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Parameters MSSM vs. NMSSM ﬂ(".

® NMSSM has one additional Higgs singlet

— additional terms in superpotential leads to more free parameters
and leads to modification in the Higgs and neutralino sector

h =125 GeV = H,=S,H,+S,,H,
H,or H, =
125 GeV Hy, HZ’I\I"I\'/?'S';\’AAZ’ o = Hi = SilHd + Si2Hu
4 CMSSM Y ( semicNMSSM )
mo,mllz,tanﬂ1/Ab1Sgn(ﬂ) mo,ml/z,tanﬂyAO1A/11Ak1
\ ) @’Kwueff )
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Problem with scanning NMSSM parameter space =%

Q large parameter space

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

Q we do not know the correlation matrix

How to solve?

ldea: iIf we would have measured all the Higgs masses,
would we be able to determine the parameters?

Result: yes, but not necessarily a unigue solution

: L e Dark Matter @ LHC 2018, Heidelberg sl el e E U
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Xz Function has no unique solution ot st i Techolog
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CMSSM NMSSM specific

In NMSSM the mixing with singlet increases Born term by large couplings at small
tanf (Region ) or by a combination of small couplings and large tanf (Region )

Region I: A-k large, tanf small — large NMSSM specific contribution

Region Il: A-x small, tan g large — CMSSM like

© L e Dark Matter @ LHC 2018, Heidelberg colnr el see E U




ldea: scan Higgs mass space instead of parameters
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6 parameters spanning the 6D parameter space: tan 8,4, k, A;, Ay, Heff

NMSSMTools

6 Higgs masses
spanning the
6D parameter

Fit Constraints:
My, = 125 GeV, My, =
M'yy,

M= M'y1, My3 =
My = My = M'y3,
for a given point
M’Hl ,M,Hg, M,Al in 3D

Why: Higgs masses hardly correlated and more constraints, if we
assume the decoupling limit with all heavy Higgs masses to be close

to degenerate

05.04.2018
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BRs for light (singlet-like) Higgs boson -\\J(IT

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

1 i T T T =
0.1 | .
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 expected in the SM.

e L e Dark Matter @ LHC 2018, Heidelberg sl el e E U



BRs for light (singlet-like) Higgs boson -\\J(IT

Region Il — MSSM-like Bands include 68% of the
sampled points around
the most probable

small 4, x, large tanf

d

1 E I ! ! l 1 ! = O . - .
?{ T S branch|_ng ratio indicated
F AN ] by the lines
[ N :
01y  ~~ T /= ‘1 bb mmmm
o : Wg TT
- : 1y ——
0.01 == /_: gg R
: / 3 CC — — =
- g T "“"-/..._ i WW
i - /] -
0001 L~ 1”1 o F oy | 77 = = —
0 30 60 90 120
. Myq/3 > 0.5My,
My, In GeV

MSSM-like Region different BRs compared to SM due to zero crossing
of S;; leading to broad allowed bands for BRs.

L e Dark Matter @ LHC 2018, Heidelberg sl el e E U
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Couplings to fermions and allowed range for

Higgs mixing elements

S11 almost zero due to
zero crossing in Region |l
— tanf enhancement

small compared to small

S11 values
hy
Hit;tgp : ——=S;
I*L'R \/i 12
hp
H:b, bs : ——S;
tYLYR \/i 11
hy
Hit g+ ——=Si1

05.04.2018
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Couplings to fermions and allowed range for
Higgs mixing elements

S11 large and positive in 0.1

Region |

S11 almost zero due to
zero crossing in Region |l
— tanf enhancement
small compared to small

S11 values
hy
Hit ts:——S;
t*'L*R \/i 12
hp
H;b,b§ : ——=S;
IYLVYR \/i 11
H:1 16 : —ES-
L'L'R \/i 11
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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

A1A4] 72 7 XS x BR compatible to SM decay H - yy

10 05.04.2018 Wim de Boer, ETP
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Discovery potential for final states @14TeV -\\J(IT

TT.

VY-

In both Regions
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

See detalls for zr and double Higgs Production on backup slides.

