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e Higgs boson mass in the MSSM

e Coupling constant unification in the MSSM
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The SM is amazingly successful: [LEP and TEVATRON data]

Measurement Fit |O™®-oM|/gMmeas

0o .1 2 3

m,[GeV] 91.1875+0.0021 91.1874
r,[GeV]  2.4952+0.0023 2.4957
oo, [nb]  41.540+0.037  41.477

R, 20.767 £0.025  20.744
A 0.01714 + 0.00095 0.01640
AP 0.1465+ 0.0032  0.1479
R, 0.21629 + 0.00066 0.21585
R, 0.1721+0.0030  0.1722
AP 0.0992 + 0.0016  0.1037
ASC 0.0707 £0.0035  0.0741
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1479
sin0°7(Q,) 0.2324+0.0012  0.2314
m, [GeV]  80.392+0.029  80.371
My [GeV] 2.147 + 0.060 2.091
m, [GeV] 1714 £ 2.1 171.7

o 1 2 3
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The SM has deficiencies. Many open questions:

»

© o o o 0 @

What is the origin of the mass spectrum?
What is really the Higgs?

Are the fundamental forces unified?
What is the dark matter?

Why is there matter-antimatter asymmetry?

Possible answers in physics Beyond the Standard Model

»

Supersymmetry, GUT, Extra Dimensions, String Theory, ...
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Unification of all forces of Nature ~- include Gravity around Mp;,,,. ~ 101 GeV .

#® Difficulty: graviton has spin=2 while the weak gauge bosons have spin=1.
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Unification of all forces of Nature ~- include Gravity around Mp;,,,. ~ 101 GeV .
#® Difficulty: graviton has spin=2 while the weak gauge bosons have spin=1.

#® Unification of spin 2 and spin 1 gauge fields within supersymmetry algebra
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Unification of all forces of Nature ~- include Gravity around Mp;,,,. ~ 101 GeV .
#® Difficulty: graviton has spin=2 while the weak gauge bosons have spin=1.

#® Unification of spin 2 and spin 1 gauge fields within supersymmetry algebra
® SUSY generators:

Q) |boson > = |fermion > @Q|fermion >= |boson >

= a partial unification of matter(fermions) with forces (bosons) naturally achieved.
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Unification of all forces of Nature ~- include Gravity around Mp;,,,. ~ 101 GeV .
#® Difficulty: graviton has spin=2 while the weak gauge bosons have spin=1.

#® Unification of spin 2 and spin 1 gauge fields within supersymmetry algebra
® SUSY Models [wess, zuminno '74]:
® Number of bosonic and fermionic degrees of freedom are equal.

® Associate known bosons with new fermions.
® Associate known fermions with new bosons.
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Unification of all forces of Nature ~- include Gravity around Mp;,,,. ~ 101 GeV .
#® Difficulty: graviton has spin=2 while the weak gauge bosons have spin=1.

#® Unification of spin 2 and spin 1 gauge fields within supersymmetry algebra

® SUSY Models [wess, zuminno '74]:
® Number of bosonic and fermionic degrees of freedom are equal.
® Associate known bosons with new fermions.
® Associate known fermions with new bosons.

' Partlcles "

Q.’X

1- Supersyrrmetnc
‘shadow " particles
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® No experimental signature of superpartners until now
® If SUSY exists it must be broken Mqygy ~ 1TeV

Marseille 10 April 2009 Luminita Mihaila




® No experimental signature of superpartners until now
® If SUSY exists it must be broken Mqygy ~ 1TeV

® Minimal Supersymmetric extension of SM (MSSM)

Bosons (spin=0) | Bosons(spin=1) | Fermions
Gauge
gluon gluino
weak wino, zino
photon photino
Matter
sleptons leptons
squarks guarks
Higgs
Higgses higgsinos
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® SUSY can naturally address some of the basic questions:
® the hierarchy problem (Myy < Mgyr) become natural

dark matter candidate

predicts a light Higgs boson !!

predicts gauge coupling unification !!

predicts SUSY particles at about 1 TeV

© o o0 @
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Higgs boson mass in the MSSM
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at present: direct searches

Tevatron Run Il Preliminary, L=0.9-4.2 fb ™
‘ R ol - __ T e
= . LEP Exclusion.. i Tevatron |
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= =====  Expected i i
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electroweak precision data: my = 87735 GeV
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expected soon at the LHC

