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need methods that preserve the new symmetries

e.g. Dimensional Regularization breaks SUSY!
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Evolution of the couplings
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Decoupling coefficients

Z d4xeipxhTA0(x)A0(0)ie� = �2A Z d4xeipxhTA(x)A(0)ifull +O( p2M2 )

) �2A = 1� ����p2=0
calculate using

QGRAF, FORM, MINCER, MATAD, EXP, . . .
[Nogueira; Vermaseren; Larin, Tkachov; Steinhauser; Seidensticker; R.H.; . . . ]

method: see [Chetyrkin, Kniehl, Steinhauser ’97]
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Matching

�(5)s (�) = �(full)s (�) � �s(�;MSUSY;mt)
1/α

Standard Model SUSY
µMGUT�s(�;MSUSY;mt) known to 2 loops[R.H., Mihaila, Steinhauser ’06]
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MS vs. DR

Dimensional Regularization (DREG)

extremely successful in higher order calculations

NVetor = D ; NDira = 2D=2

Zg 6= ~Zg
gs 6= ~gs

Robert Harlander —�GUTs at 3 loops – p. 16



MS vs. DR

Dimensional Regularization (DREG)

extremely successful in higher order calculations

problem: DREG breaks SUSYNVetor = D ; NDira = 2D=2

Zg 6= ~Zg
gs 6= ~gs

Robert Harlander —�GUTs at 3 loops – p. 16



MS vs. DR

Dimensional Regularization (DREG)

extremely successful in higher order calculations

problem: DREG breaks SUSYNVetor = D ; NDira = 2D=2

Zg 6= ~Zg
q

q

g

q

q̃

g̃gs 6= ~gs

Robert Harlander —�GUTs at 3 loops – p. 16



Dimensional Reduction

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

D = 4� 2� < 4
Zg = ~Zg

�����

Robert Harlander —�GUTs at 3 loops – p. 17



Dimensional Reduction

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

keep vector fields 4-dimensional

D = 4� 2� < 4
Zg = ~Zg

�����

Robert Harlander —�GUTs at 3 loops – p. 17



Dimensional Reduction

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

keep vector fields 4-dimensional

compactify space-time to D = 4� 2� < 4

Zg = ~Zg
�����

Robert Harlander —�GUTs at 3 loops – p. 17



Dimensional Reduction

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

keep vector fields 4-dimensional

compactify space-time to D = 4� 2� < 4
seems consistent with SUSY so far (in practical calc’s), i.e.,
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Renormalization

SUSY: ^Z != ~Z ) �e � �DRs

^Z 6= ~Z
! �s ! �e

! �s fabef de
! �1 fabef de; �2 ÆabÆd; �3 dabedde
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MS�DR conversion

value of�s in physical scheme independent of regularization:�phs � zMSph �MSs � zDRph �DRszMSph andzDRph depend on renormalization pointp2
momentum dependence drops out in ratio:

) �DRs = zMSphzDRph �MSs :
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Robert Harlander —�GUTs at 3 loops – p. 22



MS�DR conversion

�(5);MSs = �(5);DRs 241� �(5);DRs4� � 54  �(5);DRs � !2 + 512 �(5);DRs � �(5)e� + : : :35

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

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

�(5)e
�(full)e = �(full);DRs�e�(5)e = �e �(full)e = �e �(full);DRs
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MS�DR conversion

�(5);MSs = �(5);DRs 241� �(5);DRs4� � 54  �(5);DRs � !2 + 512 �(5);DRs � �(5)e� + : : :35

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

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

what is �(5)e ?

in SUSY: �(full)e = �(full);DRs
decoupling for �e:�(5)e = �e �(full)e = �e �(full);DRs [R.H., Mihaila, Steinhauser ’07]
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�s(MZ)! �s(MGUT)

Procedure:�(5);MSs (MZ)! �(5);MSs (MSUSY) — QCD running in MS (�(5);DRs ; �(5)e )(MSUSY) — MS – DR conversion �(full);DRs (MSUSY) — matching! �(full);DRs (MGUT) — SUSY running

�(5);DRs = �s(�(full)s )�(full)s�(5)e = �e(�(full)s )�(full)s
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�s(MZ)! �s(MGUT)

Procedure:�(5);MSs (MZ)! �(5);MSs (MSUSY) — QCD running in MS (�(5);DRs ; �(5)e )(MSUSY) — MS – DR conversion �(full);DRs (MSUSY) — matching! �(full);DRs (MGUT) — SUSY running

approximate 2-loop formula [R.H., Mihaila, Steinhauser ’07]:�(full);DRs  ! �(5);MSs
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Ready for 3-loop running. . .

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

1-loop running

1-loop decoupling at MZ (resummed)

1-loop MS — DR conversion at MZ (resummed)

resummed: �DR;(full)s = �MS;(5)s1���s! leads to independence of decoupling scale!

�de �MSUSYMS DR �de �MSUSY
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Ready for 3-loop running. . .

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

1-loop running

1-loop decoupling at MZ (resummed)

1-loop MS — DR conversion at MZ (resummed)

resummed: �DR;(full)s = �MS;(5)s1���s! leads to independence of decoupling scale!

here:

3-loop running

2-loop matching at �de �MSUSY
2-loop MS — DR conversion at �de �MSUSY
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�s(MGUT) from �s(MZ)

[R.H., Mihaila, Steinhauser ’07]
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Unification

Relate �s(MZ) to �s(MSUSY)
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Decoupling

1/α

µMZ MGUTMSUSY
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Decoupling

1/α

µMZ MGUTMSUSY! information about GUT theory from measurements at low energies!
[Pierce, Bagger, Matchev, Zhang ’97]

Robert Harlander —�GUTs at 3 loops – p. 28



DRED in standard QCD
coupled differential equations:�2 dd�2�DRs = �DRs (�DRs ; �e) ;�2 dd�2�e = �e(�DRs ; �e)�DRs 6= �e

�DRs �e

CF = CA = T ; nf = 1=2�SYMs = �SYMe
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DRED in standard QCD
coupled differential equations:�2 dd�2�DRs = �DRs (�DRs ; �e) ;�2 dd�2�e = �e(�DRs ; �e)�DRs 6= �e�DRs and �e 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): �SYMs = �SYMe
as opposed to litarature!

Robert Harlander —�GUTs at 3 loops – p. 29



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 �s now consistent through 3 loops! should be included in spectrum codes

Isajet, SoftSusy, SPheno, Suspect

side result: consistency check of DRED and SUSY

ToDo:

quantify validity range of DRED in SUSY

combine running with electro-weak couplings

Robert Harlander —�GUTs at 3 loops – p. 30
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