Other final states are small and A, A4,/ 7 P are only possible in a
restricted parameter space where m,, 70 < 0.5mp4

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

05.04.2018 Wim de Boer, ETP
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Summary -\\J(IT

® Project 6D parameter space on 3D Higgs parameter space to allow
efficient sampling with full coverage

® We find two regions where the Higgs mass constraints are
fulfilled, called Region | (NMSSM-like) and Il (MSSM-like)

The phase space of a light Higgs boson below 125 GeV allows
comparable XS @14TeV with the observed SM Higgs boson in

many discovery channels like TT and yy for both regions for
the whole H; mass range although H, is singlet-like

® We provide benchmark points (see backup, 1712.02531) for
different H; masses and discovery channels which allows a
detailed simulation and studies of the background and efficiencies

12 05.04.2018 Dark Matter @ LHC 2018, Heidelberg Wim de Boer, ETP



Karlsruher Institut fir Technologie

Backup ..\X‘(IT

= L e Dark Matter @ LHC 2018, Heidelberg



SKIT

Discovery potential for tau final states @14TeV ==t WE R

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

Oggf

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

Obbh
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Region Il: XS has large allowed range because of to zero crossing of S;;.
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Possible double Higgs production channels (if
Kinematically accessible) ﬂ(".

® Lightest scalar Higgs boson Hy - A4

® Second lightest scalar Higgs boson | H, —» A4,
H, - HiH,

® Third scalar Higgs boson Hy - A A,
H3 — H1H1
H3 - H2H2
H3 - H1H2

® Second pseudo-scalar Higgs boson A, > AH,
AZ e A]_HZ

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

16 05.04.2018 Dark Matter @ LHC 2018, Heidelberg



Summary of Higgs boson branching ratios (Sl)

SKIT
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For comparison of the discovery channels the XS x BR for the 125 GeV Higgs
boson are for the ggf channel yy : 112 fb, ZZ : 1321 fb, Zy : 76 fb, 1 7 : 3090 fb and

for the bbh channel yy : 1.3 fb, ZZ : 15.4 fb, Zy : 0.8 fb, T T : 36 fb.

name | BR in % | oggf X BR in fb | ophk X BR in fb || BR in % | oggf X BR in fb | ospn x BR in fb
TT #9.3 - 94.4 455ed - 481e3 6699 - TOTE T.1=-7.7 5.6ed - 6.0e3 149 - 161
Y < 0.01 0.9 - 20 0.01 - 0.34 < 0.01 0.1 -1.0 0.0 - 0.04
Zy ; ] ] ; - -
ZZ - - - - - -
Www - - - - - -
A Ay - - - 5.8 - 36.5 4.5e3 - 28.5e3 121 - 767
i_'_l'}}_([!] - - - 0.8 - 27.3 0.64ed - 21.3e3 17 - 574
bb 87.2 - 87.9 484.3ed - 488.2e3 0= 6591 91.8 - 92.1 T1l.6ed - T1.8ed 1926 - 1934
oo 0.2-7.7 l.1ed - 39.1e3 17 - 575 0.04 - 0.1 30 - 110 17.2 - 575
gq 0.4 -2.9 2.0e3d - 14.Ted 30.4 - 216 0.3 - 0.5 250 - 360 6.8 - 9.8

| 40-90 GeV I 90-120 GeV
name | BR in % | Taq5 X BR onpn X BR || BRin % | ogqf X BR oupn % BR
TT 2.3 -9.1 500 - 600 140 - 154 9.5 - 9.9 a8l - 53 25.6 - 26.7
TV < 0.01 0.08 - 0.46 0.019 - 0.12 0.0 - 0.02 0.01 - 0.09 0.0 - 0.05
Zry - - - < 0.01 0.0 - 0.02 0.0 - 0.01
ZZ - - - 0.0 - 0,03 0.0 - 0.15 0.0 - 0,075
W < 0.01 0.0 - 0.01 < 0.01 0.0 - 0.3 0.0 - 1.0 0.0 - 0.75
Aq 44 11.4 - 64.2 T50 - 4.2e3 194 - 1092 - - -
Xoxh 1.3 - 62.7 85 - 4.14e3 22 - 1065 - - -
bb T6.1 - 90.9 H.0ed - G.0e3 1294 - 1545 64.5 - 90.1 300 - 500 174 - 243
oo 0.03 - 0.5 2.3 - 30 0.9-3.1 0.03 - 0.5 0.2 - 2.8 0.1-1.4
gg 0.2 - 0.5 10 - 30 3.6 - 8.5 0.2 - 0.9 0.9 - 4.8 0.4-24

17 05.04.2018
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Summary of Higgs boson branching ratios (Sll)

For comparison of the discovery channels the XS x BR for the 125 GeV Higgs
boson are for the ggf channel yy : 112 fb, ZZ : 1321 fb, Zy : 76 fb, 1 7 : 3090 fb and
for the bbh channel yy : 1.3 fb, ZZ : 15.4 fb, Zy : 0.8 fb, T T : 36 fb.

