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Parameters MSSM vs. NMSSM ﬂ(".

® NMSSM has one additional Higgs singlet

— additional terms in superpotential lead to more free parameters
and lead to modifications in the Higgs and neutralino sector

h =125 GeV h,|\|/|4ég\l,let \ = H; =58;H; + S;;H,
H,or H, =
125 GeV H,, Hz’l\ll_l\i/?ég}\’/lAz’ HE = H; =S58, Hg + S;2H,, +
e N\ -
CMSSM Semi CNMSSM A
my, my,o,tan B, A,
Mo, My /3, tan B, Ag, sgn(p) ; K ZZ A ﬂﬁ :
- 2 e L




Problem with scanning NMSSM parameter space ﬂ(".

Q large parameter space (7D in semi-constrained NMSSM)

Q parameters are highly correlated, so random scan of parameter
space very inefficient without correlation matrix, which tells

how to step through the parameter space in a correlated way
800

700 [EX@mMple of borrelations_
we do not know the 7x7 correlation . | ’
matrix e 500}
:E 400 )
300 | @”%
How to solve? 200 p g

tanp

ldea: if there is a one-to-one relationship between Higgs masses and
parameters, could we scan less correlated Higgs masses, which additionally
have well known constraints from 125 GeV Higgs boson with SM-like
couplings?



Analyzing the NMSSM parameter space using ﬂ(".
novel scanning technique

Input i '

P Fit Constraints Minuit Output
4 Higgs masses For a given point M'yq , M'y3, 7 parameters
spanning the M',4 in 3D the following _ spanning the
4D parameter + constraints are used: Connection 7D parameter

space: My, = 125 GeV and SM- between Input space:
Myy, Myy, M 4q, like*, My, = M'yy, Myq= and Output from tan B8, 1, k, Ao,

Mpys ~ Mpz ~ My:+ M'y1, Myz = M'ys, NMSSMTools Aj Ay, Pegf

‘ Scanning strategy for accepted points:

» select 4 Higgs masses (left box)

> fit these masses with the 7 free NMSSM parameters (right box) using the
constraints above (middle box)

» apply LHC and LEP Higgs mass limits

> Repeat the fit in a grid of all Higgs mass combinations of Myq, My1, My3 tO
obtain a scan over all accepted NMSSM parameters in the 7D parameter space.

* We allow also the possibility My, = 125 GeV and SM-like



How to cover the 7D NMSSM parameter space by ﬂ(IT
scanning the 3D Higgs parameter space?

Scan limits

7 free parameters 3 free Higgs masses

TS

tanf, Ay, Ay, A K, Uess
(Mg, my /2, Ao)

7 free NMSSM parameters can be determined from fitting the selected Higgs masses on
the 3D grid with constraints (same problem as extracting parameters from a completely
and perfectly measured set of Higgs masses determining uniquely the corresponding
parameters) — no random scan
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A.x-plane as

an example

for output from
deterministic scan
of 3D mass space:

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
A A




6

X% Function xZo: = Xfig + Xfigy + Xpigy + Xf, + X4, + ﬂ(“
2 2
Xiep YXLHC

2

2 (mHl_mgrid,Hl)

a XHS - GI%I
1

® mgriqn, - Chosen point in the 3D mass space
®  my : singlet-like Higgs boson, o, set to 1% my, GeV

_ (mHz _mobs)z

2
a XHSM -

Tm
W 125.2 GeV Higgs boson with gg), set to 1% my, GeV
_ (mH3/A1_mgTid.H3/A1)2

2 2
® X4, = s as Xy,

® yZ.,:includes the LEP constraints on the couplings of a light Higgs boson below 115 GeV
and the limit on the chargino mass

XZyc: includes the LHC constraints as implemented in NMSSMTools
; 2
a XI%ISM = Zi(.u;-lz - .uobs) /Oﬁ
®m 125.2 GeV with SM couplings, u}'qz: reduced cross section of H, to particlei =1,b,W/
Z,y for ggf/ttH and VBF/VH production. u,,s equals 1 with g, set to 5%o



Some more examples of correlation of NMSSM parameters ﬂ(IT
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® Correlation for selected NMSSM parameters tan 3, A and p.rf

® The error bars correspond to the error determined by the Minuit fit for
each mass combination

