
SUSY for ATLAS — ATLAS for SUSY

Sven Heinemeyer, CERN

CERN, 01/2005

1. Motivation for SUSY

2. SUSY Theory

3. The MSSM

4. Constrained models: CMSSM, mSUGRA, mGMSB, mAMSB

5. SUSY at ATLAS

6. Conclusions

S. Heinemeyer, ATLAS lectures, 01/05 1



1. Motivation for SUSY

The Standard Model (SM) cannot be the ultimate theory

− The SM does not contain gravity

− Further problems: Hierarchy problem

Up to which energy scale Λ can the SM be valid?

− Λ < MPl : inclusion of gravity

effects necessary

− stability of Higgs potential: ⇒

− Hierarchy problem :

Higgs mass unstable

w.r.t. quantum corrections

δM2
H ∼ Λ2
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Mass is what determines the properties of the free propagation of a particle

Free propagation:
H H

inverse propagator: i(p2 −M2
H)

Loop corrections:
H

f

f̄

H
inverse propagator: i(p2−M2

H+Σ
f
H)

QM: integration over all possible loop momenta k

dimensional analysis:

Σ
f
H ∼ Nf λ

2
f

∫
d4k


 1

k2 −m2
f

+
2m2

f

(k2 −m2
f)

2




for Λ → ∞ : Σ
f
H ∼ Nf λ

2
f

( ∫
d4k

k2︸ ︷︷ ︸
+ 2m2

f

∫
dk

k︸ ︷︷ ︸

)

∼ Λ2 ∼ lnΛ

⇒ quadratically divergent!
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For Λ = MPl:

Σ
f
H ≈ δM2

H ∼M2
Pl ⇒ δM2

H ≈ 1030M2
H

(for MH <∼ 1 TeV)

− no additional symmetry for MH = 0

− no protection against large corrections

⇒ Hierarchy problem is instability of small Higgs mass to large corrections

in a theory with a large mass scale in addition to the weak scale

E.g.: Grand Unified Theory (GUT): δM2
H ≈M2

GUT

Note however: there is another fine-tuning problem in nature, for which we

have no clue so far – cosmological constant

S. Heinemeyer, ATLAS lectures, 01/05 4



Supersymmetry:

Symmetry between fermions and bosons

Q|boson〉 = |fermion〉
Q|fermion〉 = |boson〉

Effectively: SM particles have SUSY partners (e.g. fL,R → f̃L,R)

SUSY: additional contributions from scalar fields:

H
f̃L,R

¯̃fL,R

H

f̃L,R

H H

Σ
f̃
H ∼ Nf̃ λ

2
f̃

∫
d4k




1

k2 −m2
f̃L

+
1

k2 −m2
f̃R


+ terms without quadratic div.

for Λ → ∞: Σ
f̃
H ∼ Nf̃ λ

2
f̃

Λ2
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⇒ quadratic divergencies cancel for

Nf̃L
= Nf̃R

= Nf

λ2
f̃

= λ2
f

complete correction vanishes if furthermore

mf̃ = mf

Soft SUSY breaking: m2
f̃

= m2
f + ∆2, λ2

f̃
= λ2

f

⇒ Σ
f+f̃
H ∼ Nf λ

2
f ∆2 + . . .

⇒ correction stays acceptably small if mass splitting is of weak scale

⇒ realized if mass scale of SUSY partners

MSUSY <∼ 1TeV

⇒ SUSY at TeV scale provides attractive solution of hierarchy problem
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2. SUSY Theory – 2A. Symmetry and Algebra

Symmetry: a group of transformations that leaves the Lagrangian invariant

Generators of the group fulfill certain algebra

Examples:

0. Angular rotation: Ψ → Ψeiθ
aLa

theory is invariant under rotation

generators: La, algebra: [La, Lb] = iεabcL
c

Quantum numbers: (max. spin)2, spin [l(l+ 1),m = +l . . .− l]

1. Internal symmetry: SU(3) × SU(2) × U(1)

gauge symmetry for the description of the strong and electroweak force

generators: Ta, algebra: [Ta, Tb] = ifabcT
c

Quantum numbers: color, weak isospin, hyper charge

2. Poincaré symmetry (includes rotation)

space–time symmetries:

Lorentz transformations: Λµν , translations: P ρ

Quantum numbers: mass, spin
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Our world (the SM) is described by:

− internal symmetry: Ta

− Poincaré symmetry: Λµν, P ρ

internal symmetry is a trivial extension of the Poincaré symmetry:

[Λµν, T a] = 0, [P ρ, T a] = 0

⇒ direct product: (Poincaré group) ⊗ (internal symmetry group)

Particle states characterized by maximal set of commuting observables:

|m, s; ~p, s3︸ ︷︷ ︸; Q, I, I3, Y, . . .︸ ︷︷ ︸〉

space–time internal

quantum numbers
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Wanted: extension of the SM

Theorem # 1: No-go theorem [Coleman, Mandula ’67]

Any Lie-group containing Poincaré group P and

internal symmetry group G̃ must be direct product P ⊗ G̃

|m, s; ~p, s3︸ ︷︷ ︸; g̃, . . .︸ ︷︷ ︸〉

space–time internal

quantum numbers

New group G̃ with generators Qα and

[Λµν, Qα] 6= 0, [P ρ, Qα] 6= 0

impossible

Direct product ⇒ no irreducible multiplets can contain particles with

different mass or different spin

⇒ new symmetry must predict new particles with the same mass and spin

as in the SM

⇒ experimentally excluded, no such symmetry possible :-(
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Theorem # 2: How-To-Avoid-the-No-go theorem

