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I Goals and Obstacles

® Goal: derive ag(Mgyr) from agz(Myz)

® Obstacles: o
Cks(Mz) = agS)’MS(Mz)

defined in QCD (non-SUSY theory), while

as(Mgur) = Oégun)’D_R(MGUT)

SUSY theory

Need consistent
& running
& matching

® MS - DR conversion
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I Motivation

® once SUSY is discovered
—  precision measurements will begin

® running of parameters [as (i), m(u), ...] — handle on

» underlying theory (cf. QCD)

& Vvirtual particles
\

® extract SUSY parameters at Mauyr
—  SUSY breaking mechanism
— threshold effects from GUT theory

—>
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24

huge activity: Q [GeV]
LHC-D BSM, Spectrum Codes, SPA project, ...
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Running in QCD
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Running in QCD
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I Decoupling coefficients

Lqocp = Z% (¢ID—m;) q; — ZGZVGQ v

effective theory for m; — oo:
5%
L'qep = Z q; (iD= m;) q; — ZGL?,/G"’ e
=1
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I Decoupling coefficients

6
_ . 1 a a 1%
Lqcp = E @i (1D —m;) q; — ZGMVG #
i—1

effective theory for m; — oo:
° 1
L'gep =Y 4 (iD= mj) g} — 1 GG
=1

q; = CyGi , m; = Cpmy Js = CyGs

decoupling condition:

(6) (5) 1
Dlight fields = Llight fields T O m2 )
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I Decoupling coefficients

O

/ d4ze'?® (T A’ (2) A'(0))err = C3 / At (TA() A0 +O( L)

=1+ O(a) = (3 (1+ O(e))
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I Decoupling coefficients

O

/ d4ze'?® (T A’ (2) A'(0))err = C3 / At (TA() A0 +O( L)

- —aa
+ ’@’A’U‘é %fzm’m + fm’vé %mm
p? =0 + ’UD’WQTUW)

Robert Harlander — Running in DRED —p. 6



I Decoupling coefficients
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I Decoupling coefficients

O
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I Decoupling coefficients

O

/ d4ze'?® (T A’ (2) A'(0))err = C3 / At (TA() A0 +O( L)

= Cil’ﬂ)’@mw

calculate through 3 loops using

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

p*=0
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Matching

consistency: n-loop running < (n — 1)-loop matching

I b
0.421 (a) 0.121 (b
0.4} ,
4—loop o (Q): 0.171 OLg[matched]
0.381, [ 1
\ ——  3-loop matching ! Oglunmatched]
0.3671 \ - - - unmatched (Ng=5) 0.081
0.341
0.321} 0.061
0.3} [
0.041
0.28+ [
0.261 0.021
0.241 f
0.22f T~ D
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Q [GeV] Q[GeV]
[from Bethke ’06]

4-loop running in QCD: [v. Ritbergen, Larin, Vermaseren 97][Czakon 04]
3-loop matching in QCD: [Chetyrkin, Kniehl, Steinhauser 97]
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Higher orders in SUSY

® Dimensional Regularization (DREG) [t Hooft, \eltman 72]
extremely successful in the Standard Model
but: breaks SUSY! (Ntermion 7 Nboson)

— consequence: | Z, # Z,

finite SUSY-restoring CT’s required

® alternative(?): Dimensional Reduction (DRED) [Siegel 79]
o keep vector fields 4-dimensional
o compactify space-timetod =4 — 2e <0
# seems consistent with SUSY so far (in practical calc’s)
»

but: restricted algebraic operations (inconsistencies with €,,, .. )
[Siegel 80][Stockinger 05]
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Dimensional Reduction

® 4-dimensional (vector-)fields on d-dimensional space, d = 4 — 2¢ < 4.
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g Qg — g @D _ g

g\lg I =2¢,  gldgl I =0

Robert Harlander — Running in DRED - p. 10



Dimensional Reduction

® 4-dimensional (vector-)fields on d-dimensional space, d = 4 — 2¢ < 4.

(4) _ (@) 4 ()

9uv 9uv [T,
gD — g @@ _ g
g\ =2¢, gDl =0

& 4-vector v\ V:

o@ = g Dy@w ) = gl

,054) _ Ufbd) n U/(f)

Robert Harlander — Running in DRED - p. 10



I Dimensional Reduction

LAAD 4, ) =LDAD 4, )+ LDAD AL .. )
4 L d €
A,g)(a;) — Ag )(z) + Ay(:c)

o 4A'9(z): “epsilon scalar”
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I Dimensional Reduction

LAAD 4, ) =LDAD 4, )+ LDAD AL .. )
4 L d €
Agﬂ(a;) — Ag )(z) + AL)(x)

o 4A'9(z): “epsilon scalar”
» example:
4) 7. d) 7. €) .7,
APy = ALYy + Ay

— additional Feynman rules for epsilon scalars
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I Renormalization

® SUSY: z@ <z
® non-SUSY: Z@ £ Z(€ in general
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I Renormalization

® SUSY: z@ <z
® non-SUSY: Z@ £ Z(€ in general

>/m5_>as > .................. — Qlp

even wWorse.

