e 3-loop corrections to the Higgs boson mass

e o, at the GUT scale to 3-loop accuracy

Luminita Mihaila

Universitat Karlsruhe

in collaboration with

R. Harlander, P. Kant, M. Steinhauser

Forschungsuniversitat e gegriindet 1825

ﬂ(IT Universitat Karlsruhe (TH)

Loops & Legs, Sondershausen, 24 April 2008 Luminita Mihaila



3-loop corrections to the Higgs boson mass

Loops & Legs, Sondershausen, 24 April 2008 Luminita Mihaila



Experiment LHC: om;™® =100 —-200MeV  and ILC: dm;, " =50MeV

Theory: Higgs sector of the MSSM perturbatively calculable (mj; < 135 GeV)
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Experiment LHC: om; ™" =100 —200MeV  and ILC: om; ™" = 50MeV
Theory: Higgs sector of the MSSM perturbatively calculable (mj; < 135 GeV)

$
»

°

exact 1 -Ioop [Chankowski, Pokorski and Rosiek '92], [Brignole '92], [Dabelstein '94]

2-loop O(cyas, 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]

Momentum-dependent corrections (p* = m3): 2-loop SUSY-QCD [s.Martin '05]

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

S
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Experiment LHC: om; ™" =100 —200MeV  and ILC: om; ™" = 50MeV
Theory: Higgs sector of the MSSM perturbatively calculable (mj; < 135 GeV)
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9

e

e

exact 1 -Ioop [Chankowski, Pokorski and Rosiek '92], [Brignole '92], [Dabelstein '94]

2-loop O(cyas, 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]

Momentum-dependent corrections (p* = m3): 2-loop SUSY-QCD [s.Martin '05]

3-loop LL and NLL O(a;a2, a?ag, o) [S. Martin '07]

S

Missing contributions: 5mth ~ 3 — 5 GeV [G. Degrassi et al '02], [Allanach et al *04]
® full 2-loop corrections
# full 3-loop SUSY-QCD corrections
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MSSM: ) )
Vo = miHHy +m3HyHy — mi, (e H{ Hy + h.c.)
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MSSM: ) )
Vo = miHHy +m3HyHy — mi, (e H{ Hy + h.c.)

9/2 + 92 2

+ (mﬁ—&mﬁﬁymmﬁ

m1, mo, Mio: soft SUSY breaking terms
g,9: SU(2) and U(1) gauge couplings
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MSSM: ) )
Vo = miHHy +m3HyHy — mi, (e H{ Hy + h.c.)

g/2 + 92 2

+ (Hllfll — H2H2)2 + % |H1H2|2

Additional parameters: tan 3 = vy /vy, M35 = —mi,(tan 8 + cot 3)

M2, = sin 23 y M7 cot 8 + M3 tan 3 — M2 — M3
,tree
2 — M2 — M3 M7 tan 3 + M3 cot 3
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MSSM: ) )
Vo = miHHy +m3HyHy — mi, (e H{ Hy + h.c.)

g2+ g2 - - PE -
+ ] (H\H, — HyH)* + ) | Hy Hy|?
Additional parameters: tan 3 = vy /vy, M35 = —mi,(tan 8 + cot 3)
Higher order corrections
M?‘_I L M%_I L 2¢1 Z¢1¢2
o ,tree ~ ~
Z¢1¢2 26252

A

>4, = renormalized self-energies
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MSSM: ) )
Vo = miHHy +m3HyHy — mi, (e H{ Hy + h.c.)

g/2 + 92 2

+ (Hllfll — H2H2)2 + % |H1H2|2

Additional parameters: tan 3 = vy /vy, M35 = —mi,(tan 8 + cot 3)
Higher order corrections

VDY
2 2 ¢1 p1P2
MH — MH,tree o A ~
Z¢1¢2 26252
V.g-approximation: p* =0 = ¥:(0) = 3;(0) — 8V}

¥;(0) = bare self-energies

0V; = Higgs potential counterterms
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MSSM: ) )
Vo = miHHy +m3HyHy — mi, (e H{ Hy + h.c.)

12 2 2
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Additional parameters: tan 3 = vy /vy, M35 = —mi,(tan 8 + cot 3)
Higher order corrections

E¢1 Z¢1¢2
Z]<J51¢2 26252

V.g-approximation: p* =0 = ¥:(0) = 3;(0) — 8V}
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Approximations:
® O(aya?) corrections ~ O(M )
® no-mixing in the top-sector ~~ M; = M;

® A;-contributions neglected ~~ A; =0

= 34,(0) =0, ¥4,4,(0) =0
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Approximations:

® O(aya?) corrections ~ O(M )

$ no-mixing in the top-sector ~ M; = M;
® A;-contributions neglected ~ A; =0

= 34,(0) =0, ¥4,4,(0) =0

Computation of 4, (0) at 3-loops:
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Approximations:

® O(aya?) corrections ~ O(M )

$ no-mixing in the top-sector ~ M; = M;
® A;-contributions neglected ~ A; =0

= 34,(0) =0, ¥4,4,(0) =0

Computation of 4, (0) at 3-loops:
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Approximations:

® O(aya?) corrections ~ O(M )

$ no-mixing in the top-sector ~ M; = M;
# A;-contributions neglected ~~ A; =0

= 34,(0) =0, ¥4,4,(0) =0

Computation of 4, (0) at 3-loops:

2-loops:
t t
~ ~ ~ Pha N ~ t
RN N
—cc-% g - —--- * g e---- ----
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t t
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Approximations:
® O(a07) corrections ~ O(M,)
$ no-mixing in the top-sector ~~ M; = M;,
® A;-contributions neglected ~~ A; =0
= 34,(0) =0, ¥4,4,(0) =0
Computation of 4, (0) at 3-loops:

3-loops:
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Approximations:
® O(apa?) corrections ~ O(M)
$ no-mixing in the top-sector ~~ AM; = M;

® A;-contributions neglected ~~ A; =0
= %4,(0) =0, X4,4,(0)=0
Computation of 4, (0) at 3-loops:

® ~ 16.000 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,)
$ no-mixing in the top-sector ~ M; = M;
® A;-contributions neglected ~~ A; =0
= 34,(0) =0, ¥4,4,(0) =0
Computation of 4, (0) at 3-loops:

® ~ 16.000 diagrams
® Computer programs: QGRAF, PERL, FORM, MINCER, MATAD, EXP, ...

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

Majorana character of g
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Approximations:
® O(ay02) corrections ~ O(M,)
$ no-mixing in the top-sector ~ M; = M;
® A;-contributions neglected ~~ A; =0
= 34,(0) =0, ¥4,4,(0) =0
Computation of 4, (0) at 3-loops:

® ~ 16.000 diagrams
® Computer programs: QGRAF, PERL, FORM, MINCER, MATAD, EXP, ...

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

Aymptotic expansion ~- 3-loop tadpole integrals
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#® Regularization: Dimensional Reduction ~~ e-scalars
® anti-commuting s

® Renormalization
® o, in DR - scheme to 1-loop
® M;, M;, M; inOS - scheme to 2-loops
[Bednyakov, Onishchenko, Velizhanin and Veretin ’02], [S. Martin '03,05]
re-computed for specific mass hierarchies

9o Mg in OS - scheme to 1—Ioop [Pierce, Bagger, Matchev and Zahng '96]

® ). in OS - scheme to 1—Ioop [Bednyakov, Onishchenko, Velizhanin and Veretin '02]
M. =0 < DR

® ¢;in OS - scheme to 1-loop [Pierce, Bagger, Matchev and Zahng '96]

® A — 2M A = (Mf1 — Mi) sin 20; + 2M;usysy cot 8
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® Cross Checks
® exact 2-loop results: agreement with [FeynHiggs], [Degrassi, Slavich, Zwirner '01]

® 2- and 3-loop results: gauge independent
® SUSY-imit ( My = M;, My=M,;=M;=0): 6§M?> =0
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® Cross Checks
® exact 2-loop results: agreement with [FeynHiggs], [Degrassi, Slavich, Zwirner '01]

® 2- and 3-loop results: gauge independent

® SUSY-imit ( My = M;, My=M,;=M;=0): 6§M?> =0
® Mass hierarchies

® My < My = M; = My = Mgusy < My
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® Cross Checks
® exact 2-loop results: agreement with [FeynHiggs], [Degrassi, Slavich, Zwirner '01]

® 2- and 3-loop results: gauge independent

® SUSY-imit ( My = M;, My=M,;=M;=0): 6§M?> =0
® Mass hierarchies

® My < My = M; = My = Mgusy < My
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Ly = In(p?/M?), Lis = ln(Mf/Mgusy), Lig = ln(Mf/M(?)
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® Cross Checks
® exact 2-loop results: agreement with [FeynHiggs], [Degrassi, Slavich, Zwirner '01]
® 2- and 3-loop results: gauge independent
® SUSY-imit ( My = M;, My=M,;=M;=0): 6§M?> =0
® Mass hierarchies
® M < M; = M; = Mzg= Msusy < My
LL inagreement but NLL in disagreement with [S.Martin 07]
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® Cross Checks
® exact 2-loop results: agreement with [FeynHiggs], [Degrassi, Slavich, Zwirner '01]
® 2- and 3-loop results: gauge independent
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Input parameters: u = M, =170.9GeV G — 1.16637 x 1075 GeV 2
My =91.1876 GeV  a5(My) =0.1189 = a,(M,;) = 0.0926
My=1TeV tan3 =40 M =2TeV

AM}(L”) = M}(Ln_IOOP) o M}tlree
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Input parameters: pu
My = 91.1876 GeV
My =1TeV

— 1.16637 x 1075 GeV 2
a3(My) =0.1189 = a, (M) = 0.0926
tan3 =40 M =2TeV

AM}E") = Mi(ln_IOOP) o M}tlree

45 —

40 |
35 |
30 |
25 | 4
20 7

15;/
10|/
>

AM, ™ (GeV)

= == = ]-loop

ol

Loops & Legs, Sondershausen, 24 April 2008
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Input parameters:

