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Christmas is approaching ...

...and YOU are still HERE!

— some Christmas related cartoons :-)

— the “Who's that Santa?’ quiz

Several times a picture with a Santa Claus will show up.

The one who calls/shouts the name first gets a little present.
(Hint: it is always a physics professor)

Alles Klar? :-)
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“| think next year I'll go straight to my parents and
cut out the middleman.”
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1. Introduction and motivation

Q: Which Lagrangian describes the world?
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1. Introduction and motivation

Q: Which Lagrangian describes the world?
A: Unmm ... Let's start differently!
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1. Introduction and motivation

Supersymmetry (SUSY) : Symmetry between

Bosons «— Fermions

Q |Fermion) — |Boson)
@ |Boson) — |Fermion)

Simplified examples:
Q |top, ty — |scalar top, t)

@ [gluon, g) — [gluino, g)
= each SM multiplet is enlarged to its double size
Unbroken SUSY: All particles in a multiplet have the same mass

Reality: me. #= mz; = SUSY is broken . ..

...via soft SUSY-breaking terms in the Lagrangian (added by hand)

SUSY particles are made heavy: | Mgsy = O(1 TeV)
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Supersymmetry: Motivation

The SM is in a pretty good shape.

Why MSSM? (Is it worth to double the particle spectrum?)

1.) Stability of the Higgs mass
against higher-order corr.

2.) Unification of gauge couplings:

Unification of the Coupling Constants
in the SM and the minimal MSSM

Not possible in the SM, but in Seof Vo
the MSSM (although it was not % >~ |
designed for it.) 40
3.) Spontaneous symmetry breaking |
via Higgs mechanism is 2
automatic in SUSY GUTs 0 |
4.) SUSY provides CDM candidate "o 510 Bo
5.) ... [Amaldi, de Boer, Flirstenau '92]
Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 5




The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

:u, d,c,s,t, b:L,R :G,M,T: LR :Ve,ﬂaT:L Spin %
i, d,, 3, Lh), |6 ﬁ,%:L’R Tepr|,  Spin 0
g WE, 0+ ~v,Z,1H7, HS Spin 1 / Spin O
g ifz 92(1),2,3,4 Spin %

Enlarged Higgs sector: Two Higgs doublets

Problem in the MSSM: many scales

— CPV will mostly be neglected throughout this talk!
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t/b sector of the MSSM: (scalar partner of the top/bottom quark)

Stop, sbottom mass matrices (X¢ = A, — p*/tan @, X, = A, — pu*tan g):

5 M£2 + mg + DT, my X/ 0; mt2 0
Mz = L _t 1
m X Mg+ mf + DTy, 0 mz
5 ]\452 -+ mb2 + DTy, my X, 0; m% 0
ME — L — 1
my X}, MBQR + mf + DTy, 0 m%z

mixing important in stop sector (also in sbottom sector for large tan )

soft SUSY-breaking parameters A;, A; also appear in qﬁ-f/'l; couplings

SU(2) relation = My, = MBL

= relation between mfl,mfz,é’g, m517m62795
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SOLLEN
WIR HN EINFACH
STECKENLASSEN UND
EINEN SCHONEN RUHIGEN
ABEND HABEN?

“What do you think? Should we let him stick in the wall and have a quiet
evening?”
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Enlarged Higgs sector: Two Higgs doublets

H = (H% ) _ (Ul+(¢1+i><1)/\/§)
H3 1

(72)~ (vt o)
Hz vo + (P2 +ix2)/V?2

V. = miHHy +m3HyHy — mis(eqpHYHS + h.c.)

Ho

_|_

12 2 2
g +g = = g ~
o (H1H1 — HaM0)° + = |H1Ho?
o ~ g \/

gauge couplings, in contrast to SM

physical states: h°, HY, A9 H+
Goldstone bosons: G, G+

Input parameters: (to be determined experimentally)

tan g :z—i, M% = —m3,(tan 8 4+ cot 3)
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Who's that Santa? (I)

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006

10



Q: Which Lagrangian describes the world?
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Q: Which Lagrangian describes the world?
A: Let's try again ...
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Q: Which Lagrangian describes the world?
A: Let's try again ...

Q’: What describes the world better: SM or MSSM 7
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Q: Which Lagrangian describes the world?
A: Let's try again ...

Q’: What describes the world better: SM or MSSM 7
A: Two possible ways:

new SUSY particles found
e Search for new SUSY particles iy

SM ruled out

Problem:
SUSY particles are too heavy for todays
colliders, only lower limits of O(100 GeV).

