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• Standard Model (SM):

- currently the best model we have; it complies with experimental data.

• is there new physics “beyond” the SM?

- SM is an effective theory, in the sense that is valid up to some scale; what is that scale? ...few TeV...?

- one possibility: Minimal Supersymmetric Standard Model (MSSM)

- new states present; superpartners of the SM states.

• Therefore, we expect to have states of masses of:

- EW scale order (from the SM: Z, W, quarks, etc....)

- TeV scale order, from the new states present in the MSSM but not in SM.
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• Motivation:

- EWSB: In SM the Higgs mechanism: not dynamical.

- Hierarchy problem:

- why MPlanck ≫ mW ,mZ ,mH ∼ 100 GeV? MPlanck/mH : unstable under quantum corrections.

- fine-tuning∗

- Unification∗∗:

- is there a single gauge group framework for all particle interactions?

- is there a “unified” gauge coupling, for all SM interactions, at some high scale?

U MS

SU(2)

U(1)

M

?

α
SU(3)

100 GeV
- Gravity

- not part of the SM; would be nice to have SM, Gravity “together” in a same quantum theory.

- MSSM solves these problems: hierarchy problem, gauge unification, EWSB,...

- based on a new symmetry called Supersymmetry.

- in this talk I discuss issues related to (*) and (**).
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• MSSM spectrum: Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (ũL, d̃L) (uL dL) ( 3, 2 , 1
6)

×3 families U c ũ∗R u†R ( 3, 1, −2
3)

Dc d̃∗R d†R ( 3, 1, 1
3)

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

×families Ec ẽ∗R e†R ( 1, 1, 1)

Higgs, higgsinos H2 (Hu) (H+
2 H0

2) (H̃+
2 H̃0

2) ( 1, 2 , +1
2)

H1 (Hd) (H0
1 H−

1 ) (H̃0
1 H̃−

1 ) ( 1, 2 , −1
2)

• chiral superfields: Φ(y, θ) = φ(y)+θ ψ+θθ F ; (φ, ψ) spartners: (slepton,lepton), (squark,quark), (higgs, higgsino)

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon g̃ g ( 8, 1 , 0)

winos, W bosons W̃± W̃ 0 W± W 0 ( 1, 3 , 0)

bino, B boson B̃0 B0 ( 1, 1 , 0)

• gauge supermultiplets: V (x, θ, θ) = θ σµ θ Vµ(x) + θθ θ λ+ θθ θλ+ θθ θθ D(x). (Vµ, λ): (gauge, gaugino)

• The idea behind Supersymmetry: find a symmetry to “protect” scalars from becoming very massive m≫ 100 GeV.

• supermultiplets: representations of super-Poincaré algebra.
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• I. Fine-tuning: SM versus MSSM:

• In the SM v2, m2
h ∼ (coupling) ×M 2

Planck.

(a)

H

f

(b)

H

Scalar (H)

Scalar self-energy: fermion-antifermion and scalar contributions:

m2
H,f ∼ λ2

f Λ2 + · · · ∼ λ2
f M

2
Planck, m2

H,s ∼ λs Λ2 + · · · ∼ λsM
2
Planck,

⇒ mh and EW scale O(100GeV) ↔ fine-tune the coupling, to all orders in perturbation theory.

• In supersymmetry (broken at m0 ∼ 1 TeV )

m2
H ∼ m2

0 ln Λ/m0 ∼ m2
0 lnMPlanck/m0

- a mild UV behaviour (logarithmic).
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• In MSSM: V = m̃2
1 |h1 |2 + m̃2

2 |h2 |2 −
(
m2

3 h1 h2 + h.c.
)

+
g2

1 + g2
2

8

(
|h1 |2 − |h2 |2

)2
+

1

8
δ |h2 |4

v2 = −m
2

λ
, m2 ≡ m̃2

1 cos2 β + m̃2
2 sin2 β −m2

3 sin 2β, λ ≡ g2

8
cos2 2β +

1

8
δ sin4 β

v ≈ 246 GeV, λ < 1, m̃1,2,m3 ∼ 1 TeV.

m̃2
1(t) = m2

0 + µ2
0 σ

2
8(t) +M 2

1/2 σ1(t)

m̃2
2(t) = µ2

0 σ
2
8(t) +M 2

1/2 σ4(t) + Atm0m12 σ5(t) +m2
0 σ7(t) −m2

0A
2
t σ6(t)< 0

m2
3(t) = µ0M1/2 σ2(t) +B0m0 µ0 σ8(t) + µ0m0At σ3(t)

• Tree level: σ1,..6 = 0, σ7,8 = 1. mh ≤ mZ . However: LEPII bound: mh > 114.4 GeV.

