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Why Next-to-MSSM?

The Minimal Supersymmetric SIM  redi: M. kocic
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Why Next-to-MSSM?

MSSM particle content + chiral superfield uncharged under SM
W D Agﬁu - ﬁd — §§3 (Scale-invariant NMSSM)

SUSY breaking can generate a vev for the Singlet, solving the

u-problem: ; — ) <S> /\/5

Extra contribution to the tree-level mass of the SM-like Higgs:

1
> S 2.9, .9
mhgmwmzczﬁ+§)\ V7854

5

Sebastian Baum Nordita, 13 July 2017



NMSSM Higgs sector

e Three neutral CP-even Higgses Hf;. Hfa HS
e Two neutral CP-odd Higgses ANSM 45
e 1 charged Higgs JaE=

Behavior controlled by  p; = {A, k,tan 5, i, Ay, A}
NMSSM Neutralino sector

Wino -- mass ~ M2

Bino -- mass ~ M e MSSM neutralino

1
2 Higgsinos -- mass ~ - sector

Singlino -- mass ~ 2ku/A \
New in NMSSM
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SM Higgs boson measurements

ATLAS and CMS - ATLAS+CMS
LHC Run 1 - ATLAS
The NMSSM better have a —+CMS
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The SM-like Higgs and Alignment  carena+ 151000137

m?  —m?2 cos(2
Alignment conditions: 1)| A\* = o (26) = (0.6...0.7)2
v? sin” 3

M2 4
N | —2 = (1 = ngﬁ) where )72 — 20 (Ax + K1/ A)

u? 3%5 2\ sin 23

SB, Freese, Shakya, Shah 1703.07800
Heavier Higgs spectrum <3 TeV Lighter Higgs spectrum < 1 TeV

standard light subset
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The SM-like Higgs and Alignment  carena+ 151000137

m2  —m? cos(23
Alignment conditions: 1)| A\* = L z ©08(2P) |

v? sin” 3

M2 4
) | =2 = - (1— o=s55) [where a7 = 20t R/

u? s3 3 2 sin 23

Same value which gives

1
mim m%cgﬁ + 2)\2’02825 ~ (125 GeV)

at tree level, for moderate tan 3 < 5!

Approximately fixes 2 parameters

e = V(ﬁ,tanﬁ,u,%}lﬁ}.
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Conventional vs NMSSM specific Higgs searches

MSSM-like searches

H/A=>Dbb/tt/1T
H-=2>vy/ZZ/ WW
H=->h_h

SM" 'SM
A Zhg,

NMSSM-specific strategies:

(I)]/'/ j//
®, P,
- o _<\ ﬂHLHH
Dy 7
(a) (b)
Dominant decay modes
e gqg — Hs — hsmbh; e g9 — Hy — Z A,
e g9 — As — hsmdy ° g9 — Ay = Zh;
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Conventional vs NMSSM specific Higgs searches

SB, IFreesq, Shakya, She}h 170$.0780_0

MSSM-like searches 5

H/A=>Dbb/tt/1T
H-=2>vy/ZZ/ WW
H=->h_h

SM" 'SM
A->Zhg,

8 TeV constraint on hMSSM/

[CMS PAS-HIG-16-007] —

mod—+
mp,

an (3

BR(A; — standard)
— BR(As — 1) + BR(As — D)

+BR(A2 = 7777) + BR(A2 = p'17)  0.01 o1 1
1 — BR(A; — standard)




NMSSM specific Higgs searches

Dominant decay modes
® gg9 — H3z — hswmh; e gg — Hy — ZA;

e g9 — Az — hsm4 e g9 - Ay = Zhy

hi/A: decay modes determined by mass spectrum:
e if kinematically accessible, h;/A; — x1x1 usually sizeable

=> Mono-Higgs and Mono-Z signatures!
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Mono-H IggS SB, Freese, Shakya, Shah 1703.07800
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Mono-H IggS SB, Freese, Shakya, Shah 1703.07800
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) Most promising channel:

e production xSec ggA:~2 ggH-

e Hard MET from back-to-back
decays and large

Am = me, — (mq’l T mhsm)

mgp [GeV ]
ty = Al Ty -
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Mono-Higgs

Combined reach of all
mono-H channels:

e Hard MET spectrum
requires large m 4.,

® ggA:/Hs suppressed for too
heavy Higgses

e Most promising points lie in
low tan 3, MAs > 2y
region usually overwhelmed

by A, — tt
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Mono-Z

SB, Freese, Shakya, Shah; in preparation
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Dark Matter in the NMSSM

Singlino plays important role to get acceptable DM
=>different pheno from MSSM!
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D|reCt DeteCtK)n & B“nd SpOtS SB, Carena, Shah, Wagner; in preparation
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Conclusions

e NMSSM motivated by u-problem and 125 GeV Higgs
presence of 125 GeV SM-like Higgs constraints NMSSM

parameter space:
o Alignment without decoupling: A ~ 0.65, light Higgsinos/neutralinos, light
Higgs spectrum

e mono-Higgs and mono-Z are clean and powerful probe, probing
the low tan B, large m 4, > 2m; region,
which is usually overwhelmed by ¢¢

e Provides good DM candidate, direct detection limits evaded by
cancellations (“Blind Spots”)?

e Additional scalar gives room for strong 1st order phase
transition...

