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Why The NMSSM?

#® No Higgs observed at LEP = High fine tuning in the MSSM
® u-problem of the MSSM: 1 rZMsusy ~ M yonk

s 1 = 0~ experimentally excluded
® = Mp; ~ hierarchy problem
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Why The NMSSM?

No Higgs observed at LEP = High fine tuning in the MSSM
u-problem of the MSSM: 1 rZMSUSy ~ M yonk

s 1 = 0~ experimentally excluded
® = Mp; ~ hierarchy problem

Solution: add a singlet S coupled to #,,, H,
_ K a3
WNMSsSM = /H//ﬁfﬂg/ + ANSH, H,; + §S (+ Yukawas)

After minimisation of the potential: p.g = A(S) ~ Mgy
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Why The NMSSM?

No Higgs observed at LEP = High fine tuning in the MSSM
u-problem of the MSSM: 1 rZMSUSy ~ M yonk

s 1 = 0~ experimentally excluded
® = Mp; ~ hierarchy problem

Solution: add a singlet S coupled to #,,, H,
_ K a3
WNMSSM = /H//ﬁfﬂg/ + ANSH, H,; + SS (+ Yukawas)
After minimisation of the potential: p.g = A(S) ~ Mgy

Simplest SUSY extension of the SM where the EW scale
originates from the SUSY breaking scale only

A — 0, ner # 0: MSSM + decoupled singlet sector

= The parameter space of the NMSSM includes the
physics of the MSSM and more
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What's the NMSSM?

® Particle content:

~

s S:one more neutralino « Y_, .
» Sp:one more neutral CP even «~ h;—123
s Sr:one more neutral CP odd «~ a;—1 2

= New Physics beyond the MSSM (S LSP, light b — aa)
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What's the NMSSM?

® Particle content:

~

s S:one more neutralino « Y_, .
» Sp:one more neutral CP even «~ h;—123
s Sr:one more neutral CP odd «~ a;—1 2

= New Physics beyond the MSSM (S LSP, light b — aa)

® Parameters: Vigiges = Vi + Vb + Vo

Vi = ()\AAHquS n gARSS n h.c.)+m%[u]Hu!2+m%[d]Hd\2+m%\S]2

3
I \\ C. Hugonie, TOOLS'08 — p.3/2



What's the NMSSM?

® Particle content:

~

s S:one more neutralino « Y_, .
» Sp:one more neutral CP even «~ h;—123
s Sr:one more neutral CP odd «~ a;—1 2

= New Physics beyond the MSSM (S LSP, light b — aa)

® Parameters: Viiges = Vi + VD + Vior

Viort = (ANHuHuS + 5 AS® + h.c.>4@2+m§{d Hﬂ%@

+ 3 minimisation conditions:

o = A(S). tan =

— 6 free parameters: \, s, A), A., [eg, tanf

Y

Mz =g° ((Hu)® + (Ha)*)

Recall: in the MSSM, 2 free parameters (m 4, tan(3)
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Constraining the parameters

$ mMSUGRA! M1/21 mo, AO (MGUT)1 A, K, tanﬁ, Sgn(ﬂeff) (Mweak)?
— 1 free parameter (u.g) for 3 min. conditions at M ..
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Constraining the parameters

® mMSUGRA: M /9, mg, Ao (Mcut), A, K, tang, sgn(per) (Myeak)?
— 1 free parameter (u.) for 3 min. conditions at M.
Solution: non-universal singlet soft terms at Myt
Parameters: A, tan3, sgn(pies), M /2, mo, Ao, [Ax]
Minimisation conditions = jicir, 1, m% at Meax
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Constraining the parameters

® mMSUGRA: M /9, mg, Ao (Mcut), A, K, tang, sgn(per) (Myeak)?
— 1 free parameter (u.) for 3 min. conditions at M.
Solution: non-universal singlet soft terms at Myt
Parameters: \, tan(, sgn(pies), M /2, Mo, Ao, [Ax]
Minimisation conditions = jicir, 1, m% at Meax

s Guess Mgyt and x, m?% at this scale

s Run the RGEs down to 1/,,..;, compute /i.q, &, m%(__l
o Runthe RGEs up to Mqur, distance from universality
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Constraining the parameters

® mMSUGRA: M /9, mg, Ao (Mcut), A, K, tang, sgn(per) (Myeak)?
—> 1 free parameter (u.g) for 3 min. conditions at Me.x
Solution: non-universal singlet soft terms at Myt
Parameters: \, tan(, sgn(pies), M /2, Mo, Ao, [Ax]
Minimisation conditions = jicir, 1, m% at Meax

s Guess Mgyt and x, m?% at this scale

s Run the RGEs down to 1/,,..;, compute /i.q, &, m%(__l
o Runthe RGEs up to Mqur, distance from universality

® GMSB: messenger scale M. and M., = m? /(167 Myess)

AVig = ()\A,\HUHdS + gAKS?’ +m28% 4 €68 + h.c.) +m2|S|?