Q
= I H - yy
3] | m ttH(H - bb)
= s H - zz9 4l
= H - ww® - vy
‘D 1027 H - ZZ - llw
% - — Total significance
D I
10 [ /.A/‘\
i ATLAS
I [Ldt=30fb"
(no K-factors)
1 | |
2 3
10 10
m, (GeV)

Marseille 10 April 2009 Luminita Mihaila




® the light CP-even Higgs is SM like = same channels to search for
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® the light CP-even Higgs is SM like = same channels to search for

® if discovered = its mass is a precision measurement
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® the light CP-even Higgs is SM like = same channels to search for

® if discovered = its mass is a precision measurement

Eqp” H. WH. ttH (H—y)
T A WH. ttH (H—bb)
5 O HoZZ—4]
i H=WW=Ivlv
O WH (H=WW—slyly)
A all channels
2
10
-3
10
ATLAS + CMS
[Ldt=23001"
4
1 10° 10°
m,, (GeV)
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the light CP-even Higgs is SM like = same channels to search for

If discovered = its mass is a precision measurement

Higgs mass is very sensitive to top/stop sector through radiative corrections
= the mass of the light Higgs used as a consistency check of the MSSM
MSSM electroweak precision data + heavy flavour + dark matter:

my, = 11073" + 3(th) GeV
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Experiment LHC: ¢ém; " = 100 — 200 MeV CERN-LHCC-2006-21
ILC: 5mZXp = 50 MeV AguilarSaavedra et al 06

Theory: Higgs sector of the MSSM perturbatively calculable (m; < 135 GeV)
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exXxp

Experiment LHC: odm, =~ = 100 — 200 MeV CERN-LHCC-2006-21
ILC: 5m(;,pr = 50 MeV AguilarSaavedra et al 06

Theory: Higgs sector of the MSSM perturbatively calculable (m; < 135 GeV)
» exact l-|00p [Chankowski, Pokorski and Rosiek '92], [Brignole '92], [Dabelstein '94]

® 2-loop O(ayas, o, 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]

°

Momentum-dependent corrections (p? = m?): 2-loop SUSY-QCD |[s.Martin '05]

® 3-loop LL and NLL O(aya?, a?ag, o) [S. Martin 07]
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Experiment LHC: dm; " = 100 — 200 MeV CERN-LHCC-2006-21

ILC: (5mZXp = 50 MeV AguilarSaavedra et al 06

Theory: Higgs sector of the MSSM perturbatively calculable (m; < 135 GeV)

N
$

°

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

2-loop O(ayag, o, 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]

Momentum-dependent corrections (p? = m?): 2-loop SUSY-QCD |[s.Martin '05]

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

Missing contributions: 5m2h ~ 3 — 5 GeV [G. Degrassi et al '02], [Allanach et al '04]
® full 2-loop corrections
® dominant 3-loop corrections
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exp __

Experiment LHC: dm, "~ = 100 — 200 MeV CERN-LHCC-2006-21

ILC: (5mZXp = 50 MeV AguilarSaavedra et al 06

Theory: Higgs sector of the MSSM perturbatively calculable (m; < 135 GeV)

»
$

°

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

2-loop O(ayag, o, 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]

Momentum-dependent corrections (p? = m?): 2-loop SUSY-QCD |[s.Martin '05]
3-loop LL and NLL O(aa?, afas, of) [S. Martin '07]
Missing contributions: 5m2h ~ 3 — 5 GeV [G. Degrassi et al '02], [Allanach et al '04]

® full 2-loop corrections
® dominant 3-loop corrections

3-loop SUSY-QCD corrections: 6m’;Lh ~ 50 MeV [R. Harlander, PKant, L. M., M. Steinhauser '08]
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MSSM: SUSY = two free parameters: tanf = vy/vy, M35 = —miy(tan 3 + cot 3)
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MSSM: SUSY = two free parameters: tan 3 = vy/vy, M35 = —mi,(tan 3 + cot 3)
CP-even Higgs ¢ »:
sin 23 M?% cot 3 + M3 tan 3 — M2 — M3

