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1. Motivation for SUSY

The Standard Model (SM) cannot be the ultimate theory

— The SM does not contain gravity

— Further problems: Hierarchy problem

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

— A\ < Mp) @ inclusion of gravity 800.0
effects necessary

600.0

— stability of Higgs potential: =

— Hierarchy problem :
Higgs mass unstable
w.r.t. quantum corrections 200.0 |
M3z ~ N? .

Potential bounded from below

(but what does this mean?) 0.0 5 — —s —= —ls
N\ (GeV)

400.0 |
Landau pole

M, (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!

Sven Heinemeyer — Higgs lectures — TAE 2007 (Jaca) 06.-18.05.2007 1/3



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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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. Unification of the Coupling Constants

2.) Unification of gauge couplings: i the SM-and  the minimal MSSM

Not possible in the SM, but in Se| PR
the MSSM (although it was not T
designed for it.)

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

4.) SUSY provides CDM candidate

15

5) ... [Amaldi, de Boer, Fiirstenau '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
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2. MSSM Higgs Theory
Comparison with SM case:

Loy = mgQrHdr+muQrHup
d-quark mass u-quark mass

u ~ ) T O ~ U
Qr = , H=1w0pH', H— , H—
(d)L (U) (O)

In SUSY: term Q;H' 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, — (Hll):(v1+(¢1+’in)/\/§)
Hf é1

O ) G

’ H3 0o + (2 +ix2)/V?2

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

12 2 2
g~ +g = - g -
(Hyfy = HoM2)? + 7 |Hy o)
. ~ 4 Ny’
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
Hy, — Hi v+ (1 +ix1)/V2
H3

¢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)

tan g = =2, M2,

v1
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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
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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 Mp1
Higgs m2 m2

D192 ®2

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

— Diagonalization, «

N

m ,tree 0

2,tree
my,

o =
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Tree-level result for my, my:

m;

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

N | HVD‘

= 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:

gy = sin(B—a) giNy, V=w*Z
ggyy = cos(f — o) QHVV
/
— cos(8 — «
GhAZ (B—a) > cos bry
3 . S|n @7 SM
Inob Ihrtr= = T o5 3 IHBG Hr T
__ cosa gm
Ihtt smﬁ 9ot
IApe A+~ = 7stanp 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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Higgs mass bounds in SUSY theories

MSSM predicts upper bound on Mjy:

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

LLarge radiative corrections:

Myysw' Mysw' ="

Yukawa couplings: 5

: : 2 4 M Mo
= Dominant one-loop corrections: AMg ~ Gyumy 109 "
t

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

Present status of Mj; 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 my = 170.9 £ 1.8 GeV

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

Obtained with:

FeynHiggs

[S.H., W. Hollik, G. Weiglein '98, '00, '02]
[T. Hahn, S.H., W. Hollik, G. Weiglein '03 — '07]

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

ntal Lmie(SM) __ =

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, - -

Amy =2 GeV = AM; =2 GeV

Higgs couplings, production cross sections

= also affected by large SUSY loop corrections

...See below
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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 SUSY masses, ...

Very high accuracy of measurements and theoretical predictions needed
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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 '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 '07 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 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 '07]

[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 '07 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 MEM
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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 '07]

80.70

80.60

80.50

M,, [GeV]

80.40

80.30

experimental errors 68% CL.:
LEP2/Tevatron (today)
LEP2/Tevatron (8 fb'l)

8 fb™: dm, = 1.2 GeV, 3M,, = 20 MeV

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07 7

MSSM
both models EE

165 170

m, [GeV]

175

180

185

MSSM band:
scan over
SUSY masses

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

SM band:
variation of M%M
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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 '07]

experimental errors 68% CL.:

80.70 |- -
. LEP2/Tevatron (today) ’
. Tevatron/LHC T
80.60 ILC/GigaZ
> 8050
.(2, L
=
=
80.40
80.30
MSSM il
80.20 both models E ]