• Including quantum corrections mh > 114.4 GeV, up to ∼ 130 GeV. Moreover, quantum corrections trigger EWSB!

• Nevertheless, some “fine” cancellations needed to “separate” EW from susy-breaking TeV scale...
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• Quantum corrections reduce the “tension” needed to separate the EW and TeV scales:

δ =
3h4

t

π2

[
ln
Mt̃

mt
+
Xt

4
+

1

32π2

(
3h2

t−16g2
3

)(
Xt+2 ln

Mt̃

mt

)
ln
Mt̃

mt

]
, Xt ≡

2 (Atm0 − µ cot β)2

M 2
t̃

[
1− (Atm0−µ cotβ)2

12M 2
t̃

]
.

• MSSM “remnant” fine-tuning: [Barbieri, Strumia]∆ ≡ max
∣∣∣∆p2

∣∣∣
p={µ0,m0,At,B0,M1/2 }

, ∆p2 ≡ ∂ ln v2

∂ ln p2
∼ 10,

∆µ2

0
=

−2µ2
0 σ

2
8

(1 + δ)m2
Z

+ O(cot β), similar for ∆2
m0
,∆M2

1/2

, · · · δ ∼ O(1)

∆:

60 80 100 120 140

20

40

60

80

100 MSSM fine-tuning ∆ = ∆(mh)

tan β ≡ v2
v1
< 10, 0.1 ≤ µ0, m0, M1/2 < 1 TeV.

∆ > 30. mh > 120 GeV;

∆ = 100 ⇒ 1% fine-tuning initial parameters

⇒ Quantum corrections also reduce fine-tuning ∆.

∆ ∼M 2
susy ∼Mt̃2 ∼ exp(mh/GeV )

MSSM: mh
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Figure 1:

M1/2 versus m0 with fine-tuning contours ∆ (red) M1/2 versus m0 for different mh (red) and µ0 (black)

[Moroi, Feng, Matchev] in hep-ph/9908309,9909334.

• smaller M1/2 and smaller µ preferred.

• such values decrease fine-tuning ∆ (and somewhat upset Teff , see later).

• “New physics” beyond MSSM may reduce fine-tuning further.

This is possible by incresing λ, which in MSSM is “anomalously” small.
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• “New Physics’,’ parametrised by higher dimensional operators, could reduce ∆: [G. Ross, S. Cassel, D.G.]

- in MSSM + d = 5 operators: ∆L =
1

M

∫
d2θ (1 + c0m0 θθ)(H1.H2)

2

- this can be generated by: new massive gauge singlet m ∼M . Also d = 6 operators (j = 1, 2)

∆L =

∫
d4θZj (H†

j e
V Hj)

2 + Z3 (H†
1 e

V H1)(H
†
2 e

V H2) + Z3+j (H†
j e

V Hj)(H2.H1) +
[
W αWα (H2.H1) δ

2(θ) + h.c.
]

+ · · ·

V = V MSSM
tree +

1

8
δ |h2 |4 +

(
|h1|2 + |h2 |2

) (
η h1.h2 + h.c.

)
+

1

2

[
η′ (h1.h2)

2 + h.c.
]
, η ≡ 2µ0

M
, η′ ≡ −2 c0m0

M

v2 = −m
2

λ
, m2 ≡ m̃2

1 cos2 β + m̃2
2 sin2 β −m2

3 sin 2β, λ ≡ g2

8
cos2 2β +

1

8
δ sin4 β+η sin 2β +

η′

4
sin2 2β

∆:

60 80 100 120 140

20

40

60

80

100

MSSM fine-tuning reduced by “new physics” (d = 5 op’s)

tan β ≡ v2
v1
< 10, 0.1 TeV ≤ µ0, m0, M1/2 < 1 TeV.

∆ < 10, for 114.4 ≤ mh < 130 GeV;

η=0.07⇒M ≈ 2µ0/η ∼ (30 to 65) × µ0 ∼ 10 TeV.