X
- — M2 — M3 M3 tan 3 + M3 cot 3

2 _
MH,tree _
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MSSM: SUSY = two free parameters: tan 3 = vy/vy, M35 = —mi,(tan 3 + cot 3)
CP-even Higgs ¢ »:
sin 23 M?% cot 3 + M3 tan 3 — M2 — M3

X
- — M2 — M3 M3 tan 3 + M3 cot 3

2 _
MH,tree _

Higher order corrections

)3 >
2 2 ®1 P12
MH — MH,tree_ A ~
E¢1¢2 Z¢2

>4, = renormalized self-energies
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MSSM: SUSY = two free parameters: tan 3 = vy/vy, M35 = —mi,(tan 3 + cot 3)
CP-even Higgs ¢ »:
sin 23 M?% cot 3 + M3 tan 3 — M2 — M3

X
- — M2 — M3 M3 tan 3 + M3 cot 3

2 _
MH,tree _

Higher order corrections

AN

Yy X
2 2 b1 P12
MH - MH,tree - A A
E¢1¢2 Z¢2
Veg-approximation: p° =0 = 3(0) = ;(0) — 6V;
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MSSM: SUSY = two free parameters: tan 3 = vy/vy, M35 = —mi,(tan 3 + cot 3)
CP-even Higgs ¢ »:
sin 23 M?% cot 3 + M3 tan 3 — M2 — M3

X
- — M2 — M3 M3 tan 3 + M3 cot 3

2 _
MH,tree _

Higher order corrections

AN

Yy X
2 2 b1 P12
MH - MH,tree - A A
E¢1¢2 Z¢2
Veg-approximation: p° =0 = 3(0) = ;(0) — 6V;

¥;(0) = bare self-energies

0V; = Higgs potential counterterms
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MSSM: SUSY = two free parameters: tan 3 = vy/vy, M35 = —mi,(tan 3 + cot 3)
CP-even Higgs ¢ »:
sin 23 M?% cot 3 + M3 tan 3 — M2 — M3

X
- — M2 — M3 M3 tan 3 + M3 cot 3

2 _
MH,tree _

Higher order corrections

AN

Yo, 2
2 2 b1 102
MH — MH,tree - ~

E¢1¢2 Z¢2

V.g-approximation: p* =0 = 2:(0) = %;(0) — 8V,
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Approximations:

® O(wya?) corrections ~ O(Mg,,)
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Approximations:

® O(wya?) corrections ~ O(Mg,,)

Computation of 34, (0) at 3-loops:
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Approximations:

® O(wya?) corrections ~ O(Mg,,)

Computation of 34, (0) at 3-loops:

1-loop:
t t
Y
. __ & & -——-——-_- ____ + +____
H g Hx_.+J g
t t
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Approximations:

® O(wya?) corrections ~ O(Mg,,)

Computation of 34, (0) at 3-loops:

2-loops:
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Approximations:

® O(wya?) corrections ~ O(Mg,,)

Computation of 34, (0) at 3-loops:

3-loops:
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Approximations:

® O(ay02) corrections ~ O(M,)

Computation of 34, (0) at 3-loops:

® ~ 28.000 diagrams
® Computer programs: QGRAF, PERL, FORM, MINCER, MATAD, EXP, ...

[Noguiera; Vermaseren; Harlander; Larin, Tkachov; Steinhauser; Seidensticker, Harlander; . . .]
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Approximations:
® O(ay02) corrections ~ O(M,)
Computation of 34, (0) at 3-loops:

® ~ 28.000 diagrams
® Computer programs: QGRAF, PERL, FORM, MINCER, MATAD, EXP, ...

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

® Asymptotic expansion ~~ 3-loop tadpole integrals ~~ MATAD
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Input SM parameters: p = M, =172.4GeV Gp = 1.16637 x 10~° GeV ?
My = 91.1876 GeV ol (My) = 0.1189 = a,(M,) = 0.0926
MSSM parameters: My =1TeV tan 8 = 40 ; A =0 Mg =2 TeV
Mi, = My, = Mg = Mgsusy

OS-scheme A M;(ln) — Mf(bn—loom — Mree
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Input SM parameters: p = M, =172.4GeV Gp = 1.16637 x 10~° GeV *