0.72 - 800
700 ¢
0.68 |
= 600
O
< 0.64 ¢ c 500
$ 400 |
0.6 }
300 ¢
0.56 : 200 :
0 4 8 0 4 8
tanp tanp

Only best points after a y* cut plotted.
Distribution depends on cut value
(or equally: assumed error values for chosen Higgs masses)
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tan f

0.6

0.64 0.68 0.72

A

x? distributions for a point onGHiggs mass grid
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I 1(5)%o error

1/rrI

__J

1D x? distribution examples of tan g, u.rr, A and k. For larger allowed
errors the minimum around the best fit points gets flatter (dotted lines).

12.12.2018

NMSSM Meeting

Conny Beskidt, ETP



Karlsruher Institut far Technologie

Fix-point solutions for the trilinear couplings

8000
6000 |
4000
2000 |

0|
-2000

A,

A, in GeV

4 8 12 16
|Og10(Q) in |Og10(GeV)

For different Higgs mass combination, the low scale values vary, but the
running from a large allowed range at the GUT scale towards a fix-point
solution (meaning independent of GUT scale value) at the SUSY scale
remains.




Impact of the common SUSY masses ﬂ(".
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" 1TeV — 2800 T . .
2400 f
a7 >
o G 2000 ¢ 2TeV
5 £ 1TeV
w1 -
o | & 1600
1200 ¢
0 ' T 800 : : -
2 4 6 8 2 4 6 8
tanf3 tanp

my and m, ,, enter only in the stop corrections Af, so different stop masses

lead to small shifts in the Higgs masses which can be compensated by small
shifts in the optimal values of the NMSSM parameters

The dominant contribution to the total Ay? function is coming from the

signal strength constraint. This contribution is less sensitive if the masses
of the SUSY particles are getting heavier.
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Present results from novel scanning technique
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Light Higgs BR x XSs
PLB782 (2018) 69-76
arXiv:1712. 02531

1000 [
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Oggt BR in pb
=

0.o01 |

bl p—mi ]
1 0.0001

0.0001 - "
0 20 40 60 80 100 120
Mmyq in GeV

For light singlet-like Higgs bosons the

values for XSxBR are compatible to the

SM Higgs boson but studies of
efficiencies and backgrounds needed.

o % BRI(c % BR)gy

Heavy Higgs BRs
PLB759 (2016) 141-148

arX|v 1602 08707

|1E|nE'smE|II Y460 heaw|

o8

0.6

BR

o4

.2

Additional promising channels in the
NMSSM for heavy Higgs H3 boson like
AlZ and H1HZ2 in contrast to MSSM

Outlook:

Many more detailed studies possible, e.g. possible signal strength
deviations from SM predictions (see next talk)
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Summary

® Novel scanning technique avoiding random scan of strongly
correlated 7 NMSSM parameters

® Instead: scanning 7 Higgs mass space, which becomes only 3D in
decoupling limit in which all heavy masses are identical and the
known 125 GeV Higgs mass.

® 3D Higgs mass space can be scanned by probing all mass
combinations on a grid, so no random scan. This guarantees
complete coverage.

® Using the novel scanning technique we determined the allowed
range of the BR x XSs for light and heavy Higgs bosons and
provided benchmark points and discovery channels which allow a
detailed simulation and studies of the background and efficiencies



Backup ﬂ(".
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A
M% ~ M2 cos? 2 + Az + A*v?sin? 2 — = (A — ksin2pB)?

\ Y )\ y )

CMSSM-like (small 4,k , large tanf) NMSSM specific (large A,k , small tanf)
Region Il Region |

Is there a unique solution for the SM Higgs mass?