19
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Extra Slides
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NMSSM scalar potential

MSSM particle content + chiral superfield uncharged under SM
W S ASH, - Hy+ §§3.

Setup: Scale-invariant NMSSM.

Effective parameter: [, = \ <3> / \/5

V =m?|H,|" +m2|Hy> + m%|S|> +
+ X2 |SP (|Hal® + [Hal?) + |8S? = NH, Hy|" +
1. (%Aﬁsfﬂ _AA\SH. H, + h.c.)

9 2
| 91 T 95 (|Hu|2 B |Hd|2)2_ )
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Higgs Basis

Rotate CP-even neutral Higgses to basis where
SM\ NSM\ _
<H >—U’ <H >_O HM cosf sinf 0 H%
HNSM | — | —sinB cos B 0| | HE
0 0 1 ght

In this basis, the couplings to Standard Model particles are

HNSM (down, up, V) = (gSM tan 8, I5M 0) = No coupling to gauge

tam. 5 bosons
H>(down, up, V) = (gsm, gsm, gsm) 4= SM-like Higgs couplings
H?(down, up,V) = (0, 0, 0) 4= No coupling to SM
particles
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o _ 2u(Ax + kp/A)

CP-even Higgs mass matrix Mi= """ -
m%c§ﬁ+ %—)\2?)25%5 —(mzz— 12y 2) 523C23 \/_)\'u;u (1 % %325)
M3 = M2 + (m% — 2 2%0?) S5 —Tz\fv,uczg (gi 2@+ )
EX202s3 (Sidsas — %) + 5 (Ao + 22)
In Higgs Basis: { H°M gNM g1
To get a SM-like Higgs, we need alignment:
MS 12 M S,13 < MS 11 MS 22?M5‘ 33

And mass:
2 _ . 22 Ll Sosshi [, (MY | X2 (- X2 Y]

Mhery = m3025+2)\ v 825+ 32 In m2 -+ M2 1 1202 = 125 GeV

24

Sebastian Baum Nordita, 13 July 2017



CP-odd Higgs & Neutralino mass matrix
Basis: {ANSM, AS}

2 Ly (Mi 3k
e M3 1w (B sy —
P 2 2
& My . 3su 132, 2 M3 3k | 3rAep

sasis: (3, 17%, 119, 1, §)

/Ml 0 —mzsweg mzswsg 0 \
My, mgzewes —mzgewsg 0
Mo = 0 — i —AVUS3
0 —Avcg

\ 261/ X )
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General picture of spectrum

e SM-like Higgs with mass ~125 GeV: h,
e Mostly-doublet like (pseudo-) scalar H (A), masses ~M
e Lighter mostly-singlet like (pseudo-) scalars

> KM 4K ANy M3 1 1 2,2 i s
Mhs = (A“ T) t =gzt~ g WA (L4 235) s — 50" g cap
3 A 3viku
2 e . 2 b
Mag = 3K [Z)‘“ 5 2 (T oz )}
* Higgsinos with mass ~| Recall: 5 _ 24 (Ax + rp/A)
e Singlino with mass ~2ku/A A sin 23

u controls the masses of the
Higgsinos/neutralinos and of all the
beyond-SM Higgses, except ag
which can be tuned with A_

Sebastian Baum INoraita, 13 July Zui/




Numerical Scan w/ NMSSMTools

SB, Freese, Shakya, Shah 1703.07800

Demand: “standard” “light subset”
tan 3 [1; 5] 115 5]
e Physical masses \ [0.5; 2] [0.5; 1]
e Physical global K [—1; +1] [—0.5; +0.5]
minimum Ay | [-1;+1] TeV | [-0.5; +0.5] TeV
e PassLEP A. | [-1;41) TeV | [-0.5;40.5] TeV
e Pass Tevatron 1 —1;+1] TeV | [-0.5; +0.5] TeV
LHC sparticle & H’ Mg, | [1;10]TeV [1;10] TeV
. Zeh;]:(i::eels-liggs with e Stop and sbottom mixing set to zero
Mass 195 GeV and e Sfermion masses setto 3 TeV
: . e FElectroweakino masses Mi=M.=1 TeV
couplings compatible e Gluino mass M:=2 TeV
with LHC

e Neutralino LSP
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SB, Freese, Shakya, Shah 1703.07800