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07 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 M%M
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Global fit to all SM data:

6 m i = 144 GeV
= My =76157 GeV . ] A = . ]

S — 0.02758+0.00035 /[ :
o/ ~1  TA:y e 0.02749+0.00012 [ ¢ I
My < 144 GeV, 95% C.L. .- - el low Qs 1 ]
N>< |

3 3
Assumption for the fit: 27 |
SM incl. Higgs boson |
1_ —
= no confirmation of | . |
Higgs mechanism 0 Excluded \{ Preliminary
30 300

m, [GeV]

= Higgs boson seems to be light — too light?
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CMSSM/mSUGRA: “blue band” for M,
[J. Ellis, S.H., K. Olive, A.M. Weber, G. Weiglein '07]
Fit with My, sin?0er, Tz, (9 —2)u, BR(b — sv) and other BPO

tan3 =10 tan 3 =50
i T T T T | T T T T | T T .I T | T T T T | T T T T T T T T | i T T T T | T T T T | T LI T | Bb T T T | T T T T T T T T ]
14— CMSSM, u>0, m, = 171.4 GeV = 14— CMSSM, u>0, m =171.4 Gg?/ ¢ =
_ S 1 _ . _
- o tanB=10,A,=0 , o - - o tanB=50,A,=0 %: o -
_ . i _ . i
1217 tanB=10, Ay = +my, __ 1217« tanB =50, Ay = +m,, 8 t‘ ]
[ o tanB=10,A,=-m e : [ o tanf=50,A;=-m, % % ]
10F . tanp=10, Ag=+2my, | 101, tanp = 50, Ag=+2m,, [ 4 B
~ T - - o e 7 ~ T - - : .
% o tanB=10,A,=-2 m%2 ] % o tanB=50,A,=-2m,, ]
S 8 o - < 8 N -
e I ° 1 L [ i
(\I: - o L] - N>< : % :
o o 1 T 5 .
_ o 1 _ %% 8 £ i
L fe) - - ¢ =
4 ° " § 4 L §
[ 4
_ o & 1 _ 1
L oO % ° i L i
2 % 8 ¢ ] 2 ]
i X i _ il
O i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | O i | I I | | | I I | | 1 1 1 1 | 11 1 1 | 11 1 1 | 1 11 1 |
95 100 105 110 115 120 125 95 100 105 110 115 120 125
M, [GeV] M, [GeV]

Best M;, value ~ 110—-115 GeV = much “better” than in the SM
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4. MSSM Higgs boson search at LEP:

Search for the Standard Model Higgs at LEP: [LEP Higgs WG 03]

Dominant production process:
ete™ — ZH:

-21In(Q

Z

Dominant decay process: H — bb -10
b -20

—— Observed
-------- Expected for backgrotind
SXERERERY Expected for signal plus background

\‘\\\‘\']\ | ‘ I ‘ T ‘ [
110 112 114 116 118 120

m_ (G eV/cZ)

_ Cooo b b
H------ 30 106 108

S

Exclusion limit, 95% C.L.: My > 114.4 GeV (expected: 115.3 GeV)

(LEP has seen exactly as many Higgs-like events as could be expected for

My~ 116 GeV , not more, not less)
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Search for the MSSM Higgs bosons:

Situation is more involved due to many SUSY parameters

— investigate benchmark scenarios:

4.

— Vary only M4 and tang
— Keep all other SUSY parameters fixed

. mg‘ax scenario:

— obtain conservative tan g exclusion bounds (X; = 2 Mgysy)

. NO-MiXing scenario

— no mixing in the scalar top sector (X; = 0)

. small agfr SCENArio

— hbb coupling ~ sin aefr/ COSB can be zero: aegs — O:
main decay mode vanishes, important search channel vanishes

gluophobic Higgs scenario
— hgg coupling is small: main LHC production mode vanishes