— waiting for Tevatron (2007/08...7)
— waiting for LHC (2008/09...7)

e Search for indirect effects of SUSY
via Precision Observables

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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“Indeed, you look younger without the beard - and like shit.”
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Precision Observables (POs):

Comparison of electro-weak precision observables with theory:

EW Precision data: T heory:
My, Sin? Oefs, ay — | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections

Very high accuracy of measurements and theoretical predictions needed

e \Which model fits better?
e Does the prediction of a model contradict the experimental data?

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 13



Example: Prediction for My, in the SM and the MSSM

[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

80.70

80.60

80.50

M,, [GeV]

80.40

80.30

80.20

SM
MSSME
both models E

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06

160 165 170 175 180

m, [GeV]

185

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM
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Example: Prediction for My, in the SM and the MSSM :
[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

experimental errors 68% CL.:

80.70 -
: LEP2/Tevatron (today)

80.60
T 8050
Q —

=

=

80.40

80.30

SM e
MSSM

- both models FTT

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM

160 165 170 175 180 185

m, [GeV]
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Example: Prediction for My, in the SM and the MSSM :

[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

80.70

80-801™ g ™. 5m = 1.2 Gev, aM,,, = 20 MeV
>
o 80.50
©,
=
=
80.40
80.30 —
SME 7
MSSM i
80.20 both modelsE ]
Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06 ]
] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] -
160 165 170 175 180 185
m, [GeV]

I I I | I I I I | I I I I I I I I I I I I
experimental errors 68% CL.:
LEP2/Tevatron (today)
LEP2/Tevatron (8 fo™)

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM
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Example: Prediction for My, in the SM and the MSSM :
[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

experimental errors 68% CL.:

80.70 N
: LEP2/Tevatron (today) ]
. Tevatron/LHC T MSSM band:
80.60 1~ ILC/GigaZ scan over
i SUSY masses
> 8050
2 : overlap:
= . |
= SM is MSSM-like
80.40 . .
MSSM is SM-like
80.30 . SM band:
SME i . _ SM
MSSME i variation of MH
80.20 both models E ]
| Heilnemeyer, Hollik, |Stockinger, Webler, Weiglein ’06:

160 165 170 175 180 185
m, [GeV]
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“Again no chimney!” — “T am coming!”
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2. New results for Ap

Precision observables: My, sin? e, my,, (g —2)u, b physics, ...

A) Theoretical prediction for My, in terms

of Mz, o, Gy, Ar:

o ({ _Mi\ _ 7o
MW<1 w2 —\/iGu(l—l—Ar)
)

loop corrections

B) Effective mixing angle:

Higher order contributions:
gxf/ — g‘f/ + Agé, gff; — gffl + Agﬁ

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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Corrections to My, sin? g
— Ccan be approximated with the p-parameter:

p measures the relative strength between
neutral current interaction and charged current interaction

! _27(0) XZw(0)
— 1 _ A, Ap = > p)
1—Ap Mz Mg,

(leading, process independent terms)

P

Ap gives the main contribution to EW observables:

M c2 , c2,82
AMy = =V W Np, Asin? o5 ~ — VWA
t,b £,b
1% vV o/ NV

ANNQ e

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 17



Who's that Santa? (II)
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Status of Ap calculations (I)

e SM, O (a): dominant one-loop
[M. Veltman '77]

e SM, O (aas): leading two-loop corrections
[A. Djouadi, C. Verzegnassi '87]
[A. Djouadi '88]

¢ SM, O (af): limit of My — 0
[J. Van der Bij, F. Hoogeveen '87]

e SM, O (af): corrections with M # 0
[R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci, A. Vicere '93]
[J. Fleischer, F. Jegerlehner, O. Tarasov '93]

e SM, O (aag): leading three-loop contributions
[K. Chetyrkin, J Kiihn, M. Steinhauser '95]
[L. Avdeev et al. '95]

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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Status of Ap calculations (II)
* SM, O (a?as), O (a3): limit of My — 0
[J. Van der Bij, K. Chetyrkin, M. Faisst, G. Jikia, T. Seidensticker '01]
¢ SM, O (a?as), O (a3): limits with My # 0
[M. Faisst, J. Kiihn, T. Seidensticker, O. Veretin '03]

e SM, O (aa?): various four-loop contributions
[Y. Schrboder, M. Steinhauser '05]
[K. Chetyrkin, M. Faisst, J. Kiihn, P. Maierhoefer, C. Sturm '06]
[R. Boughezal, M. Czakon '06]

e MISSM, O (aas): leading MSSM two-loop corrections
[A. Djouadi, P. Gambino, S.H., W. Hollik, C. Jiinger, G. Weiglein '97]

e MSSM, O (ozt,oztozb,ozb> limit of MSUSY — OO
[S.H., G. Weiglein '01, '03]

o New: MSSM, O (a?, aray, af ): limit of Msysy # oo
[J. Haestier, S.H., D. Stbckinger, G. Weiglein '05]