O 1 190 Almost in the whole 1 — i
plane 125 GeV Higgs mass
fulfilled (green region)

Higgs mass (H,) too light. Stop
mass corrections not enough to
. _ _ reach 125 GeV similar to MSSM.
A Can be compensated by larger
value of my/m, ,

Is the 125 GeV SM-like?
— couplings/signal strengths



Couplings and reduced XSs/signal strengths
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® Reduced XS proportional to Higgs couplings which include the Higgs
mixing elements §;; and the Yukawa couplings

Boson signal strengths u;:

4 hy )
s gt he =—— f 9% + g3 h
! vsing HiZyZy: v (VaSi1 + vuSiz)
c . b _ My V2
H;bybg, : —ﬁsu hy = - g2
h; _ Himfm_:guvﬁ(vdsil + 1, 52)
Hit tg + ——=Si1 = N P
o V2 J
x? includes 8 signal strengths pu = xR
osmXBRgym
Fermion signal strengths p; ,:  pve /", w29, ) BF/VH, it

VBF/VH ggf

Hzw o Hzw Hyy

VBF/VH ggf
TEYY
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Are deviations of reduced couplings from SM really 0? ﬂ(IT

Bosonic signal strength Fermionic signal strength
0.8 0.8
06 | 0.6 |
: -
v 04 F % 04
02 | 1t AL ] 0.2 i
0 . . -' L - - 0 ;’ 1 1
0 0.2 0.4 0.6 0.8 0 0.2 .
A A
Region | (large A, k , small tanf) I I Region Il (small 4,k , large tang ) 1

Signal strengths of observed Higgs equal SM in Region I,

In Region Il small deviations preferred.

In intermediate regions larger deviations, only allowed if errors are
enlarged.

Allowed range of signal strengths/couplings allows determination of BRs
and BR x XSs for all Higgs bosons.




Are larger deviations from SM allowed?

® Only possible if uy /5 # py
® Low u,/, Can be
compensated by large p4

® Signal strength distribution
sensitive to tan3, see p.10

m’l’
~ vcosp

T

V2

c .
Hit; T+ — Siin hy

tanp

0.9 1 1.1

0.8
VBF/VH
T

06 0.7
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2 ) VBF/VH
1.8 L —
1.6 [, AL
1.4 | e
VBF/VH
12 Hwz E—
1t HW/zggf """"""
HWVBFNH
0.8 | N
06 [
0.4 ‘ : : : -
05 06 07 08 09 1 1.1
VBF/VH
p”CT
Precise
measurements
of signal
strengths
Nl restricts tanf
0.5 0.6 0.7 0.8 0.9 1 1.1
VBF/VH
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Couplings of singlet like Higgs to fermions and
allowed range for Higgs mixing elements ﬂ(".

Region |

S11 (~H,bb) large and
positive in Region |

S11 (~H{bb) almost zero
due to zero crossing in
Region Il — tanf

enhancement small 0 T 01 02 03 o4
compared to small S, S11 ~H,bb
VEIUEE SM Higgs mixing elements
ot e _ES. M and heavy Higgs boson fixed
LR 2T ¢~ vsinp by SM Higgs couplings
H;b, bS : _ﬁs_l hy, = Mp constraint — allowed range of
l «i{f l vcosp singlet Higgs mixing matrix
_ T
Ht, 75 : _\/_%Sil h, = y—" elements




Couplings of singlet like Higgs to fermions and
allowed range for Higgs mixing elements

S11 (~H,bb) large and

positive in Region |

S11 (~H{bb) almost zero
due to zero crossing in
Region Il — tanf
enhancement small
compared to small S;;

values
hy m

Hit ts : ——S;, h, = —1t 0.2 | 0.8 —
L \}/? L Y vsing 01 | o
b mb o4 0.6 T

H:b, bs : ——S; h, = - 0
IYLVYR \/i 1 b vcosﬁ o) 0.1 045
h‘r . mq Bt ::_ ] E

-0.3 0

-0.02 0 0.02 0.04
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BRs for light (singlet-like) Higgs boson Q(IT

Region | — NMSSM-like
large A, k, small tanf

1 E I | —f—— 1
0.1 | 2
EE i ] bb
0.01 | - ;5
: CC = = =
0.001 ] WW
0 90 120
May /3 > 0.5my4 My in GeV

Large coupling to down-type fermions — dominant decay into b quarks
as in the SM.




BRs for light (singlet-like) Higgs boson ﬂ(".

Region Il = CMSSM-like Bands include 68% of the
small 1, x, large tanf sampled points around the most
— probable branching ratio
1 I T e € indicated by the lines.
N \ i
B N\ -
0.1 S —— ] bb
o : R B & ¢ ]
- : T YY = Lines plotted for
0.01 4 99 7 | | better visibiliy.
- iy CC = == Channels have
: e y~1 WW similar width for BR
0001 L 12" 1 Foug ZZ - —= = J | bands as bb and .
0 30 60 90 120
My in GeV M1z > 0.5my

CMSSM-like region BRs different from SM due to zero crossing of S;;
leading to broad allowed bands for BRs for all channels.