[M. Carena, S.H., C. Wagner, G. Weiglein '02]
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Search for neutral SUSY Higgs bosons:

ete™ — Zh, ZH
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Constraints from the Higgs search at LEP [LEP Higgs Working Group '06]

Experimental search vs. upper my-bound (FeynHiggs 2.0)

my'9*-scenario (m; = 174.3 GeV, Msysy = 1 TeV):

g
= my, > 92.8 GeV
(expected: 94.9 GeV), 95% C.L.
10 |
My > 93.4 GeV
(expected: 95.2 GeV)
1 ¢
Theoretically
i |naccessible ]
0 20 40 60 80 100 120 140

m, (GeV/cz)
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Parameter region where experimental lower bound on my is significantly
lower than SM bound, Mg > 114.4 GeV, corresponds to sin2(6 — aeff) K 1

“Excluded’” tan 3 region:

0.7 <tanpB < 2.0

Note: this exclusion bound assumes
my, MSUSY fixed, my = 174.3 GeV, MSUSY =1 TeV

no theoretical uncertainties included

Note: new m; value: my = 170.9 £ 1.8 GeV [Tevatron EWWG '07]

parametric uncertainty: 5M}fara ~ dmy
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Effect of new corrections and my — m¢y + 2 om,
[S.H., W. Hollik, G. Weiglein '05]

m, ", FH2.4, m = 172.5 GeV

+ 3 GeV theory unc.

m, ", FH2.4, m = (172.5+4.6) GeV

+ 3 GeV theory unc.

SM exclusion bound |

ILIIIIlIIII

10
-
c L
[

1—
80

90 100 110 120 130
m, [GeV]

= precise knowledge of m; important!
= Low tan g LEP exclusion region can vary strongly

140

150
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Constraints from the Higgs search at LEP [LEP Higgs Working Group '06]

Experimental search vs. upper my-bound (FeynHiggs 2.0)

no-mixing scenario (my = 174.3 GeV, Mgysy = 1 TeV):

<a}
4% my, > 03.6 GeV
(expected: 96.0 GeV), 95% C.L.
10 g 3
My > 93.6 GeV
(expected: 96.4 GeV)
1 ¢ E
Theoretically
i Inaccessible |
0 20 40 60 80 100 120 140

m, (GeV/cz)

Sven Heinemeyer — Higgs lectures — TAE 2007 (Jaca) 06.-18.05.2007 1/33



5. MSSM Higgs boson search at the Tevatron

Tevatron MSSM Higgs searches (I): Search for a “SM-like" light Higgs:

Prediction in ‘“simplified” versions of the MSSM:
(m;"P = 170.9 GeV, dm;*P = 1.8 GeV, Mgysy < few TeV)
[A. Dedes, S.H., S. Su, G. Weiglein '03] [S.H., W. Hollik, G. Weiglein '04,'05]

max. my, [GeV] | dmy/dmy | for m™P + 26my

MSUGRA/CMSSM 124.5 0.65 126.9
MGMSB 118.8 0.70 121.3
MAMSB 120.5 0.58 122.6

Exclusion potential of the Tevatron: MaM < 130 GeV

MSUGRA/CMSSM, mGMSB, mMAMSB: no suppression of hVV coupling
= SM bound applies

— Tevatron can exclude mSUGRA/CMSSM, mGMSB, mAMSB, ...
= potentially huge impact on search strategies at LHC

Sven Heinemeyer — Higgs lectures — TAE 2007 (Jaca) 06.-18.05.2007 1/34



Possible problem in SUSY:

h — bb 50 .

can be strongly suppressed E

— “Small aeff scenario” 40 %

[M. Carena, S.H., C. Wagner, s %

G. Weiglein '02] o B

Q. . B

5 | B

= Strong suppression of 20 =

h — bb possible, :

up to M4 < 350 GeV ol g—“

(not realized in i =
MSUGRA/CMSSM, GMSB, 05~

AMSB, ...)
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Tevatron MSSM Higgs searches (II): “Heavy” MSSM Higgs bosons

