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® Motivation
® Framework

® Precision tests of MSSM
® o, (Mgyr)and my,(Mqyur) with 3-loop accuracy
® my: 3-loop SQCD corrections

® Conclusions
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Precision tests of the MSSM
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Precision tests of the MSSM

® Electroweak precision data

SM: x’/d.o.f = 21.0/16
MSSM: x*/d.o.f = 10.1/12
CMSSM:  x%d.o.f=17.1/16
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Precision tests of the MSSM
® |HC&ILC: 2-loops SQCD and SEW corrections

9 MW and SIN Heff [Chankowski et al '94], [Djouadi et al '96], [Heinemeyer & Weiglein '02,04], . . .
9o aﬂ [Moroi '96], [Degrassi & Giudice '98], [Heinemeyer,Stockinger,Weiglein '03,04], . . .

® )H— S§7Y [Gordbahn,Haisch,Misiak'05], [Misiak & Steinhauser’06], [Czakon,Haisch,Misiak'06], [Misiak et al'07], . . .
N

My, + 3-loop SQCD (see next)
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Precision tests of the MSSM
® |LHC & ILC: 2-loops SQCD and SEW corrections
MW and SIN Heff [Chankowski et al '94], [Djouadi et al '96], [Heinemeyer & Weiglein '02,04], . . .

o

CLM [Moroi '96], [Degrassi & Giudice '98], [Heinemeyer,Stockinger,Weiglein '03,04], . . .

N
® H— 87y [Gordbahn,Haisch,Misiak’05], [Misiak & Steinhauser’06], [Czakon,Haisch,Misiak'06], [Misiak et al'07], . . .
® 7y + 3-loop SQCD (see next)

9

unification of couplings I1SAJET, suSpect, SPHENO, SOFTSUSY
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Precision tests of the MSSM
® |LHC & ILC: 2-loops SQCD and SEW corrections
9 MW and SIN Qeﬂr [Chankowski et al '94], [Djouadi et al '96], [Heinemeyer & Weiglein '02,04], . . .

N CLM [Moroi '96], [Degrassi & Giudice '98], [Heinemeyer,Stockinger,Weiglein '03,04], . . .

® H— 87y [Gordbahn,Haisch,Misiak’05], [Misiak & Steinhauser’06], [Czakon,Haisch,Misiak'06], [Misiak et al'07], . . .
® 7y + 3-loop SQCD (see next)
® unification of couplings ISAJET, suspect, SPHENO, SOFTSUSY
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Regularization Scheme: gauge and SUSY invariant

® Dimensional Regularization (DREG) [t Hooft and Veltmann'72] breaks SUSY
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Regularization Scheme: gauge and SUSY invariant

® Dimensional Regularization (DREG) [t Hooft and Veltmann'72] breaks SUSY

SQCD & DREG
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Regularization Scheme: gauge and SUSY invariant

® Dimensional Regularization (DREG) [t Hooft and Veltmann'72] breaks SUSY

® Dimensional Reduction (DRED) [w. Siegel '79, L. Avdeev, G. Chochia, A. Vladimirov '81 ]
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Regularization Scheme: gauge and SUSY invariant

® Dimensional Regularization (DREG) [t Hooft and Veltmann'72] breaks SUSY

® Dimensional Reduction (DRED) [w. Siegel '79, L. Avdeev, G. Chochia, A. Vladimirov '81 ]

SQCD & DRED
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Regularization Scheme: gauge and SUSY invariant

® Dimensional Regularization (DREG) [t Hooft and Veltmann'72] breaks SUSY

® Dimensional Reduction (DRED) [w. Siegel '79, L. Avdeev, G. Chochia, A. Vladimirov '81 ]

SQCD & DRED
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® 1-and 2-|00ps: [Jack, Jones '94], [Martin, Vaughn '94], [Yamada '94], [Hollik, Stéckinger'05]
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Regularization Scheme: gauge and SUSY invariant

® Dimensional Regularization (DREG) [t Hooft and Veltmann'72] breaks SUSY

® Dimensional Reduction (DRED) [w. Siegel '79, L. Avdeev, G. Chochia, A. Vladimirov '81 ]

SQCD & DRED
q ~\\\\ /// i q
MMJ< M qZA \\\\(/ o
g N A N ~ €
I T G @ q
Js — Js = AP = Je