Discovery potential for tau final states @14TeV
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Region | — large A, k, small tanf

1000 T T T 1
0 100 f%. 1 o1 j g
8 I ‘T "
E 1 0.0 g
g

i3 ] )
. 0.1 5 e O E
% o E - i
3 o 1H o000 Color coding corresponds to the

0001 H Oggf ] . oXxBR

0.0001 . . 1@-05 ratlo

0 20 40 60 80 100 120 (O'XBR)SM
myq in GeV
Hi Red means 20-100%(a X BR) ¢y

1009 - d and green 1%o0-1%(c X BR) gy
a 100 ¢ 1 04 5
= 10 i | E I Ty
= - 001
m N L
w 0.1 | "R agigasi | 0.001 E%
S 001} i o 28
] : 0.0001 X 55895
© o001 | Obph I o ’

0.0001 T ‘ 1e-05

0O 20 40 60 80 100 120
my4 in GeV
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Discovery potential for tau final states @14TeV

Region | — Iarge Ak, small tanp
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Region Il —small 4, k, large tanf

1ﬂﬂﬂ T T LI | 1
100 = 1000 L I S 1
2 o1 2 00 | o =
c 10 1] ] e a iy 99f |1} o4 En:l
— | d A .
o 1 ] ool c 10 ,ﬂ_: | o0
m oL i L r 1 RLEH 10 %9 x
* ’ : -: 0.001 E m 0.1 F 1 '-\Er
E 0.01 - 1 m X - [ 000t
o 1M o.0001 = T oot b ] m
0.001 o'g af £ B b”" ] 0.0001
: , o.001 , Ak - B
0.0001 1@-05 T-. i 1 '.’r - , i:_;.i ¥ ; I 1 .i'
0 20 40 60 80 100 120 0.0001 "' SR i PEELN R ECD- 1e-05
my; in GeV 0 20 40 6 B0 100 120
myy in GeV
1000 — . - 1 1000 | . . . ; 1
100 | ! 5 100 | ! 5
s ' lo1 @ 2 00 Obbh 101 O
10 | 47 o 10 [ ’ o
£ — o £ m
I 1 L [ 0-01 X I 1 + Fd 001 X
om ) P' om 3
X 0.1 ¢ bt 4 0.001 X 0.1 L 0.001 =
T L P | o T SRR T ST r o
o 0.01 ¢ - 11} ] 0.01 7« . i1 pm LR (1]
o i 1 X
o) 0.0001 X B i {§§ 0.000
0.001 | § 0.001 |
‘| Obbh I o : b
0.0001 T T | | 1e-05 0.0001 o | I S T I I P e e 1e-05
0 20 40 60 80 100 120 0 20 40 60 80 100 120
my, in GeV my, in GeV

Region Il: XS has large allowed range because of zero crossing of S ;.
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Discovery potential for final states @14TeV e e

Tt:|in both Regions

Yy in both Regions

Zy:. for my,; > 95 GeV

WW /ZZ: for myz; > 80/90 GeV, small because of phase space
Double Higgs Production
A A4 79 72+ XS x BR compatible to SM decay H - yy

For more details see backup slides and PLB782 (2018) 69-76.

Other final states are small and 4,4,/ 72 72 are only possible in a
restricted parameter space where my; ;50 < 0.5my;

NOTE: 4, and 7 masses are correlated, so both signatures happen in
the same region of parameter space (see backup slides)




Upper bound for NMSSM double Higgs ﬂ("‘
production BRs (if kinematically accessible)

Region | Region Il
large small small large

80% 100%
8% 1%
7% 6%
25% 0%
30% 2%
2.5% 0%
35% 0%
70% 5%
2% 0.5%

See backup slides for corresponding BR plots
Dominant A; decay modes in bb, tz and MET see backup slides



Reduction of the 6D Higgs mass space
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Hs, H* and A, are considerd to be degenerate in mass
One observed 125 GeV Higgs with SM couplings

— 3 undetermined free Higgs masses in the NSSM (3D)

Provide 3D grid for unknown my,-mys- my, masses
For each mass combination MINUIT* is used to determine

corresponding NMSSM parameters

Efficient sampling of the
parameter space and
determination of the
couplings

3
Kb
=

N T
NN
NN
N
125 GeV. ‘li!‘i‘ NI A2 Tev
NP2

* F. James and M. Roos, Comput.Phys.Commun. 10 (1975) 343-367
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Efficient sampling of Parameter Space - Example ﬂ(".

