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SUSYand Higgs
The SM has many attractive theoretical/e xperimental features:

� Based on gaug e principle , unitar y, per turbative , renormalisab le � � �

� Once � �x ed: everything is predictib le with great accurac y.

� And has passed all experimental tests up to now.

But the model has too many shor tcomings:

� Too many free parameter s (19!) in the model, put by hand...

� No satisfactor y explanation for �

�

�

�

(put ad hoc).

� Does not inc lude the four th fundamental force, gravity , ..

� Does not say anything about the masses of the neutrinos.

� No real uni�cation of the three gaug e interactions.

� Does not explain the baryon asymmetr y in the univer se.

� There is no stab le, weak, massive par tic le for dark matter .

And above all that, there is the hierar chy or naturalness problem.
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SUSYand Higgs: the hierarchy problem

One of the main motiv ations for beyond the SM: the hierar chy problem
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GeV!

The Higgs boson mass pref ers to be close to the very high scale:

But we want a light Higgs ( �
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TeV) for unitarity etc... reasons.

Photon and fermion masses protected by gaug e and chiral symmetr y,

.... but there is no symmetr y whic h protects scalar s in the SM.
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the �ne tunning problem is back!
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SUSYand Higgs: the framework
In this talk, the focus will mainl y be on the Higgs sector of the

Minimal Super symmetric Standar d Model (MSSM):

� minimal gaug e group
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� ,

� minimal par tic le content: 3 fermion families and 2 doub lets of

�

,

� R–parity ,
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, is conser ved.

� minimal set of terms (masses, couplings) breaking “softl y” SUSY.

To reduce the number of the (too many in general) free parameter s:

– impose phenomenological constraints: O(20) free parameter s,

– uni�ed models, O(5) parameter s (mSUGRA: ��
�� ���

(

�
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�

�

�

��� ).

I will �r st discuss the Higgs sector independentl y of SUSY spectra .....

... but I will brie� y mention the impact of light SUSY par tic les

... and summariz e the impact of relaxing some MSSM assumptions.

Details and references: A.D., The anatom y of electr oweak symmetr y breaking,
hep-ph/0503172 (SM) and hep-ph/0503173 (MSSM); Physics Repor ts in press.
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1. The MSSM Higgsspectrum
In MSSM with two Higgs doub lets
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� To cancel the chiral anomalies intr oduced by the new
���

�eld.

� Give separatel y masses to d and u fermions in SUSY invariant way.

The scalar potential
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� Quar tic couplings �x ed by gaug e couplings, onl y 3 free parameter s.
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��� � real, phase of

�

� rotated away,
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� (MSSM) conser ves CP.
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, i.e. SUSY breaking. Connection!

More precisel y: in SM, SSB takes place with ad hoc choice �

�
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.

In MSSM, �
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in RGE make �

�

� �

�

�

at � :
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Radiative EWSB: symmetr y breaking more natural and elegant than in SM.
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1. The Higgs spectrum: Higgs masses

� Develop in terms of components
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1. The Higgs spectrum: Higgs masses

Radiative corrections very impor tant in the MSSM Higgs sector!

A large activity for the RC calculation in the last 15 years:

� Dominant corrections are due to top (s)quark at one-loop level
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Ellis+Ridol�+Zwirner; Haber+Hemp�ing; Okada+Yanagida+Yamagushi .

� Full one–loop corrections availab le: �
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enter as new

parameter s and 
 is maximal (minimal) for
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.

Dabelstein; Bagger et al.; Pokorski et al.; Brignole et al.;

� Appr oximate dominant two–loop corrections in EPA appr oach:

– dominant QCD RC large but absorbed by �
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#��
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.

– Yukawa corrections rather small in the limit 
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�

.

Carena+Espinosa+Quir os+Wagner; Haber+Hemp�ing; Heineme yer et al;
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1. The Higgs spectrum: Higgs masses

� Using full 1–loop and the 2–loop RC in effective potential appr oach:
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Brignole+Degrassi+Sla vic h+Zwirner; Heineme yer+Hollik+W eiglein;...
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2. Higgs Decays
Higgs decays (and cross sections) str ongl y depend on couplings

Couplings in terms of

�

$

� and their values in decoupling limit:
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– The couplings of
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have the same intensity as those of

�

.

– Couplings of

�

�

�

to VV are suppressed; no AVV couplings (CP)

– For
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: cplgs to d enhanced, cplgs to u suppressed.

– For
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: couplings to b quarks ( �
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) very str ong.

– For �

� :
�

couples like the SM Higgs boson and

�

like

�

.

In decoupling limit: MSSM reduces to SM but with a light Higgs .
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2. Higgs decays:couplings

Including radiative corrections just as in the case of the Higgs masses:
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2. Higgsdecays:summary in SM

Decays of the SM Higgs: see talk by Zoltan Kunszt
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2. Higgs decays:generalities

General features in MSSM Higgs decays
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Total decay widths: Small compared to SM (no

���

contrib ution).

Plots from HDECAY: A.D., Spira and J. Kalino wski

HEP@LHCera, Paris, 13–17/11/06 SUSY Higgses at LHC – A. Djouadi – p.12/29



2. Higgsdecays:BRs

centerline
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2. Higgsdecays:total widths

centerline
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2. Higgsdecays:SUSYdecays
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3. Production at the LHC
SM production mechanisms Cross sections at the LHC

(see talk by Zoltan Kunszt)
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, etc...
... and maybe some new SUSY processes (see later)....
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3. Production at the LHC: MSSM case
SM production mechanisms What is diff erent in MSSM

[assuming heavy spar tic les ]
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ee talk by Z. Kunszt

& All work for CP–even h,H bosons.

