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1. Why Supersymmetry?

The Standard Model (SM) cannot be the ultimate theory

— The SM does not contain gravity
— Further problems: Hierarchy problem
— And another one: SM does not provide Cold Dark Matter candidate

Up to which energy scale A can the SM be valid?

800.0

— N < Mp, @ inclusion of gravity
effects necessary 600.0 |

— stability of Higgs potential: =

— Hierarchy problem : Landau pole

Higgs mass unstable 200.0 |
w.r.t. quantum corrections
M2 ~ N2

10° 10°

Potential bounded from below

10° 10" 10*°
N\ (GeV)
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Mass is what determines the properties of the free propagation of a particle

Free propagation: ~---—-—-——————-—- - inverse propagator: i(p? — M%)
H ! H
Loop corrections: . __ @ _____ inverse propagator: i(pQ—MI%—I—Z{L])
f_'

QM: integration over all possible loop momenta k
dimensional analysis:

2m
f > [ .4 1 f

4
. f 2 d”k o [dk
for A — oo : ZHNNf)\f</k—2-|-2mf/?
e — S —
= quadratically divergent!
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For A\ = MP|Z
SI o~ 6ME ~ M3, = M~ 1030 M3
(for Mg <1 TeV)

— no additional symmetry for My =0

— no protection against large corrections

= Hierarchy problem is instability of small Higgs mass to large corrections
in a theory with a large mass scale in addition to the weak scale

E.g.: Grand Unified Theory (GUT): 6M7 ~ M+

Note however: there is another fine-tuning problem in nature, for which we
have no clue so far — cosmological constant
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Supersymmetry:

Symmetry between fermions and bosons

Q|boson) [fermion)
Q|fermion) = |boson)

Effectively: SM particles have SUSY partners (e.g. fr r — fL,R)

SUSY: additional contributions from scalar fields:

3 fL,R
JL.R 2
H ,~~ H H ' }) H
_____ ¢ ¢ - > @ L
fL.R
st o N2A2 [ d*k t ., 1 + terms without quadratic div
H P Q—m?f kQ—m?f '
L R

. f 2 A2
for A — oc: ZHNNfAfA
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= quadratic divergences cancel for

N =N = N
2 2
)‘f = A7

complete correction vanishes if furthermore

Soft SUSY breaking: m]% — m? + A2 A]% — A%

= I N A AZ 4

= correction stays acceptably small if mass splitting is of weak scale

= realized if mass scale of SUSY partners

MSUSY S 1 TeV

= SUSY at TeV scale provides attractive solution of hierarchy problem
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Supersymmetry (SUSY) : Symmetry between

Bosons <« Fermions

@ |Fermion) — |Boson)

@ |Boson) — |Fermion)

Simplified examples:

Q |top, t) — |[scalar top, %)
Q |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 #= my; = SUSY is broken . ..

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

SUSY particles are made heavy:

MSUSY p— O(l TeV)
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Five reasons as a SUSY 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. Unification of the Coupling Constants
in the SM and the minimal MSSM

2.) Unification of gauge couplings: |
Not possible in the SM, but in 36« 1/a """""" """"""""
the MSSM (although it was not
designed for it.)

3.) Spontaneous symmetry breaking
via Higgs mechanism is
automatic in SUSY GUTs

4.) SUSY provides CDM candidate
5.) ...

[Amaldi, de Boer, Fliirstenau '92]
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

:u,d, c, s, t, b: LR e"u’T-L,R :l/e’,u,q-:L Spin %
:a,d',a',g,f,'z;: Lr BT L }76,“,{ . Spino
g WE 0+ y,Z,17, HS Spin 1 / Spin 0
g ifz )2(1),273,4 Spin 5

Enlarged Higgs sector: Two Higgs doublets

Problem in the MSSM: many scales
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t/b sector of the MSSM: (scalar partner of the top/bottom quark)

Stop, sbottom mass matrices (Xy = Ay — p*/tan @, X, = Ay — p*tan g):

5 MEQL -+ th + DT, m X} 0; m%l 0
Mz = —t
e Xy MgR + m? + DT, 0 mth
2 2 2
B —
my X, MEQR + mg + DTy, 0 m§2

mixing important in stop sector (also in sbottom sector for large tan 3)

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

SU(2) relation = My, = MBL

= relation between mfl,m52,0;, mBlvaQvQE

Sven Heinemeyer — SUSSP 65 — St. Andrews 2009 II/10



2. The MSSM Higgs sector
Comparison with SM case:

Lsym = myQrPdr + muQrdeup
d-quark mass u-quark mass

U , 0 v
Q= . Pe=ioo®l, D — . Do —
(d)L (U) (O)