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 20



New results: O (osz) corrections to Ap

[J. Haestier, S.H., D. Stéckinger, G. Weiglein '05]

T hree classes:

t,b t,b :E,’E//_,\\ E,E f,’l; -
/ I \\ //
// ! \ /
\
\\ : /// \\\
\“_, -

(q) (9) (H)

(¢) Fermions and Higgs bosons (has SM counter part)
(g) Scalar fermions and Higgs bosons

(H) Higgsinos and fermions/sfermions

t,b

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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“Because of time constraints this year I send only a short greeting.
Yours, S.”
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Calculation:

e Diagram computation in principle straightforward, but very large num-
ber of diagrams (O (103)), many different scales

— algebra very involved

used TwoCalc [G. Weiglein '92] , [G. Weiglein, R. Scharf, M. B6hm '94]

e Important to take Higgs-mass dependence into account
[J. van der Bij, F. Hoogeveen '87] , [R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci,
A. Vicere '92] , [J. Fleischer, O. Tarasov, F. Jegerlehner '93|

more difficult in the MSSM: M, is not a free parameter,
need to preserve SUSY relations

e Renormalization: SUSY 4 gauge invariance imply relation between the
parameters in the scalar quark sector

— needs to be preserved by renormalization procedure

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 23



Numerical results for My :

12
I I I I | I I I I | I I I I | I I I I | I I I I | I I I I
- Mg,g, =300 GeV, M, =300 GeV, tanf = 50, u = 500 GeV |
10— —
- — @n .
3 B —— (9): MSSM - SM
_ -(q): SM -
> _
% ]
— 6
= ]
= ]
q —_
4 —]
2 - —
O i | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
-600 -500 -400 -300 -200 -100

X, [GeV]

(qg) : SM large
(g) : MSSM - SM small,
O (1 MeV)

(g, H) : O(6 MeV)
non-negligible,
larger than current
SM uncertainty
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Numerical results for My, in benchmark scenarios (SPS):

AM,, [MeV]

1000

8 - 1T 171 1T 171 1T 1T 1 1T 171 L | 1T 171 | 1T 171 ]
JE 2-loop OS =
6 E
5 =
4p E
35 E
1 —
0 f— o o O © é
1F - E
~LE " — SPSla(q, q )__
Py o e——e SPS1a QCD _f
Y= SPS1b (g, §, H)J
N e SPSIbQCD 3
= SPS5 (g, G, H) J
- = e—e SPS5QCD 1
_6 C 1 1 1 , | | I I | | I I | | | I I | | I | | | I I | | L1 1 1 7
300 400 500 600 700 800 900
Msusy [GeV]

2-loop QCD up to 7 MeV

(g, H) of similar size
non-negligible

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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Who's that Santa? (III)
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3. New results for My

Theoretical prediction for My, in terms of My, o, Gy, Ar:

M3z 1—M—V2V (14 A7)
U M3 WGM

)

loop corrections

Evaluate Ar from pu decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]

2

Ari_joop = Aca — zvv\\:AP + Arrem(Mpy)
M 2
~ log m—? ~ m;
~ 6% ~ 3.3% ~ 1%

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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Combination of SM and MSSM result

— use best available SM result

— add all available MSSM corrections
— subtract double counting

= decoupling limit ok (Mgygy — o)

... but some corrections included only via their SM part
= best solution

Status of SM calculation

e Most recently full electroweak two-loop result available
[Awramik, Czakon, Freitas, Hollik, Onishenko, Veretin, Walter, Weiglein '03, '04]

e Most recent electroweak three-loop corrections via Ap
[Faisst, Kiihn, Seidensticker, Veretin '04]

e Compact parametric formula used
[Awramik, Czakon, Freitas, Weiglein '04]

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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Status of MSSM calculations of My,

e MISSM, Ar: full one-loop corrections

[P. Chankowski, A. Dabelstein, W. Hollik, W. Md&sle, S. Pokorski, J. Rosiek '94]

[D. Garcia, J. Sola '94]
e MISSM, Ap: leading O (aas) corrections
[A. Djouadi, P. Gambino, S.H., W. Hollik, C. Jiinger, G. Weiglein '97]

e MISSM, Ar: leading gluonic O («as) corr.
[S.H. '98] [S.H., W. Hollik, G. Weiglein '04]

e MISSM, Ap: leading O <oztz,oztozb,ozb2> corrections
[S.H., G. Weiglein '01, '03]
[J. Haestier, S.H., D. Stockinger, G. Weiglein '05]

Most recent:

e MISSM, Ar: one-loop with complex parameters
[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

Most dominant:

e Ap:. one- or two-loop, contribution from f/'B sector

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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More details about our calculation:

e Complex phases in the squark sector enter only
via shift in squark masses (explicit dependence drops out)