® 1-and 2-|00ps: [Jack, Jones '94], [Martin, Vaughn '94], [Yamada '94], [Hollik, Stéckinger'05]

This talk: g, = gs = g. at 3-loops [Harlander, L.M., Steinhauser '09 |
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Regularization Scheme: gauge and SUSY invariant

® Dimensional Regularization (DREG) ['t Hooft and Veltmann'72] breaks sSusy

® Dimensional Reduction (DRED) [w. Siegel '79, L. Avdeev, G. Chochia, A. Vladimirov '81 ]

$ DREG-DRED parameter conversion
®» 1-loop MSSM [Martin, Vaughn '94], [Beenaker, Hopker, Zervas '96]

® 2-loop SQCD [L.M. 09]
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Regularization Scheme: gauge and SUSY invariant
® Dimensional Regularization (DREG) ['t Hooft and Veltmann'72] breaks sSusy
® Dimensional Reduction (DRED) [w. Siegel '79, L. Avdeev, G. Chochia, A. Vladimirov '81 ]

$ DREG-DRED parameter conversion
®» 1-loop MSSM [Martin, Vaughn '94], [Beenaker, Hopker, Zervas '96]
® 2-loop SQCD [L.M. 09]

2
DR DR
MS DR ag Oy Qg 11
= 1 — — ——C 2T+ N C
@s 048[ T 3+<7T>( 9A+ FfF)]’
.2
DR DR
MS DR g g 7 7 o 1
_ 1 — — — —CpTpN
my, my [ + . Cp—l—( . ) (120ACF+4CF QCF F f)]

RADCOR , Ascona 28 October 2009 | Luminita Mihaila



(7)
Z¢1¢2¢3

[ =
” \/Z¢1Z¢2Z¢3

® Minimal Subtraction Scheme & DRED (DR)
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® Minimal Subtraction Scheme & DRED (DR)

1-loop:

9 ~—-¥ g
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® Minimal Subtraction Scheme & DRED (DR)
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® Minimal Subtraction Scheme & DRED (DR)
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(7)
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® Minimal Subtraction Scheme & DRED (DR)

® 3-loop computation

» ~ 200.000 diagrams
» Computer programs: QGRAF, FORM, MINCER, MATAD, EXP, ...

[Noguiera; Vermaseren; Larin, Tkachov; Steinhauser; Seidensticker, Harlander; . ..]

Luminita Mihaila
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® Minimal Subtraction Scheme & DRED (DR)

® 3-loop anomalous dimensions in SQCD [Harlander, L.M., Steinhauser '09 |
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» complete agreement with [Jack, Jones, North '96], [Pickering, Gracey, Jones '01]
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Effective Field Theory:

1/(]5

o MSSM e
VSO DR (full) |
S | o |

i i Running i

i —= | = Matching i

| Running |

: i gt
Mz M susy GUT

Matching: 1-loop [Pierce et al '95]
2—|OOpS [R. Harlander, L. M., M. Steinhauser '05, '07] [A. Bauer, L. M., J. Salomon '08]

RADCOR , Ascona 28 October 2009 | Luminita Mihaila



10"

10°

10°

>
)
o
2
© N~ e ooy e
— S X JRRXQQAKK . 1
— e B diodioon’ (enenok ]
9 w | w L] \ ]
| o | = _ / ‘
< i *
N X | 0 A |
M ﬁka I ,.Ma, / taaad |
ot = | §88<«
= 2 < R,
(o) ) I S _ ° .
o © ; P
- m - * o o
g g | 3 IR
= © = .
z T | g m
x [ = )
_B_ L ° L |
™ i o F e’ * ]
m | o0 ® °° ° ]
> > | _ |
O e [ ] L]
H O .. _ |
o =2 .
0 2 ‘ _ ‘
— ©
— °
S ‘ _ ‘
[ ]
I ORI KNI
~ E din
N I N
M - KRR | N _
R , PR T E T [N AT T T AT ST S T TS SN VTS A SNSTUY ST AN N1
N ﬂl__
0 o T @ @ N~ © W S MO
= e o @Q© O O O O O O O
Mww x O ©O © © © ©o o o
1NOHYNS
)¢