[Gol’fand, Likhtman ’71] [Volkov, Akulov ’72] [Wess, Zumino ’73]

No go theorem can be evaded if instead of Lie-group (generators fulfill

commutator relations):

[. . . , . . .] → {. . . , . . .}

Anticommutator: {A,B} = AB +BA

⇒ Generator Qα is fermionic (i.e. it has spin 1
2)

⇒ Particles with different spin in one multiplet possible

Q|boson〉 = |fermion〉, Q|fermion〉 = |boson〉

Q changes spin (behavior under spatial rotations) by 1
2

E.g.: spin 2 → spin 3
2 → spin 1

graviton gravitino photon
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Simplest case: only one fermionic generator Qα (and conjugate Q̄β)

⇒ N = 1 SUSY algebra:

[Qα, Pµ] =
[
Q̄β, Pµ

]
= 0

[Qα,M
µν] ∼ Qβ

{
Qα, Qβ

}
=
{
Q̄α, Q̄β

}
= 0

{
Qα, Q̄β

}
∼ Pµ

Energy = H = P0, ⇒ [Qα, H] = 0 ⇒ conserved charge

⇒ SUSY: symmetry that relates bosons to fermions

unique extension of Poincaré group of symmetries of D = 4

relativistic QFT
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Can SUSY be an exact symmetry?

Consider fermionic state |f〉 with mass m

⇒ there is a bosonic state |b〉 = Qα|f〉

P2|f〉 = m2|f〉

⇒ P2|b〉 = P2Qα|f〉 = QαP2|f〉 = Qαm2|f〉 = m2|b〉

⇒ for each fermionic state there is a bosonic state with the same mass

⇒ states are paired bosonic ↔ fermionic

⇒ still experimentally excluded

⇒ SUSY must be broken
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Further consequences for SUSY multiplets:

{
Q̄α, Q̄β

}
= 0 ⇒ Q̄2

α = 0 (and Q2
α = 0)

Consider multiplet, start with state of lowest helicity λ0

application of Q̄α ⇒ one additional state with helicity λ0 + 1
2

further application of Q̄α ⇒ 0, no further state

SUSY multiplet contains equal number of bosonic and fermionic state

Most relevant multiplets (possess also CPT conjugate ‘mirrors’):

• chiral supermultiplet: −1
2,0

Weyl fermion (quark, lepton, . . . ) + complex scalar (squark, slepton)

• vector supermultiplet: −1,−1
2

Gauge boson (massless vector) + Weyl fermion (gaugino)

• graviton supermultiplet: −2,−3
2

graviton + gravitino
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2. SUSY Theory – 2B. Superfields and Superspace

Translation transformation: Pµ , parameter: xµ

SUSY transformation: Qα, Q̄α , parameter: θ, θ̄ → anticommuting c-numbers

(”Grassmann variables”)

⇒ Extension of 4-dim. space–time by coordinates θα, θ̄α: superspace

Point in superspace: X = (xµ, θα, θ̄α), Superfield: φ(xµ, θα, θ̄α̇)

Taylor expansion in Grassmann variable: θαθβθγ = 0 (α, β, γ = 1,2)

⇒ Taylor expansion terminates after second term, i.e. φ(θ) = a+ θψ+ θθ f

Integration:
∫
dθ = 0,

∫
dθ θ = 1

⇒
∫
d2θ φ(θ) =

∫
d2θ(a+ θψ+ θθ f) = f

S. Heinemeyer, ATLAS lectures, 01/05 14



SUSY transformations: (Lagrangian should be invariant!)

Group element of finite SUSY transformation:

S(y, ξ, ξ̄) = exp i
(
ξQ+ ξ̄Q̄− yµPµ

)

in analogy to group elements for Lie-groups

ξ, ξ̄ are independent of yµ: global SUSY transformation

Transformation of superfield: S(y, ξ, ξ̄)φ(x, θ, θ̄)

Use Hausdorff’s formula (eAeB = . . .) and SUSY algebra

⇒ S(y, ξ, ξ̄)φ(x, θ, θ̄) = φ(xµ + yµ − iξσµθ̄+ iθσµξ̄, ξ+ θ, ξ̄ + θ̄)

representations of generators obtained from infinitesimal transformation of

superfield

⇒ Pµ = i∂µ, Qα = −i ∂α + (σµθ̄)α∂µ, Q̄α = i ∂α − (θσµ)α∂µ

Definition of covariant derivatives:

Dα = −i ∂α − (σµθ̄)α∂µ, D̄α = i ∂α + (θσµ)α∂µ
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General superfield in component form

Most general form of field depending on x, θ, θ̄:

Φ(x, θ, θ̄) = ϕ(x) + θψ(x) + θ̄χ̄(x) + θθF (x) + θ̄θ̄H(x) + θσµθ̄Aµ(x)

+ (θθ)θ̄λ̄(x) + (θ̄θ̄)θξ(x) + (θθ)(θ̄θ̄)D(x)

Further terms vanish because of θθθ = θ̄θ̄θ̄ = 0

Components (can be complex):