0-20 GeV

20-40 GeV

name | BR in % | Tagf X BR in fb I opph % BR in fb ” BR in % | Tagf X BR in fb | opph % BR in fb

TT 0.2 - BE.3 31.7 - 11.6e3 0.13 - 4.8 3.9-T.8 91 - 180 0.79 - 1.57

Y 0.0 - 0.02 0.03 - 3.27 0.0 - 0.01 0.0 -0.2 0.0 - 3.5 0.0 - 0,035

Zy - - - - - -

ZZ - - - - - -

Www - - - - - -

A Ay 51.3 - 98.3 GT73 - 12977 28 - bd 90.1 - 99.6 2071 - 2290 18.0 = 19.9

=1 =1

XnXo - - - - = -

bh 0.0 - 20.4 0 - 3880 0=-16.1 46.3 - 92.0 1064 - 2118 9.3 - 18.4

oo 54.9 - 96.1 G069 - 12688 25 = 52 0.05 - 38.9 1.2 - 894 0.01 - 7.8

g9 4.5 - 10.2 588 - 1352 2.5 - 5.6 0.3 - 7.7 8.0 - 175 0.07 - 1.53
| 40-90 GeV | 90-120 GeV

name | BR in % | Tggf ¥ EBR | oppn % BR ” ER in % | Taaf ¥ BER oppn X BR

TT 5.0 - 9.2 30 - 54 0.8 = 1.5 6.5 - 8.4 30 - 39 0.8 - 1.0

Y 0.0 - 0.6 0.0 - 3.2 0.0 - 0,09 0.3 - 0.8 1.13 - 3.5 0.03 - 0.09

Zy - - - 0.0 -0.1 0.0 = 0.5 0.0 - 0012

ZZ - - - 0.0 =-1.6 0.04 - 7.3 0.0 = 10.19

Www 0.0 - 0.07 0.01 - 0.4 0.0 - 0.01 0.01 - 5.8 0.06 - 40.3 0.0 =-1.1

A1 A4 94.7 - 998 558 - HESE 15.2 = 16.0 59.8 - 99.8 275 - 459 7.2 =12.0

-1 -1

XoXo - - - - - -

bhb 54.T - 91.6 322 - 540 B.E - 14.7 65.9 - 89.6 303 - 412 7.9 - 10.8

flalss 6.9 - 37.8 40.6 - 223 1.1 - 6.0 3.2-14.4 14.9 - 66.4 0.39 - 1.73

qg 0.1 - 16.3 .65 - 96.3 0.02 - 2.6 3.9-13.1 15.4 = 60.4 0.5 = 1.6

18 05.04.2018
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Why we are interested in the NMSSM ﬂ(".

| MSSM Loop corrections Aygg — rwa=
4 1)
3 mt|, m X2 X/
m, ~m; Cos” 23+ ~—LlIn—L+ = 1-—4
N TR (472') v m_ Mg 12m;
. = cos 2/i+(4)z{lnm1+m (1 12n\1 ﬂ WﬁWEWJ*W‘WWW \ D,
my [GeV]
1000 2000 3000 4000
135 | . : . .
o _ _ : NMSSM tanp=2.5
® NMSSM: Mixing with singlet 130 ¢
E 125 — Mt np=30 Ag="
2 [ 42,2 or22 2 2 O, ; CMSSM tanf=
m. {/Iv sin 2ﬂ+]MZcos 20 +A,, £ 120}
Ellwanger, arXiv 1108.0157 nsy CMSSM tanp=30 Ag=3m,
Increases Higgs mass for large 0 0 2000 3000
values of A already at Born level my; [GeV]

NMSSM: m, =125 GeV for TeV instead of multi-TeV stops

e DB TN Dark Matter @ LHC 2018, Heidelberg



X% Function yZ,: = xf, + X, + Xfi, + Xiep TXinc XIT

Karlsruher Institut fir Technologie

(mp, —m )
2 Hq~"Mtgrid,H
W xu, = — -

O'H1

® mgqpn, - Chosen pointin the 3D mass space
® my, : below observed Higgs boson, 0,31 setto 2 GeV

(my, —mop )2 , 2
= XI%IZ = 2J§MO >+ Zi(cllqz - Cobs) /O-czoup
B 125 GeV Higgs boson with SM couplings , c},z: reduced couplings of H,,
ratio of couplings of H, to particle i = f,,, f4, W, Z,y. Observed coupling

Ccoup @Qree within 10% with the SM couplings, so 64, = 0.1.