Search modes: bb—o¢pbb, ¢o=~hH, A
pp—¢—Tr 1", ¢=hHA

Strong enhancement compared to the SM:

tan< 3 y 9
(14+2)% (1428?49

o(bbA) x BR(A — bb) ~ o(bbA)gm

_ _ tan< 3
o(gg,bb — A) x BR(A — T+T_) ~ o(gg,bb — A)gpm
(1+ 2% +9
L 2043
Ab = 3—7Tm§,u tan 3 x I(mBl,mBQ,WLg)

o
+ - Atntanf x I(mg,,mg,, 1)

Either H ~ A or h~ A = another factor of 2
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Existing Tevatron analyses: H/A — 77 (1 fb—1):

n C . B et, ut channel
= . D@ Preliminary, 1.0 fb 600 - o
c
) hyrgo—>T0 500 “or s
> sof
LLl 102 WZ-w 400} 20 .
- B Z—uu ol 1
- BQcD 300} -
i W—uv N 100 _150(66288 250 300
. =w\,_v>2'|v b 200r CDF Run Il 1 fb-1 | |
Wi 100} MSSM ¢—tt Search| |
10 Preliminary
C 0 ) ; -
_ A—TT ]
- 100 A A A T I
B Bl other EW, tt| ]
B [ + jet fake
1L 10+ «———— m, =160 GeV 3
- 1L
0 50 100 150 200 250 o.1] , , ,
. - (0] 50 100 150 200 250 300
Visible Mass (GeV) muie (GeV)
[DO '07] [CDF '07]

= Bounds on the MSSM parameter space for low M 4, high tan3:
CDF excess? DO missing events?
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Existing Tevatron analyses: H/A — 77 (1 fb—1):

3102 345 A100I D [ S I 1
! DO Preliminary, 1.0f0" | 2 40 DO Preliminary, 1.0 fb" 'g_ : CDFRunll 1 fb-1
.'ZT === Qbserved Limit ET . == Observed Limit = MSSM nggs T Search
S - Expected Limit S = Expected Limit L .
i Y T Preliminary
« .Expected Limit,tlo]  ,~ 30 .Expected Limit, 1oy Y :
° uf ¥ |
£ € 5 m — Observed
= = » .
S S 20 —~
i i é 1r—Expected
15 7 [ 10 band
10 e | 26 band

1F s | 95% CL upper limits

(a) > b 01 M M M .

TN TOTTVNTIN T R T PN v e - 100 150 200 250

100 120 140 160 180 200 100 120 140 160 180 200
Higgs Mass (GeV) Higgs Mass (GeV) md) (GGV)

[DO '07] [CDF '07]
= Bounds on the MSSM parameter space for low M 4, high tan3:

CDF excess? DO missing events?
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Existing Tevatron analyses: H/A — 77 (1 fb~1):

I > 0 No-mixing, > 0 4 =+200 GeV, M, = 200 GeV, m_ = 0.8 M,
100 Mgyey= 1 TV, X, = V6 My, (M,™); Myq, =2 TeV, X, =0 (no-mixing)
c
8 90
80 -
70 5
60 - E
50 expected no mixing _
40F D@ Preliminary, 1.0 fb" D@ Preliminary, 1.0 fb" =
o ot 10 e CDFRunll 1fo1 |
30 — zjf’;g;';iexpe°ted MSSM 0—17T Search| J
20 —— CDF g, 310ph* Preliminary =
LEP .
10 E
07100 120 140 160 180 200 © 100 120 140 160 180 200 80 100 120 140 2160 180 200
M, (GeV) M, (GeV) m, (GeV/c?)
(DO '07] [CDF '07]

= Bounds on the MSSM parameter space for low M 4, high tan g:
CDF excess? DO missing events?
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6. MSSM Higgs boson search at the LHC

