
//’/
10 10 //lm.
0 0 0 0 5 10 1‘3

34/52



» In the SM baryon and lepton number are accidental symmetries

» The most general superpotential of the SUSY-SM contains baryon
and lepton number violating terms:

"

W e )\,‘jkL;LjEk + /\:-J-kL,'QJ'Ek + kiLiHy + )\,ijiEjbk
————

lepton number violating baryon number violating



» In the SM baryon and lepton number are accidental symmetries

» The most general superpotential of the SUSY-SM contains baryon
and lepton number violating terms:

W e )\,‘jkL,'LjEk + /\:-J-kL,'QJ'Ek + kiLiHy + )‘Z'kUiEjbk
———
lepton number violating baryon number violating

LQ@D and UDD couplings lead to rapid proton decay

— impose discrete symmetry: R-parity R = (—1)38+L+25

— RSM = + and RSUSY = —



R-parity conservation has dramatic phenomenological consequences:
» lightest SUSY particle (LSP) is absolutely stable
— dark matter candidate if also electrically neutral
» in collider experiments SUSY particles can only be produced in pairs

» in many models SUSY collider events contain missing Et



SUSY breaking

Supersymmetry: mass(e™) = mass(& )
— SUSY must be broken

No agreed model of supersymmetry breaking
— phenomenological ansatz

Must preserve solution to hierarchy problem
— “soft” SUSY breaking
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SUSY breaking

Supersymmetry: mass(e™) = mass(& )
— SUSY must be broken

No agreed model of supersymmetry breaking
— phenomenological ansatz

Must preserve solution to hierarchy problem
— “soft” SUSY breaking

Introduce

» gaugino masses My 5 xx: M, BB, My WW, Msgg

v

squark and slepton masses M2¢1¢:

2 xtx 2 =t x 2~ 2~
my € €, My ep€r, My Uy U, My UplR etc.

. . U -
trilinear couplings Ajjk¢ijdi: Aj; <éj'_> h1&r etc.
L

Higgs mass terms Bji¢;¢;: Bhihs etc.

v

v



SUSY breaking

MSSM w/o breaking: two additional parameters from Higgs sector
Soft SUSY breaking

> Afj,Afjf.,A;} — 27 real + 27 phases
> I\/I%, Mz, M3, Mz, MZ — 30 real 4 15 phases
> My, My, M — 3 real + 1 phase

— 124 parameters in the MSSM!

(but strong constraints from FCNS's, flavour mixing and CP violation)
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SUSY breaking

MSSM w/o breaking: two additional parameters from Higgs sector
Soft SUSY breaking

> Afj,Afj’.,A;} — 27 real + 27 phases
> I\/I%, Mz, M3, Mz, MZ — 30 real 4 15 phases
> My, My, M — 3 real + 1 phase

— 124 parameters in the MSSM!

(but strong constraints from FCNS's, flavour mixing and CP violation)

Simple framework constrained MSSM:
breaking is universal at GUT scale
» universal scalar masses: Mé, Mz, M3, M:, Mz — Mg at Mcur
> universal gaugino masses: My, My, M3 — M, > at Mgur
A- h,‘-j- at Mgur

> universal trilinear couplings A5, A7, A% — A- hS, A h,

— 6 additional parameters: Mo, My 5, A, B, p, tan(f3)



SUSY mass spectrum

In QFT the (s)particle masses “run”: =iM;
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SUSY mass spectrum

In QFT the (s)particle masses “run”:

GeV

600

400

200

-200

SOFTSUSY3.0.5

2 4 6 8

10 12 14 16

logy(uw/GeV)

typical mass pattern e.g. from

Mi(i) _ M) _ Ms(p)
ar(p)  ae(p)  as(p)
— M3(Mz) : MQ(MZ) : Ml(Mz)
:2:1



Radiative EWK symmetry breaking

» RGE drives (1% + my2) negative — EWK symmetry breaking
» Masses of W and Z bosons fix B and |y

» cMSSM has 4 1/2 parameters:

Mo, My >, A, tan(3) and sign(p)
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After SU(2), x U(1)y breaking, mixing will occur between any two or
more fields which have the same color, charge and spin

» (W%, H*) — {iZ, 5 charginos
> (B, W3, H?,) — %%, 5 5.4 neutralinos

» (%,%r) — ti2 etc.: sfermion mass eigenstates



After SU(2), x U(1)y breaking, mixing will occur between any two or
more fields which have the same color, charge and spin