2
B 2 _ (mH3/A1_mgTid,H3/A1)
XHz/A; =

2
OH3/Aq

® y7.»: includes the LEP constraints on the couplings of a light Higgs
boson below 115 GeV and the limit on the chargino mass

® y{yc:includes the LHC constraints as implemented in NMSSMTools

20 05.04.2018 Dark Matter @ LHC 2018, Heidelberg
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Benchmark Points for different mass ranges

® BMPs have been selected to have a maximal cross section times
branching ratio for the corresponding decay mode

| 0-20 GeV I 20-40 GeV

| BMP 1 | BMP 2 || BMP 3 | BMP 4 | BMP 5 | BMP 6

decay mode ‘ TT ‘ Yy || TT ‘ Yy ‘ A1 A ‘ )2?)2?
049f X BR in fb 2044.7 | 0.366 | 8069.6 | 0.999 | 9952.1 | 8890.7
opon X BR in fb 35.4 0.006 112.6 | 0.021 787.8 | 459.5
BR(H, — gg) in % 0.46 0.29 0.66 1.37 0.28 0.34
BR(H; — 77) in % 6.84 7.15 4.80 5.14
BR(H, — ¢€) in % 0.23 4.79 0.23 4.42 0.12 0.09
BR(H; — bb) in % 91.9 87.9 91.1 86.9 59.0 64.8
BR(H1 — vy) in % 0.00 0.00 0.00 0.00
BR(Hy — A1 A1) in % - - - - 5.19
BR(H; — X9%9) in % - - 0.78 - 1.59

See backup slides for corresponding mass spectrum

2 L e Dark Matter @ LHC 2018, Heidelberg



Benchmark Points for different mass ranges ﬂ(".

® BMPs have been selected to have a maximal cross section times
branching ratio for the corresponding decay mode

BR(H]_ g /11;"11) in % -
BR(Hy - WW) in % -
BR(Hy —+ ZZ) in % -
BR(H, — Z~) in % -
BR(Hy — x9x%) in % -

| 40-90 GeV I 90-120 GeV

| BMP7 | BMP8 | BMP 9 | BMP 10 || BMP 11 | BMP 12 | BMP 13 | BMP 14
decay mode | TT | 4y | AqAq | )2? )2? || TT | 4y | AqAq | WW/ZZ/Z~
Tggf X BR in fb 1018.2 66.1 6931.9 2120.8 400.7 57.1 1255.5 954.7/68.1/ 11.1
opsn, X BR in fb 214.0 0.022 891.0 329.3 16.3 0.008 7.3 0.23/0.016/0.003
BR(Hy — gg) in % 28 37.9 0.04 0.24 49.0 1.92 33.2

- o C ;
pnr T i | om | m om | i | on
BR(H, — bb) i.n ':??EJ/I glné : .3(] SSOEI gﬁn; 6 f} 104:
BR(Hy — ~vv) in % . & 3:57 3 ‘qi’ * .
i)

B

= - 1.06 2.84 .
- - 0.04 0.01 0.09
- = 0.01 0.02 0.02

See backup slides for corresponding mass spectrum
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Upper bound for NMSSM double Higgs ﬂ("‘
production BRs (if kinematically accessible)

Region | Region Il
large A, x, small tanf | small 4, k, large tanp

BR(H, > A;4,) 80% 100%
BR(H, » A;4,) 8% 1%
BR(H, » H H,) 7% 6%
BR(A, > AH,) 25% 0%
BR(A, > AH,)  30% 2%
BR(H; » A;4,) 2.5% 0%
BR(H; » H.H,) 35% 0%
BR(H; » H.H,) 70% 5%
BR(H; » H,H,) 2% 0.5%

See backup slides for corresponding BR plots
Dominant A; decay modes in bb, tz and MET see backup slides
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Principle Fitting procedure ﬂ("'

B 6 free parameter (6D) are needed to describe the Higgs sector in the
NMSSM consisting of 6 Higgs bosons (6D)

calculated with NMSSMTools*

tanP, Ay, Ay, L K, Uefr

(my, m1/2:A0)

Question: Can we invert the problem and fit the free couplings and
NMSSM parameters for fixed Higgs masses to determine range for BRs?