In SUSY: term Q; T not allowed

Superpotential is holomorphic function of chiral superfields, i.e. depends
only on ¢;, not on ¢7

No soft SUSY-breaking terms allowed for chiral fermions

= H, (= H1) and Hy(= H) needed to give masses
to down- and up-type fermions

Furthermore: two doublets also needed for cancellation of anomalies,
quadratic divergences
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Enlarged Higgs sector: Two Higgs doublets

H, — (H% ) _ (vl+(¢1+i><1)/\/§)
Hf é1

F RN
H3 0o + (2 +ix2)/V?2

V = miH{A1 4+ m5HoHy — mis(eq HYHS 4+ h.c.)

2 2 2

g g _ _ g —
+ (H1Hy — HoH5)? + = |H1H>|?

—8 _ 2

gauge couplings, in contrast to SM

physical states: 0, HO, A0 H+
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)
tang :U—Q, M% = —m3,(tan 8 + cot 3)

v1
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Enlarged Higgs sector: Two Higgs doublets with CP violation

H, — (H%):(Ul—l-(fbl-l-ixﬂ/\/i)
Hf $1

o (3l )
Hz vo + (2 +ix2)/V2

V = miH1H; +m3HpHp — mis(eqHYH3 +h.C.)

2 2 2

g g _ _ g —
+ (H1Hy — HoH5)? + = |H1H>|?

—8 _ 2

gauge couplings, in contrast to SM

physical states: 0, HO, A0 H+
2 C’P-violating phases: &, arg(mio) = can be set/rotated to zero

Input parameters: (to be determined experimentally)

U
tan g = =2, M2,
U1
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HO cosa Sina o M2+ M
= tan(2a) = tan(2
( hO ) (—sina COSa) (qb%) an(2a) = tan( ﬁ)M M2

GO\ cosf sing X3 GF\ cosf sing b7
A0 |\ —sing cosg X9 /) HE ] | —sing cosg ey
Three Goldstone bosons (as in SM): G9, G+

— longitudinal components of W+, Z

— Five physical states: h0, HO A0 H=*
h, H: neutral, CP-even, A9: neutral, CP-odd, H*: charged

Gauge-boson masses:

1 1
M = g% +03), Mz =_(¢"+g)(i+v3), My=0

Sven Heinemeyer — SUSSP 65 — St. Andrews 2009 II/14



Parameters in MSSM Higgs potential V' (besides g, ¢'):

U1, U2, M1, M2, 1M1

relation for M3,, M2 = 1 condition

minimization of V w.r.t. neutral Higgs fields H% H% = 2 conditions

= only two free parameters remain in V', conventionally chosen as

tan 8 = U—Q, Mfl = —m%z(tanﬁ + cot3)
U1

= my, mpyg, Mixing angle o, my+: No free parameters, can be predicted

In lowest order:
mé e = M3+ Mg
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Predictions for m;, my from diagonalization of tree-level mass matrix:

¢1 — ¢o basis:
2 2
ppatree Moy M1 |
Higgs

2 2

o1 Mo

MZ%sin?3 + Mz2cos?3 —(M2%+ M2)sin 3 cosf
— (M3 + M2)singcos@ M3cos?3 + Mzsin?j3

“<— Diagonalization, «

2,tree
( - ; )
2,tree
0 my
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Tree-level result for my, my:

m;

M3 + M2 £+ \/(M3 + M2)? — 4M2M3 cos? 28

N | l—‘\';

= mp < My at tree level

= Light Higgs boson h required in SUSY

Measurement of my, Higgs couplings

= test of the theory (more directly than in SM)
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Higgs couplings, tree level:

e
gy = sin(B—a) giNy, V=w*Z
gavy = cos(f—a) g\
/
= cos(f8 — «
GhAZ (B—a) 2cos o
3 . S|nOé SM
Inob Ihrtr= = T o5 3 IHBG Hr T
. Ccosa gwm
Ihtt smﬁ gt

IAbb AT+ Y5 tan g gbe

= gnvv <9AVy,  9VvVe 9HVV, ghaz Cannot all be small

Il In-+-—- Significant suppression or enhancement w.r.t. SM coupling
possible
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The decoupling limit:

500IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII

For M, > 150 GeV:

m. " scen., tanB =5

4505— h
The lightest MSSM Higgs is 4005_ —h
SM-like -
_ 350 —
The heavy MSSM Higgses: < -
My~ Mg~ M+ §300:—
_;3250;
=

of course there are exceptions . .. FeynHiggs2.2 4

50 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
50 100 150 200 250 300 350 400 450 500

M, [GeV]
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The lightest MSSM Higgs boson

MSSM predicts upper bound on Mjy:

tree-level bound: m; < My, excluded by LEP Higgs searches!