Input

Luminita Mihaila

RADCOR , Ascona 28 October 2009




oMSG) (M) = 0.1189 + 0.001 [Bethke '06], My = 91.1876 GeV,

Input

SPS1la’ point

MSSM parameters

[A. Bauer, L. M., J. Salomon "08]
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oMSG) (M) = 0.1189 + 0.001 [Bethke '06], My = 91.1876 GeV,

Input

SPS1la’ point

MSSM parameters

[A. Bauer, L. M., J. Salomon "08]
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nput: @ M50) (M) = 0.1189 & 0.001 [Bethke '06], My = 91.1876 GeV,

m%/l_s(mb) = 4.164 = 0.025 GeV [Kihn, Steinhauser, Sturm '07]

MSSM parameters: SPS1a’ point (tan 5 = 10)
[A. Bauer, L. M., J. Salomon "08]
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nput: @ M50) (M) = 0.1189 & 0.001 [Bethke '06], My = 91.1876 GeV,
m%/l_s(mb) = 4.164 £ 0.025 GeV [Kihn, Steinhauser, Sturm '07]

MSSM parameters: SPS1a’ point (tan 5 = 10)
[A. Bauer, L. M., J. Salomon "08]
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Light Higgs boson mass in the MSSM
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exXxp

Experiment: J0m, " = 100 — 200 MeV CERN-LHCC-2006-21
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exp __

Experiment: om, " = 100 — 200 MeV CERN-LHCC-2006-21
Theory:

»
$

°

exact 1-|00p [Chankowski, Pokorski and Rosiek '92], [Brignole '92], [Dabelstein '94]

2-loop O(oyag, a?, apas, apay) in effective potential approximation (p? = 0)
[Haber, Hempfling, Hoang '96], [Heinemeyer, Hollik and Weiglein '98], [Degrassi, Slavich, Zwirner '01], [Espinosa
and Zang '00], [Brignole, Degrassi, Slavich, Zwirner '02] , [Carena et al '00], [Heinemeyer et al '05] , [S. Martin '03]

p? = m,%: 2-loop SUSY-QCD [s.Martin '05]

3-loop LL and NLL O(aya?, aias, of) [S. Martin '07]

Missing contributions: §m!" ~ 3 — 5 GeV [G. Degrassi et al '02], [Allanach et al '04]
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exp __

Experiment: om, " = 100 — 200 MeV CERN-LHCC-2006-21
Theory:
$ exact 1-I00p [Chankowski, Pokorski and Rosiek '92], [Brignole '92], [Dabelstein '94]

® 2-loop O(azas, o, apas, oy in effective potential approximation (p? = 0)
[Haber, Hempfling, Hoang '96], [Heinemeyer, Hollik and Weiglein '98], [Degrassi, Slavich, Zwirner '01], [Espinosa
and Zang '00], [Brignole, Degrassi, Slavich, Zwirner '02] , [Carena et al '00], [Heinemeyer et al '05] , [S. Martin '03]

p? = m,%: 2-loop SUSY-QCD [s.Martin '05]

® 3-loop LL and NLL O(aya?, a?as, o) [S. Martin '07]

°

® Missing contributions: §m!® ~ 3 — 5 GeV [G. Degrassi et al '02], [Allanach et al ‘04]

This talk: 3-loop SUSY-QCD corrections
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SUSY = two free parameters: tanf = vy/vy, M35 = —mi,(tan 3 + cot 3)
CP-even Higgs ¢ »:

sin 23 y M?2 cot 3 + M3 tan 3 — M2 — M3

2 _
MH,tree _ 9 M2 M2 M2 9
—M7; — M3 7tan 8 + M35 cot 8

RADCOR , Ascona 28 October 2009 Luminita Mihaila



SUSY = two free parameters: tan 3 = vy/v1, M3 = —miy(tan 3 + cot 3)
Higher order corrections

)3 >
2 2 ®1 D102
MH — MH,tree_ A ~
E¢1¢2 Z¢2

Veg-approximation: p? =0 = ¥;(0) = %;(0) — 8V}
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Approximations: O(a;a?) corrections ~ O(M, )
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Approximations: O(a;a?) corrections ~ O(M, )

Computation of i]%. (0) at 3-loops:

1-loop:
t t
2w
P S + +____
HGH H X _< g
t t
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Approximations: O(a;a?) corrections ~ O(M, )

