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the NMSSM?

lRelatlvelyheavy Higgs @LHC‘=> ﬁnetunmgln the_MS'SM -

® y-problem of the MSSM: SUSY conserving mass term for H,, Hy
® =0 » experimentally excluded (x> 100 GeV)
® 1= Mbplanck " hierarchy problem (u ~ Msusy)

® Solution: add a gauge singlet S coupled to H,, Hu

Wnssm = pHyHg + ... —  Wymassm = ASH Hg + £5° +
After minimisation of the potential peg = A(S) ~ Mgygy

® The NMSSM is the simplest SUSY extension of the SM where
the electroweak scale originates from the SUSY breaking only

BA~x— 0, uerr 70 m effective MSSM + decoupled singlet sector

=> the parameter space of the NMSSM includes the MSSM and more



What’s the NMSSM?

lPartlcle content -

~

o ° NO
® S': one more neutralino ™ Xi=1..5
® Sk : one more neutral CP-even Higgs " h;—1. 3

® S7: one more neutral CP-odd Higgs m» a;=1..2

B Parameters: Viiges = Vr+ Vb + Veott
Veor = (AN HaS + 54587 + .+, [Hul® +miy, [Hal® + @

+ 3 minimization equations:
HO
pet = A(S),  tanf = (g, M2 = ¢* ((H)? + (H3)?)

= 6 free parameters in the Higgs sector: A, x, A;, Ak, Uefr, tanp

Recall: in the MSSM, 2 free parameters in the Higgs sector (ma, tanp)

NB: A4;, Ax <> ma, mp (diagonal elements of the CP-odd mass matrix)



Paaeter t the eak cale

lIf 'j' = : O‘Athe H1 g gs usectorls' 1nvar1antuner la ( 1 )R— ‘ymmetry~ o

explicitly broken by gaugino masses = a; 1s a light pseudo-Goldstone

Light pseudoscalar also with PQ symmetry when « = 0 (nMSSM)

In this case the singlino 1s also very light (m,, ~ 2mg for correct DM)

®In general: AW = pH, Hyg+ (/' S? + €S, AVig = (mgHqu +m3S% + €58 + h.c.)
One can always put u = 0 by the field redefinition S — §—u/4A

However assuming ¢cr= ¢s= 1’ = ms’ = m3 = 0 < Z3 symmetry

= Domain wall problem: anisotropies in CMB + wrong BBN

= Assume tiny Z3-breaking interactions (no impact on spectrum)

=> Tadpole problem: {r= A Msusy, ¢s= A Msusy? (hierarchy pb)

w Assume new discrete R-symmetries at the high scale such that
tadpole terms are generated radiatively with small coefficients

NB: In nMSSM (where x = 0), one needs &r, &s # 0



Parameters at the high scale

lmSUGA M, 12, | mo; o (at ‘GUT) _+_/1, ;ctan,B s gn(,ueff) (at 'Mweak) 9
= /3-NMSSM: 1 free parameter (uesr) for 3 min. equations (Mweak)
w Solution: assume semi-universal singlet soft terms at MGut

® Parameters: A, tang, sgn(uerr), M2, mo, Ao, [As, Ax]

® Minimization conditions = yefr, &, ms (at Myeak)
+ Guess Mgut and «, ms at this scale
+ Run the RGEs down to Myeak, compute uefr, x, ms
+ Run the RGEs up to Mgur, distance from universality
® Similar algorithm for GMSB (checking for correct ms)
® c(NMSSM: take A4, = A= Ao, keep only ms= mo (very constrained)
® NUH-NMSSM: Non-Universal Higgs sector

® Parameters: Miy, mo, Ao, As, Ax, 4, &, tanf, perr

® Minimization conditions = myg, , mm,, ms (at Mweak)
w Used to study the nMSSM (x = A, = 0 but &, &s £ 0)



The NMSSMTools package

Iackage tha' contals4pr0 gras -
NMHDECAY for general NMSSM with soft terms at Myeax
NMHDECAYCPV for Z3-NMSSM with CPV soft terms at Miyeax
NMSPEC for mSUGRA (non-universal) models with inputs at Mgur
NMGMSB for GMSB (extended) models with mputs at Mines

Each in 4 versions: 1 point, random scan, grid scan or MCMC scan

® For a given set of input parameters, it computes:
(2 loop) RGEs for all parameters Myeak <> Mcut
Sparticle/Higgs masses and mixings (2 loop LL or a /a Slavich)
Higgs decay widths in 2/3 particles (QCD corrections as in HDECAY)
DM relic density + (in)direct detection (interface with micrOMEGAS)
B physics: b—sy, Bs—utu-, B—Xs [T1-, B—to, AMsq), Y —ay, (2-2)....
® [/O files in SLHA?2 conventions + script: run $PATH/$P{inp}$S
SPATH/S$P{spectr}$S, SPATH/$P{omega}$S (1l point)

SPATH/$P{out}$S, SPATH/S$P{err}$S (scan versions)