ϕ, F , H, D: scalar fields

Aµ: vector field

ψ, χ̄, λ̄, ξ: Weyl-spinorfields

⇒ Too many components in 4-dim. for irreducible representation of SUSY

with spin ≤ 1 (chiral or vector multiplet)

⇒ representation is reducible

(not all component fields mix with each other under SUSY transf.)
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⇒ Irreducible superfields (smallest building blocks) from imposing

conditions on general superfield

conditions need to be invariant under SUSY transformations:

D̄αΦ = 0: left-handed chiral superfield (LHχSF)

DαΦ = 0: right-handed chiral superfield (RHχSF)

Φ = Φ†: vector superfield

⇒ chiral superfields describe left- or right-handed component of SM fermion

+ scalar partner

LHχSF in components:

φ(x, θ, θ̄) = ϕ(x) +
√

2θψ(x) − iθσµθ̄∂µϕ(x) +
i√
2
(θθ)(∂µψ(x)σµθ̄)

− 1

4
(θθ)(θ̄θ̄)∂µ∂µϕ(x) − (θθ)F (x)

ϕ, F : scalar fields , ψ: Weyl-spinor field
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LHχSF: Transf. of component fields with infinitesimal SUSY param. ξ, ξ̄:

δφ(x, θ, θ̄) = i(ξQ+ ξ̄Q̄)φ(x, θ, θ̄)

Comparison with

δφ(x, θ, θ̄) = δϕ(x) +
√

2θδψ(x) − iθσµθ̄∂µδϕ(x) +
i√
2
(θθ)(∂µδψ(x)σµθ̄)

− 1

4
(θθ)(θ̄θ̄)∂µ∂µδϕ(x) − (θθ)δF (x)

⇒ determination of δϕ, δψ, δF :

δϕ =
√

2ξψ boson → fermion

δψα = −
√

2Fξα − i
√

2(σµξ̄)α∂µϕ fermion → boson

δF = ∂µ(−i
√

2ψσµξ̄ ) F → total derivative

RHχSF: analogously

Vector SF: V (x, θθ̄) = . . .+ i(θθ)θ̄λ̄(x) − i(θ̄θ̄)θλ(x) + 1
2(θθ)(θ̄θ̄)D(x) + . . .

δD = −ξσµ∂µλ̄(x) − ∂µλ(x)σµξ̄ F → total derivative
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Supersymmetric Lagrangians:

Aim: construct an action that is invariant under SUSY transformations:

δ
∫
d4xL(x) = 0

Satisfied if L −→ L + total derivative

F and D terms (the terms with the largest number of θ and θ̄ factors) of
chiral and vector superfields transform into a total derivative under SUSY
transformations

⇒ Use F -terms (LHχSF, RHχSF) and D-terms (Vector SF) to construct
an invariant action:

S =

∫
d4x

(∫
d2θLF +

∫
d2θd2θ̄LD

)

LF =

∫
d2θ

∑

ijk

(
aiΦi +

1

2
mijΦiΦj +

1

3
λijkΦiΦjΦk

)
+ h.c.

→ mass terms, scalar–fermion interactions, no kinetic terms

LD =

∫
d2θd2θ̄V

→ kinetic terms
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2. SUSY Theory – 2C. Soft SUSY breaking

Exact SUSY: mf = mf̃ , . . .

⇒ in a realistic model: SUSY must be broken

Only satisfactory way for model of SUSY breaking:

spontaneous SUSY breaking

Specific SUSY-breaking schemes (see below) in general yield effective

Lagrangian at low energies, which is supersymmetric except for explicit

soft SUSY-breaking terms

Soft SUSY-breaking terms: do not alter dimensionless couplings

(i.e. dimension of coupling constants of soft SUSY-breaking terms > 0)

otherwise: re-introduction of the hierarchy problem

⇒ no quadratic divergences (in all orders of perturbation theory)

scale of SUSY-breaking terms: MSUSY <∼ 1 TeV
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Classification of possible soft breaking terms:

[L. Girardello, M. Grisaru ’82]

• scalar mass terms: m2
φi

|φi|2

• trilinear scalar interactions: Aijkφiφjφk + h.c.

• gaugino mass terms: 1
2mλ̄λ

• bilinear terms: Bijφiφj + h.c.

• linear terms: Ciφi

⇒ relations between dimensionless couplings unchanged

no additional mass terms for chiral fermions
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A. Unconstrained models (MSSM):

agnostic about how SUSY breaking is achieved

no particular SUSY breaking mechanism assumed, parameterization of

possible soft SUSY-breaking terms

⇒ relations between dimensionless couplings unchanged

no quadratic divergencies

most general case:

⇒ 105 new parameters: masses, mixing angles, phases

Good phenomenological description for universal breaking terms

B. Constrained models (mSUGRA):

assumption on the scenario that achieves spontaneous SUSY breaking

⇒ prediction for soft SUSY-breaking terms

in terms of small set of parameters

Experimental determination of SUSY parameters

⇒ Patterns of SUSY breaking
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Wanted: spontaneous SUSY breaking

Remember: {
Q, Q̄

} ∼ Pµ ⇒ QQ̄ ∼ Pµ

P0 = H ⇒ QQ̄ ∼ H

{
Q, Q̄

} ∼ QQ̄+ Q̄Q (with Q̄ = Q†): hermitian Operator ⇒ Eigen values ≥ 0

⇒ For any state |α〉: 〈α|H|α〉 ≥ 0

spectrum bounded from below

Vacuum: |0〉

No spontaneous symmetry breaking: vacuum symm.: Q|0〉 = 0, Q̄|0〉 = 0

⇒ 〈0|H|0〉 = Evac = 0

Spontaneous symmetry breaking: vacuum is not invariant: Q|0〉 6= 0

⇒ 〈0|H|0〉 = Evac > 0

⇒ non-vanishing vacuum energy
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Spontaneous breaking of global SUSY