MSSM: mh
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• II. RG flow of gauge couplings in 4d N=1 susy theories, NSVZ beta function & applications to MSSM unification

Consider the Lagrangian for pure N = 1 susy theory SU(N). At scale M , this is

Lh(Vh) =
1

16κ

∫
d2θ

1

g2
h(M)

Tr
[
WA(Vh)WA(Vh)

]
+ h.c. =

1

4g2
c (M)

[
− 1

4
Fµν F

µν +
D2

2
+ i λσµ ∂µ λ

]
+

θ̃

128κπ2
TrFµν F̃

µν

This is the “holomorphic” (or Wilsonian) definition. gh: holomorphic coupling. Vh = V a
h T

a, vector superfield.

WA(Vh) = −1

4
DDe−VhDAe

Vh, .

gh contains an Im part: the “theta” term in the action (θ̃F a
µνF̃

aµν)

1

g2
h

=
1

g2
c

+ i
θ̃

8π2

gc: canonical (effective, measured) gauge coupling. Canonical formulation Lc(Vc, gc):

Lc(Vc) =
1

16

∫
d2θ

(
1

g2
c

+ i
θ̃

8π2

)
Tr
[
WA(2gcVc)WA(2gcVc)

]
+ h.c.
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If we change the cut-off from M to M ′, gh changes to [Murayama, Arkani-Hamed]

8π2

g′2h
=

8π2

g2
h

+ F
(

8π2

g2
h

, t ≡ ln
M

M ′

)

To preserve the holomorphicity in g′2h of Lh(M ′), F must be holomorphic in g2
h, continuous in t and F(1/g2

h, 0) = 0.

Also

F
(

8π2

g2
h

+ 2πi, t

)
= F

(
8π2

g2
h

, t

)

For an infinitesimal change of scale: (M close to M ′):

d

dt

(
8π2

g2
h

)
= β

(
8π2

g2
h

)
, β

(
8π2

g2
h

+ 2πi

)
= β

(
8π2

g2
h

)

β function periodic, can be Fourier expanded: ⇒ β

(
8π2

g2
h

)
=
∑

n

bn e
−n 8π2/g2

h

n < 0 ⇒ β = ∞ (even in weakly coupled limit), n > 0 not possible (pertubatively). ⇒ n = 0 ⇒ β = constant.

⇒ 8π2

g′2h
=

8π2

g2
h

+ b0 ln
M ′

M
, ⇒ gh runs at one loop only
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• What does this mean for the canonical gauge coupling? In canonical normalisation

Lc(Vc) =
1

16

∫
d2θ

(
1

g2
c

+ i
θ̃

8π2

)
Tr
[
WA(2gcVc)WA(2gcVc)

]
+ h.c.

- need Vh → 2gcVc for standard normalisation of gauge -kinetic terms: − 1

4 g2
c

F a
µνF

aµν → −1

4
FaµνF

aµν

- in Vh → 2gcVc, the measure of the
∫

in partition function Z changes.

- Rescaling (Konishi) anomaly [Murayama, Arkani-Hamed, hep-th/9707133]

Z =

∫
D(Vh) expLh(Vh) =

∫
D(2 gcVc) expLc(Vc), D(2gcVc) 6= D(Vc), DVc = DλDλDADD

D(2gcVc) = D(Vc) × exp

{
1

16

∫
d4xd2θ

2T (G)

8π2
ln(2gc)Tr

[
WA(2gcVc)WA(2gcVc)

]
+ h.c.

}

where T (G) is the Dynkin index for the adjoint representation for G.
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Therefore Z =

∫
DVh exp

{
− 1

16

∫
d4x d2θ

1

g2
h

Tr
[
WA(Vh)WA(Vh)

]
+ h.c.

}

=

∫
D(2gcVc) exp

{
− 1

16

∫
d4x d2θ

1

g2
h

Tr
[
WA(2gcVc)WA(2gcVc)

]
+ h.c.

}

=

∫
D(Vc) exp

{−1

16

∫
d4x d2θ

[
1

g2
h

− 2T (G)

8π2
ln(2gc)

]
Tr
[
WA(2gcVc)WA(2gcVc)

]
+ h.c.