My = 91.1876 GeV o (M) = 0.1180 = ay(M,) = 0.0926
MSSM parameters: My=1TeV tan 0 = 40 ; A, =0 Mg =2 TeV
M;, = M; = M = Mgusy
OS-scheme AM™ = pTooP) _ pptree
45— o
40 | -7
35 | -7
—~ E -
g ¥ 7
Q 25| ’
2 : 7
~c 20 /
2 : / — = = 1-loop
2 151 v
10 L/ H=Mip
/
Sy ]
%00 200 600 860 1000 1200 1400 1600 1800 2000
Mg s, (GEV)
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Input SM parameters: p = M, =172.4GeV Gp = 1.16637 x 10~° GeV *

My = 91.1876 GeV o (M) = 0.1180 = ay(M,) = 0.0926
MSSM parameters: My=1TeV tan 0 = 40 ; A, =0 Mg =2 TeV
M;, = M;, = Mg = Msusy
OS-scheme AM™ = pTooP) _ pptree
45— o
40 | -7
—~~ I 7
% 30 * . - ==
Q o5} ’ -
2 : 7 _ -7
éc 20 * /// - — ~ i
3 15 7 /// — — = 2loop 7
10| % =M :
v/ 1
5 | ]
N S |

200 400 600 800 1000 1200 1400 1600 1800 2000
Mg sy (GeV)

Marseille 10 April 2009 Luminita Mihaila



Input SM parameters: p = M, =172.4GeV Gp = 1.16637 x 10~° GeV ?
My = 91.1876 GeV o (M) = 0.1180 = ay(M,) = 0.0926
MSSM parameters: My =1TeV tan 8 = 40 ; A =0 Mg =2 TeV
Mi, = My, = Mg = Mgsusy

OS-scheme A M;(ln) — Mf(bn—loom — Mree

AM, () (GeV)
o

O200 400 600 800 1000 1200 1400 1600 1800 2000

Mg sy (GeV)
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Input SM parameters:

MSSM parameters:

OS-scheme

=M, =172.4GeV Gp = 1.16637 x 1075 GeV

My = 91.1876 GeV al?) (M) = 0.1189 = a,(M,) = 0.0926
My =1TeV tanf=40 ; A, =0 M; =2 TeV
Mi, = My, = Mg = Mgsusy

(n) _ (n—loop) ree
AM™ = M0 _ gt

Msusy =0.3—1TeV: AM® ~ 500 MeV
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Input SM parameters: M, =172.4GeV Gp = 1.16637 x 10~° GeV ?
My = 91.1876 GeV ol (My) = 0.1189 = a,(M,) = 0.0926
MSSM parameters: My =1TeV tan 0 = 40 ; Ay =0 Mz =2 TeV
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Input SM parameters:

MSSM parameters:

M, =172.4GeV Gp = 1.16637 x 107° GeV ™~

Mz =91.1876 GeV

Theoretical uncertainties :

AM, 0 (GeV)

25.2

N
o1

N
A
o

N
B
o

N
S
~

N
B
N

N
N

My =1TeV tan 5 =40 A, =0

5§ AM® ~ 35 MeV

- - - — — 2-loop

i , 3-loop 7
, , 7 Mg, sy = 1000 GeV |
- / |
L /

H /

I /

v

L/

l L | L | L | L | L | L | L | L | L ]
50 100 150 200 250 300 350 400 450 500

U (GeV)
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Mq~ =2 TeV




Input SM parameters: M, =172.4GeV Gp = 1.16637 x 10~° GeV ?
My = 91.1876 GeV al?) (M) = 0.1189 = a,(M,) = 0.0926
MSSM parameters: My =1TeV tan 0 = 40 ; Ay =0 Mz =2 TeV

Theoretical uncertainties : 5AM}(LB) ~ 35 MeV

Parametric uncertainties:  dominated by M,

SAMMC ~1-2GeV = §AM;, ~1-2GeV
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Input SM parameters: pu = M, =172.4GeV Gp = 1.16637 x 10~° GeV ?
My = 91.1876 GeV ol (My) = 0.1189 = a,(M,) = 0.0926
MSSM parameters: My =1TeV tan 0 = 40 ; Ay =0 Mz =2 TeV
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Input SM parameters: pu = M, =172.4GeV Gp = 1.16637 x 10~° GeV ?
My = 91.1876 GeV ol (My) = 0.1189 = a,(M,) = 0.0926
MSSM parameters: My =1TeV tan 0 = 40 ; A, =0 Mz =2 TeV