If global SUSY is spontaneously broken ⇒ 〈0|H|0〉 = Evac > 0

⇒ fields need vacuum expectation value

⇒ either 〈F 〉 > 0 (F -term breaking) or 〈D〉 > 0 (D-term breaking)

⇒ requires that Fi = 0, Da = 0 cannot be simultaneously satisfied for

any values of the fields

F -term breaking:

need linear term in superpotential V(φi) = aiφi +
1
2mijφiφj + 1

3λijkφiφjφk

⇒ requires a chiral superfield that is a singlet under all gauge groups

⇒ not possible within the MSSM

D-term breaking:

Does not work in the MSSM (leads to charge and color-breaking minima)

S. Heinemeyer, ATLAS lectures, 01/05 24



Problems can be overcome if SUSY breaking happens in a ‘hidden sector’,

i.e. by fields which have only very small couplings to ordinary matter

SUSY breaking in the hidden sector:

− tree-level (like F - and D-term breaking)

− dynamical breaking (similar to chiral symmetry breaking in QCD), . . .

SUSY-breaking terms in the MSSM arise radiatively via interaction

that communicates SUSY breaking rather than through tree-level

couplings to SUSY breaking v.e.v.s

⇒ phenomenology depends mainly on mechanism for communicating SUSY

breaking rather than on SUSY-breaking mechanism itself

If mediating interactions are ≈ flavor-diagonal

⇒ universal soft-breaking terms
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“Hidden sector”: −→ Visible sector:

SUSY breaking MSSM

“Gravity-mediated”: mSUGRA

“Gauge-mediated”: GMSB

“Anomaly-mediated”: AMSB

“Gaugino-mediated”

. . .

SUGRA: mediating interactions are gravitational

GMSB: mediating interactions are ordinary electroweak and QCD

gauge interactions

AMSB, Gaugino-mediation: SUSY breaking happens on a different brane

in a higher-dimensional theory

(more details later)
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3. The Minimal Supersymmetric Standard Model (MSSM)

MSSM: superpartners for SM fields

SM matter fermions have different quantum numbers than

SM gauge bosons

⇒ need to be placed in different superfields

⇒ no SM fermion is a gaugino

no Higgs is a sfermion (e.g. scalar neutrino)

agnostic about how SUSY breaking is achieved

no particular SUSY breaking mechanism assumed

parameterization of possible soft SUSY-breaking terms

⇒ most general case: 105 new parameters: masses, mixing angles, phases

S. Heinemeyer, ATLAS lectures, 01/05 27



1. Fermions, sfermions:

left-handed chiral superfields give SM fermions/sfermions

(⇒ the conjugates of right-handed ones appear)

LHχSF Q: quark, squark SU(2) doublets

LHχSF U : up-type quark, squark singlets

LHχSF D: down-type quark, squark singlets

LHχSF L: lepton, slepton SU(2) doublets

LHχSF E: lepton, slepton singlets

⇒ one generation of SM fermions and their superpartners described by

five LHχSFs
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2. Gauge bosons, gauginos:

Vector superfields:

− gluons g and gluinos g̃

− W bosons W±, W0 and winos W̃±, W̃0

− B boson B0 and bino B̃0

3. Higgs bosons, higgsinos:

LHχSF

In MSSM: two Higgs doublets needed ⇒ two LHχSFs

S. Heinemeyer, ATLAS lectures, 01/05 29



Comparison with SM case:

LSM = mdQ̄LHdR︸ ︷︷ ︸+muQ̄LH̃uR︸ ︷︷ ︸
d-quark mass u-quark mass

QL =


 u

d




L

, H̃ = iσ2H
†, H →


 0

v


 , H̃ →


 v

0




In SUSY: term Q̄LH
† not allowed

Superpotential is holomorphic function of chiral superfields, i.e. depends

only on ϕi, not on ϕ∗i

No soft SUSY-breaking terms allowed for chiral fermions

⇒ Hd and Hu needed to give masses to down- and up-type fermions

Furthermore: two doublets also needed for cancellation of anomalies,

quadratic divergences
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Chiral supermultiplets of the MSSM:

spin 0 spin 1
2 (SU(3)c, SU(2), U(1)Y )

squarks and quarks Q (ũL, d̃L) (uL, dL) (3,2, 16)

U ũ∗R u+
R (3̄,1,−2

3)

D d̃∗R d+R (3̄,1, 13)

sleptons and leptons L (ν̃, ẽL) (ν, eL) (1,2,−1
2)

E ẽ∗R e+R (1,1,1)

higgs and higgsinos Hu (h+
u , h

0
u) (h̃+

u , h̃
0
u) (1,2, 12)

Hd (h0
d , h

−
d ) (h̃0

d , h̃
−
d ) (1,2,−1

2)
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Vector supermultiplets:

spin 1
2 spin 1 (SU(3)c, SU(2), U(1)Y )

gluinos and gluons g̃ g (8,1,0)

winos and W -bosons W̃±, W̃0 W±,W0 (1,3,0)

bino and B-boson B̃ B (1,1,0)

⇒ MSSM has further symmetry: “R-parity”

all SM-particles and Higgs bosons: even R-parity, PR = +1

all superpartners: odd R-parity, PR = −1

⇒ SUSY particles appear only in pairs

⇒ lightest SUSY particle (LSP) is stable
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Soft breaking terms:

Lsoft = −1

2

(
M1B̃B̃ +M2W̃W̃ +M3g̃g̃

)
+ h.c. (1)

− (m2
Hu + |µ|2)H+

u Hu − (m2
Hd

+ |µ|2)H+
d Hd − (bHuHd + h.c.)