® Dividing the axis of the 3D space into X~100 bin require a total of X*3 Minuit
fits, which is quite feasible instead of random sampling in the 6D parameters of
the Higgs parameters

B E.g. efficient sampling of parameter space allows to find points in parameter
space which will elude the future searches for dark matter at the Darwin

experiment
Scenario I (large )\, k, small tan 3) Scenario II (small ), k, large tan/j3)
0.01 —T—T—TTTT ' 1 0.1 T T T T T T T T T T T I 1
- 1 0.96 0.0001 | : 11 098
"é 0.0001 ';, 092 :S. 1607 oo, - At 092
Q ol > Q N i i 'y
7 < 7 <
. 1e-10 | . !
3 1e-06 | 0.88 3 e-10 ] 0.88
i 0.84 1e-13 1l 084
1e-08 0.8 1e-16 18 o3
1e-14 1e-11 1e-08 1e-05 1e-18 1e-14 1e-10 1e-06
€ og [pb] C og [pb]
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Light Higgs production cross section

Region | —large A4, k, small tanf

1000 1000 —
100 100 |
e |-
2 10} 2 10
& 0.1 g 01
01 |
0.01 001
o 0.001 L—
0.001 0.9 0 20 40 60 80 100 120
0 20 40 60 80 100 120 My in GeV

My, in GeV
S13: Singlet component of H,

Small tanp value leads to dominant ggf XS
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Light Higgs production cross section

Region Il —small 4, k, large tanf

~tanf?
1000 I 1
. 100 H:, i 0.98
10 T4 .
2 it I 0.96 _
._..E] 1 § : U‘)_
t:lm 0.1 - 1§ . i 0.94
0.01 Hi¥i i 'jf"-_':.c'l 0.92
0.001 Let’. ' Ll _ _ &l HtielaEL |l P
0 20 40 60 80 100 120 0 20 40 60 80 100 120

my4 in GeV my4 in GeV

No tanf enhancement for bbH XS and large spread
— Coupling not only proportional to tanf but also Higgs mixing matrix
elements S;; and S,
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BRs x XS for light Higgs Boson

(in comparison with 125 GeV Higgs Boson)
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@14TeV

Discovery potential for y final states

Region | —large 4, k, small tanp Region Il —small 4, k, large tanf
0-1;13'“" L B B '|"‘;.1 1 — T T T T 1
LR 4 i g ¥ g e —
o 0O1F Mo = o 00 o1 2
o 0.001 - ] T ©.0.0001 a
£ 0.0001 [ 1f1 000 m £ 1e-06 Crrvd i g 001 m
o X 1 N X
m 1e05 ¢ 1F21 0.001 p m 1e08 = : 0.001 p
Oggf = rie : =
X 1e-06 | o X 1e-10 |1 o
5 — 0.0001 £5 =, o 0.0001 £5
bc; 1e-07 » o le-12 - >,
1608 | 1e05 |, 1e-14 | 1605
1e-09 R 1e-06 1e-16 . 1e-06
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120
my in GeV my, in GeV
0-01 LI T T T T 1 L . 1
o 0001 | Mo 3 Ho1 &
_— _—
o & o ] o
£ 0.0001 | 1 001 m L1001 m
& 1e05 0001 g 1 0001 &
m 1e05 3 . o} Fq 0. o}
Obbh v = . =
T 1606 | &1 0.0001 £ J&4 0.0001 B
=
© 1e07 | 4 05 X o5 X
10-07 w1l Y 6 I 1605
iR
1e-08 A R S 1e-06 1e-06
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
my4 in GeV my in GeV