Renormalization scheme dependence:

oS DR
45 r 45
40 : a0 | R.Harlander, P.Kant, L.Mihaila, M.Steinhauser 09
3 | 35 |
% 30 i % 30 |
S x| e ¢
< g =
= 20 = 20 I
2 : E = = = = 2-loop
< 15 | 3 15 2l
: l’l:Mtup
10 10 DRbar-scheme
5 | .
0200 200 600 800 1000 1200 1400 1600 1800 2000 0200 200 600 800 1000 1200 1400 1600 1800 2000
Mg,y (GEV) Mg,y (GEV)
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Input SM parameters: pu = M, =172.4GeV Gp = 1.16637 x 10~° GeV ?
My = 91.1876 GeV ol (My) = 0.1189 = a,(M,) = 0.0926
MSSM parameters: My =1TeV tan 0 = 40 ; Ay =0 Mz =2 TeV

Sensitivity to M; renormalization scheme :

oS m; in DR-scheme: TSIL [S. Martin '05 |
45 45
40 g 40 L R.Harlander, P.Kant, L.Mihaila, M.Steinhauser 09
35 35t

. =
—
—

AM, (™ (GeV)
R

AM, (™ (GeV)
R

20 |

H — — = 1-loop
15 | 15 T T

[ I’1:Mtup
10 10 mtopin DRbar-scheme
5 | 5
%00 400 600 800 1000 1200 1400 1600 1800 2000 %00 400 600 800 1000 1200 1400 1600 1800 2000

Mg, gy (GEV) Mg, gy (GEV)
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Input SM parameters: pu = M, =172.4GeV Gp = 1.16637 x 10~° GeV ?

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

mz,(n) =1TeV  my (u) = mg(p) = 0.5 TeV
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Input SM parameters:

MSSM parameters:

DR scheme

=M, =172.4GeV Gp = 1.16637 x 1075 GeV

My = 91.1876 GeV ol (My) = 0.1189 = a,(M,) = 0.0926
My =1TeV tan 8 = 40 ; Mz =2 TeV
mg, (1) =1 TeV m; (1) = mg(p) = 0.5 TeV

A, =0:4+2TeV: AM® =05—15GeV

40 |
375 [
35 |
325 |
30 |
275 |
25 |
225 |

20 | ]
-2000 -1500 -1000 -500 O 500 1000 1500 2000

AM, () (GeV)

T T T T T T T T T
R.Harlander, P.Kant, L.Mihaila, M.Steinhauser 09

A, (GeV)
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® my, to 3-loop accuracy
® 3-loop effects larger than experimental accuracy expected at LHC & ILC

® 3-loop corrections stabilize the perturbative series
#® Stop-mixing & large |Ay|: AM;L?’) ~ 1.5 GeV

$ ToDo:
® Computer code to compute my, for realistic SUSY mass spectrum
® 3-loop effects due to CP-violation in the MSSM
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Coupling constant unification

Marseille 10 April 2009 Luminita Mihaila



String Theory ?

- GUTs ?
Vp ¢ —————~—
107 GeV
| | | | n
[ [ [ [
SM 1014 1016 1019
> —_—
Electroweak Scale Planck Scale
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® Gauge symmetry increases with energy [Georgi, Quinn, Weinberg '74]

Low energy = High energy
SU.(3)® SUL(2)® Uy(1) = Ggur
gluons W, Z photon =- gauge bosons
quarks leptons = fermions
93 g2 g1 =  9gauT
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® Gauge symmetry increases with energy [Georgi, Quinn, Weinberg '74]

Low energy
SU.(3)® SUL(2)® Uy (1)
gluons W, Z photon
quarks leptons
93 92 g1

® Low energy interactions = branches of the
unigue interaction of a simple gauge group.

o = g2 /AT a1 (Mz) = 0.017,
2(My) = 0.034,
as(Mz) =0.118,

My = 91.1876 GeV.

Q

Marseille 10 April 2009

High energy

=
= Ggur

= gauge bosons
= fermions

= 4JGUT

aw | Wishful

SM GUT

0.1

o, (1)

Mz Mayr M
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Unification of the Coupling Constants
In the SM and the minimal MSSM

1o,

%) S— —
B SM

[Amaldi, Furstenau, de Boer ]
[Langacker, Luo ]

[Ellis, Kelley, Nanopoulos |

E. . L L ‘ L E. . i L i L i L
0 5 10 1105 0 5 10 1105
log Q log Q

® Gauge Coupling unification within SM excluded by about 12 o.