)\2
+Am¥ = Amp, = — T67)? AgMZ2,, and AW = p/'S? + ¢pS
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NMSSMTools 2.0

#® Package that contains 3 programs:

o NMHDECAY for general NMSSM
» NMSPEC for mSUGRA (with some non-universality)
o NMGMSB for GMSB new in v2.0

each in 3 versions: 1point, random scan, grid scan
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NMSSMTools 2.0

#® Package that contains 3 programs:

o NMHDECAY for general NMSSM
» NMSPEC for mSUGRA (with some non-universality)
o NMGMSB for GMSB new in v2.0

each in 3 versions: 1point, random scan, grid scan

#® For agiven set of free parameters, it computes:

» Sparticle/Higgs masses and mixings

» Higgs decay widths (as in HDECAY))

o DM relic density (using MicrOMEGAs 2.0)
L

b — sv, Bs — pp, BT — v, Amg, Amg and (g — )P
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NMSSMTools 2.0

Package that contains 3 programs:

o NMHDECAY for general NMSSM
» NMSPEC for mSUGRA (with some non-universality)
o NMGMSB for GMSB new in v2.0

each in 3 versions: 1point, random scan, grid scan

For a given set of free parameters, it computes:

» Sparticle/Higgs masses and mixings
» Higgs decay widths (as in HDECAY))
o DM relic density (using MicrOMEGAs 2.0)

® b— sy, Bs — pu, BT — v, Amg, Amg and (g — )P
/O files in SLHAZ2 conventions + script run PATH Pi npS

= PATH PspectrS PdecayS PonmegaS (1point)
= PATH Pout S, PerrS (scan) new in v2.0
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Input file (1) MSUGRA

# IWNPUT FILE FOR MMSSMTool=

# BASED OM SU5Y LES HOUCHES ACCORD II

BLOCE. MODSEL

BLOCE. SMIMPUTS

BLOCE. MINPAR

#

BLOCE. EXTPAR

HEHEHH

1
3
=
1A

St IR ) R I N B

mbe QM P @

(=M 8
o4
(=
e
22
1
2
3

e

127 ..920a

1.16635390-5

A1720a
21 .1570a
4 .214D08
171 .4DA
1.777haE

1888 .0A
J0a . DA
268 .0a
o.0A
1.0A
=988 .Dba

-Z5DA

158 .0
—288 . g
308 . DA
Faa . DA
Z58.0a
258 .0a
258 .0A

HEHEHHE HEHHEFEHHEH HoHEHH

HEHEHEHHE

IMOD {B=general MNMSSM, 1=mSUGRA, 2=GMSE}
MHMSSM PARTICLE COMTEMT

FLAG FOR MICROMEGAS (A=MNO, 1=YES)

ISCAN {B=NO SCAN, 1=GRID, Z2=RANDOM}

ALPHA_EMA_1 ¢MZ )

GF

ALPHA_S(MZ

MZ

ME(MEY, RUNHING B OUARE MASS
TOP OUARE POLE MASS

MT AL

QsuUsy (IF DIFFERENT FROM SORT {Z2*MOL+MUL+MDL 3 20
ME

M1z

TE

SIGHMU

AE

L

Akl (IF DIFFERENT FROM A8

AL {IF DIFFEREMT FROM A8
MHDGUT ¢IF DIFFEREMT FROM MA}
MHUGUT ({IF DIFFERENT FROM M&}
M1 {IF DIFFERENT FROM M123

Mz {IF DIFFEREMT FROM M1Z7%

M3 {IF DIFFEREMT FROM M123%
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Input file (2) Grid scan