Large radiative corrections:

My sw' Myysw'

Yukawa couplings: 5

m
= Dominant one-loop corrections: AM2 ~ G’umt log ( ’21 t2)
t

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

Present status of M, prediction in the MSSM:

Complete one-loop and ‘almost complete’ two-loop result available
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Upper bound on Mj in the MSSM:

“Unconstrained MSSM' :
M 4, tan 3, 5 parameters in t—b sector, pu, mg, Mo

for m; =173.1 £1.3 GeV

(including theoretical uncertainties from unknown higher orders)
= Observable at the LHC

Obtained with:

FeynHiggs

[S.H., W. Hollik, G. Weiglein '98 — '02]
[T. Hahn, S.H., W. Hollik, H. Rzehak, G. Weiglein '03 — '09]

www.feynhiggs.de

— all Higgs masses, couplings, BRs (easy to link, easy to use :-)
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Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

m,_ [GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

-2000 -1000 0 1000 2000
X, [GeV]
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Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Comparison with
experimental limits

m, [GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

= strong impact on
bound on SUSY parameters

-2000 -1000 0 1000 2000
X, [GeV]
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Remaining theoretical uncertainties in prediction for M; in the MSSM:

[G. Degrassi, S.H., W. Hollik, P. Slavich, G. Weiglein '02]

— From unknown higher-order corrections:

— From uncertainties in input parameters
m¢, ..., MA, tanﬁ, mfl, me, ooMmg, - -

Ami ~1 GeV = AMh% 1 GeV

Higgs couplings, production cross sections

= also affected by large SUSY loop corrections

...See below
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hff coupling:

f
f
—_ i M2
A(h — ff) = \/?h (rh - M? - m%:H-I(- ihH)H(Mf%> I_H>

= Effective hff coupling can vanish for large >4

Gluino vertex corrections to h — qq:

= ratio M(h — 7777) /I (h — bb) can significantly
differ from SM value for large tan g
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Effective hff coupling can go to zero for large >4

= "Pathological regions”
[W. Loinaz, J. Wells '98] [M. Carena, S. Mrenna, C. Wagner '99]

— Suppression of BR(h — bb), 100
BR(h — 77), ...
[S.H., W. Hollik, G. Weiglein '00]

= 10" — —

) - _

N N ]

I - = one loop, q #0-

i | -

x i — one loop, q° = 0.
| 2

— two loop, g #O0

2 T

10 "E > -

- — two loop, g =03

IIII|IIII|III II|IIII|IIII|I_J 1 L‘IIII|IIII|IIII|IIII|IIII
100 110 120 130 140 150 160 170 180 190 200 210 220

M, [GeV]
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The heavy MSSM Higgs bosons
Differences compared to the SM Higgs:

Additional enhancement factors compared to the SM case:

b
tang
H —
Ao Yb Yb 1+ A,
b
At large tang: either H~ Aor h= A
t
tan g
Ht Y11,
b
L 20{3
Ay = 3. T H tan 3 x I(mgl,mEQ,mg)

o
+ ﬂAtﬂ tang x I(mg,mg,, 1)

= other parameters enter = strong p dependence
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Most powerful LHC search modes for heavy MSSM Higgs bosons:

bb — H/A — 777~ 4+ X
gb—>tHi—|—X, Hj:—>TV7—
pp — tt —» HE + X, HT — 7u;

Enhancement factors compared to the SM case:

tan? g y BR(H — rt77) 4+ BR(A — 71t77)
(14 Ap)2 BR(H — 777 )gm

H/A

. tan2/8
(14 4p)?

x BR(HT — 7v;)

= A\, effects so far often neglected by ATLAS/CMS
also relevant for BR(H/A — r+t77), BR(H* — 7v;)

also relevant: correct evaluation of M(H/A/H* — SUSY)
= additional effects on BR(H/A — v+77), BR(H* — 7v;)
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3. Electroweak Precision Observables (EWPO):

Comparison of electro-weak precision observables with theory:

EW Precision data:
My, Sin? Oetr, a

<

Y

Theory:
SM, MSSM , ...