® Gauge coupling Unification within SUSY GUTs works extremely well:
it fits within 30 the present low energy data.
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[Blair, Porod, Zerwas '04]

LHC &
LC/GigaZ

60 |
50 |
40 |
30 |

20 |-

O | | I | I | | L1110
102 109 1010 10%4 1015 1016
Q [GeV] Q [GeV]

® Computation: common SUSY mass scale ~1 TeV
2-loop Renormalization Group Running 1-loop threshold corrections at the weak scale (M%)

® Our aim: improve theoretical accuracy on o (/1) calculated from as (My)
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® GUT threshold corrections (effects of heavy particles M > Mayt) =
gauge coupling no longer meet at a point Mgy

Marseille 10 April 2009 Luminita Mihaila



® GUT threshold corrections (effects of heavy particles M > Mayt) =
gauge coupling no longer meet at a point Mgy

1a; }
SM
¢
| L
I\T/IZ I\T/IGUT M
LEP ?
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® GUT threshold corrections (effects of heavy particles M > Mayt) =
gauge coupling no longer meet at a point Mgy

1a;
GUT
?/IZ I?/Isus\( I\?GUT H
LEP LHC 7?
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® GUT threshold corrections (effects of heavy particles M > Mayt) =
gauge coupling no longer meet at a point Mgy

1a;
GUT
?/IZ I?/Isus\( I\?GUT H
LEP LHC 7?
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® GUT threshold corrections (effects of heavy particles M > Mayt) =
gauge coupling no longer meet at a point Mgy

1a;

sM ] MSSM GUT

M, Mausy M
T

T | GUT u
LEP LHC ??
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® Mcur: ~2x10% GeV in SUSY GUTs
~ 10> GeV  in nonSUSY GUTs

®» SUSY GUTs:

A/aG ~ 3 —4%, G :Oz(MGUT)
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® Mcur: ~2x10% GeV in SUSY GUTs
~ 10> GeV  in nonSUSY GUTs

®» SUSY GUTs:
A/aG ~ 3 —4%, G :Oz(MGUT)

® GUT threshold effects
® 1-loop [K.Hagiwara, Y. Yamada '93],[J.Hisano, M. Murayama "94]:

M :
A~ ag In ( X ) X = gauge bosons, Higgs, ...
Mgur
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® Moyt : ~2X 1016 GeV in SUSY GUTs
~ 10> GeV  in nonSUSY GUTs

®» SUSY GUTs:
A/OéG ~ 3 —4%, G :Oz(MGUT)

® GUT threshold effects
® Proton decay in GUT:

7, = flag, Mgur, Mx, ...)

® Experiment (Super-Kamiokande): 7,,_.c+-0 > 5. x 10% yrs (at 90% CL)
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® Moyt : ~2X 1016 GeV in SUSY GUTs
~ 10> GeV  in nonSUSY GUTs

®» SUSY GUTs:
A/OéG ~ 3 —4%, G :Oé(MGUT)

® GUT threshold effects
® Proton decay in GUT:

7, = flag, Mgur, Mx, ...)

® Experiment (Super-Kamiokande): 7,,_.c+-0 > 5. x 10% yrs (at 90% CL)

= severe constraints on possible local gauge symmetries in GUTSs
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Running = variation of coupling strength with the energy.

® Quantum Field Theory :
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Running = variation of coupling strength with the energy.
® Quantum Field Theory :

® Vacuum is a dynamical medium full of particle-antiparticle fluctuations.
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Running = variation of coupling strength with the energy.
® Quantum Field Theory :
® Vacuum is a dynamical medium full of particle-antiparticle fluctuations.

® Vacuum can screen or anti-screen the gauge charges.
® Anti-screening gives rise to the asymptotic freedom of strong interactions.