– in

' (

, ) )

'

h/H complementar y

– *

+
,

-

.

*

+

^

-

/

*

+

^10

2

-

– aditionnal mechanism: qq

]

A+h/H

& For \ \

]

'43

5

647

7

]

8 8

'

– inc lude the contr . of b–quarks

– dominant contr . at high tan

9

!
& For pseudoscalar A boson:

– CP: no

'

:

and ) )

:

processes

– \ \

]

:

and 7 7

]

; ;

:

dominant.

& For charged Higgs boson:

– <

=
>

?A@ : 7 7

]

8

B

8

with

8

]

^

C

;

– <

D
>

?A@ : contin uum 7 7

]

8

B

;

^�E
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3. Production at LHC: crosssections

Summar y of higher order calculation in MSSM (for SM see Z. Kunszt)

For h/H: same processes as for SM Higgs (esp. for �

� ) but:

& Include b–loop contrib utions to \ \

]

,

�

^

and new \ \

]

:

K–factor s onl y at NLO ( > 1.5–2) AD+Graudenz+Spira+Zerwas

& Include

�

–�nal states in 7 7

]

;

B

;

.

,

�

^

(dominant at high

�

3

5

9

)

large K–factor s at NLO (50%) Zerwas et al.; Dawson et al.;

& Additional SUSY–QCD corrections in 7 7

]

(

.

,

�

^

; ) )

.

,

�

^

:

rather small at NLO (a few %) for heavy
�

)

�

�

\ AD+Spira

For A: rates inc luding K–factor s appr ox the same as above for h/H

For

^

�

: main process is 7 7

]

8 8

��� 	

]

8

;

^

�

in general

relevant corrections kno wn exactl y at NLO Plehn; Zhou; Kidonakis

h,H,A,H

�

decays: well under contr ol inc luding SUSY+NL0 corrections

summariz ed in the program HDECAY AD+Kalino wski+Spira
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3. Production at LHC: crosssections
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3. Production at LHC: detection
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3. Production at LHC: detection
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3. Production at LHC: measurements

Lightest Higgs: as in SM

Higgs mass

,
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Higgs couplings from *
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Higgs self couplings hopeless...
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H/A separation dif�cult
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4. Production in extendedscenarios
However: lif e can be much more complicated even in the MSSM

& There are scenarii where searches are diff erent from the SM case:

– The intense coupling regime: h,H,A almost mass degenerate ....

& SUSY par tic les might play an impor tant role in production/deca y:

– light

�

8

loops might make *

+

\ \

]

,

]

� �

-

smaller than in SM.

– Higgsses can be produced with spar tic les (7 7

]

�

8

�

8

�

,

,.. ).

– Cascade decays of SUSY par tic les into Higgs bosons....

& SUSY decays, if allo wed, might alter the search strategies:

–

,

]

�

�
�

�

�
�

�

��� �
� are still possib le in non univer sal models...

– Decays of

:

�

^

�

^

�

into �

�
�

�

�

�

� are possib le but can be useful...

& Lif e can be even more complicated in extensions of the MSSM

– CP violation in the Higgs sector whic h chang es the spectrum.

– NMSSM with an additional Higgs singlet and dif�cult Higgs decays.

Be prepared for the unexpected!
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4. Production in extendedscenarios

& There are scenarii where searches are diff erent from the SM case:

– The intense coupling regime: h,H,A almost mass degenerate ....

signal{only
signal+bckg

P1

d� [pb/GeV]

pp ! � + � �

M � + � � [GeV]
1501251007550

1000

100

10

1

0.1

0.01

0.001

0.0001

signal{only
signal+bckg

P1

d� [pb/GeV]

pp ! � + � � b�b

M� + � � [GeV]
1501251007550

1

0.1

0.01

0.001

0.0001

1e-05

0

20

40

60

80

100

110 115 120 125 130 135 140 145 150

M2m MC, GeV

ar
bi

tr
. u

ni
ts

 / 
0.

25
 G

eV blue - theory input

red - with resolution smearing

Point 1

0

10

20

30

40

50

60

110 115 120 125 130 135 140 145 150

M2m EXP, GeV

N
ev

 / 
0.

25
 G

eV
 a

t L
=

10
0 

fb
-1

blue - mmbb

red - signal

black - S+B

Point 1

HEP@LHCera, Paris, 13–17/11/06 SUSY Higgses at LHC – A. Djouadi – p.24/29



4. Production in extendedscenarios

& SUSY par tic les might play an impor tant role in production/deca y:

– light
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– Higgsses can be produced with spar tic les (7 7
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4. Production in extendedscenarios

& SUSY par tic les might play an impor tant role in production/deca y:

– Cascade decays of SUSY par tic les into Higgs bosons....
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4. Production in extendedscenarios

& SUSY decays, if allo wed, might alter the search strategies:

–
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� are still possib le in non univer sal models...
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4. Production in extendedscenarios

Lif e can be even more complicated in extensions of the MSSM

& CP violation in the Higgs sector whic h chang es the spectrum.

& NMSSM with an additional Higgs singlet and dif�cult Higgs decays.
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5. Conclusion?

The LHC will tell!
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