Xt = |A¢l* 4 |pcot 8% — 2|A¢| - |p| cot B cos(¢a, + dp)
Xp® = |Apl® 4 [utan B2 — 2| Ay| - |ultan B cos(¢a, + dp)
Only some phase combinations are physical,

other phases can be rotated away.
Examples for physical combinations:

CbAt + Cbu
fbAb + ¢u

e Higgs mass dependence of the two-loop contributions
IS know to be very strong
= we use FeynHiggs (www.feynhiggs.de)

e All one-loop calculations have been performed with
FeynArts and FormcCalc
[T. Hahn et al '00 - '05]

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006

31



Treatment of the phase dependence beyond one-loop order

Phase dependence at the two-loop level approximated by a simple interpo-
lation based on:

full phase dependence at the one-loop level, M}-(¢),

two-loop results for real parameters, M{U(0), M{W(x)

= Two-loop result for complex phase ¢:

full(¢) — ‘:/L[/L(qb) + full(o) . I}VL(OH v 1+ coso
4 full( ) — %/L(ﬂ} o 1 —;ZOSCb

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 32



Dependence of My, on phases in stop/sbottom sector:

[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

35_ T 171 | T 171 | T T 1 | T 171 | T 171 | T T 1 | I_
0F oM =500GeV

_ e-oMp=600GeV variation of ¢4 + ¢,
25 I B-4 Mf =1000 GeV

(Pa = Pa, = d4,)
other parameters:
tang =5

MSUSY = 600 GeV
Agp = 2Msysy

20:

3M,,, [MeV]

15:

10f lu| = 900 GeV,
S Cevee, w4 = variation of ¢4+ ¢, vields
e T eesed  shift of more than 20 MeV
I I | | I I | | | I | | I I | | I I | | | I I | | |
0O 1 2 3 4 5 6
9,+ 0,
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Prediction of My, comparison with SM:

[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

i I I I I | I I I I | I I I I | I I I I | I I I I ]
80390} oo S0 "My p=s other parameters:
. o2 np=2 | Msysy = 600 GeV
8038 - — MSSM: anp=5 ] A p = 1200 GeV
[ tanp=25 o o
03] ] p = Mp = mz = 300 GeV,
% ....... O Qe . Qevenn PR PR 9“: gbx p— O
Q. 80,375 -
- SUSY SM
'y ] (typical difference)
0365 . Comparison with M<P:
L f MSSM agrees at 1o
80360 P ]
i '\‘u @_"*}“‘9---6-——0———0—-—9———e-——o———-o———e———e-——f SM agreeS at 20'
Lk T A I
100 200 300 400 500 600

M, [GeV]
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Prediction of My : variation of my

[S.H., W. Hollik, D. Stbockinger, A.M. Weber, G. Weiglein '06]

80.450 -

80430k
N o—o M =172.5 GeV

u vs M = (1725-2.3) GeV
eoam =(1725+23) GeV

80410

M,, [GeV]

M., =80.404 +0.030 Gev]

80.390;— e _

| b,

80.370F T _

N V\V\V\V‘ - )

| ‘V‘V‘V‘V~v~v~v-v-v+v~v—v-v—v—:

B3 e T T e
M- [GeV]

other parameters:

A p = 2 Msysy

u= Mo = mg = 300 GeV,
¢z =0

tang =10

omy = +£2.3 GeV
= oMy ~ +14 MeV
lower m; disfavored

= |largest parametric uncer-
tainty

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 35
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“I have the feeling we will arrive late this year . ..
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Prediction of My : typical scenarios: SPS 1a, 1b, 5
[S.H., W. Hollik, D. Stockinger, A.M. Weber, G. Weiglein '06]

_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ _IIII|IIII|IIII|IIII|IIII| III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
80.390 e Sl - 80.390
- 5o SPSIh ] i
~—  SPS5 o
3 8030 4 ] o 803801 ¢
I e _
S OF N 000G S b b N e 000 Gy
80370 . 80370
80.360 - R S . o 5o ]
_ R0 g=gne: B0 d-g 80.360¢ SR P89 009070 8700016 -G
I”Il””l””lI”IllI”l””lI”IllI”l””lI”IllI”l””lI”Ill”Il””l””lI”Ill”Il””l””l””l”” -IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII-
0 600 900 1200 100 1800 2100 2400 30 600 90 1200 1500 1800 2100 2400
m; [GeV] M, [GeV]

= only “lower” masses show agreement at lo
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Prediction of My : Split SUSY

[N. Arkani-Hamed, S. Dimopoulos '04] [G. Giudice, A. Romanino '04]

1000 r

800 |

600

M [GeV]

400

200

-1000 -500 0 500 1000
p[GeV]

[S.H., W. Hollik, D. Stbckinger,
A.M. Weber, G. Weiglein '06]

Difference to M3M
with MM = M,

= NO deviation for
Tevatron, LHC, ILC
precision

= GigaZ can confirm only
very light masses

(as expected ...)

