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Motivation

precision physics with SUSY particles:

compare precision data with higher order calculations

problem: dimensional regularization breaks SUSY

Zg 6= Z̃g
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gs 6= g̃s

reason:

Nspin1 = D , Nspin1/2 = 2D/2

Robert Harlander — DRED at 3-loop QCD – p. 2



Motivation

precision physics with SUSY particles:

compare precision data with higher order calculations

problem: dimensional regularization breaks SUSY

Zg 6= Z̃g

q

q

g

q

q̃

g̃

gs 6= g̃s

reason:

Nspin1 = D , Nspin1/2 = 2D/2

Robert Harlander — DRED at 3-loop QCD – p. 2



Motivation

precision physics with SUSY particles:

compare precision data with higher order calculations

problem: dimensional regularization breaks SUSY

Zg 6= Z̃g

q

q

g

q

q̃

g̃

gs 6= g̃s

reason:

Nspin1 = D , Nspin1/2 = 2D/2

Robert Harlander — DRED at 3-loop QCD – p. 2



Motivation

precision physics with SUSY particles:

compare precision data with higher order calculations

problem: dimensional regularization breaks SUSY

Zg 6= Z̃g

q

q

g

q

q̃

g̃

gs 6= g̃s

reason:

Nspin1 = D , Nspin1/2 = 2D/2

Robert Harlander — DRED at 3-loop QCD – p. 2



Dimensional Reduction

alternative(?): Dimensional Reduction (DRED) [Siegel 79]

keep vector fields 4-dimensional

compactify space-time to d = 4 − 2ε < 4

seems consistent with SUSY so far (in practical calc’s)

i.e.

Zg = Z̃g

but: restricted algebraic operations (inconsistencies with εµνρσ)
[Siegel 80][Stöckinger 05]

→ no Fierz transformation
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Dimensional Reduction
4-dimensional (vector-)fields on d-dimensional space, d = 4 − 2ε < 4:

gµν = ĝµν + g̃µν ,

gµνg
µν = 4 , ĝµν ĝ

µν = d ,

g̃µν g̃
µν = 2ε , ĝµν g̃

µν = 0
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gµν = ĝµν + g̃µν ,

gµνg
µν = 4 , ĝµν ĝ

µν = d ,

g̃µν g̃
µν = 2ε , ĝµν g̃

µν = 0

4-vector vµ:

v̂µ = ĝµνv
ν , ṽµ = g̃µνv

ν ,

vµ = v̂µ + ṽµ
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Dimensional Reduction

Aµ(x) = Âµ(x) + Ãµ(x)

L(Aµ, ψ, . . .) = L̂(Â, ψ, . . .) + L̃(Âµ, Ãµ, ψ, . . .)

Ãµ(x): “epsilon scalar”

example:

Aµψ̄ψ = Âµψ̄ψ + Ãµψ̄ψ

+

→ additional Feynman rules for epsilon scalars
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Renormalization

SUSY: Ẑ
!
= Z̃

non-SUSY: Ẑ 6= Z̃ in general

→ αs → αe “evanescent coupling”

even worse:

→ αs f
abef cde

→ λ1 f
abef cde, λ2 δ

abδcd, λ3 d
abedcde
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Why bother?

For example: relate αs(MZ) to αs(MSUSY)

Robert Harlander — DRED at 3-loop QCD – p. 7



Why bother?

For example: relate αs(MZ) to αs(MSUSY)

10
log Q

1
/α

i

1/α
1

1/α
2

1/α
3

MSSM

10
log Q

1
/α

i

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

0

10

20

30

40

50

60

0 5 10 15
0

10

20

30

40

50

60

0 5 10 15

[Amaldi, de Boer, Fürstenau]

[Langacker, Luo]

[Ellis, Kelley, Nanopoulos]

Robert Harlander — DRED at 3-loop QCD – p. 7



Why bother?

For example: relate αs(MZ) to αs(MSUSY)

10
log Q

1
/α

i

1/α
1

1/α
2

1/α
3

MSSM

10
log Q

1
/α

i

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

0

10

20

30

40

50

60

0 5 10 15
0

10

20

30

40

50

60

0 5 10 15

[Amaldi, de Boer, Fürstenau]

[Langacker, Luo]

[Ellis, Kelley, Nanopoulos]

Problem:

αs(MZ) ≡ α
(5),MS
s (MZ)

defined in QCD
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Problem:

αs(MZ) ≡ α
(5),MS
s (MZ)

defined in QCD

αs(MGUT) ≡ α
(full),DR
s (MGUT)

SUSY theory
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α
(5)
s

(MZ) → αs(MGUT)

Example:

α
(5),MS
s (MZ) → α

(5),MS
s (MSUSY) — QCD running in MS

→ α
(5),DR
s (MSUSY) — MS – DR conversion

→ α
(full),DR
s (MSUSY) — matching (scenario D)

→ α
(full),DR
s (MGUT) — SUSY running

Robert Harlander — DRED at 3-loop QCD – p. 8



α
(5)
s

(MZ) → αs(MGUT)

Example:

α
(5),MS
s (MZ) → α

(5),MS
s (MSUSY) — QCD running in MS

→ α
(5),DR
s (MSUSY) — MS – DR conversion

→ α
(full),DR
s (MSUSY) — matching (scenario D)