SM Higgs search at the LHC: = full parameter space accessible

—&— VBFH - WW
—4&— VBFH- 11
H - y (inclusive + VBF)
—o— H- ZZ - 4l (with K-factors)
--{4--H- ZZ- 4l (no K-factors)
ttH,H - bb
—A—H- WW S Iviv
—46— H- ZZ - libb

J.L dt=10 fb-l -~ -- VBFH - 2Z - ligq

[ —
o
N

—— Combined

Signal Significance
I

|
o
|

|_\
||||| I
0\%»/:
ol
K|

100 200 300 400 500
M, (GeV)
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Situation is a bit more complicated for SUSY Higgses (¢ = h, H, A)
[T. Hahn, S.H., F. Maltoni, G. Weiglein, S. Willenbrock '06]

10°

LHC, Vs =14 TeV —h

™ tanB =5 — H
— A

=
(@]
RLLLL

gluon fusion: gg — ¢

/ \\ggcb
weak boson fusion (WBF):
qq — 4¢'7 ¢

\

_— e o
m—
—

=
(@]
I\I.II_I'Illl'_‘ AL IIIIII|

top quark associated

@ production cross section [fb]
8

10" < Sl bb)® = . — -
S \\.f-§, S (bb) s production: gg,qq — tto
10'E T TS 3 weak boson associated
' - e T 1 production: qf — Weo, Z¢
10°E W/Zd SSIT--l =
B . TS~ NEW: bbo
10‘1 11 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | I .1 f | | L1 1 1 | L1 1 1 | L1 1 1

100 150 200 250 300 350 400 450 500
M, [GeV]

Search for the lightest MSSM Higgs at the LHC:
= full parameter accessible But there might be problems ...
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Step 2: Measurement of the mass

Best channel for mass measurement in the SM: H — ~v
[ATLAS '99]

2
2
|

1000 —

15000

12500

Signal-background, events / 2 GeV
S
-

I| [
L
T

10000

5
¥

135 105 120
(GeV)
— §Mp ~ 200 MeV S
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Possible problem in SUSY:

99 — h — vy

can be strongly suppressed
— ‘“‘gluophobic Higgs scenario”

[M. Carena, S.H., C. Wagner,
G. Weiglein '02]

= Strong suppression of
gg — h — ~v possible
over the whole parameter space

(not realized in
MSUGRA/CMSSM, GMSB,
AMSB, ...)

tanf3

50

40

30

20

10

e 0.0-
e 0.2-
e 04-

0.6 -
e 08-
e >10

0.2
0.4
0.6
0.8
1.0
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And even in the “nice” m;‘L"‘aX scenario there might be problems:

tanp

1

CMS i

_ Measurement possible only for
mhmax scenario >
My, = 1ToVid My 2 250 GeV

— §M,, ~ 200 MeV

||'|||||||TIII!lH-‘'""“""""m'"'mIIIIl

h— vy, cuts, 30 fb

M, = 200 GeV/c

u =200 GeV/c®

m =800 GeVic?
gluino

other channels:
BRI T h— Z7*% — 4 (Mj, > 130 GeV)
_____________ m,=115 GeV/c?
__________ otherwise: 6M; = 1 —2 GeV
qgh, h—>tt—l+jet, 30 and 60 fb"'
1

‘qqH, Hotrl+jet, 30 and 60 fb”

100 200 300 400 500 600 700 800
M,.GeV/c
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“Heavy’ MSSM Higgs searches:

MSSM Higgs discovery contours in M —tan 3 plane
benchmark scenario):

max
(mh

S0
S40 |
-

30 -

20 |-

w A 00 O N0WOO
T T T T T

N

ATLAS-300fb "

maximal mixing

+
h’ HA’H

honly

L EP excluded

400 450 500
m, (GeV)

20

15

10

areas where only h is observable = "“"LHC wedge”

B ‘ T T \E‘ T E T T ‘ T T T T ‘ T T T T T T T T T T T T T T T ]

1 S »

: =+ ©

B S ETSE

- =S| N *‘”DQ

] e » B

HET 58

] T NENE % NEA R

<87 E | SV ]