Split SUSY disagrees with
experiment at the 20 level

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006
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Who's that Santa? (IV) (Santa on vacation ...)
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4. SUSY mass scale determination from a global fit

What do we know about the SUSY mass scale?

1. Coupling constant unification = Mg gy =~ 1 TeV
2. LSP should be cold dark matter = Mg sy = 1 TeV

3. Indirect hints from existing data?
— Focus on CMSSM, NUHM, VCMSSM and GDM
small number of free parameters

— hard constraint: LSP gives right amount of cold dark matter
CMSSM: only thin strips allowed in the mq /2=mg plane
VCMSSM: even tan 3 determined
NUHM, GDM: also strong constraints

— Use existing data of My, sin?ferr, BR(b — 57v), (g — 2)u, M,
— 2 fit with these observables
= best fit values for masses, couplings, ...
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The models (I):

CMSSM (or mSUGRA):

= Scenario characterized by

mo, m]_/27 A07 tanﬁ) Sign,u

\

mo . universal scalar mass parameter

mq /5 @ universal gaugino mass parameter } gt the GUT scale

Ap :universal trilinear coupling

/

tan @ : ratio of Higgs vacuum expectation values

sign(u) : sign of supersymmetric Higgs parameter

= particle spectra from renormalization group running to weak scale

Lightest SUSY particle (LSP) is the lightest neutralino
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The models (I):

CMSSM (or mSUGRA

= Scenario charac

mo . universal scalar
mq /o - universal gauc

Ap :universal trilineg
tan @ : ratio of Higgs

sign(w) : sign of sup

mq (GeV)

1500

1000+

500+

- m, = 174 GeV

m, =178 GeV
- m, =182 GeV

I T
1000 1500 2000

My, (GeV)

2500

qle

= particle spectra from renormalization group running to weak scale

Lightest SUSY particle (LSP) is the lightest neutralino
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UND WER
HATTE DEN KASE
AUT SEINEM
WUNSCHZETTELZ

“And who of you had the cheese on the wish-list?”
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The models (II):

NUHM: (Non-universal Higgs mass model)

= besides the CMSSM parameters

My and p

Assumption:

no unification of scalar fermion and scalar Higgs parameters
at the GUT scale

= effectively M 4 and p free parameters at the EW scale

= particle spectra from renormalization group running to weak scale

Lightest SUSY particle (LSP) is the lightest neutralino
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The models (III):
VCMSSM: (Very Constrained MSSM)

= In addition to CMSSM: assume relation between Ap and mg:
Ag/mo =0, 3/4, 3—+/3, 2

Additional constraint also fixes tan g
Free parameters: mq 5, Ag/mo
mgo and tan g fixed via CDM constraint

Lightest SUSY particle (LSP) is the lightest neutralino

GDM (mMSUGRA): (Gravitino DM in mSUGRA)

= In addition to CMSSM: assume relation between Ap and mg:
Ag/mo =0, 3/4, 3—+/3, 2

MSUGRA! mgravitino = mo = dravitino can be the LSP
Free parameters: my 5, Ag/mg
Lightest SUSY particle (LSP) is the gravitino
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The models (III):
VCMSSM: (Very Constrained MSSM)

1000 ':"I"" LA AR AR L L A L L B

= In addition to (

Additional constraint ¢

Free parameters: mq
mgo and tan g fixed via

Lightest SUSY particls

mg (GeV)

500

GDM (mMSUGRA): (G

= In addition to (

O . 1
100 200 300 400 500 600 700 800 900 1000

M40 (G eV)

MSUGRA: Mgravitino =

Free parameters: my /o, Ag/mo
Lightest SUSY particle (LSP) is the gravitino
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The models (III):
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The observables (I): My, sin? ¢
For x? fit:

5 aerp o Rtheo 2 5
x o :

Xy = ( - > r = Myy,SIn” Ogrr
xr

CXP- experimental value
REN€O: theory prediction

o2 (exp. error)? + (param. error)? + (intr. error)?

experimental error
parametric error: from uncertainty in input parameters
intrinsic error: from unknown higher-order corrections

= use most up to date calculations and error estimates
[S.H., W. Hollik, G. Weiglein '04]
[J. Haestier, S.H., D. Stéckinger, G. Weiglein '05]
[LEPEWWG '05]

(really most up to date used for a current re-evaluation
[J. Ellis, S.H., K. Olive, A.M. Weber, G. Weiglein '07] )
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The observables (II): anomalous magnetic moment of the muon: (g —2)y

Coupling of muon to magnetic field : u — p —~ coupling
1
2my,

a(p’) |[v*F1(q®) + 0””un2(612)] u(p) Ay F5(0) = (9 —2)p

Overview about the current experimental and SM (theory) result:
[g-2 Collaboration, hep-ex/0401008]

230 ;

V]

220 E_ ........ “ T Avg .....................................................................

210 . OO Ny SO
[1]

S 200 [ % ............