Constrain NMSSM dataset with direct Higgs searches

decay channel NMSSM Higgs| Reference | Reference
tested Vs =8TeV|/s =13TeV

H— 1~ hi, Hs, Ay, As 46H48] [491 [50]
H — bb hi, Hs, A1, Ag —

B =rpry hi, H3, A1, Ay

H—ZZ hi, H3

H—->WW hi, Hs

H — havhsy — bbrtr— hi, Hs 179!
H — hgnhsv — bbby, hi, H3 -

H — hanthgyv — bbbb hi, Hs [79]

H — hsphsy — bbyy hi, H3
A — Zhsgum — Zbb Ay, As 190
A— Zhsy — Z1H71™ Ay, Ao [73] —
hsm — AA = 7t r1T71~ Aq, Ao -
hev — AA — ptp—bb Ay, Ag —
hsv — AA — pTp— T Ay, Ay -
hsm — AA — ptp—ptu Ay, A —

A/H — Zh; /A4 As/Hs, hi/Aq -

Sebastian Baum Nordita, 13 July 2017



® — 775 /s =8TeV
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SB+ 1703.07800

decay channel

H — hgvhay — bbrtr™

H — hgyhey — bblvgly,
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H — hSMhSM — bf_)’}/’}’
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Couplings

Large NMSSM couplings A and k induce large Higgs-Higgs and
Higgs-neutralino couplings

Suppressed Large
o (HSMHSMHANSM) oc M, ~ o (HSHSMENSM)
o (H°HMH M) ox M3 3~ o (HSMANSM 4S)

° (HNSMANSMAS) — 0

Vanishing in
Alignment limit
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Visible final States, |Ight hi/A1 SB, Freese, Shakya, Shah 1703.07800

ijl 5 th
1000 F= e Sl —
gg — H3 — hgnhi — hgyb : gg — Hy — ZA| — Zbb o
. = hy g 5, - 4 4
800 B g ®b = H3 R s (bb — H3 /// ]
- =) v O
' B i
3 T s i
o =
< = O P a9
o= = & // ﬁ T -
= = = - =
g i g / il
e 557
S
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Mg, [GeV] ma, [GeV]
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o(gg — P2 — hgu®; — hgybb) [fb] o(gg — ®y — Z®, — Zbb) [fb]
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Visible final states, |Ight hi/A1 SB, Freese, Shakya, Shah 1703.07800

1000 7 et e e ey~ ] 1000F—————————————
99 — Hs — hsvhi — henbb i g9 — Hy — ZA; — Zbb
" P, = h; e Biosne ®, = A; pa |
800 & = Hy A 800 @, = H; ey -
s s 0
al N |
— 0
7 600 &
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e & /// RS T |
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: : K T,E
o
200 :
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SB, Freese, Shakya, Shah 1703.07800

Visible final states, light hi/A; Depletion from presence of
125 GeV SM-like higgs —
1000 F————————————————— i -
99 — Hs — hsvhi — henbb o g9 R Hs — ZA; — Zbb
‘ B, = h; Wl 5 — 4
800 | 800 | &, = Hj s
y |
= = T
o 600 Z 600 . =
.C_D. (4 IC_D. 3 /// GBS N
ﬁ = /// "TC ._éa ,]\ i
S £ 5 e
400 400+ | e g
o))
i =)
200 200 ¢
200 400 600 800 1000
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0.1 | 10 100 103 10% @1 1 10 100 103 104
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o(g99 — ®2 — hgmu®1 — hgubb) [fb]
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SB, Freese, Shakya, Shah 1703.07800

Visible final states, light hi/A

Limit from CMS-HIG-15-001 (\'s = 8 TeV)
1000 F F = 1000
- N . o0 > |
900 | - e o/og,s=1—-0.1
: ' ' e 0/ogs <0.1
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700 =
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Visible final states, heavy Ni/A1  sB, Freese, Shakya, Shah 1703.07800

1000 ——MMmMm————————————————— 1000 rrr
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Invisible final states - mono-Higgs/mono-Z

1000+
99 — H3 — hgmh; — hsmxixi
(ba B hz /// >'_<' !
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SB, Freese, Shakya, Shah 1703.07800

1000 F ' : ' ' ' ' ! R
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' P S
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57 el o |
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Mono-H/Mono-Z cross-sections, neutralino-topology

SB, Freese, Shakya, Shah 1703.07800

[ 99— Hy/Ay = xax1 = hawaxs 99— Ha/As = xaxa = Zxix
I ] 400 ¢
400 5 i
i 300
- 300
[«b)]
O,
=200 200
100 | L100:H
400 600 800 1000 e ane eV 20 d0
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e o ——

102 0.1 1 10 100 103
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mono-Higgs reach