# IMPUT FILE FOR MMSSMTool=
# BASED OM SUSY LES HOUCHES ACCORD IT

BELOCE. MODSEL

1 1 # IMOD {B=gerne=ral MMSSM, 1=-mSUGRA, Z=GMSE>
3 1 # MMSSM PARTICLE CORMTERNT
= 1 # FLAG FOR MICROMEGAS (BA=NO, 1=%ES}
168 1 # ISCAMN (B=MNO SCAM, 1=GRID, Z=RAMDOM?
BLOCEKE. SMIKNFPUTS
1 127 .9Z0A # ALPHA_EMA—10MZEZT
= 1. 16563905 # GF
3 B B Ry 1 5 # ALPHA_S{MZ
<+ 91 .1570Ea # HMZ
5 < . =2140A # ME{ME», RUNMHING B OQUAREKE MASS
& 17z .60a # TORP QUARE FOLE MASS
W 1.7770E #* MTAL
BELOCE. MIMFAR
<+ 1.0E # SIGHU
i+ A .DEA # MaMIM
1= Taa . DA # HMaMAH
=7 188 .08 # HM1=HMIN
25 Taa ..D0a #H MLZMAX
37 5.0A # TEMIK
] 5 .[0A #* TEMA™
57 —2Ea ..0a #* AEMIK
=] —2@a . Dea # AEMA X
BLOCE. EXTFAR
[ By 1.0-1 # LMIN
Bl5 1.0-1 # LM
=t —68 .08 #* OAKMIKN
535 —GE .DEa F#* AR MAN
BLOCEK. STEFS
1< =515 # HMMEa
=3 BEaa # MMz
39 1 # MHTE
59 1 # HAB
513 1 #* KL
533 1 E 3 L Pt
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Experimental constraints

For each point in the parameter space, NMSSMTools checks:
® \Visthe LSP

LEP limits on xy*'s and x"’s (direct search + I'j,, (7))
Tevatron + LEP constraints on squarks/gluino

LEP limit on the charged Higgs mass m,+ > 78.6 GeV

e o o o

LEP constraints from neutral Higgs searches:
s ete” — hZ with h — bb, 7777, j4, v, invisible, "any"
e ete” > hZwithh — aaand a — bbor 77—
s ete™ — hawith h/a — bbor 777~
e ete™ > hawithh — aaand a — bbor 77—
WMAP constraints: .094 < Qh? < .136
BABAR and BELLE limits on B physics

BNL constraints on (g — 2),, from e*e™ data (30 from SM)
L \)\ C. Hugonie, TOOLS’'08 — p.8/2
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
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Extra resonance (1)tang =5 — 10, uA, < 0

A=.1, Ay =
tanﬁ—S

=\

100 200 300 400 500 600 7000
m, [GeV]

V

\

—900 GeV, A, = —60 GeV, sign(p) > 0

tanB = 10

&DWMAP
HYLsp
Bsusy
JEIHiggs
[11B phys.
(9-2),

| M-
N|

100 200 300 400 500 600 700
m, [GeV]
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance

» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
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Extra resonance (2)tans = 50, uA, < 0

A =.1, tan = 50, A, = —60 GeV, sign(pu) > 0
AO = —900 GeV AO = —1.5TeV

EwMAP
B sp
Bsusy
JEJHiggs
J[1]B phys.
(9-2),

500 1000 1500 2000 2500 300600 1000 1500 2000 2500 3000 3500
m, [GeV] m, [GeV]
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
» for tanf = 50, uA, > 0 and |A,| <400 GeV
+ H/A resonance (and focus point region HH — WW)
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Extra resonance (3)tans = 50, uA, > 0

A =.1, tang = 50, Ag = 900 GeV, sign(u) > 0

A, = 60 GeV A, = 240 GeV
1200 N N \ N N EwMAP
B sp
1000 BMsusy
\ JEIHiggs
[11B phys.
800 (9-2),
>
S >
S 600 \ \ \
= =
400
200

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m, [GeV] m, [GeV]
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
» for tanf = 50, uA, > 0 and |A,| <400 GeV

+ H/A resonance (and focus point region HH — WW)
Will this a be visible at the LHC? YES... for large tang

3
I \\ C. Hugonie, TOOLS’08 — p.15/2



Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
» for tanf = 50, uA, > 0 and |A,| <400 GeV

+ H/A resonance (and focus point region HH — WW)
Will this a be visible at the LHC? YES... for large tang