;Zigjj: — fabefcde

N )\1 fabefcde) )\2 é‘czb&cd7 )\3 dabedcde
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Running of a; In SUSY

® [ function to 3 loops [Jack, Jones, North 96]

® decoupling:
1-loop: [Hall 81][R.H., Steinhauser 04]
2-loop: [R.H., Mihaila, Steinhauser 05]

& consider various scenarios:

(A) ...

(B) ...

(C) Msusy > my > my. al?) ol o ()
(D) Msusy,m¢ > myp. 04555) — agfuu)

Robert Harlander — Running in DRED - p. 13



Running of a; In SUSY

® [ function to 3 loops [Jack, Jones, North 96]

® decoupling:
1-loop: [Hall 81][R.H., Steinhauser 04]
2-loop: [R.H., Mihaila, Steinhauser 05]

& consider various scenarios:

(A) ...

(B) ...

(C) Msusy > my > my. al?) ol o ()
(D) Msusy,m¢ > myp. ozg5) — agfuu)

® note: inputis al” (M) in MS scheme!

need conversion: aM8 — PR
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MS — DR conversion

value of «; In physical scheme Independent of regularization:

ph _ _ph _MS ph _ _ph DR
o =20y, ay’ =z 0
DR _ ,.ph ;_ph MS
= ay = (/7o) Os -
I NS S\ 2 NS |
(DR _ (M5 | @ MLy _ T e
s s 47 8 T 12 ©

[R.H., Kant, Mihaila, Steinhauser 06]
even 3-loop: [R.H., Jones, Kant, Mihaila, Steinhauser 06]
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I o) (Mz) — a,(Mcur)

® Example:
aPM(0r1,) = aPM (Mausy) — QCD running in MS
— a® PR (Msusy) — MS - DR conversion
= oD PR (rey) — matching (scenario D)

— QPR () — SUSY running
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I o) (Mz) — a,(Mcur)

® Example:
DM (a1, aPM (Msusy) — QCD running in MS
— a® PR (Mgusy) — MS - DR conversion
s QPR reey) — matching (scenario D)

— agf“”)’D—R(MGUT) — SUSY running
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as(Mgur) from as(Myz)

GUT(H)

(7)]

@

x 10

0.406 —
0.404
0.402

04
0.398 |
039%6 |

0.394

0.392
0.39 !

1

[R.H., Mihaila, Steinhauser]

preliminary

sE N E Ny "Sraaa LR N
L N N NN It N N
ln--------.. " aw
LR ) LI e
-
. ---.-----..--.--
LR T

200 400 600 800 1000 1200 1400 1600 1800

Robert Harlander — Running in DRED - p. 16



I o) (Mz) — a,(Mcur)

® Example:
DM (a1,) = oM (Mgusy) — QCD running in MS
— a® PR (Msusy) — MS - DR conversion
= oD PR (rey) — matching (scenario D)

— QPR () — SUSY running

Robert Harlander — Running in DRED - p. 17



I o) (Mz) — a,(Mcur)

® Example:
DM (M) — o PR (M) — MS - DR conversion
— a® PR (Mgusy) — QCD running in DR
= oD PR (rey) — matching (scenario D)

— QPR () — SUSY running
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aPR in QCD

® coupled differential equations:

d

’uzd—’uZQS :Bs(amaea)\r)a
d

,Uzd—’uQOée :/66(a87&€7>\7")7

,u2i)\ = Or(ag, e, Ap), r=1,2,3
dILLQ T T S e ) 9 9 Y,
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aP® in QCD

® coupled differential equations:

d

,uzd—,uzas — 68(04870467 )\7“) )
d
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® [, and (. calculated to 3 loops [R.H., Kant, Mihaila, Steinhauser 06]
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aP® in QCD

® coupled differential equations:

d

,uzd—,uzas — 68(04870467 )\7“) )
d

Mzd—/ﬂ&e — ﬁe(&&&ea )\r) )

,uQi)\ = Or(ag, e, Ap), r=1,2,3
d,LL2 r r{sy ey Ar )y y &9

® [, and (. calculated to 3 loops [R.H., Kant, Mihaila, Steinhauser 06]
[5, to 1 loop]

® [, evento 4 loops from MS result by using
aM> s PR conversion

S
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Side remark: SUSY Yang Mills

® [, and . known to 3 loops in QCD
® SUSY Yang Mills by setting

CF - CA — T, nf = %
® result (through 3 loops):

SYM _ 5SYM
e =

— consistency of DRED with SUSY!
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mPR (M)

® important input quantity for precision observables

® RGE
5 d

2\ 2
M d—,ﬂm(“ ) = m(p")Ym
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mp " (My)

® important input quantity for precision observables
® RGE

® DR calculated in QCD through 4 loops
mMS « mDPR conversion to 3 loops
[R.H., Jones, Kant, Mihaila, Steinhauser 06]
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mPR (M)

® important input quantity for precision observables
® RGE

® ~DR calculated in QCD through 4 loops

mMS « mDPR conversion to 3 loops
[R.H., Jones, Kant, Mihaila, Steinhauser 06]