I leel 1.

180 :_ ................................................................................................... + ..........................................

170 e et e e e e eeaaeeaaeeseeaeeaaeeaaeeaaeeaaeeaaeeaaeeaaeaaaeaas

x 10%° - 11659000

a

1602‘ """"" Experiment Theory

150
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Overview of the SM theory evaluation:

Source contr. to a,[10719)

LO hadr. ~ 695+ 7 (eTe™) [Davier et al, Hagiwara et al. '03]

[Ghozzi, Jegerlehner '03]

711.0x6 (1) [Davier, Eidelman, Hbcker, Zhang '03]
LBL 8+ 4 [Knecht, Nyffeler '02]

13.6 = 2.5 tbc [Melnikov, Vainshtein '03]
EW 1L 19
EW 2L —4 [Czarnecki, Krause, Marciano '98]
exp. res. §) [BNL E821 '04]

— ‘“Isospin breaking effects” in v data problematic [Ghozzi, Jegerlehner '03]
ete data: good agreement between new SND, CMD2, KLOE data

= general agreement at ICHEP'06 Moscow: discard T data

aSP — gt "*o=M ~ (27.54£8.4) x 10710 (before: (25.2+9.2) x 10~10)
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MSSM contributions to (g — 2),:

Coupling of muon to magnetic field : yu — p —~ coupling
1

u(p') |WMF1(g?) + T
L

Feynman diagrams for MSSM 1L corrections:

M ~
\>\’\X']O._R
-~ M
HaV
PRl
Y
~1 ~ :
pw—X; —vu . ~my tanpg

p—X; —Ha @ ~my tanp

0‘”’un2((12)] u(p) Ay F>(0) = (9 — 2)u
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For x2 fit:

exp theo
2_< x _Rx
Xx —
Ox

2
) r=(g9—-2)u

R*P: experimental value = (a&*P — ¢}'¢>>M)

REN€O- theory prediction = af,,heo’SUSY

o2 (exp. error)? + (param. error)? + (intr. error)?

experimental error
parametric error: from uncertainty in input parameters

intrinsic error: from unknown higher-order corrections

= use most up to date calculations and error estimates
[S.H., W. Hollik, G. Weiglein '04]
[S.H., D. Stockinger, G. Weiglein '03, ' 04]
[g-2 Collaboration, hep-ex/0401008]
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The observables (III): b — sv
For 2 fit:

exp theo
2_(517 _R:c
Xx_

2
) r = BR(b — s7v)
O
RSP experimental value
REN€O: theory prediction
o2 (exp. error)? + (param. error)? 4 (intr. error)?

experimental error
parametric error: from uncertainty in input parameters
intrinsic error: from unknown higher-order corrections

= uUsSe up to date calculations and error estimates
[Asatrian, Hovhannisyan, Greub, Hurth, Poghosyan '05]
[BaBar, Belle '02, '04]
[HFAG '06]

(really most up to date not yet included, ... [M. Misiak et al. '06] )
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The observables (IV): the lightest MSSM Higgs boson mass: My,

Contrary to the SM: M;, is not a free parameter

MSSM tree-level bound: M; < My, excluded by LEP Higgs searches

LLarge radiative corrections:
Dominant one-loop corrections:
™maz. 1Ny
£ 1%
AM? ~ Gymylog <#>

2
my

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector) f

Measurement of Mj;, Higgs couplings = test of the theory

LHC: AM,;, ~ 0.2 GeV
ILC: AM,; ~ 0.05 GeV

= Mj, will be (the best?) electroweak precision observable
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In CMSSM, NUHM, VCMSSM, GDM: SM bound of Mg search can be used
[LEP Higgs Working Group '03]

w1 f
=
S
0 CLs can be
: used/transformed
2 .
10} into x2 values
=1 I
10 | = Uhsirvel = additional (unobserved)
- Expected for
- hackground parameter
Al
15 .
: M"Y ~ 3 GeV
&
10 |
: We use FeynHiggs
l“'ﬁ_...|...|...|...|...i. 0 N
100 102 104 106 108 110 112 11

4 116 118 120

m,(GeV/ (:2)
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In CMSSM, NUHM, VCMSSM, GDM: SM bound of Mg search can be used
[LEP Higgs Working Group '03]

o l E
o
10 1; LEP CLgs can be
: used/transformed
-2
10} into 2 values
_ : : : -
0 3=_ —. Interested in MSSM I_—Ilggs physics™ observed)
i Try our code FeynHiggs
10 4 www.feynhiggs.de
f SMI'Y- ~ 3 GeV
5[ 1144
10 = 1153
: We use FeynHiggs
A |
10100 102 104 106 108