Computation of i]%. (0) at 3-loops:

2-loops:
t t
~ ~ ~ , ~ t
tr@xt Lyt
-——--% g ®---- ---- * g e---- ----
H \\ // H H \\ // H H
e T t
t t
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Approximations: O(a;a?) corrections ~ O(M, )
Conunﬂaﬁonofﬁ@m(o)at3400p&

3-loops:
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Approximations: O(a;a?) corrections ~ O(M, )
Computation of 2% (0) at 3-loops:

$» ~ 28.000 diagrams
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Approximations: O(a;a?) corrections ~ O(M, )
Computation of i]%. (0) at 3-loops:
$» ~ 28.000 diagrams

$ Assume fixed mass hierarchies ~~ asymptotic expansions
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Approximations: O(a;a?) corrections ~ O(M, )
Computation of i]%. (0) at 3-loops:

$» ~ 28.000 diagrams

$ Assume fixed mass hierarchies ~~ asymptotic expansions

my < mg, = Mg, = Mg = Mg
my < my, K< mg, = mg K< My
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Approximations: O(a;a?) corrections ~ O(M, )
Computation of 2% (0) at 3-loops:

$» ~ 28.000 diagrams

$ Assume fixed mass hierarchies ~~ asymptotic expansions

® Renormalization Scheme: DR -scheme
® (. inDRto 1-loop

M,;, M; , M; inDR to 2-loops

Mj in DR to 1-loop

6; in DR to 2-loops

M, in OS to 1-loop

e o 0 @

Agreement with
[Pierce, Bagger, Matchev and Zahng '96], [Jack and Jones '94], [Martin and Vaughn '94], [S. Martin '03,05]
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Approximations: O(a;a?) corrections ~ O(M, )
Computation of 2% (0) at 3-loops:
$» ~ 28.000 diagrams
Assume fixed mass hierarchies ~ asymptotic expansions

>
® Renormalization Scheme: DR -scheme
>

Computer programs: QGRAF, PERL, FORM, MINCER, MATAD, EXP, ...

[Noguiera; Vermaseren; Harlander; Larin, Tkachov; Steinhauser; Seidensticker, Harlander; ...]
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Input SM parameters: p = M; =172.4 GeV Gr = 1.16637 x 107° GeV ™~ ?
My = 91.1876 GeV ol (Mz) = 0.1189 = a,(M;) = 0.0926
MSSM parameters: Ma =1TeV tanf =40 A;=0 Mz=2TeV M;, = M; = Mz = Msusy

Renormalization scheme dependence
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Input SM parameters: p = M; =172.4 GeV Gr = 1.16637 x 107° GeV ™~ ?
My = 91.1876 GeV ol (Mz) = 0.1189 = a,(M;) = 0.0926
MSSM parameters: Ma =1TeV tanf =40 A;=0 Mz=2TeV M;, = M; = Mz = Msusy

Renormalization scheme dependence: AM\™) = M\ 7100P) _ pypfree
0S: 6M* ~ 500MeV DR: 6M* ~ 1.2GeV
45 —— 45
40 3 R.Harlander, P.Kant, L.Mihaila, M.Steinhauser/OQ/ - - 1 40 7 R.Harlander, P.Kant, L.Mihaila, M.Steinhauser 09 1
-~
35 | P 35 | 1

AM, ™ (GeV)
R

AM, (™ (GeV)
R

/ = = = 1-loop b — = = 1-loop 1
15 S 15 | T e ]
M= Mg, [ H=Mg, 1
10 OS-scheme 7] 10 DRbar-scheme ’
° 5 ,
%00 200 600 800 1000 1200 1400 1600 1800 2000 %00 200 600 800 1000 1200 1400 1600 1800 2000
My s, (GeV) My s, (GeV)
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Input SM parameters: p = M; =172.4 GeV Gr = 1.16637 x 107° GeV ™~ ?