* D. Das, U. Ellwanger, and A. M. Teixeira, arXiv:1106.5633

e Dark Matter @ LHC 2018, Heidelberg



Reduction of the 6D Higgs mass space -\\-‘(IT

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 "g“i’n.‘" 3,”’5";5’;;
parameter space and iii;iii \g# EEEE;;“;

2 - NN \/: g
determination of the 125 Gev ‘i‘-‘giiii \gg igi;;;; 5 Tev
couplings W

NP2

* F. James and M. Roos, Comput.Phys.Commun. 10 (1975) 343-367

& USRS Dark Matter @ LHC 2018, Heidelberg



Efficient sampling of Parameter Space - Example -\\J(IT

® 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]

ee USRS Dark Matter @ LHC 2018, Heidelberg
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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

2 OB 2003 Dark Matter @ LHC 2018, Heidelberg
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Light Higgs production cross section

Region Il —small 4, k, large tanf

1000 N 1
i 100 H:,, ‘H 0.98
c 13 Hi " 1F1 096
—E 1 ¥ ] — 1 73
t:lm 0.1 - 1§ . 4 . | . .. o e -1 0.94

0.01 HJihimihiis ; 'ir"-."-“-'l "

0001 Libliifee il _ RRERRRERE it ielztek] AR

0 20 40 &0 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,

e OB 2003 Dark Matter @ LHC 2018, Heidelberg
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Special BRs for light (singlet-like) Higgs boson =LA

® Small region in parameter space where my,, < 0.5 my, leads to
dominant BR into light pseudo-scalar Higgs

® Light pseudo-scalar Higgs boson mass and lightest neutralino mass are
correlated

® my, <0.5my, implies m,

0<05mH1

X1

Region | Region I
large 4, k, small tanf small 1, k, large tanp

BR(H, —» A{A;) 0-80% 0-100%
BR(H, = ii%])  0-70% -

Light Neutralinos < 0.5 my, not possible in Region Il
— Decays with MET only possible in Region |

Lozt Dark Matter @ LHC 2018, Heidelberg



BRs for light Higgs boson, if my, < 0.5 my, ﬂ(IT
(| M plieS m.o <0.5 mHl) Korbaer sttt i Technlogie

X1
Region | —large A, k, small tanfs
l 71—
i y—ITRY| bb
0.8 | ’j/!/
0.6 / | TT I
o :
@ 0.4
A]_ Al I
0.2 X1 Xp ===
0 g\ L4
30 60 90 120
My In GeV

Light pseudo-scalar Higgs boson mass and lightest neutralino
mass are correlated

U sl Dark Matter @ LHC 2018, Heidelberg



BRs for light Higgs boson, if my, < 0.5 my, S(IT

Region Il —small 4, k, large tanp

1 1 1 I 1 I I I 1 I 1 1 I

A1A1:|
— bbb mm

0.8

0.6

BR

0.4

cc

0 30 60 90 120
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Light Neutralinos < 0.5 my, not possible in Region Il
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NMSSM - neutralino sector A\‘(IT

® Mass matrix M, has an additional singlino component in NMSSM

m 0 9V gl\m N
J2

! J2
M,=|| 9,v, g,V 0 2 M, ~0.4m,,,M, =0.8m,,,M; =~ 2.7m,,
- — — AV
J2 2 Heit u
MSSMl gV, OV, ~
\o2___ o M O/\/_,fv Small ratio%and
M 0 — AV, AV (V27K
NMSSM small Herf needed

5x5 neutralino mixing matrix

~

— Z°=B+W+H,+H,+S

LSP and Al < 60 GeV possible but small region in parameter
space
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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
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Yy Iin both Regions the whole mass range is accessible
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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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Zy: in both Regions the mass range above 95 GeV is accessible
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Discovery potential for Z final states

Oggf

@14TeV
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Obbh

Region | —large 4, k, small tanp Region Il —small 4, k, large tanp
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ZZ: for mass range above the maximal ratio is 1 %0 because of phase space
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Discovery potential for 4, final states @14TeV '}\-‘(IT

Region | — large A, k, small tanf
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Discovery potential for 4, final states @14TeV ﬂ(".

Region | —large 4, k, small tanp Region Il —small 4, k, large tanf
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A1 A+ number of events N of the order of 1e7 for both production modes
If Kinematically allowed
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Discovery potential for MET final states @14TeV -\\J(IT

Region | — large A, k, small tanf
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Double Higgs production in H, decays -\\J(IT
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Double Higgs production
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Double Higgs production in H; decays

® BR(H; » A141)

® BR(H3 —» HyH,)
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Double Higgs production in H; decays =l B
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