0. 5 ®
[t
! Theory 9 =
\ o i -
@S(Q it (Data 54 3 a
WL T Deep | nel astic Scat/tering
0 4'\ \\\ e"e Anni hi | ati on o e
e Hadron Col lisions | © 1
T\ \A Heavy Quarkoni a [
SARAS —
\ \\\\ S Z
I N\ 251 MeV--- 0.121
\
0.3 I} §w4 213 Mev— 0. 118}
. ° 178 MeV—-0.115
0. 2-
0. 1-
1 100
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—  QOutput parameter: aER’(f“H)(MGUT)

agﬁS,(S) (MZ)

$ Input parameter:

MSSM

DR, (full)

S

a

McuT

M susy

Luminita Mihaila
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2L o) = Bla)

dp?
® Running in SM: computed up to 4-loop
[v. Ritbergen, Vermaseren, Larin '97], [Czakon '05]
[Harlander, Jones, Kant, L.M., Steinhauser '06], [Jack, Jones, Kant, L.M. '07]
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® Running in SM: computed up to 4-loop
[v. Ritbergen, Vermaseren, Larin '97], [Czakon '05]

[Harlander, Jones, Kant, L.M., Steinhauser '06], [Jack, Jones, Kant, L.M. '07]

® Running in MSSM: computed up to 3-loop

[Jack, Jones, North '96], [Harlander, L.M., Steinhauser (in preparation)]
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5 d

p d—ug&s(u) = B(as)

® Running in SM: computed up to 4-loop
[v. Ritbergen, Vermaseren, Larin '97], [Czakon '05]
[Harlander, Jones, Kant, L.M., Steinhauser '06], [Jack, Jones, Kant, L.M. '07]

® Running in MSSM: computed up to 3-loop

[Jack, Jones, North '96], [Harlander, L.M., Steinhauser (in preparation)]

1-loop:

9

a q
2T &y -3
29994 R ¢ > 00
g q q

C

C4
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5 d

p d—ug&s(u) = B(as)

® Running in SM: computed up to 4-loop
[v. Ritbergen, Vermaseren, Larin '97], [Czakon '05]

[Harlander, Jones, Kant, L.M., Steinhauser '06], [Jack, Jones, Kant, L.M. '07]

® Running in MSSM: computed up to 3-loop

[Jack, Jones, North '96], [Harlander, L.M., Steinhauser (in preparation)]

- g
t \»\tQ g :<:
g Yvvve e f
g '/g(/~ g C ti
t 9 c
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® Running in SM: computed up to 4-loop
[v. Ritbergen, Vermaseren, Larin '97], [Czakon '05]
[Harlander, Jones, Kant, L.M., Steinhauser '06], [Jack, Jones, Kant, L.M. '07]

® Running in MSSM: computed up to 3-loop

[Jack, Jones, North '96], [Harlander, L.M., Steinhauser (in preparation)]

® 3-loop [, in the MSSM
® ~ 100.000 diagrams

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

[Noguiera; Vermaseren; Larin, Tkachov; Steinhauser; Seidensticker, Harlander; .. .]
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® Effective Field Theory:

Mgut

M

SS

DR,(full)

S

M
0

M susy

:UGS

Luminita Mihaila
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® Effective Field Theory:

Laggm (el )y — L(aP),..) atenergy u

S

® “Matching” : low energy physics must be unchanged !!

Oég5) _ CS agfull)
CS — CS(&S7MSUSY7mt7:u)
¢, = matching coefficient
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® Effective Field Theory:

Laggm (el )y — L£(aP),..)) atenergy i

S

® “Matching” : low energy physics must be unchanged !!

Oég5) _ CS Oégfuu)
CS — CS(&S7MSUSY7mt7ILL)
¢, = matching coefficient

® , not predicted by theory
® Physical quantities must be independent of 1
® Quantum corrections improve stability
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Relate Green functions computed in the full and effective theory.

#® Matching coefficient independent of external momenta = p* = 0
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Relate Green functions computed in the full and effective theory.

#® Matching coefficient independent of external momenta = p? = 0
® 1-loop (s iIn MSSM [Pierce et al '95]
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Relate Green functions computed in the full and effective theory.

#® Matching coefficient independent of external momenta = p? = 0
® 1-loop (s iIn MSSM [Pierce et al '95]

® 2-loop (s In MSSM [R. Harlander, L. M., M. Steinhauser '05, '07] [A. Bauer, L. M., J. Salomon '08]

- g
s ty c.
t \‘\tQ g :‘: 'Cév
t " . S
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Relate Green functions computed in the full and effective theory.