Mz = 91.1876 GeV

— 1.16637 x 1075 GeV 2
a3(My) =0.1189 = a, (M) = 0.0926

My=1TeV tan3 =40 M =2TeV
(n) _ pr(n—loop) t
AMh _ Mh - Mhree
40 | =7
i -
351 -7
A~ [ <
> 30 f = =
D] [ == ]
O 25 ’ -
g 5 7 -
= 20 | /7 7 g
3 7 = == = [-loop
% 15 7 /// = == = 2-loop
Yy
0% H=M,,
Y,
|
Y200 400 600 800 1000 1200 1400 1600 1800 2000
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Input parameters: u = M, =170.9GeV G — 1.16637 x 1075 GeV 2
My =91.1876 GeV  a5(My) =0.1189 = a,(M,;) = 0.0926
My=1TeV tan3 =40 M =2TeV

AM}EH) = M}g”_IOOP) o M}tlree

40 | -

AM, ™ (GeV)

0200 400 600 800 1000 1200 1400 1600 1800 2000
M gy (GeV)

Loops & Legs, Sondershausen, 24 April 2008 Luminita Mihaila



Input parameters: u = M; = 170.9 GeV Gp — 1.16637 x 10~° GeV 2
My =91.1876 GeV as(My) = 0.1189 = as(M;) = 0.0926
My=1TeV tan3 =40 Mg =2TeV

Mgysy =03—1TeV: AM®) ~ AM? + 500 MeV

Loops & Legs, Sondershausen, 24 April 2008 Luminita Mihaila



Input parameters: u
My = 91.1876 GeV
My =1TeV

= M; =170.9 GeV Gp

— 1.16637 x 10> GeV 2
as(My) =0.1189 = as(My) = 0.0926
tan3 =40 Mg =2TeV

Mgysy =03—1TeV: AM®) ~ AM? + 500 MeV

Renormalization scale dependence
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o, at the GUT scale to 3-loop accuracy
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Unification of the Coupling Constants
in the SM and the minimal MSSM

1/0.

60 b 1/ S =
O~ SM

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

[Ellis, Kelley, Nanopoulos ]

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

#® Gauge coupling Unification within SUSY GUTs works extremely well:

it fits within 30 the present low energy data.
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® Computation: common SUSY mass scale ~1 TeV

102 106 1010 1o14

Q [GeV]

[Blair, Porod, Zerwas '04]

25

24

LHC &
LC/GigaZ

1 01 6
Q [GeV]

2-loop Renormalization Group Running 1-loop threshold corrections at the weak scale (M »)

® Our aim: improve theoretical accuracy on as (/1) calculated from as (My)

Loops & Legs, Sondershausen, 24 April 2008
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MS,(5) DR, (full)

® Input parameter: o (Mz) = Output parameter: o (Mgur)
/0t

. SM MSSM i

. MS,5) DR, (full :

o 5) : o (full) :

i i Running i

i o i

! Running ! :

: ik e

Mz Msusy GUT
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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]
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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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® 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 (s in the MSSM

® ~ 10.000 diagrams
® Computer programs: QGRAF, FORM, MINCER, MATAD, EXP, ...

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

an
£
) e
2 & 20
= A - 2
3 =
p=
©
> 5
09 7MS
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Mgur

1/0g
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& Effective Field Theory:
Lassv(@™ ) = £P),..) atenergy 1
® “Matching” : low energy physics must be unchanged !

NG - ¢ agfull)

S

Cs — CS(&Sa MSUSY7 Tt :u)
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® Effective Field Theory:
Lassv(@™ ) = £P),..) atenergy 1
® “Matching” : low energy physics must be unchanged !!

NG - ¢ agfull)

S

C; = Cs(as, Msusy,my, )

#® Relate Green functions in the full and effective theory for p? = 0
® 1-loop (s in MSSM [Pierce et al '95]
® 2-loop (s in MSSM [R. Harlander, L. M., M. Steinhauser '05], [A. Bauer, L. M., J. Salomon in progress]
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® Wish: a;(Mgur) independent of the matching scale
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® Wish: a;(Mgur) independent of the matching scale

1/0
SM MSSM
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® Wish: a;(Mgur) independent of the matching scale

1/0
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® Wish: a;(Mgur) independent of the matching scale

1/0
SM MSSM
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nput: @ M5O) (M) = 0.1189 & 0.001 etie 05, My = 91.1876 GeV,

~

and M =mg = mg = 1000 GeV spsia 05
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My = 91.1876 GeV ,
mg = 1000 GeV spsia 05
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Input:
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aMS() (A1) = 0.1189 % 0.001 [zetnie 08,
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Mz = 91.1876 GeV ,
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BN (Mz) = 0.1189 + 0.001 Betnke 051, Mz = 91.1876 GeV,
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® Sensitivity of ag(Mgyr) to SUSY-mass scale:
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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

® oPR(Meur) to 3-loop accuracy
® 3-loop effects comparable with experimental accuracy on «
® o (Mcyr) very sensitive to SUSY-mass scale
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