» (W%, H*) — {iZ, 5 charginos
> (B, W3, H?,) — %%, 5 5.4 neutralinos

» (%,%r) — ti2 etc.: sfermion mass eigenstates

Note:
» mixing involves various SUSY parameters
— cross sections and branching ratios become model dependent
» sfermion mixing oc ms

— large only for 3rd generation (%2, 71,2)



v

The supersymmetric harmonic oscillator

v

Motivation for SUSY: Symmetry & the hierarchy problem

The MSSM

v

» SUSY searches
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Summary of SUSY searches: limits, limits and more limits...
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SUSY searches

The SUSY parameter space is strongly constrained by

» loop-induced effects:
BR(b — sv), BR(Bs — up), BR(b — 7v), Amg,, (g —2)., mMw, sin® feg

» astrophysical observations:

Qpm, direct and indirect DM detection limits

» direct sparticle and Higgs boson search limits from colliders:

mg=+, LEP limits on MSSM Higgs bosons
» LHC SUSY exclusions from jets+Etmiss searches

» the LHC Higgs signal



Indirect SUSY searches

» the anomalous magnetic moment of the muon (g — 2),:

magnetic field

Photino

Muon Muon

Smuon

— SUSY loops: a5"5Y ~ sgn(u)tanf MGsy



Indirect SUSY searches

» the anomalous magnetic moment of the muon (g — 2),:

Davier, Hoecker, Malaescu, Zhang, arXiv:1010.4180v1

HMNT 07 (e*e -based)

—285+51 —e—i :
JN 09 (e*e) :
—299+65 —e— 1
Davier et al. 09/1 (t-based) 1
157152 —A—i :
Davier et al. 09/1 (e*e") ]
—312%51 —e—i ]
Davier et al. 09/2 (e*e” w/ BABAR) 1
255149 d
HLMNT 10 (e*e” w/ BABAR) :
—259+48 —e— '
DHMZ 10 (t newest) g
195454 —aA— :
DHMZ 10 (e*e” newest) {
—287 +49 —e— '

"

BNL-E821 (world average)
0+63

-700 -600 -500 -400 -300 -200 -100 0

a, —ag®
— SUSY loops: aEUSY ~ sgn(p) tanB Mgy
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Indirect SUSY searches

» Qp is too large for large parts of the cMSSM parameter space,
special annihilation mechanisms are needed:

focus point

_'_-—'-rtrjun

rapid annihilation
funnel

my, sy A
Ml ™21 o
¥ X

R

M~ Mg

co—annihilation region

T

myp

1

arXiv:hep-ph/0406147
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Indirect SUSY searches

— CMSSM fit to B, K and EWK observables, (g —2),, and Qpwm

[ Mass Spectrum of SUSY Particles no LHC |
1400F- B 1o environment Lsus\(
C 20 Environment
1200 C Best Fit Value
= C
() L
O, 1000/~
@ C
8 800
= C
S 600
& 400}-
200 . . F .
C L1
AR X x2x3x4X1X2| PIFa a 5,b,7, T,

— pre-LHC global fits point to light sparticle spectrum with m < 1 TeV
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Indirect SUSY searches

— CMSSM fit to B, K and EWK observables, (g —2),, and Qpwm

[ Mass Spectrum of SUSY Particles no LHC |
B 1o environment

20 Environment

1400

Best Fit Value

1200

1000

800

600

Particle Mass [GeV]

\Vl\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\

400

200

~
J g

h°AH°HxxxxXX| pngbettg

2 A3 Mg M1 T2

— many of us thought SUSY is just around the corner...
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Indirect SUSY searches

— CMSSM fit to B, K and EWK observables, (g —2),, and Qpwm

[ Mass Spectrum of SUSY Particles no LHC | )
1400F- B 1o environment Lsus\(
C 20 Environment
1200 C Best Fit Value
= C
() L
O, 1000/~
@ C
8 800
= C
S 600
& 400}-
200 . . F .
C L1
AR X x2x3x4X1X T, PIFa a 5,b,7, T,

— Monica will tell us what we actually found at the LHC...
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The landscape of new physics

...Is it a natural supersymmetric Garden Eden?

courtesy of IsabelIVISPS




The landscape of new physics

or do we have to live with an anthropic big desert up to the Planck scale?

[ |