® evaluate mp DR (\1,) from my! MS (m,) in two different ways:

S (my) — myS (My) — mPR (M)

my" (my) — my)™ (my) — my™ (M)

— consistent?
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m?—R(MZ) from mlg/l—s(mb)

meR(|\/| Z)

2.88 —

[R.H., Mihaila, Steinhauser]

preliminary

2.86

2.82 |

2.8 |

278 L

100 200 300 400 500 600 700 800 900

Robert Harlander — Running in DRED - p. 21



Conclusions and Outlook

® consistent evolution of parameters requires
running and matching

Robert Harlander — Running in DRED - p. 22



Conclusions and Outlook

® consistent evolution of parameters requires
running and matching

® SUSY evolution of o, now consistent through 3 loops
—  should be included in spectrum codes

Robert Harlander — Running in DRED - p. 22



I Conclusions and Outlook

o

o

consistent evolution of parameters requires
running and matching

SUSY evolution of oz, now consistent through 3 loops
—  should be included in spectrum codes

DRED in non-SUSY theory becomes messy,

but necessary to derive, e.g., mP® (M)

Robert Harlander — Running in DRED — p. 22



I Conclusions and Outlook

©

©

consistent evolution of parameters requires
running and matching

SUSY evolution of oz, now consistent through 3 loops
—  should be included in spectrum codes

DRED in non-SUSY theory becomes messy,

but necessary to derive, e.g., mP® (M)
side result: consistency check of DRED and SUSY

Robert Harlander — Running in DRED — p. 22



I Conclusions and Outlook

©

©

°

consistent evolution of parameters requires
running and matching

SUSY evolution of oz, now consistent through 3 loops
—  should be included in spectrum codes

DRED in non-SUSY theory becomes messy,

but necessary to derive, e.g., mP® (M)
side result: consistency check of DRED and SUSY

ToDo:
» quantify validity range of DRED in SUSY
# combine running with electro-weak couplings

Robert Harlander — Running in DRED — p. 22



I Conclusions and Outlook

©

©

°

consistent evolution of parameters requires
running and matching

SUSY evolution of oz, now consistent through 3 loops
—  should be included in spectrum codes

DRED in non-SUSY theory becomes messy,

but necessary to derive, e.g., mP® (M)
side result: consistency check of DRED and SUSY

ToDo:
» quantify validity range of DRED in SUSY
# combine running with electro-weak couplings

Robert Harlander — Running in DRED — p. 22



	Goals and Obstacles
	Goals and Obstacles
	Goals and Obstacles
	Goals and Obstacles
	Goals and Obstacles

	Motivation
	Motivation
	Motivation
	Motivation

	Running in QCD
	Running in QCD
	Running in QCD

	Decoupling coefficients
	Decoupling coefficients
	Decoupling coefficients

	Decoupling coefficients
	Decoupling coefficients
	Decoupling coefficients
	Decoupling coefficients
	Decoupling coefficients
	Decoupling coefficients

	Decoupling coefficients
	Decoupling coefficients

	Matching
	Higher orders in SUSY
	Higher orders in SUSY
	Higher orders in SUSY
	Higher orders in SUSY

	Dimensional Reduction
	Dimensional Reduction
	Dimensional Reduction

	Dimensional Reduction
	Dimensional Reduction

	Renormalization
	Renormalization

	Running of �ld {alpha _s} in SUSY
	Running of �ld {alpha _s} in SUSY
	Running of �ld {alpha _s} in SUSY
	Running of �ld {alpha _s} in SUSY

	�ld {msbar - drbar } conversion
	�ld {alpha _s^{(5)}(M_Z) 	o alpha _s(M_{
m GUT})}
	�ld {alpha _s^{(5)}(M_Z)
	o alpha _s(M_{
m GUT})}
	�ld {alpha _s^{(5)}(M_Z)
	o alpha _s(M_{
m GUT})}
	�ld {alpha _s^{(5)}(M_Z)
	o alpha _s(M_{
m GUT})}

	�ld {alpha _s(M_{
m GUT})} from �ld {alpha _s(M_Z)}
	�ld {alpha _s^{(5)}(M_Z) 	o alpha _s(M_{
m GUT})}
	�ld {alpha _s^{(5)}(M_Z)
	o alpha _s(M_{
m GUT})}

	�ld {alpha _s^{drbar }} in QCD
	�ld {alpha _s^{drbar }} in QCD
	�ld {alpha _s^{drbar }} in QCD

	Side remark: SUSY Yang Mills
	Side remark: SUSY Yang Mills
	Side remark: SUSY Yang Mills
	Side remark: SUSY Yang Mills

	�ld {m_b^{drbar }(M_Z)}
	�ld {m_b^{drbar }(M_Z)}
	�ld {m_b^{drbar }(M_Z)}
	�ld {m_b^{drbar }(M_Z)}

	�ld {m_b^{drbar }(M_Z)} from �ld {m_b^{msbar }(m_b)}
	Conclusions and Outlook
	Conclusions and Outlook
	Conclusions and Outlook
	Conclusions and Outlook
	Conclusions and Outlook
	Conclusions and Outlook


