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Motivation

® Precision calculations of the LHC- and ILC-observables

® QCD & DRED:
® Use of Ward identities for SUSY Yang-Mills theories

® DRED applied to non supersymmetric theories
#® QCD as the low energy effective theory of SUSY-QCD

® Removal of DRED inconsistencies [ W. Siegel °80], [ D. Stdckinger '05]

® possible SUSY violation at HO
[L. Avdeev, G. Chochia, A. Vladimirov '81], [ |. Jack and D. R. T. Jones ’'97]

® SUSY preserved in all present 1- and 2-loop checks
[ W. Hollik and D. Stéckinger '05]
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Framework
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Framework

Quasi-4-dim. space (Q4S): 4=dd4—d

® Quasi-4-dim metric tensor: G = G + G
Gua Gua =4, GuaGor = 9 Gua Gov = G
Gup = d, Ipa Gov = G > Gpa Gav =0
Jun=4—d,  Gua Gov = G
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Framework

Quasi-4-dim. space (Q4S): 4=dd4—d
® Quasi-4-dim metric tensor: GW = Guv T G
#® Dirac matrices in Q4S: L'y = v, + Y

I',, do not satisfy 4-dim. Fierz relations

T = Guv L, ;?,u — g,ul/ I,
{r,,1,} =2G,10, Tri=2°=4,

{WM’WV}:QQIJJVH7 {&Mvﬁ/v}:QgW/H? {Wﬂvﬁu}zo'
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Quasi-4-dim. space (Q4S): 4=dd4—d
® Quasi-4-dim metric tensor: GW = Guv T G
#® Dirac matrices in Q4S: L'y = v, + Y

® space-time coordinates continued from 4 to d < 4 dim.

@L = g0, =0
ﬁ,u = 0
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Framework

Quasi-4-dim. space (Q4S): 4=dd4—d
® Quasi-4-dim metric tensor: G, = G + G
® Dirac matrices in Q48S: ')y = v+,
® space-time coordinates continued from 4 to d < 4 dim.
® the number of field components unchanged
® 4-dim gluon field: A7 =V + 57,
Vi = guwA,= d-dim. vector
S, = guwA,= ¢escalar

under gauge transformations
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Framework(2)

L=L"+L°
® L"same asin DREG
® ¢ new contribution due to e-scalars

# distinguish between real and couplings
1 (0"V,)? -
no _  ___Y/apvysa H —a quy7ab b - o puxral, 6
L 4V Vi 2(1_£)+cavuc + 1 YV
1 _ 1
L5 = S(Vi'S)? = gun TSy — 1 f" [ 58,85,

® S, Yukawa-type (a.) and quartic self-couplings (7,)
® f — f structure not preserved under renormalization
# 3 new couplings 7, allowed
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Feynman Rules

® c-scalars treated as real particles
#® new Feynman diagrams/rules for the =-scalars

mmgf;gi “““Jﬁg:;(: (?//
g q g q g &

I 4 I g

g g C?:////// \\\\\\\ C?://////
M M :i?%‘::\e 5/::-::\5
# real and couplings renormalize differently
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Charge Renormalization Constants

. _ 7 Z
#® gauge coupling as: 7, = —

Zs\Zs 273
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Charge Renormalization Constants

. _ 7 Z
#® gauge coupling as: 7, = —

Zs\Zs 273

® Yukawa-type coupling a.: Ze = :
yp pling «a Z2\/7§

L. Mihaila, University of Karlsruhe ILC-ECFA Workshop, Valencia, November 2006 — p.7



Charge Renormalization Constants

. _ A A
#® gauge coupling as: 7, = —

Zs\Zs 273
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#® Yukawa-type coupling a.: N
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Charge Renormalization Constants
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Charge Renormalization Constants

. _ 7 Z
#® gauge coupling as: 7, = —

Zs\Zs 273

A
i i . 7, = 1
#® Yukawa-type coupling a.: N

. . 7
® quartic e-scalar coupling 7,: 7, = Y1

€
Z3
o i E e S E g
\> (/ \Q . g .
e NE o NE g
/// g \\\ / 5 8
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Charge Renormalization Constants

. _ A A
® gauge coupling as: 7, = —

Zs\Zs 273

ZEZ
: g ae: Ze = ——
® Yukawa-type coupling c: N

] : ZT
® quartic e-scalar coupling n,: Z, = ,Z€1
3

® Renormalization conditions: all Green’s functions finite
= Unitarity is maintained.
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s-functions within DRED

® Dimensional Reduction €6 Minimal Subtraction DR

- d DR
BOR (DR, ae, {nr}) = p?——5 22
du? =
oDE DR (57DR 92D oDF §7DF
= — |€ + 2 Be Bnr +
0 ZDR Oae — Onr ZDR 9o DR
== d o
D _ 2 4 Qe
Be(@l R e, ) = 2 55
. ae [ 0Z. ©r 7. Qe 87\ 1
= — |le— + 2 —— 1+2—
[6 ™ Ze (80&?R BS i ; 877?" /8777‘> ( i Ze Oae
- d n,
B, (@™, ae, {nr}) = Qd_2—
7
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3-loop 3PR_function