P iy [N
110 112 114 116 118 120

m,(GeV/ (:2)
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Fit results and collider reach

Procedure:

1. Scan over parameter space:

— CMSSM: for fixed tan 8 = 10,50
— NUHM: certain parameter planes,
corresponding to CMSSM best fit points
— VCMSSM: full parameter space (Ag/mo = 0,3/4,3 —/3,2)

— GDM (mSUGRA): full parameter space (Ag/mg = 0,3/4,3 —+/3,2)

2. Perform 2 fit

3. Find preferred values for masses
= collider reach

= focus on CMSSM
all models show the same qualitative behavior
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Results: CMSSM:

Compare my = 178 GeV with my = 172.7 GeV: My, for tan g = 10:

80.60

80.55

80.50

M,, [GeV]

80.45

80.40

80.35

CMSSM, p>0, m =178.0 |

o tanp=10,A,=0
o tanf=10,A,=+m,

o tanp =10, AO =-m,

tanp=10,A,=+2m,,

tanp=10,A;=-2m,,

200

400
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800 1000 1200

m, [GeV]

1400

my = 178 — 172.7 = mq ;, lowered

M,, [GeV]

80.60

80.55

80.50

80.45

80.40

80.35

CMSSM, u>0, m =172.7 |
o tanp=10,A,=0
B o tanB=10,A,=+m,, }
- o tanp =10, A0 =-m,, -
tanf =10, A,=+2m_,
tanp=10,A;=-2m,,

& :

1 1 | 1 1 1 | | IM@%IaI | | 1 1 1 | 1 1 | | I_

200 400 600 800 1000 1200 1400
m, [GeV]
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Compare m; = 178 GeV with m; = 172.7 GeV: sin? 0. for tan 8 = 10:

0-2320 T T L T T 1 L L T 171 T T T T 0-2320 T T T T T | T T 1 | T T T | T T T | T 171 T T T T
' ' ' serdehdtlt '
- ] - . il .
[ GRS - - e -
0.2315 :::::::::::5¢gé‘i&:::::::::::::::::::::::::::::: 0.2315 :::::@:ﬁ‘::::::::::::::::::::::::::::::::::::::::
| (2 i | 5 i

A $

- - - @ -
I CMSSM, >0, m =178.0 | 0 CMSSM, p>0,m =172.7 |
CD% L o tanp=10,A,=0 i CD% L o tanB=10,A,=0 i
e 02310 o tanp=10,A;=+m, 7 e 02310~ o ftanp=10,A;=+m,, |
2} B 7] 2} B 7]
i o tanf=10,A,=-m, | i o tanf=10,A,=-m, 4
. tanB=10,A,=+2m,, - - tanB=10,A =+2m,
0.2305 |- B =10 A0 =2y, 0.2305 |- tanp=10. A =-2m,, |

O 2300 1 1 | 11 | | 1 1 1 | 11 | | 11 | | 1 1 1 | 11 | | | O 2300 1 1 | 11 | | 1 1 1 | 11 | | 11 | | 1 1 1 | 11 | | |

' 200 400 600 800 1000 1200 1400 ' 200 400 600 800 1000 1200 1400

m, , [GeV] m, , [GeV]

my = 178 — 172.7 = my j, lowered

Note: most recent evaluation of sin?6.¢ gives results ~ 1.50%%P lower
eff
[S.H., W. Hollik, A.M. Weber, G. Weiglein '07]
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Compare my = 178 GeV with my = 172.7 GeV: M, for tan = 10:

130 T T T T T T T T T T T T T T T T T T T T T
125 -
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— " . —
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>t 5% =
R A -
= 1150 <3¢ O e ]
= B .?‘_!69 ]
= i CMSSM, pu >0, m, = 178.0 7
110 __ ) tanB = 10, AO =0 __
i o tanB=10,A =+m,, ]
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i tanB =10, A,=-2m,, ]
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Effect of m; =