→ α
(full),DR
s (MGUT) — SUSY running

Robert Harlander — DRED at 3-loop QCD – p. 8



α
(5)
s

(MZ) → αs(MGUT)

Example:

α
(5),MS
s (MZ) → α

(5),MS
s (MSUSY) — QCD running in MS

→ α
(5),DR
s (MSUSY) — MS – DR conversion

→ α
(full),DR
s (MSUSY) — matching (scenario D)

→ α
(full),DR
s (MGUT) — SUSY running

Robert Harlander — DRED at 3-loop QCD – p. 8



α
(5)
s

(MZ) → αs(MGUT)

Example:

α
(5),MS
s (MZ) → α

(5),MS
s (MSUSY) — QCD running in MS

→ α
(5),DR
s (MSUSY) — MS – DR conversion

→ α
(full),DR
s (MSUSY) — matching (scenario D)

→ α
(full),DR
s (MGUT) — SUSY running

Robert Harlander — DRED at 3-loop QCD – p. 8



α
(5)
s

(MZ) → αs(MGUT)

Example:

α
(5),MS
s (MZ) → α

(5),MS
s (MSUSY) — QCD running in MS

→ α
(5),DR
s (MSUSY) — MS – DR conversion

→ α
(full),DR
s (MSUSY) — decoupling

→ α
(full),DR
s (MGUT) — SUSY running

Robert Harlander — DRED at 3-loop QCD – p. 9



MS Running in QCD

α(5),MS
s (MZ) → α(5),MS

s (MSUSY)

µ2 d

dµ2
αMS

s = βMS
s (αMS

s )

βMS
s known to 4 loops

[v. Ritbergen, Larin, Vermaseren 97]
[Czakon 04]

[from

Bethke ’06]
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α
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DR Running in SUSY

α(full),DR
s (MSUSY) → α(full),DR

s (MGUT)

µ2 d

dµ2
αDR

s = βDR
s (αDR

s )

βDR
s known to 3 loops

[Jack, Jones, North 96]
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αs(MZ) → αs(MGUT)

1/α

Standard Model SUSY
µ

?

3-loop running needs 2-loop decoupling

for αDR
s : [R.H., Mihaila, Steinhauser 05]
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Decoupling

1/α

Standard Model SUSY
µ
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MS − DR conversion

αDR
s = αMS

s



1 +
αMS

s

4π
+

11

8

(

αMS
s

π

)2

−
nf

12

αMS
s

π

αe

π
+ . . .





[R.H., Kant, Mihaila, Steinhauser 06]

even 3-loop: [R.H., Jones, Kant, Mihaila, Steinhauser 06]

what is αe?

in non-SUSY theory: renormalization scheme

Rexp(s) = RMS(αMS
s (s)) = RDR(αDR

s (s), αe(s))

→ determines combination of αDR
s (s) and αe(s)

other scale µ: RG equations for αDR
s and αe
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α
DR
s

in QCD

coupled differential equations:

µ2 d

dµ2
αDR

s = βDR
s (αDR

s , αe) ,

µ2 d

dµ2
αe = βe(α

DR
s , αe)

βDR
s and βe calculated to 3 loops

[R.H., D.R.T. Jones, P. Kant, L. Mihaila, M. Steinhauser 06]

SUSY Yang Mills by setting CF = CA = T , nf = 1/2

result (through 3 loops): βSYM
s = βSYM

e

→ consistency of DRED with SUSY!
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αe in SUSY

assume softly broken SUSY where all SUSY masses < MSUSY

at high scale µ > MSUSY:

αe(µ) = αDR
s (µ)

all particles contribute to running:

βe ≡ β(full)
e , αe ≡ α(full)

e ,

βDR
s ≡ βDR(full)

s , αDR
s ≡ αDR(full)

s ,
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αe in SUSY

assume softly broken SUSY where all SUSY masses < MSUSY

at high scale µ > MSUSY:

αe(µ) = αDR
s (µ)

all particles contribute to running:

βe ≡ β(full)
e , αe ≡ α(full)

e ,

βDR
s ≡ βDR(full)

s , αDR
s ≡ αDR(full)

s ,

need αe in QCD: decoupling for αe

α(5)
e (MSUSY) = ζe α

(full)
e (MSUSY) = ζe α

DR,(full)
s (MSUSY)
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Ready for 3-loop running. . .

remark: SPA prescription: [hep-ph/0511344]

1-loop running

1-loop decoupling (resummed)

1-loop MS — DR conversion (resummed)

resummed: αDR,(full)
s =

α
MS,(5)
s

1 − ∆αs

→ leads to independence of decoupling scale!

here:

3-loop running

2-loop matching

2-loop MS — DR conversion

Robert Harlander — DRED at 3-loop QCD – p. 20
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αs(MGUT) from αs(MZ)
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αs(MGUT) from αs(MZ)
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Conclusions and Outlook
DRED in non-SUSY theory is messy

evanescent couplings — but necessary to relate SUSY to SM
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Conclusions and Outlook
DRED in non-SUSY theory is messy

evanescent couplings — but necessary to relate SUSY to SM

SUSY evolution of αs now consistent through 3 loops

→ should be included in spectrum codes

side result: consistency check of DRED and SUSY

ToDo:

quantify validity range of DRED in SUSY

combine running with electro-weak couplings

Robert Harlander — DRED at 3-loop QCD – p. 22
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