® )\ < 1: S LSP satisfying WMAP constraints if coannihilation
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
» for tanf = 50, uA, > 0 and |A,| <400 GeV

+ H/A resonance (and focus point region HH — WW)
Will this a be visible at the LHC? YES... for large tang

® )\ < 1: S LSP satisfying WMAP constraints if coannihilation
o with 7 or ¢t NLSP for tan = 10
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Singlino LSP (1)tan3 = 10

A = .01, tang = 10, sign(u) > 0
Ag = —30 GeV, AK — —50 GeV Ay =300 GeV, A, =50 GeV

SN NS S N SN A SN AR SN RSN SNANAN

LJsisp
Ewwmap (B)

CIwMmAP (S)
N WY sp
- -SUSY
E Higgs
9(9-2),

Tf’“

|||/[ H WA

0O 50 100 150 200 250 300 350 4000 50 100 150 200 250 300 350 400
m, [GeV] m, [GeV]
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
» for tanf = 50, uA, > 0 and |A,| <400 GeV

+ H/A resonance (and focus point region HH — WW)
Will this a be visible at the LHC? YES... for large tang

® )\ < 1: S LSP satisfying WMAP constraints if coannihilation

o with 7 or ¢ NLSP for tan = 10
s + with B or H NLSP for tan3 = 50
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Singlino LSP (2)tan3 = 50

A = .01, tanf = 50, sign(u) > 0
Ag = —600 GeV, A, = —50 GeV Ay =0 GeV, A, =50 GeV

NS A RN R SN R R R R SE
NV 5 SLSP
1400 N B wwap &)
N [ Iwmar S)
Sl Ysp
1200 B susv
gHiggs
1000 [1]B phys.
I%I (g_z)u
. 800
>
600
N \\\
400 )\ in
A .
\ .
\ \\ /\
200 N —

0 500 1000 1500 2000 2500 3000 35004000 500 1000 1500 2000 2500 3000 3500 4000
m, [GeV] m, [GeV]
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
» for tanf = 50, uA, > 0 and |A,| <400 GeV

+ H/A resonance (and focus point region HH — WW)
Will this a be visible at the LHC? YES... for large tang

® )\ < 1: S LSP satisfying WMAP constraints if coannihilation

o with 7 or ¢ NLSP for tan = 10
s + with B or H NLSP for tan3 = 50

In all cases: mz — mnLsp $3 GeV
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Results with semi-universality

® ) ~ .1: the pseudoscalar singlet a can be responsible for the
B LSP annihilation through BB — a — X resonance
» fortang =5 — 10, pA, < 0and |A,| <100 GeV
» for tang =50, uA, < 0and |A.| <200 GeV
» for tanf = 50, uA, > 0 and |A,| <400 GeV

+ H/A resonance (and focus point region HH — WW)
Will this a be visible at the LHC? YES... for large tang

® )\ < 1: S LSP satisfying WMAP constraints if coannihilation
o with 7 or ¢ NLSP for tan = 10
s + with B or H NLSP for tan3 = 50

In all cases: mz — mnLsp $3 GeV
— additional cascades at LHC
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Large A (1) Smalltang

Large values of A\ = light &

(from singlet/doublet mixing)

3
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Large A (1) Smalltang

A =.5, tanf = 2, sign(u) > 0
Ag =0 GeV, A, =50 GeV

' 1000 IR R
Large values of \ = light h DHMAP
. . Bt sp
(from singlet/doublet mixing) 900 A HsUsy
EIHiggs
800 (02
® small tang (max. my,) SCED
700
S
QO
2. 600
EH

0 50 100 150 200 250 300 350 400
m, [GeV]
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Large A (1) Smalltang

A =.5, tanf = 2, sign(u) > 0
Ag =0 GeV, A, =50 GeV

Large values of \ = light h 1000 TEEEEEER DHM AP
: .. lLsp
(from singlet/doublet mixing) 900 / BsuUsy
FIHiggs
800 (02
® small tang (max. my,) SiC %”
700
3
® A, suchthat h — aa 2. 600
EH