My = 91.1876 GeV ol (Mz) = 0.1189 = a,(M;) = 0.0926
MSSM parameters: Ma=1TeV tan 8 = 40 Mz =2 TeV

mz, (1) =1 TeV mgz, (1) = mg(p) = 0.5 TeV

DR scheme Ay=0:42Tev: AM® =05—1.5GeV

[ T T T T T T T T T T
40 | R.Harlander, PKant, L.Mihaila, M.Steinhauser 09

375 [
35 |
325 |
30 |
275 |
25 |
225 |
20f o =="
-2000 -1500 -1000 -500 O 500 1000 1500 2000
A, (GeV)

AM, () (GeV)
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Input SM parameters: p = M; =172.4 GeV Gr = 1.16637 x 107° GeV ™~ ?
My = 91.1876 GeV ol (Mz) = 0.1189 = a,(M;) = 0.0926

MSSM parameters: SOFTSUSY w. Allanach 01 my’ ¥ (my): TSILL s. Martin 03
myp, (1-loop): FeynHiggs s. Heinemeyer et al '05
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Input SM parameters: p = M; =172.4 GeV Gr = 1.16637 x 107° GeV ™~ ?
ol (Mz) = 0.1189 = a,(M;) = 0.0926

Mz = 91.1876 GeV
MSSM parameters: SOFTSUSY w. Allanach '01
myp, (1-loop): FeynHiggs s. Heinemeyer et al '05

121
120
119
118
117
116
115
114
113 | |
150 200 250 300 350 400 450 500 550 600

M, ™ (GeV)

my ™ (my): TSILL S. Martin ‘03

SPS2

— == 1-loop full

2-loop exact
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Input SM parameters: p = M; =172.4 GeV Gr = 1.16637 x 107° GeV ™~ ?
My = 91.1876 GeV ol (Mz) = 0.1189 = a,(M;) = 0.0926

MSSM parameters: SOFTSUSY w. Allanach 01 my’ ¥ (my): TSILL s. Martin 03
myp, (1-loop): FeynHiggs s. Heinemeyer et al '05

121 | | | | | | | -

120 | PR
| == == 1-loop full -~ 1
119 |
118
117
116
115
114
113 | :
150 200 250 300 350 400 450 500 550 600
M, (GeV)

2-loop exact -~ -

= = 2-loop expansion -~

M, ™ (GeV)
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Input SM parameters: p = M; =172.4 GeV Gr = 1.16637 x 107° GeV ™~ ?
My = 91.1876 GeV ol (Mz) = 0.1189 = a,(M;) = 0.0926

MSSM parameters: SOFTSUSY w. Allanach 01 my’ ¥ (my): TSILL s. Martin 03
myp, (1-loop): FeynHiggs s. Heinemeyer et al '05

AMP) = 0.5 — 1.5 GeV

121
120 |
== == 1-loopfull
119 | —— 2loopexact
 — — 2-loop expansion
118 |

3-loop

117
116
115
114
113 |

M, ™ (GeV)

R.Harlander, P.Kant, L.M., M.Steinhauser 09 -
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® DRED preserves SUSY through 3-loops
® Many particles and mass scales ~~ asymptotic expansions

#® Precision tests
® o, (Mcgyr)and my,(Mqyur): 3-loop effects larger than experimental accuracy

® M. 3-loop effects larger than experimental accuracy at the LHC
® Theoretical uncertainties under control
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® Anti-commuting vs:  {v5,7"} =0, {35,7"} =0

® 3-loop vertex diagrams

t t t
— > [ —
EREREEER]
- t t
g -
- - g
t N
Tr(ysy'y"yPy7) = diehr? Tr(y5yRy" yPy) = 4ighvro
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® b—r7ort—b— 7 Yukawa coupling unification
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® b—r7ort—b— 7 Yukawa coupling unification

® SM: 4-loop accuracy
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® b—r7ort—b— 7 Yukawa coupling unification
® SM: 4-loop accuracy

$ MSSM

MSSM (M) . mEM (,LL)
Cmb (asa MSUSY7 my, :u)
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® b—r7ort—b— 7 Yukawa coupling unification
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Cmb 1_|_5Ctanﬁ _|_5Crest
5Ctan6 = 1+ZOé (Ap — pgusytan 3)Cy(Msusy, My, )

large tan 3 : 6¢5P has to be resummed !

1-|00p: [Hempfling '94], [Hall, Rattazzi, Sarid '94] [Carena, Garcia, Nierste, Wagner '01]
2-I00ps: [Noth, Spira '08], [Bauer, L. M, Salomon '08]
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