Test of theory at quantum level: Sensitivity to loop corrections, e.g. H

SM: limits on My

Very high accuracy of measurements and theoretical predictions needed
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Comparison of SM prediction of My, with direct measurements:

1192 s2 M
Ar = 92 S‘é\’ log [ —
967720\,\/ M

general for EWPO:

My > M7
A ~ Te)
72 [ ’ (MW> +92M1%/

leading term: log(Mpy)

first term ~ M7 with ¢4

i

= light Higgs boson preferred

August 2009
I

1 —LEP2 and Tevatron (prel.)
805 LEP1 and SLD

150 175 200

68% CL

-
---
, -

-
-------

m, [GeV]

[LEPEWWG '09]
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Global fit to all SM data:

6 August 2009 L|m|t = 157 GeV
= My = 87132 GeV : pa®, = '
5_ 5 % —
Lo 0.02758+0.00035
My < 157 GeV, 95% C.L. """ _0'02749102'00012 |
4 — *+ incl. low Q° data —
N>< |
3 3
Assumption for the fit: Z |
SM incl. Higgs boson |
1_ ]
= no confirmation of | |
Higgs mechanism 0 Excluded . “:,.{-' Preliminary
30 100 300

= Higgs boson seems to be light, My < 160 GeV
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How does this work in Supersymmetry??
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How does this work in Supersymmetry??

Advantages of fits in the MSSM vs. SM

— (g —2)u can be used as a constraint — T
— Cold Dark Matter can be used as a constraint
— BR(Bs — pﬁm_) can be used as a constraint

— M;, can be predicted from other parameters
= stronger constraints possible
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How does this work in Supersymmetry??

Advantages of fits in the MSSM vs. SM

— (g —2)u can be used as a constraint
— Cold Dark Matter can be used as a constraint
— BR(Bs — pﬁm_) can be used as a constraint

— M;, can be predicted from other parameters
= stronger constraints possible

Disadvantages of fits in the MSSM vs. SM

— many independent mass scales

— M), can be predicted from other parameters
= more difficult to disentangle effects
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(g —2)u: SUSY can easily explain the deviation:

Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange

— Diagrams with neutralino/smuon exchange

: 2
Enhancement factor as compared to SM: SM, EW 1L: & mg
% % W
H_X?:_V'u, ) Nmﬂtanﬁ X s
~ ~ - O M
p—X3 —fia : ~my tanp MSSM, 1L: 2 T X tan g
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SUSY corrections at 1L:

2
100 GeV
a>YSV1b ~ 13 x 10710 ( ) tan 3 sign(p)

g Msuysy
Msysy (= mp = my = mg): generic SUSY mass scale
a; =7t = (-100...+ 100) x 10710
a&P — aff'*OSM ~ (28 £8) x 10710

= SUSY could easily explain the *“discrepancy”

= ay, Can provide bounds on SUSY parameter space
(by requiring agreement at the 95% C.L.)
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Example: Prediction for My, in the SM and the MSSM

[S.H., W. Hollik, D. Stockinger, A. Weber, G. Weiglein '07]

[T I I I I I I I | I I I I I I I I I I I ]
80.70 N
80.60 |
< .
o 80.50
O,
=
=
80.40
80.30
SM
MSSM
80.20 both models E
| Heilnemeyer, Hollik, Stockinger, Weber, Weiglein '09 7]

160 165 170 175 180 185
m, [GeV]

MSSM band:
scan over
SUSY masses

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

SM band:
variation of M3M
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[T I I I | I I I I | I I I I I I I I I I I ]
80 70 L experimental errors 68% CL.: _
- LEP2/Tevatron (today) 1
80.60 — —
< .
O 80.50—
O,
=
=
80.40
80.30
SM
MSSM
80.20 both models E
| Heilnemeyer, Hollik, Stockinger, Weber, Weiglein '09 7]

160 165 170 175 180 185
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[T I I I | I I I I | I I I I | I I I I | I I I ]
30.70 __experimental errors: LEP2/Tevatron (today) ]
I 68% CL i
. 95% CL il
80.60 — —
< -
O 80.50—
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=
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80.30
SM
MSSM
80.20 both models E
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[T [ [ [ | [ [ [ [ | [ [ [ [ [ [ [ [ [ [ [ ]
80 70 L experimental errors 68% CL.: _
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80.60 — —
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=
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Example: Prediction for My, in the SM and the MSSM :
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experimental errors 68% CL.:

80.70 [
- LEP2/Tevatron (today)
I LEP2/Tevatron (8 fo™)
80.60 8™ dm, = 1.0 GeV, dM,, = 20 MeV
%J 80.50 [
9' L
=
=
80.40
80.30
MSSM
80.20 both models EE