−
(
ũRauQ̃Hu − d̃RadQ̃Hd − ẽRaeL̃Hd

)
+ h.c.

− Q̃+m2
QQ̃− L̃+m2

LL̃− ũRm2
uũ

∗
R − d̃Rm2

dd̃
∗
R − ẽRm2

eẽ
∗
R

Most general parameterization of SUSY-breaking terms that keep relations

between dimensionless couplings unchanged

⇒ no quadratic divergences

m2
i
, aj: 3 × 3 matrices in family space

⇒ many new parameters
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Particle content of the MSSM:

Superpartners for Standard Model particles:
[
u, d, c, s, t, b

]
L,R

[
e, µ, τ

]
L,R

[
νe,µ,τ

]
L

Spin 1
2

[
ũ, d̃, c̃, s̃, t̃, b̃

]
L,R

[
ẽ, µ̃, τ̃

]
L,R

[
ν̃e,µ,τ

]
L

Spin 0

g W±, H±
︸ ︷︷ ︸ γ, Z,H0

1 , H
0
2︸ ︷︷ ︸ Spin 1 / Spin 0

g̃ χ̃±1,2 χ̃0
1,2,3,4 Spin

1

2

Enlarged Higgs sector:

Two Higgs doublets, physical states: h0, H0, A0, H±

as usual: Breaking of SU(2) × U(1)Y (electroweak symmetry breaking)

⇒ fields with different SU(2) × U(1)Y quantum numbers can mix if they

have the same SU(3)c, U(1)em quantum numbers
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Squark mixing:

Stop, sbottom mass matrices (Xt = At − µ/ tanβ, Xb = Ab − µ tanβ):

M2
t̃ =



M2
t̃L

+m2
t +DTt1 mtXt

mtXt M2
t̃R

+m2
t +DTt2




θt̃−→



m2
t̃1

0

0 m2
t̃2




M2
b̃

=



M2
b̃L

+m2
b +DTb1 mbXb

mbXb M2
b̃R

+m2
b +DTb2




θb̃−→



m2
b̃1

0

0 m2
b̃2




off-diagonal element prop. to mass of partner quark (tan β ≡ vu/vd)

⇒ mixing important in stop sector (also in sbottom sector for large tanβ)

gauge invariance ⇒Mt̃L
= Mb̃L

(2)

⇒ relation between mt̃1
,mt̃2

, θt̃,mb̃1
,mb̃2

, θb̃
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Neutralinos and charginos:

Higgsinos and electroweak gauginos mix

charged:

W̃+, h̃+
u → χ̃+

1 , χ̃
+
2 , W̃−, h̃−d → χ̃−1 , χ̃

−
2

⇒ charginos: mass eigenstates

mass matrix given in terms of M2, µ, tanβ

neutral:

γ̃, Z̃,︸ ︷︷ ︸ h̃
0
u, h̃

0
d → χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4

W̃0, B̃0

⇒ neutralinos: mass eigenstates

mass matrix given in terms of M1, M2, µ, tanβ

⇒ only one new parameter

⇒ MSSM predicts mass relations between neutralinos and charginos
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One nice feature: coupling constant unification

[RGE: equations that connect parameters at different energy scales]

→ use RGE’s to evolve gauge coupling constants from

electroweak scale to the GUT scale

αi(Qelectroweak) → αi(QGUT)

10log Q

1/
α i

1/α1

1/α2

1/α3

MSSM

10log Q

1/
α i

 Unification of the Coupling Constants
 in  the  SM   and   the  minimal MSSM   

0
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30

40

50

60

0 5 10 15
0
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0 5 10 15

gauge couplings do not

meet in the SM

they unify in the MSSM

although it was not

designed for it!

⇒MSUSY ≈ 1 TeV
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One more feature: the Higgs mechanism comes for free

Higgs mechanism needed to give masses to W and Z bosons:

SM: Scalar SU(2) doublet: Φ =


 φ+

φ0




Higgs potential:

V (φ) = µ2
∣∣∣Φ†Φ

∣∣∣+ λ
∣∣∣Φ†Φ

∣∣∣
2
, λ > 0

µ2 < 0: Spontanenous symmetry breaking

minimum of potential at |〈Φ0〉| =
√
−µ2

2λ
≡ v√

2

SM: sign of µ has to be set by hand

)
V

(|
Φ+ |

0
Φ| ,

|

|Φ +|

Φ0||

µ >02

µ<02

v/ 2
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MSSM: negative sign of µ comes for free provided that . . .