}

For a canonical normalisation for the vector multiplet, the coefficient of Tr must be of form
1

g2
c

+ i
θ̃

8π2

its real part defines 1/g2
c , so

1

g2
c

= Re

(
1

g2
h

)
− 2T (G)

8π2
ln(2gc) but gh runs at 1-loop:

8π2

g′2h
=

8π2

g2
h

+ b0 ln
M ′

M

we find

1

g′2
c

+
2T (G)

8π2
ln(2g′c) =

1

g2
c

+
2T (G)

8π2
ln(2gc) +

−3T (G)

8π2
ln
M

M ′

⇒ for an infinitesimal change of M: “Novikov-Shifman-Vainshtein-Zakharov” β function

β(α)NSV Z ≡ dα

d(ln M)
= −α

2

2π

3T (G)

(1 − T (G)α/(2π))
, α ≡ g2

c

(4π)
, T (G) = N, SU(N)



[ 13 ]

• Including matter fields:

Last eq can be generalised to include matter fields: the superpotential W and the matter kinetic term LK :

• At the scale M

LM =
∑

i

∫
d2θd2θ

(
Φ†
i e

Vh,i Φi

)
+

{∫
d2θ W (Φ1,Φ2, ...) +

1

16

∫
d2θ

1

g2
h(M)

Tr
(
WA(Vh)WA(Vh)

)
+ h.c.

}

• At the scale M ′

LM ′

=
∑

i

Zi(M,M ′)

∫
d2θ d2θ

(
Φ†
i e

Vh,i Φi

)
+

{∫
d2θ W(Φ1,Φ2, ...) + h.c.

}

+
1

16

∫
d2θ

[
1

g2
h(M

′)
+

bo
8π2

ln
M

M ′

]
Tr
(
WA(Vh)WA(Vh)

)
+ h.c.

}

with notation
bo ≡ −3T (G) +

∑

i

T (Ri)

- matter kinetic term (non-holom.) receives Z(M,M ′, gc). For canonically normalised kinetic terms of Φ

Φ = Zi(M,M ′)−1/2 Φ′
i
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- Rescaling anomaly of a chiral multiplet, (Konishi, Shizuya) see [Murayama, Arkani-Hamed]

DΦ → D(Z−1/2Φ′
i) = D(Φ′

i) × exp

{
− 1

16

∫
d4y d2θ

−T2(Ri)

8π2
lnZi(M,M ′)Tr

[
WAWA

]
+ h.c.

}

Then L′ becomes:

LM ′

=
∑

i

∫
d2θ d2θ

(
Φ

′†
i e

Vh,i Φ′
i

)
+

{∫
d2θ W

(
Z

−1/2
1 Φ′

1, Z
−1/2
2 Φ′

2, ...
)

+

∫
d2θ

1

16 g
′2
h

Tr
[
WA(Vh)WA(Vh)

]
+ h.c.

}

Notation: 1

g
′2
h

≡ 1

g2
h(M)

+
bo

8π2
ln
M

M ′ −
∑

i

T (Ri)

8π2
lnZi(M,M ′),

Rescale Vh → 2gcVc for canonical gauge kinetic term. We found this brings:

1

g2
c (M

′)
= Re

[
1

g
′2
h

]
− 2T (G)

8π2
ln(2gc(M

′))

1

g2
c (M

′)
= Re

1

g2
h(M)

+
bo

8π2
ln
M

M ′ −
2T (G)

8π2
ln(2gc(M

′)) −
∑

i

T (Ri)

8π2
lnZi(M,M ′)

⇒ The link of g2
c with holomorphic coupling g2

h to all orders. Useful for the link with string theory & loop corrections.
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Again:
1

g2
c (M

′)
= Re

1

g2
h(M)

+
bo

8π2
ln
M

M ′ −
2T (G)

8π2
ln(2gc(M

′)) −
∑

i

T (Ri)

8π2
lnZi(M,M ′)

Write it at M ′ → Λ and subtract::

1

g2
c (M

′)
=

1

g2
c (Λ)

+
bo

8π2
ln

Λ

M ′ +
2T (G)

8π2
ln

gc(Λ)

gc(M ′)
−
∑

i

T (Ri)

8π2
lnZi(Λ,M

′)

• RG flow of canonical coupling to all orders in perturbation theory.

• Red: one loop; (Z = 1, gc(Λ) = gc(M
′)). Brown: 2-loop and beyond, from re-scaling anomaly cancellation

β(α)NSV Z ≡ dα

d(lnM ′)
= −α

2

2π

3T (G) −
∑

i T (Ri)(1 − 2γi)

(1 − T (G)α/(2π))
, α ≡ g2

c

4π
, γi ≡ −1

2

d lnZi

d
(

lnM ′
) ,

- Novikov-Shifman-Vainshtein-Zakharov β function with matter fields; valid to all orders in perturbation theory.

- γi (anomalous dimensions) only known perturbatively, order by order ... (sum over i over matter fields in rep. Ri).