|44

. In both Regions the whole mass range is accessible

31 12.12.2018

NMSSM Meeting

Conny Beskidt, ETP



Discovery potential for Zy final states

Region Il — small 4, x, large tanf

Oggf

Region | — large A, k, small tanf

@14TeV
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Obbh

1 T T T T T T T 1 1 T T T 1
0.01 | = 0.01 | Y a.-!'-\\."ﬁ i I =
Q 0.0001 | 0.1 0 e S I
& ©.0.0001 11 i
1e-06 c L1 0.01
c 0.01 m £ o6 | -l 3 ] ) m
= 1e-08 S WO S s 11 "
X m e L .t i [
o 1e-10 0.001 g 1e-08 . n. T " 1pq 0001 o
e s H r
1e-12 = X 1e40 L 10 =
ol 0.0001 &£ w1610 ' L1 0.0001 &
S 1e-14 m o i )
> e-16 X > le12 1 | X
b le- 1 y .
tons | 1e-05 1e-14 L 1l 1205
1e20 bt 1e-06 Te16 Lt b bt 1e-06
90 95 100 105 110 115 120 125 90 95 100 105 110 115 120 125
my; in GeV My, in GeV
0.01 T T T T T | I B 1 0.01 T T T T L B 1
0.0001 | s LRk I 0.0001 |- . :,aml
Q - 1F4 0.1 E Q £ 0.1 ?,
Q. 1606 | = Q. 1e-06 |- 1L o
£ 1e08 | 001 m = 08 | f#ﬁ_-.‘,_; ¢ 14 001 m
C 1e-10 X (1 LT I X
o L & H 0.001 m 1e10 [ - 40 " 154 0001 p
1e-12 v — r —
X | - X L =
. o 1e-12 i o
T 1e-14 =4 0.0001 T =4 0.0001
2 I ] @ 2 1e14 14 @
2 te-te [ X o 1e-05 %
1e-18 | 1605 1e-16 | - (o}
1e_20 1 1 1 1 1 1 1 19_06 1e_1 8 b Lo b e e b o o by 1e_06
90 95 100 105 110 115 120 125 130 90 95 100 105 110 115 120 125

my in GeV

My in GeV

Zy: in both Regions the mass range above 95 GeV is accessible
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Discovery potential for Z final states

Oggf

Region | — large A, k, small tanf

@14TeV

SKIT

Karlsruher Institut fur Technologie

Region Il —small 4, k, large tanf

Obbh

0.01 LANLENLE BN RN BN L B BN LA L L I 1 0-01 L L DL B T T I 1
’ 1 = =
o 00001 | L1 0.1 =z o 0.0001 3 Ho 5
Q. 1e-06 i _ E o -r ..,n-I. - ‘; R P ;q L o
c | L4 0.01 m £ 1e-06 . -" SO 1 wr Yo YE 5] 001
1e-08 . X ' ' : I X
% 4 L 0001 % 1e-08 -', g_:__ 0.001 ©
% 1e-10 . E X | -~ | E
- i L] 0. « 1e-10 | 4:4 0.0001
S 1e-12 | 5. 1gg 00001 5 ; m
S X 5 1e12 1e-05 X
1e-14 ! A 1605 & RN
1e-16 T 1e-06 1e-14 ' ‘ S ‘ : 1e-06
90 95 100 105 110 115 120 125 130 9 95 100 105 110 115 120 125
my in GeV My, in GeV
0-0001 T T T T T T r—rr I 1 0-0001 L T T T T T T 1
= I I =
O 1e-08 ;01 01 7] QO 1e06 Foat 414 0.1
o * | = o) . i 1- “1 i‘f il &‘9
£ te-08 161 001 m £ 1e08 - -:t‘,a Rl v 4E] 001 m
o i X (1 A . PR T X
m te-10 184 0001 m te-10 - . 484 0001
X I E % | = E
1e-12 4:4 0.0001 12 L 1L
T i o T te12 0.0001 5
S 1e14 | { Ml 1e05 X & x
- 05 1e-14 + 10 105
1e-16 bbb b L 1e-06 1e-16 ' : S ' : 1e-06
90 95 100 105 110 115 120 125 130 90 95 100 105 110 115 120 125

my in GeV

my in GeV

ZZ: for mass range above the maximal ratio is 1 %0 because of phase space
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