B EE Iy E

- ~U|+ % % \\\\\\\vﬂ ]

1 B% Bl \\\‘\\\\\ N E

=N z/ CMS, 100 fb™

- < e e S maximal stop mixing -

} == % g \\\\\\\\\\\\\ ;

L B BRIV i

H T nnuu;“

\/\\ ‘ z HA =77 —>1+7 jet+X, 30 fb™

& *

- [ ] \\\ \/21 Cl e \EXC'Ude \b)( LrEP ]

100 200 300 400 500 600 700 800
m, (GeV)
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Most powerful search modes for heavy MSSM Higgs bosons:

bb - H/IA —» 777~ + X
pp — tHT + X, HY — 11,

Enhancement factors compared to the SM case:

tan? g y BR(H — vt77) 4+ BR(A — 71t77)
(14 Ap)2 BR(H — 7t77)gm

H/A

+ tan26
(1442

x BR(HT — 7v7)

= A\, effects so far 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 — 7777), BR(H* — 7v;)
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Dependence of LHC wedge from bb — H/A — 7T7— — 2jets on u:

m_ N T 1T T 1T T T L \, m_ N T 1T T 1T T T T 1T 1T
% soll ™ 1 = -1000 GeV/c? 7 % soll ™ 1 = -1000 GeV/c? A
=7 H e 1= 200 Gevic? =7 H e 1= 200 Gevic? /
40 = u=200Gevic> | 4T / 40 |- 1 = 200 GeV/c? o ]

-| — p = 1000 Gev/c? e - | —u=1000Gevi?| ]

301 L ) _ o ) _

[ L CMS, 60 fb™ ] I CMS, 60 fb™

20: """"""" pp - bbe - 1T - j+ 20: """"" pp - bb@ - 11 - j+ |

n mp® scenario [ L no mixing scenario |4

. Mgy = 1 TeVic? |7 - Moy = 2 TeVic? |

100 M, = 200 GeV/c? | 100 M, = 200 GeVic® |]

B mquino =08 IVISUSY : B mgluino =038 IvlSUSY 1

g | | | Stop mix: X, =2 Mg,,¢ ] g | | | Stop mix: X, =0 |1

I | 1 1 1 1 I | 1 1 1 1 ‘ 1 1 1 1 ‘ L 111 ‘ 1 11 1 I | 1 1 1 1 I | 1 1 1 1 ‘ 1 1 1 1 ‘ L 111 ‘ 1 11 1

100 200 300 400 500 600 700 800

( 100 200 300 400 500 600 700 800
M, ,GeV/c

MA,GeV/c2

= now based on full CMS simulation
= non-negligible variation with the sign and absolute value of u
(— numerical compensations in production and decay)
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Precision of 6M/M from bb — H/A — 77— — 2jets:

@- 80 L T | T 1771 T T 1771 y‘b | T 1771 T T T T T T°T1 A @- 80 L T | T 1T 171 T T 1771 T T I\o\‘lo | T 17T T 17T T 17T ]
% C & ,: % - R ]
= 700 = = 701 7
60~ E 60~ -
500 g 50 .
40 - 40 -
30 :— maX scenario - 30 :— maX scenario -
- i = 200 GeV/c’ I - - ) 1 = -200 GeV/c? I -
C — 50 discover . C — 50 discover .
20 N LLELILY AGM/II\/I =\£1 "Z 7 20 N LT AGM/II\/I =\£1 "Z 7
- R — AM/M =3 % . - R p— AM/M =3 % .
105 CMS, 60 fb  AMM=2% ] 10E CMS, 60 fb  AMM=2% ]
Cpp —> bbd > 1T JHj [ e AMM=1% ] Cpp —> bbd > Tt J#j [ e AMM=1% ]
C 1 | 1 | | | | | | 1 | | | 1 | l 1 | | | I 11 11 I | 1 1 C 1 | 1 | | | | | | 1 | | | 1 | l 1 | | | I 11 11 I | 1 1
200 300 400 500 600 700 8200 200 300 400 500 600 700 8200
M,,GeV/c M,,GeV/c