® Explicit computation

® 7, to 3-loops
- disagreement with the existing result [z. Bern et al. '02]
® /. 1o 1 —Ioop [I. Jack et al. '94], [L.Avdeev & M.Kalmykov’'97]

3PR independent of 5, up to 3-loops

°
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3-loop 3PR_function

® Explicit computation

® 7, to 3-loops
- disagreement with the existing result [z. Bern et al. '02]

°

Z. to 1 —Ioop [I. Jack et al. '94], [L.Avdeev & M.Kalmykov’'97]
® (PR independent of i, up to 3-loops

® ~ 5.000 diagrams evaluated with
QGRAF, g2e, exp, MINCER

DR
Qg

o DR 13
dred.,31; DR g 3 o
g ’ (O{S ) ) = - 1—60FT’n,f -+

_[a
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3-loop 6?-functi0n (2)

® Indirect computation

DR

1500y
gods o,

- _aaﬁ
DR MS
Bs T = [ -

® 2-loop conversion relation o) < PR

2 -

ag =1+ 0" Ca 0. 116’2 — o leTnf
041:}/[8 T 12 I 72 I 8
o o, = aE—R QCD: [z.Bern et al’02]

SUSY-QCD: [R. Harlander, L.M., M. Steinhauser’05]

® o, # oPR proves equivalence of DRED and DREG at 3-loops
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4-loop SPF - function

® Indirect computation

_ aa @&D DR
DR MS
A +Zﬁm~ oy

4—I00p ﬂ;\/IS KNOWN [T. van Ritbergen et al'97, M. Czakon’04]
2-loop (3. computed

only O(a;) of 5, needed -
3-loop conversion relation  oM> = oPR computed

oo o o
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4-loop SPF - function

® Indirect computation

_ aa @&D DR
DR MS
= B R e +Zﬁm Py

4—I00p ﬂ;\/IS KNOWN [T. van Ritbergen et al'97, M. Czakon’04]
2-loop (3. computed

only O(a;) of 5, needed -
3-loop conversion relation  oM> = oPR computed

—\ 2
3 MS
M3 3049 179 N (Oés ) 9 1. 3 887 )
— n — — — —Qe——MN
- 384 864 7 73\ o5 T P3p T Mg T Yerrse

aMS 27,15 9+221+2<43 L1 )}
—n5— — — o
3 |Magg ~ M2~ M 3798 s64 7 T 1152 f

oo o o

N\
C/JQZ CIJQU
wn|| =
N~
«
I

+
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4-loop SPF - function

® Indirect computation

L. Mihaila, University of Karlsruhe

_ aa @&D DR
DR __ MS
b = 0 HaMS 0 " Z ﬁm (‘m

4—I00p ﬂ;\/IS KNOWN [T. van Ritbergen et al'97, M. Czakon’04]
2-loop (3. computed

only O(a;) of 5, needed -
3-loop conversion relation  oM> = oPR computed

oo o o

4-loop order result:

P = S B () (%) () () ()"
5 T - tjkim T T T T T
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L. Mihaila, University of Karlsruhe

166861

o2 T 20736nf’

“eor2" T 4608nf’

STRIGTR

531010 = ——n 531001 =

512 17

522100 = 17

_ R _ _
21200 — T L, 521020 — an, 21002 —

0 :2(),

1667 145 ,

——n —n%,

512 1 " 2304
19

_ B 2 _ Y 3
25000 = 19967 T 3456 7 2304 S

57 1

Blittor = 256 256 1

n )
256
== 45
DR _ 40
B30110 = 198
DR _ 39
22010 — 1992 fo
== 7
DR
32/
DR _ _ 49
20003 195
105
520021 = 33

ILC-ECFA Workshop, Valencia, November 2006 — p.12



® Susy limit: agreement with [I. Jack, D.R.T. Jones and A. Pickering 98]

R G e L e Y e e Y e ) :
M =- (3 [4CA+8A7T+64CA r) TasCaly) | o)

® massless QCD — Susy Yang-Mills theory:
® adjust the colour factors: Cy = Cr =21, ny =1
o Setost—R:oze:m andn, =n3 =0

® 3-loop g-function of the evanescent Yukawa coupling:

B = G5+ O(a)

® disagreement with [L.V. Avdeev '82]
® Susy preserved through 3-loops
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3-loop > DR_function

® Explicit computation

Tm = _WﬁD =N:3

DR R@anDR éﬂnZ,,P? (‘ﬂnZE?
@OésDR ~ e Oae _ﬂ-zﬁm ony
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3-loop ~>R-function