− assume GUT scale (as motivated by coupling constant unification)

− take universal input parameters at the GUT scale (see mSUGRA below)

− run down to the electroweak scale with RGEs

q~

l
~

H
 

H
 

g~

W
~

B
~

Exactly one parameter turns

negative: the “µ” in the

Higgs potential

But this only works if

mt = 150 . . .200 GeV

and MSUSY ≈ 1 TeV
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And one more feature: the LSP

MSSM has further symmetry: “R-parity”

all SM-particles and Higgs bosons: even R-parity, PR = +1

all superpartners: odd R-parity, PR = −1

⇒ SUSY particles appear only in pairs

⇒ lightest SUSY particle (LSP) is stable

(usually the lightest neutralino)

good candidate for Cold Dark Matter

⇒MSUSY ≈ 1 TeV

LSP neutral, uncolored ⇒ leaves no traces in collider detectors

⇒ Typical SUSY signatures: “missing energy”
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And another one: relations among SUSY parameters

In SM: all masses are free input parameters

(except MW–MZ interdependence)

MSSM:

• Upper bound on mass of lightest CP-even Higgs boson

(see Georg Weiglein’s lecture)

• Relations between neutralino and chargino masses

• Sfermion mass relations, e.g. (see (??))

m2
ẽL

= m2
ν̃L

−M2
W cos(2β)

⇒ Experimental verification of parameter relations is a crucial test of SUSY!

Note: All relations receive corrections from loop effects

⇔ effects of soft SUSY breaking, electroweak symmetry breaking
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Final remark: the mass of the lightest MSSM Higgs boson

Upper bound on mh in the MSSM:

“Unconstrained MSSM”:

MA, tanβ, 5 parameters in t̃–b̃ sector, µ, mg̃, M2

mh <∼ 140 GeV

for mt = 178GeV

(including theoretical uncertainties from unknown higher orders)

⇒ observable at the LHC

Obtained with:

FeynHiggs

[S.H., W. Hollik, G. Weiglein ’98, ’00, ’02]

[T. Hahn, S.H., W. Hollik, G. Weiglein ’03, ’04]

www.feynhiggs.de

→ all Higgs masses, couplings, BRs (easy to link, easy to use :-)
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4. Constrained models: CMSSM, mSUGRA, mGMSB, mAMSB

Remember:

⇒ phenomenology depends mainly on mechanism for communicating SUSY

breaking rather than on SUSY-breaking mechanism itself

“Hidden sector”: −→ Visible sector:

SUSY breaking MSSM

“Gravity-mediated”: CMSSM, mSUGRA

“Gauge-mediated”: GMSB

“Anomaly-mediated”: AMSB

. . .

SUGRA: mediating interactions are gravitational

GMSB: mediating interactions are ordinary electroweak and QCD

gauge interactions

AMSB: SUSY breaking on a different brane in a higher-dimensional theory

All constrained models are special versions of the MSSM !!!
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4A. Gravity-mediated SUSY breaking

⇒ Quantum field theory of supergravity: graviton and gravitino

QFT with spin 2 and spin 3
2 field is not renormalizable

⇒ cannot be extended to arbitrarily high energies

⇒ QFT of supergravity has to be interpreted as effective theory

contains non-renormalizable terms prop. to inverse powers of MPl

Best candidate for fundamental theory: string theory

SUSY breaking in hidden sector:

⇒ supergravity Lagrangian contains non-renormalizable terms that

communicate between hidden and visible sector ∼ 1/Mn
Pl
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Dimensional analysis:

SUSY breaking in hidden sector by v.e.v. 〈F 〉 (dim 〈F 〉 = mass2)

coupling ∼ 1/MPl

require msoft → 0 for 〈F 〉 → 0 (no SUSY breaking) and for

MPl → ∞ (vanishing gravitational interaction)

⇒ msoft ≈
〈F 〉
MPl

Wanted: msoft
<∼ 1 TeV (hierarchy problem)

⇒
√
〈F 〉 ≈ 1011 GeV : scale of SUSY breaking in hidden sector

In general: mgravitino = m3
2
≈ 〈F 〉

MPl

⇒ m3
2
≈ msoft, gravitational interactions

⇒ gravitino not important for collider phenomenology
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Non-renormalizable terms in supergravity Lagrangian:

LNR = − 1

MPl
FX

∑

a

1

2
faλ

aλa + h.c. − 1

M2
Pl

FXF
∗
X k

i
jϕiϕ

∗j

− 1

MPl
FX(

1

6
y′ijkϕiϕjϕk +

1

2
µ′ijϕiϕj) + h.c.

FX : (auxiliary) field for a chiral supermultiplet X in the hidden sector

ϕi, λ
a: scalar and gaugino fields in the MSSM

If
√
〈FX〉 ∼ 1010–1011 GeV

⇒ soft SUSY-breaking terms of MSSM with msoft ≈ 102–103 GeV

Assumption of a “minimal” form of the supergravity Lagrangian

⇒ soft-breaking terms which obey “universality” and “proportionality”
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Results in exactly the known MSSM Lagrangian (??)

Lsoft = −1

2

(
M1B̃B̃ +M2W̃W̃ +M3g̃g̃

)
+ h.c.

− (m2
Hu + |µ|2)H+

u Hu − (m2
Hd

+ |µ|2)H+
d Hd − (bHuHd + h.c.)

−
(
ũRauQ̃Hu − d̃RadQ̃Hd − ẽRaeL̃Hd

)
+ h.c.