SB, Freese, Shakya, Shah 1703.07800

g
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Background separation:

e 105GeV < MM~y < 160 GeV 1w \/;=13 TeIV
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SB, Freese, Shakya, Shah 1703.07800 = B Vyy B Vy B hsoyy B oyjet B yy

BPl, O'ﬁd=0.45 b
BP,x100, oq = 4.6x107* fb

Benchmark Points |

GeV

BP;3x100, ogq = 2.4x1073 fb

=
BP; | BP, | BP; £
s
tan 3 2.17 | 2.16 | 2.24
A 0.60 | 0.55 | 0.55 T L e e
Bpiss significance [/ GeV ]
K _0.38 | -0.33 | -0.45
BP, | BP, | BP:
Ay [GeV] 554 | -859 | -539 ! ° i
GeV 69.5 | 156 | 73.1
Ac[GeV] | -254 | -195 | -497 "y, [GeV]
My, [GeV] 158 | 238 | 139
11 [GeV] 144 | -222 | -123
My [GeV] 268 | 343 | 270
Mo, [TeV] 2.55 | 4.46 | 8.48
BR(A2 — Aihsy)| 18% | 31% [0.10%
Mgy, [GeV] 122 | 123 | 126
BR(A1 — X1X1) 99% — 69 %
mp, |GeV] 157 | 238 | 77.6
BR(H; — hihsm) | 93% | 5.0% | 14%
GeV 421 | 650 | 390
M |6 BR(hi — x1x1) | 98% | — -
M4, [GeV] I8d | 282 | 2 BR(A2 — x3x1) |0.71%0.80 %|0.34 %
ma, [GeV] 457 | 669 | 464 | BR(H, 5 yax1) |0.57%[0.28%| 1.1%
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BR(x3 — x1hsm) | 32% |6.1% | 11%
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: L gg = @3 > @ hgy - Y1 X1YY
Higgs topology ob L = 30087 1
Optimi Emiss £ h . F——— & d
ptimize L cut 1or each point 600:- [B+a2 2 b\
o FA = 0.1 SY e
® — [
BiAE? P % 500—_S> 0 &@x
D - L
e 5>5 - >
= g 400 {(\s“’/@&
Reach depends primarily on: giinl
® Mg, controlling the 2003_
overall energy scale f
o Am = Mo, — (m¢.l -+ mhsm) 100 -
Controning the MET 400 500 600 700 800 900 100C
ma2 [GeV ]
Reach better than 0.1 fb
_ . SB, Freese, Shakya, Shah 1703.07800
maintained over most of B O a
parameter space 4x10~2  10-! 1 5

o-l'nin(gg_)q)2_)q)lhSM_)Xl/Yly'V) [fb]
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me = 1000 GeV me = 800 GeV -

Neutralino topology ™

miss

Optimize E7"™* cut for each pointsw

S > 2 200
VB+A2B2

Py S > 5§ 100¢
= 600 GeV g = ® - x1x3 = X1 X1 (ham = 7Y) |
Reach depends primarily on: A " i mo = 400 GeV -
] L =300fb"
S S 9"
. | 1k \B+A2B? ]
e TId controlling the sp A=01-
O, S>5
overall energy scale 20 |

o Amy =mg — (mX1 + mX3)

Amg = My, — (Myy + Mpgy) 100
controlling the MET

200 400 600 800

T : s [GeV] , [GeV]
Less good sensitivity since M s [Ge

MET and SM-like Higgs not o — 10

produced back to back Tmin(88>P- X1 X3~ X 1X1(hsn—>yY)) [fb]
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NMSSM Interpretation

For my, = ma, , we add channels
in neutralino topology

1000 400F gg — Hy [ Ay = x1 x3 = x1 x1 (hsm = ¥Y) ]
- s :
= 8 59 ;
i" 350: \/m 1
800 ] A = 0.1 :
I ><: 300r ¢ » 5 5
v 600 " i el e
3 £ 200} <
400 ‘.5:
, 150F :
100} A
2001 -
BOF, e T
300 400 500 600 700 800 900  100(
1 mpas [GeV ]

[. gl [o gl B 1J
l l EREREEEE  000
<1072 107! =1 <1072 107! >1

3000 b~ 3000 bt

T/ min SB, Freese, Shakya, Shah 1703.07800  /¥min 42
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NMSSM Interpretation

20 j ! ' T ' j N o Wy N Let™R T8 1 20 T T T T T T LR I T R e U

1.8f LRE R N DA SR 1.8 o A
1.6 L ] 1.6 W e
I e L 1.4] " e S R

1.2

1.0k

0.3%

1 K - maz [GeV]

<1072 107! =1 <1072 10! >1

o /0.30_00 s
SB, Freese, Shakya, Shah 1703.07800 i .
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MSSM

(my1+my3)/mas
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