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '09 7

165 170 175
m, [GeV]

180

185

MSSM band:
scan over
SUSY masses

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

SM band:
variation of M%M

Sven Heinemeyer — SUSSP 65 — St. Andrews 2009

11/34



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

[S.H., W. Hollik, D. Stockinger, A. Weber, G. Weiglein '07]

80.70

80.60

80.50

M,, [GeV]

80.40

80.30

80.20

160

experimental errors 68% CL.:

LEP2/Tevatron (today) 1

Tevatron/LHC
ILC/GigaZ

SM
MSSM
both models &

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '09 7

165 170 175 180 185
m, [GeV]

MSSM band:
scan over
SUSY masses

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

SM band:
variation of M%M

Sven Heinemeyer — SUSSP 65 — St. Andrews 2009

11/34



Indirect constraints on SUSY from existing data~?

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7

Sven Heinemeyer — SUSSP 65 — St. Andrews 2009 II/35



Indirect constraints on SUSY from existing data?

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7

EWPO My, @ information on my, myg OF My, tanpg or ...

$0r Mg+ and/or mz, mg,

BPO BR(b — sv) : information on tan 3 and/or Mg+ and/or mz, m

EWPO (g — 2), : information on tang and/or m

>~<:|:

CDM (LSP gives CDM) : information on Mo and mx= or M4 or ...
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Indirect constraints on SUSY from existing data~?

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7

EWPO My, @ information on my, myg OF My, tanpg or ...

$0r Mg+ and/or mz, mg,

BPO BR(b — sv) : information on tan 3 and/or M+ and/or mg, Mg+

EWPO (g — 2), : information on tang and/or m

CDM (LSP gives CDM) : information on Mo and mx= or M4 or ...
1

= combination makes only sense if all parameters are connected!
= GQUT based models, ...
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The models: 1.) CMSSM (or mSUGRA):

= Scenario characterized by

mo, m]_/27 A07 tanﬁa Sign:u

mgo . universal scalar mass parameter

mq /o © universal gaugino mass parameter } gt the GU'T scale

Ap @ universal trilinear coupling

J

tan @8 : ratio of Higgs vacuum expectation values

sign(u) : sign of supersymmetric Higgs parameter

= particle spectra from renormalization group running to weak scale
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The models: 2.) NUHM1: (Non-universal Higgs mass model)

Assumption: no unification of scalar fermion and scalar Higgs parameter
at the GUT scale

= effectively M4 or u as free parameters at the EW scale

= besides the CMSSM parameters

My or u

Further extension: NUHM?2:
Assumption: no unification of the Higgs parameters at the GUT scale

= effectively M4 and p as free parameters at the EW scale

= besides the CMSSM parameters

My and u
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Prediction of M; in the CMSSM

[Buchmiiller, Cavanaugh, De Roeck, Ellis, S.H., Isidori, Olive, Paradisi, Ronga, Weber, Weiglein '09]

General idea:

Take the most simple MSSM version: CMSSM/NUHM 1
— just three/four GUT scale parameters 4+ tang
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[Buchmiiller, Cavanaugh, De Roeck, Ellis, S.H., Isidori, Olive, Paradisi, Ronga, Weber, Weiglein '09]
General idea:

Take the most simple MSSM version: CMSSM/NUHM 1
— just three/four GUT scale parameters 4+ tang

— combine all electroweak precision data as in the SM
— combine with B physics observables

— combine with CDM and (g — 2)y

— include SM parameters with their errors: my, . ..

— scan over the full CMSSM/NUHM1 parameter space
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Prediction of M; in the CMSSM

[Buchmiiller, Cavanaugh, De Roeck, Ellis, S.H., Isidori, Olive, Paradisi, Ronga, Weber, Weiglein '09]
General idea:

Take the most simple MSSM version: CMSSM/NUHM 1
— just three/four GUT scale parameters 4+ tang

— combine all electroweak precision data as in the SM
— combine with B physics observables

— combine with CDM and (g — 2)y

— include SM parameters with their errors: my, . ..

— scan over the full CMSSM/NUHM1 parameter space

= preferred Mj; values

Sven Heinemeyer — SUSSP 65 — St. Andrews 2009 I1/38



CMSSM: red band plot:
[MasterCode '09]
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NUHM1: red band plot:
[MasterCode '09]
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M, = 1181?0 (exp) £ 1.5(theo) GeV — naturally above LEP limit
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