− Q̃+m2
QQ̃− L̃+m2

LL̃− ũRm2
uũ

∗
R − d̃Rm2

dd̃
∗
R − ẽRm2

eẽ
∗
R

with 5 independent parameters at the GUT scale:

M1 = M2 = M3 = m1/2

m2
Hu = m2

Hd
= m2

Q = m2
L = m2

u = m2
d = m2

e = m0

au = ad = ae = A0

b

|µ|2

Still to do: parameter(QGUT) → parameter(Qelectroweak)

S. Heinemeyer, ATLAS lectures, 01/05 47



Low-energy parameters (at the electroweak (EW) scale) via

”Renormalization group equations” (RGEs)

[RGE: equations that connect parameters at different energy scales]

⇒M1,M2,M3,m
2
Hu
,m2

Hd
,m2

Q,m
2
L,m

2
u,m

2
d
,m2

e, au, ad, ae, b, |µ|2 at the EW scale

Example:

q~

l
~

H
 

H
 

g~

W
~

B
~
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Five new parameters, if possible phases are ignored:

m2
0, m1/2, A0, b, µ

Final ”trick”: require radiative electroweak symmetry breaking:

Require correct value of MZ at the EW scale:

M2
Z

2
=
m2
Hd

−m2
Hu

tanβ2 − (1 − loop corr.)

tanβ2 − 1
− |µ|2

⇒ |µ|, b given in terms of tanβ, signµ

⇒ Scenario characterized by

m2
0, m1/2, A0, tanβ, signµ

Usually called ‘CMSSM’ (constrained MSSM) or ‘mSUGRA’

In agreement with all phenomenological constraints (see below)
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Summary: “supergravity inspired scenario”, “mSUGRA”

characterized by five parameters:

m2
0, m1/2, A0, tanβ, signµ

m0: universal scalar mass parameter

m1/2: universal gaugino mass parameter

A0: universal trilinear coupling

tanβ: ratio of Higgs vacuum expectation values

sign(µ): sign of supersymmetric Higgs parameter

m0, m1/2, A0: GUT scale parameters

⇒ particle spectra from renormalization group running to weak scale

Lightest SUSY particle (LSP) is usually lightest neutralino

gaugino masses run in same way as gauge couplings

⇒ gluino heavier than charginos, neutralinos
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“Typical” mSUGRA scenario

(SPS 1a benchmark scenario):

SPS home page:

www.ippp.dur.ac.uk/∼georg/sps

0

100

200

300

400

500

600

700

800

m [GeV]

l̃R

l̃L
ν̃l

τ̃1

τ̃2

χ̃0

1

χ̃0

2

χ̃0

3

χ̃0

4

χ̃±

1

χ̃±

2
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4B. (minimal) gauge mediated SUSY breaking: mGMSB

New chiral supermultiplets, “messengers” , couple to SUSY breaking

in hidden sector

Couple indirectly to MSSM fields via gauge interactions

⇒ mediation of SUSY breaking via electroweak and QCD gauge

interactions

⇒ ≈ flavor-diagonal

SUSY breaking already in messenger spectrum

⇒ masses of SUSY particles from loop diagrams with messenger particles,

gauge-interaction strength

⇒ msoft ≈
αi
4π

〈F 〉
Mmess

, Mmess ∼
√
〈F 〉

For msoft
<∼ 1 TeV ⇒

√
〈F 〉 ≈ 104–105 GeV

⇒ scale of SUSY breaking in hidden sector much lower than in SUGRA
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Gravitino mass: m3
2
≈ 〈F 〉

MPl
≈ 10−9 GeV

⇒ Gravitino is always the lightest SUSY particle (LSP)

Gaugino masses generated at one-loop order, mλ ≈ αi
4π

B̃, W̃ , g̃

messenger scalar

messenger fermion

Scalar masses generated at two-loop order, m2
ϕ ≈

(
αi
4π

)2

messenger scalar

gauge bosonϕ̃
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⇒ Typical mass hierarchy in GMSB scenario between strongly interacting

and weakly interacting particles ∼ α3/α2/α1

GMSB scenario characterized by

Mmess, Nmess,Λ, tanβ, sign(µ)

Mmess: messenger mass scale

Nmess: messenger index (number of messenger multiplets)

Λ: universal soft SUSY breaking mass scale felt by low-energy sector

LSP is always the gravitino

next-to-lightest SUSY particle (NLSP): χ̃0
1 or τ̃1

can decay into LSP inside or outside the detector
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GMSB scenario with τ̃ NLSP

(SPS 7 benchmark scenario):
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4C. (minimal) anomaly mediated SUSY breaking: mAMSB

mAMSB scenario characterized by

maux,m0, tanβ, sign(µ)

maux: overall scale of

SUSY particle masses

m0: phenomenological

parameter: universal scalar

mass term

AMSB spectrum (SPS 9):

typical feature: very small

neutralino–chargino mass

difference
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5. SUSY at ATLAS

SUSY searches at ATLAS:

Dominated by production of colored particles: gluino, squarks

Very large mass range in the searches for jets + missing energy

⇒ gluino, squarks accessible up to 2–3 TeV

Production of SUSY particles at the LHC will in general result in compli-

cated final states, e.g.

g̃ → q̄q̃ → q̄qχ̃0
2 → q̄qτ̃ τ → q̄qττχ̃0

1

Production of uncolored particles via cascade decays often dominates over

direct production

Many states are produced at once

⇒ Main background for SUSY is SUSY itself!
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In order to establish SUSY experimentally:

Need to demonstrate that:

− every particle has superpartner

− their spins differ by 1/2

− their gauge quantum numbers are the same

− their couplings are identical

− mass relations hold

. . .