= now based on full CMS simulation

= high precision measurement of heavy Higgs boson masses possible
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7. MSSM Higgs boson precision physics at the ILC

SM Higgs © ILC:
Precise measurement of:

—

1. Higgs boson mass,
OMypyg ~ 50 MeV

2. Higgs boson width
(direct/indirect)

3. Higgs boson couplings, 107 |
O (few%) = |

4. Higgs boson quantum -

numbers: spin, . .. R L ..
100 110 120 130 140 150 160
M, (GeV)

o
=,
!

SM Higgs Branching Ratio

[ TESLA TDR '01]

But do we need the ILC precision?

YES! To discriminate between the SM and extensions
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Example I. Higgs couplings in the MSSM:

“Normal” MSSM scenario:

o [ T @O @ @ W 2 &

Q
= - ]
<
> +20%
> , : r |
n coso/sinf3
= +10%
= - ]
S 0%(SM)  fessivfresansannannsnnansansnnsinnsannarnnsnnnsansansarnansansansansandunran
g | I ™ S I _
5 in(a—P)
% -10% sm(o=p)
A = 4
. -
-20% Lsina/cosP T &

B Model Independent Analyses 7
-S. Yamashita (ACFA WS Taipei) -

-30%

= measurable deviations over large parts of the parameter space
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Example II: Higgs couplings in model with extra dimensions:

Effects of Kaluza Klein towers:

L s% @1 @ @ v oz H
= = _
S
g +20% i _
N
g  +10%
i - |
=
S 0%(SM)  ferressssmmmnmnsnimn st I
g ‘ 2
= -10%
D B —

= ¢ = =

o [T L A &

- 0

- S. Yamashita (ACFA WS Taipei)

= measurable deviations over large parts of the parameter space
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Example III: Higgs couplings in a baryogenesis motivated SM extension:

o
o 0% [ T, W& T .‘ rrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrr e
E oom |
+20%
> i i
g +10%
&= B _
5 0%(SM) E I ............ » ST > PI—
= i i
T -10%
A u i
-20%
B Model Independent Analyses 7
-30%
- S. Yamashita (ACFA WS Taipei) -

= Only Higgs self coupling deviates, measurement possible!
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Tricky scenario:

The LHC finds only a SM-like Higgs and nothing else

Q: Do we still need the ILC?
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The LHC finds only a SM-like Higgs and nothing else

Q: Do we still need the ILC?
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Tricky scenario:

The LHC finds only a SM-like Higgs and nothing else

Q: Do we still need the ILC?

A: Of course!l Or better: even morel

The ILC provides:

— precise Higgs coupling measurements

— precision observable measurements with the GigaZ option

= Only the ILC can find deviations from the SM predictions via the various
precision measurements

= Only the ILC can point towards extensions of the SM
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Outlook

e T he quest for electroweak symmetry breaking continues!

e Low-energy Supersymmetry continues to be our best bet for physics
beyond the Standard Model

e Data rules:

We need experimental information from Tevatron, LHC, ILC,

v experiments, dark matter searches, low-energy experiments, ...
to verify / falsify our ideas about electroweak symmetry breaking,
the Higgs, extensions of the SM, ...

e [ he experiments in the next years will bring a decisive test of our ideas
about the Higgs and electroweak symmetry breaking

= Very exciting prospects for the coming years

Expect the unexpected!
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Interested in Theory Predictions?

Interested in
e theory predictions for the Tevatron?
e theory predictions for the LHC?
e theory predictions for the ILC?

e phenomenology analyses in Higgs/SUSY?

= You can do your PhD at IFCA (Santander, Spain)
contact: Sven.Heinemeyer @ cern.ch
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Santander, Spain: (15 minutes by foot from the institute :-)

contact: Sven.Heinemeyer @ cern.ch
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