® Explicit computation

DR __
7m T

_ DR DR DR
—ﬂﬁDRaanm _Wﬁeﬁanm —7725 Oln 7
T 9alR Oave — o,

& 2-loop result for a, = oP} agrees with [L. Avdeev & M. Kalmykov'97]

RaPR o) =1- = -Zcp
T 4

T o S 10

Tm

2[ 1 1 1
_cl%_[ ] [ch%,— gcAchtgcanf}
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3-loop > DR_function

® Explicit computation

Oln O1n ZPR O1n ZPR
DR __ DR . m_ m

ZDR

® 3-loop result:
® 3-loop ZPR computed
® 2-loop . computed
® only tree-level n’s contribute
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3-loop > DR_function

® Explicit computation

_ 7D

Oln O1n ZPR Oln ZPR
R_ DR B m Z -

® 3-loop result:
® 3-loop ZPR computed
® 2-loop . computed
® only tree-level n’s contribute

Bty = 3 T () (2 () () (%)

1,7,k,l,m
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03 g F T g F 32 AT g F 7 1e FT T T 39 o
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3-loop 7 DR_function (2)

® Indirect computation

DR vsO0lnm DR wﬁivls OmPR 7B, OmPR

Tmo = Ym OlnmMS = mDR 60418\/1—8 mDPR  Oag e

® 3-loop vMS known
® 2-loop . computed
® 2-loop relation between mPR and mMS computed

mPR 1 aMs o, [1 3
= 1 . _ . S _ 2 -
) MS PR [4CF D CACF]
— 2
oM 11 23 o, 1
: = —CpT
i [ o | 192ACr [ } [3201“L 32 CF ”f]

® Equivalence of DRED and DREG at 3-loop order

L. Mihaila, University of Karlsruhe ILC-ECFA Workshop, Valencia, November 2006 — p.16



4-loop MS_function

® Indirect computation

T =1
m m nNnR NS ne
OlnmMS ~ mDPR §aMS ;DR Oa,

s O In mPR wﬁé\/[—s OmPR 7 Be OmPR Z 0B, OmPR
mﬁ 8777’

o 4- Ioop 7 S known [K. Chetyrkin '97, J. Vermaseren et al '97]
#® 3-loop 5. computed ( ~ 10.000 diagrams)
® 3-loop relation between mPR and mMS computed
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4-loop MS_function

® Indirect computation

s O In mPR wﬁy—s OmPR 7 Be OmPR Z 0B, OmPR

DR
OlnmMS ~ mDR 9aMS ;DR Oag mPR O,

Yo' = Ym

9 4-Ioop 77@ kKnown [K. Chetyrkin '97, J. Vermaseren et al '97]
#® 3-loop 5. computed ( ~ 10.000 diagrams)
® 3-loop relation between mPR and mMS computed

2
—=\ 3 MS
5@ aMS <22O7+ 19 ) (Oés ) Qe <62815 | 253 25 2)
m p— —_— ’rL JR— _— —
T 864 | 648 7 73 20736 1728 F T~ 72"
MS .2 2
oMSa2 11973 5 103 a2ns 5
L ofelfin s w50y ] ot
T 2592 36 1728 > 24

(ae)3< 7 5 G5t 31 5 2) Qe ( 9 515 3 n 7 )
—_— — — —_— n — —_— — — —
144 216> T 576 576 ) T w3 \Mamg ) 16 %y " 158 128
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4-loop MS_function

® Indirect computation

57 mg0lnmPR 7pMS gmPR g gmPR Z 703y, OmPR
Tm ’Ym O 1n mMS mDPR aals\/l—S mPR  Oa, mPR oy

9o 4-Ioop WT@ KNnown [K. Chetyrkin 97, J. Vermaseren et al '97]
#® 3-loop 5. computed ( ~ 10.000 diagrams)
® 3-loop relation between mPR and mMS computed

® agreement for the Susy limit with [I. Jack & D.R.T. Jones '97]

SYM d [@?YM]

ol = T,
m das | g
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Phenomenological analysis

® non-SUSY theories PR +£ «, essential

® Numerical example

® SUSYtheory: PR =g,
aPR (1) = a.(p) at all scales.

® |Integrate out all SUSY particles at u = M
OzSDR(Mz) = Oze(Mz) = (0.120

® Evolve oPR and a, down to i, = 4.2GeV
oD () = 0.218
ae(pp) = 0.167

o myp " () = 4.12
If PR =0, = 4, ~30MeV
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Conclusions

® 4-loop QCD g-function and mass anomalous dimension ~,,
computed within DRED

® explicit calculation of g and ~,, to 3-loop order
® 4-loop relation between DRED and DREG established

® Equivalence of DRED and DREG at 3-loop order

°

Susy-YM: supersymmetry preserved through 3-loop order

® Careful treatment of the evanescent couplings
phenomenologically important
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