⇒ Precise measurements of masses, branching ratios, cross sections,

angular distributions, . . . mandatory for

− establishing SUSY experimentally

− disentangling patterns of SUSY breaking

⇒ High luminosity LC necessary, complementary to hadron machines
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What do we know about the SUSY mass scale?

1. Coupling constant unification ⇒MSUSY ≈ 1 TeV

2. LSP should be cold dark matter ⇒MSUSY
<∼ 1 TeV

3. Indirect hints from existing data?

[J. Ellis, S.H., K. Olive, G. Weiglein ’04]

− Focus on mSUGRA/CMSSM

free parameters: m1/2, m0, A0, tanβ

− hard constraint: LSP gives right amount of cold dark matter

only thin strips allowed in the m1/2–m0 plane

fix tanβ = 10,50 (lower/upper edge in CMSSM) and µ > 0

− Use existing data of MW, sin2 θeff, BR(b→ sγ), (g − 2)µ

⇒ χ2 fit with these observables

determine best fit values of m1/2, m0, A0

⇒ best fit values for masses, couplings, . . .
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MW and sin2 θeff for tanβ = 10:
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⇒ m1/2 ≈ 300 GeV favored
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BR(b → sγ) and (g − 2)µ (for tanβ = 10):
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⇒ m1/2 ≈ 300 GeV favored
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χ2 fit result for m1/2: (tanβ = 10, A0/m1/2 varied)
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Very good fit!

Best fit obtained for

m1/2 ≈ 300 GeV

A0 ≈ −300 GeV

m0 ≈ 60 GeV

⇒ SUSY particles relatively

light

⇒ very good prospects

for the LHC

slightly worse for tanβ = 50
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lightest stop mass for tanβ = 10,50
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tanβ = 10 ⇒ very good prospects

tanβ = 50 ⇒ still quite good
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lightest sbottom mass for tanβ = 10,50
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tanβ = 10 ⇒ very good prospects

tanβ = 50 ⇒ still quite good
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gluino mass for tanβ = 10,50
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tanβ = 10 ⇒ very good prospects

tanβ = 50 ⇒ still quite good
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lightest chargino/next-to-lightest neutralino mass for tanβ = 10,50
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tanβ = 10 ⇒ very good prospects

tanβ = 50 ⇒ still quite good
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6. Conclusinos

• SUSY is a very attractive possibility for physics beyond the SM

− unique extension of space-time symmetries

− stabilization of the electroweak scale

− unification of gauge couplings

• MSSM is the simplest realization of SUSY

• special (constraint) versions of the MSSM:

mSUGRA/CMSSM, GMSB, AMSB, . . .

• R-parity conserved ⇒ LSP is stable (and escapes ATLAS!)

⇒ jets + missing energy typical SUSY signal

• states produced in decay chains ⇒ many states produced together

⇒ main background for SUSY searches is SUSY itself

• χ2 fit ⇒ current data favors light SUSY mass scale

very good prospects for the LHC

S. Heinemeyer, ATLAS lectures, 01/05 67



7. Further explanations

A) Soft SUSY-breaking terms:

Q: Why can soft SUSY-breaking terms only be given to new SUSY particles

but not to SM particles?

A: This would re-introduce quadratic divergencies for

the Higgs boson mass!

SM particles: fermions and gauge bosons

⇒ explicit mass terms break SU(2) × U(1)

⇒ Higgs mechanism introduced in the SM

gives mass to fermions and gauge bosons

⇒ Only way to change SM particle masses:

change the Yukawa couplings
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⇒ Only way to change SM particle masses:

change the Yukawa couplings

But remember:

ΣH =
H

f

f̄

H
+

H
f̃L,R

¯̃fL,R

H
+

f̃L,R

H H

⇒ quadratic divergencies cancel for

Nf̃L
= Nf̃R

= Nf

λ2
f̃

= λ2
f

⇒ new (SUSY) contribution to SM Yukawa couplings re-introduce

the quadratic divergencies for the Higgs boson mass!
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B) # of Higgs bosons and their SUSY partners:

Q: Why do we have five Higgs bosons, but only four corresponding

neutralinos and charginos?

A: We have to count the degrees of freedom!

We have two complex Higgs doublets (see Georg Weiglein’s lecture):

H1 =


 H0

1

H−
1


 =


 v1 + (φ1 + iχ1)/

√
2

φ−1




H2 =


 H+

2

H0
2


 =


 φ+

2

v2 + (φ2 + iχ2)/
√

2




Each “field” H0
1, H0

2, H−
1 , H+

2 has two d.o.f.

We have 4 × 2 = 8 components (“particles”)

⇒ 8 − 3 = 5 Higgs particles
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The SUSY partners of the scalar Higgs fields are fermions .

Each Fermion has two d.o.f.

⇒ for each Higgs “field” we have on fermion as SUSY partner

Thus we arrive at:

Superpartners for Standard Model particles:

g W±, H±
︸ ︷︷ ︸ γ, Z,H0

1 , H
0
2︸ ︷︷ ︸ Spin 1 / Spin 0

g̃ χ̃±1,2 χ̃0
1,2,3,4 Spin

1

2

S. Heinemeyer, ATLAS lectures, 01/05 71