178 GeV with m; =

172.7 GeV: 2 fit for tan 8 = 10:

10 T T T T T T T T T T T T T T
8 — —
- ¢ [ Y 0 -
. 8 °
I 0 1
g ‘
I % 7
"< L . “S" CMSSM, >0 ]
(J
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- L - — — -
[ . .:.Dg o tanB=10,A ,=+m,, 1
oL ‘q' .:g o tanp =10, A0 =-m, |
- o " tanB=10,A,=+2m,, -
i & tanB =10, A,= -2 m, ,
0 | | | | Q:? | | | | | | | | | | | | |
0 200 400 600 800 1000
m, , [GeV]

x2 (today)
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I e _
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i . i
10+ . -
- ° [o) ° -
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- Cb Q: -
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I . X _
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. I I talnB =10,A, :I 2m, ]
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m, , [GeV]

my = 178 — 172.7 slightly higher x2, Ag > 0 favored

= My, and sinzeefr more important, (¢ — 2), less important for low my /2

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006

57



Effect of my = 178 GeV with m; = 172.7 GeV: 2 fit for tan 3 = 50:
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= (re)appearance of focus point region at myq /o =~ 200 GeV
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CMSSM: LSP mass for tang = 10,50
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tan 8 =10 = minimum at/below 200 GeV

tan 3 = 50 =- similar
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CMSSM: light neutralino/chargino masses for tan 3 = 10,50
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tan 8 = 10 = very good prospects for the LHC/ILC(1000)
= even chances for the Tevatron
tan 8 = 50 = good prospects (only) for x§x% production
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CMSSM: lightest stau mass for tan3 = 10,50
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tan 8 = 10 = very good prospects for all colliders

tan 3 = 50 = still quite good (except for Focus Point)
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CMSSM: lightest stop mass for tan3 = 10,50
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tan 8 = 10 = good chances for LHC, moderate prospects for the ILC

tan 3 = 50 = still good for LHC, but outside the ILC(1000) reach
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CMSSM: gluino mass for tan 3 = 10,50
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tan 8 = 10 = no problem for LHC, but outside the ILC(1000) reach
tan 3 =50 = no problem for LHC, but outside the ILC(1000) reach
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| 97 QA IN GRINNG..
WAR ALSe DocH NichT BRAV..
VeRSTeHE ... KENE GetcHenke...
Col DERN GRuM wND BLAV
ceHLAGEN DAS gALG... IN e
oRDNNG... TAS KAM
v LETZTER SEKVNDE...

“So he did not behave well? No presents? Just beat him up?
Ok, I understand! — Well, that message arrived in the last second!”
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5. Conclusinos

e Precision observables
— can give valuable information about the “true” Lagrangian
— can provide bounds on SUSY parameter space

e Two-loop Yukawa correction to Ap:
corrections up to AMy = 8 MeV, Asin?fq5 = —4 x 107°

e New result for My, in the MSSM:
complete one-loop with complex parameters
4+ all existing MISSM higher-order corrections
+ full SM result

e x? fit using My, sin?fesr, (g —2)u, BR(b — sv), My,
investigated models: CMSSM, NUHM, VCMSSM, GDM (mSUGRA)

x? fit: low values, O (2) reached

relatively low SUSY mass scales favored
— good prospects for LHC and ILC (and possibly even Tevatron)
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Back-up
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Example: Investigation of mMSUGRA with cold dark matter constraint
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Remaining uncertainties:

1. SUSY 1L diagrams with a mixed f/f loop

— same enhancement factors as
SM 1L diagrams with a closed f/f loop attached

= possibly of similar order

2. THDM corrections to SUSY 1L diagrams
Already known:

QED corrections to a;Y>Y (1L): ~ —8% for Msysy = 500 GeV
[G. Degrassi, G. Giudice '98]

— only evaluated for a common SUSY mass scale
= non-negligible corrections possible

— Remaining uncertainties estimated to ~ 6 x 1010
[S.H., D. Stockinger, G. Weiglein '04]
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Results (II): NUHM

NUHM: vary maq /o and mg around best CMSSM fit point tan g = 10:
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stops and gluinos only in reach for LHC
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NUHM?: vary my 5, and mg around best CMSSM fit point tan § = 50:
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Results (III): VCMSSM

VCMSSM: scan over full parameter space
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= Ag/mo = 3/4,3 — /3 and Higgs pole favored
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VCMSSM: scan over full parameter space
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= Ag/mg = 3/4,3 — /3 and Higgs pole favored
= sleptons, charginos, neutralinos (partially) in reach for ILC(1000)

— even chances for the Tevatron and good prospects for LHC
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VCMSSM: scan over full parameter space
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= Ag/mg = 3/4,3 — /3 and Higgs pole favored
= stops and gluinos out of reach for ILC, except for Higgs pole

= LHC can cover the whole parameter space
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Results (IV): GDM (mMSUGRA)

GDM (MSUGRA): scan over full parameter space
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= all Ag/mg values similarly good

Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006

74



GDM (MSUGRA): scan over full parameter space
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= all Ag/mg values similarly good
= sleptons, charginos, neutralinos in reach for ILC(1000) and LHC
= even chances for the Tevatron
Sven Heinemeyer, LMU Elementary Particle Theory Seminar, 20.12.2006 75



GDM (MSUGRA): scan over full parameter space
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