- can be generalised to G1 ×G2 × · · · gauge group. Apply it to MSSM.
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• Application to MSSM: Two-loop RGE with a one-loop ....work. “a”: gauge group index: SU(3)×SU(2)L×U(1)Y

β(αa)NSV Z ≡ dαa
d(lnµ)

= −α
2
a

2π

3Ta(G) −∑ψ Ta(Rψ) (1 − 2γψ)

(1 − Ta(G) αa/(2π))

Expand the denominator of β(αa) ⇒ at two loop:

dαa
d lnµ

=
αa
2π

{
− 3Ta(G) +

∑

ψ

Ta(Rψ)

}
−
{
αa
2π

∑

ψ

2 γψ Ta(Rψ) +
α2
a

4π2
Ta(G)

(
3Ta(G) −

∑

ψ

Ta(Rψ)
)}

+ O(α3)

Red: one-loop; Blue: two-loop! γψ depend on gauge groups SU(3) × SU(2) × U(1) and on Yukawa (W).

One loop γψ: gauge and Yukawa (W)

γψ = −1

2

d(lnZψ)

d(lnµ)
, γψ = − 1

4π

{
2
∑

b

αbCb(Rψ) −
∑

j=states

Aj(ψ) yj

}
+ O(α2)

• one-loop γψ ⇒ two-loop RGE for α’s! RG flow of gauge couplings ↔ (rescaling) anomaly cancellation.
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• Diagramatic interpretation of RG flow: MSSM case. ( “a”: gauge greoup index)

1

αa(µ)
= −δa +

1

αa(Λ)
+

−3T (Ga)

2π
ln

Λ

µ
[
αa(Λ)
αa(µ)

]1/3 +
∑

ψ

T (Rψ,a)

8π2
ln

Λ

µZi(Λ, µ)

a a a a

aa a

a

a a

ba, 

a a

• Unification conditions:

gc,a(Λ) = gc(Λ) for any a : SU(3), SU(2), U(1), · · ·

Zi(Λ,Λ) = 1

• if µ = MZ or µ<Msusy: δa 6=0 accounts for susy breaking µ→Msusy
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• Low-energy Supersymmetric Thresholds

δa =
1

2π

∑

ξ

βa,ξ ln
Mξ

Mz
, δa = δSa + δGa + δHa

δa for U(1), SU(2) and SU(3) respectively:

Squarks+sleptons: δS1 =
1

2π

∑

gen

[
3

10
ln
ML̃

Mz
+

4

5
ln
Mũc

Mz
+

1

5
ln
Md̃c

Mz
+

3

5
ln
Mẽc

Mz
+

1

10
ln
MQ̃L

Mz

]

δS2 =
1

2π

∑

gen

[
1

2
ln
ML̃

Mz
+

3

2
ln
MQ̃L

Mz

]

δS3 =
1

2π

∑

gen

[
1

2
ln
Mũc

Mz
+

1

2
ln
Md̃c

Mz
+ ln

MQ̃L

Mz

]

Gauginos U(1) δG1 = 0, δG2 =
1

2π

4

3
ln
M̃2

Mz
, δG3 =

1

2π
2 ln

M̃3

Mz

Higgs+Higgsino: δH1 =
1

2π

[
2

5
ln
MH̃u,d

Mz
+

1

10
ln
MH2

Mz

]

δH2 =
1

2π

[
2

3
ln
MH̃u,d

Mz
+

1

6
ln
MH2

Mz

]
, δH3 = 0
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• Unification at two-loop level:

Figure 2:

α1,2(MZ) → sin θW , αem(MZ), α−1
3 (MZ) =

{
15

7
sin2 θW (MZ) − 3

7

}
α−1
em(MZ) +

1

2π

19

14
ln
Teff
MZ

+ (two− loop)

Teff = mH̃

(
m
W̃

mg̃

) 28

19

(
mH

mH̃

) 3

19

(
m
W̃

mH̃

) 4

19

(
ml̃

mq̃

) 9

19

, Teff ≃ mH̃ (α2(MZ) /α3(MZ))2 ≃ |µ|/12.

- MU unification scale: MU ≈ 2.8 × 1016 ×
√

4παU GeV.

- MS string scale, w.heterotic: MS ≈ 5.27 × 1017×
√

4παU GeV. . Larger: mW̃ , ml̃,mH̃ , µ preferred.
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• Conclusions:

- With the LHC about to start operating, this is a great time to do high energy physics!

- Supersymmetry is getting ....old, we better discover it soon!