LEP limits: 500
If a — bb, my 2 106 GeV 400

If a — 77, my, > 90 GeV

— difficult to see at LHC 5qg

0 50 100 150 200 250 300 350 400
m, [GeV]
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Large A (2) h — aa

tarB = 10, m, = 174 GeV, M,=500 GeV, A=-1500 GeV

O_IIII|IIII|IIII|IIII|IIII|IIII: 125:IIII|IIII|IIII|IIII|IIII|IIII:
-100F - 120F -
-200F = 115( =

A -300F- 3 m 10F E
-400F = 105F- =
-500F = 100F =

C \\ - C -
-600F- S 95F i
:IIII|IIII|IIII|IIII|IIII|IIII: :IlllllIII|IIII|IIII|IIII|IIII
-70 90
91 015 0.2 025 03 035 04 0.1 015 02 025 0.3 0.35 04
A A
0.13:IIII ITTT IIII|IIII IIII|IIII_ 60 FTTT TTTT]
L /. ‘ T
0.125 = 50 =
0.12E- = 40 E
Qh2 0.115;— —; m, 30 3 " _i
0.11F = 20 =
0.105¢ E 105 VIR
O']'_IIII|IIII|IIII|IIII|IIII|IIIF O I.II.I |’I"IIP|IIII|IIII|IIII|IIII:
01 015 0.2 025 03 0.35 0.4 0.1 015 0.2 025 03 035 0.4
A A
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Benchmark points for the LHC

A. Djouadi & al., arXiv:hep-ph/0801.4321
® BMP1: my, =120 GeV, m,, = 40 GeV, rest heavy
Bl”(hl — alal) — 90%, BI‘(CLl — bb) = 90%

® BMP2: my;, =120 GeV, m,, =9 GeV, rest heavy
Br(h; — ajay) = 92%, Br(ay — 77) = 88%

® BMP3: my, =90 GeV, m,, =9 GeV, rest heavy
Br(h; — ajay) = 99.9%, Br(a; — 77) = 88%

BMP1-3; B LSP coannihilating with ¥ NSLP
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Benchmark points for the LHC

A. Djouadi & al., arXiv:hep-ph/0801.4321

® BMP1: my, =120 GeV, m,, = 40 GeV, rest heavy
Bl”(hl — alal) — 90%, BI‘(CLl — bb) = 90%

® BMP2: my;, =120 GeV, m,, =9 GeV, rest heavy
Br(h; — ajay) = 92%, Br(ay — 77) = 88%

® BMP3: my, =90 GeV, m,, =9 GeV, rest heavy
Br(hy — aja1) = 99.9%, Br(a; — 77) = 88%
BMP1-3; B LSP coannihilating with ¥ NSLP
® BMP4: m;, = 123 GeV, my, = 32 GeV, rest heavy
Br(he — hihy) = 88%, Br(h; — bb) = 92%
Mixed H /S LSP annihilating to WW, Zh,
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Benchmark points for the LHC

A. Djouadi & al., arXiv:hep-ph/0801.4321

® BMP1: my, =120 GeV, m,, = 40 GeV, rest heavy
Bl”(hl — alal) — 90%, BI‘(CLl — bb) = 90%

® BMP2: my;, =120 GeV, m,, =9 GeV, rest heavy
Br(h; — ajay) = 92%, Br(ay — 77) = 88%

® BMP3: my, =90 GeV, m,, =9 GeV, rest heavy

Br(h; — ajay) = 99.9%, Br(a; — 77) = 88%
BMP1-3; B LSP coannihilating with ¥ NSLP

® BMP4: m;, = 123 GeV, my, = 32 GeV, rest heavy
Br(h2 — hlhl) — 88%, Br(h1 — bb) — 92%
Mixed H /S LSP annihilating to WW, Zh,

® BMPS5: mp, = 91 GeV, mp, = 118 GeV, mp, = 174 GeV,
Mg, = 100 GeV, my, = 170 GeV, my+ = 188 GeV

B LSP annihilating through 1 /a resonances
BMP4-5: Need non-universal m,, my, and A,

3
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Conclusions

The NMSSM is a SUSY extension of the SM more general
(and more coherent) than the MSSM which phenomenology
deserves to be studied (at least) at the same level

It could be much richer and more complex than the MSSM
» Singlino LSP giving extra cascades at LHC

» Pseudoscalar singlet visible at LHC for large tang

o Light A might escape LHC if it decays through » — aa

NMSSMTools 2.0is a dedicated package to study it

— KEEP POSTED (AND DOWNLOAD) ON:
http://ww.th. u-psud. fr/NVHDECAY/ nnesnt ool s. ht m
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