#® Matching coefficient independent of external momenta = p? = 0
® 1-loop (s iIn MSSM [Pierce et al '95]

® 2-loop (s In MSSM [R. Harlander, L. M., M. Steinhauser '05, '07] [A. Bauer, L. M., J. Salomon '08]

Qs s\ 2
(= 1T (7))

Marseille 10 April 2009 Luminita Mihaila



Relate Green functions computed in the full and effective theory.

#® Matching coefficient independent of external momenta = p? = 0
® 1-loop (s iIn MSSM [Pierce et al '95]

® 2-loop (s In MSSM [R. Harlander, L. M., M. Steinhauser '05, '07] [A. Bauer, L. M., J. Salomon '08]

Qs (5 Qs 2 5)
= T ()
T T
1 2 2 -
¢y = —gln%—ln%, M = Mgsusy
t
>
G)  _ _215_191 '“2_§1 “_2 11 '“_2 1,u_2
2 = Tog T Mz M e e T

(e L7881 L, mi L (o °
— — 1l —= =
M) \7200 80 ar2) " 288 \ a1
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® Wish: as(Mgur) independent of the matching scale
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® Wish: as(Mgur) independent of the matching scale

MSSM

SM

MacuT

M susy

1/Gs

Luminita Mihaila
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® Wish: as(Mgur) independent of the matching scale

MSSM

SM

MacuT

M susy

1/Gs

Luminita Mihaila
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® Wish: as(Mgur) independent of the matching scale

SSM

M

SM

MacuT

M susy

1/Gs

Luminita Mihaila
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nput: @ M50G)(M,) = 0.1189 & 0.001 [Bethke '06], My = 91.1876 GeV,

MSSM parameters: SPS1a’ scenario
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Input: 0418\/[_8’(5)(]\42) — 0.1189 + 0.001 [Bethke '06], Mz = 91.1876 GeV,

MSSM parametelrs: SPSla’ scenario
x 10

041 | A - | spsla

f . — = 2-loop ]
0'408 i ° o000 1_|00p N

0.406 | ’ |

0404 | _ — T~ _ 1

Hout)

;{ﬂ 0.402 ¢ g ~
04 | “. N
0.398 | : o

0.396 | e T
102 3 4

10
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Input: 041;/[_8’(5)(]\42) — 0.1189 + 0.001 [Bethke '06], Mz = 91.1876 GeV,

MSSM parametelrs: SPSla’ scenario

x 10
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) : ° 3-loop 1
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oMSG) (M) = 0.1189 + 0.001 [Bethke '06], My = 91.1876 GeV,

Input

scenario

SPS1la’

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

Input

scenario

: SPSla’
x 10

MSSM parameters
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® Sensitivity of ag(Mgyr) to SUSY-mass scale:

-1
x 10
0.415

3-loop 1
B — = 2-loop i
041 | N EEEX] 1—|00p |

0.405
04

—~

|_ |
3 0.395

= 039 |
0.385
0.38

0.375

Hoee = Mgygy (GEV)
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® (SUSY)GUT models = predictions for my, my,/m.

® Bottom quark mass in SM: known with 4-loop accuracy

(5777%/18 (mp) = 25 MeV [J. H. Kuhn, M. Steinhauser, C. Sturm '07]
® Bottom quark in MSSM ( models with large tan 3)

® SUSY mass spectrum sensitive to bottom Yukawa coupling
® YVi(u) «— mﬁ(u) affected by large SUSY radiative corrections
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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]

simplified assumptions for the MSSM parameters
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AmO(Hgyr)/My (o

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]

simplified assumptions for the MSSM parameters
[A. Bauer, L. M., J. Salomon '08]
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» QE_R(MGUT)
® The 3-loop effects comparable with the experimental accuracy for o

® o (Mcur) very sensitive to SUSY-mass scale

» mg—R(MGUT)
® MSSM with large tan 3: 3-loop effects reach up to 30%

® ToDo:
® combine: 3-loop running analysis for the strong sector

known 2-loop running for the electroweak sector
® extend analysis to SUSY-GUT models
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“With the LHC, we will expand the frontiers of
fundamental physics.

... We will learn w
unification and su

nether existing indications for

persymmetry have been Nature

teaching us or Nature teasing us.”

| Franck Wilczek, SUSY’07]
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