000

A

2] randinpsp.dat

# Input file for NMSSHTools

# Based on SUSY LES HOUCHES ACCORD II

BLOCK MODSEL
3
1
10
9
E
8
=
#
BLOCK SMINPUTS
1
2
3
4
5
6
7
BLOCK MINPAR
A 8
3
BLOCK EXTPAR
B 1
2
# 3
11
12
13
= 16
33
k2 32
36
# 35
43
B 42
46
kS 45
49
= 48
61
62
63
64
65
= 124

—

DO

@

127.9208
1.16639D-5
117200
91.18708
4.21400
171.400
1.77708@

1600.00
2.0a

160.08
268.08
660.08
~-2500.08
-2508.08
-2500.08
-2506.08

# NMSSM particle content
# IMOD {B=general HMSSM, 1=mSUGRA, 2=GMSE)
# ISCAN (P=no scan, 1=grid scan, Z=random scan)
# Call micrOmegas {(default @=no, 1=relic density only,
2=dir. det. rate, 3=indir. det. rate, 4=both det. rates)
# Precision for Higgs masses (default @: as before,
1: full 1 loop + full 2 loop from top/bot Yukawas
2: as 1 + pole masses - 182 by courtesy of P. Slavich)

# ALPHA_EMA-1(NZ)

# GF

# ALPHA_S(MZ)

# M2

# MB(MB) (running mass)
# MTOP (pole mass)

# MTAU

# MSUSY (If =/= SQRT(2*MQL+MUL+MD1)/2)
# TANB

# ML (If
# M2

# M3 (If
# AU3
# AD3
# AE3
# AEZ
#MLS
#ML2 = ML (IF
# MES

# ME2 = MEL (If
# MO3

# MQ2 = MQL (If
# MU3

# MU2 = MuL (If
# MD3

#MD2 = MDL (If
# LAMBDA

# KAPPA

# ALAMBDA (If MA is not an input)
# AKAPPA

# MUEFF

# MA (If ALAMEDA is not an input)

=/= M2/2)

=/= 3*M2)

AEL (If =/= AE3)
=/= ML3)
=/= ME3)

=/= MQ3)

=/= HU3)

=/= MD3)

N

# Input file for NMSSMTools
# Based on SUSY LES HOUCHES ACCORD II

BLOCK MODSEL
3 1 # NMSSM particle content
1 1 # IMOD {B=general MMSSM, 1=mSUGRA, 2=GMSE)
19 2 # ISCAN (B=no scan, 1=grid scan, Z=random scan)
9 a # Call micrOmegas {default @=no, 1=relic density only,
z 2=dir. det. rate, 3=indir. det. rate, 4=both det. rates)
8 a # Precision for Higgs masses (default 8: as before,
= 1: full 1 loop + full 2 loop from top/bot Yukawas
¥ 2: o5 1 + pole masses - 182 by courtesy of P. Slavich)
BLOCK SMINPUTS
1 127.9208 # ALPHA_EMA-1(MZ)
2 1.16639D-5 # GF
3 117208 # ALPHA_S(MZ)
4 91.18708 # Mz
5 4.21400 # MB(MB) (running mass)
6 171.400 # MTOP (pole mass)
7 1.77708 # MTAU
BLOCK MINPAR
“ 2 1000.00 # MSUSY (If =/= SQRT(Z*MQ1+MUL+MD1)/2)
17 6.08 # MO_min
18 1800.08 # MO_max (If =/= min)
27 168.08 # M12_min
28 1606.08 # M12_max {If =/= min)
37 1.08 # TANB_min at MSUSY
33 50.08 # TANB_max at MSUSY (If =/= min)
9 1.08 # SIGMU
57 -1606.08 # 48_min
58 1000.00 # AD_max (If =/= min)
ELOCK EXTPAR
# 197 8.08 # Ml_min at MOUT (If =/= ML2)
= 183 a.0a # M1_max at MGUT (If =/= min)
] 297 08.08 # M2_min at MOUT (If =/= ML2)
= 288 a.08 # M2_max ot MGUT (If =/= min)
ki 397 8.08 # M3_min at MOUT (If =/= MLi2)
= 388 6.0a # M3_max at MOUT (If =/= min)
# 217 .08 # MHDAZ_min at MGUT (If =/= M@)
= 218 6.0a # MHDA2_max at MGUT (If =/= min)
z 227 a.0a # MHUA2_min at MGUT {If =/= M@)
# 228 8.08 # MHUAZ2_max at MGUT (If =/= min)
617 1.D-2 # LAMEDA_min at MSUSY
618 7.0-1 # LAMEDA_ _max at MSUSY (If w/= min)
= 637 a.0a # ALAMBDA_min at MGUT (If =/= A@)
# 638 .08 # ALAMBDA_max at MGUT (If =/= min)
647 -1666.0a # AKAPPA_min at MGUT (If =/= A8)
648 1606.08 # AKAPPA_max at MGUT (If =/= min)
BLOCK STEPS
a 188 # NTOT
1 1 # ISEED




Radlatlve correctlons tothe nggs mass

B At tree level: mh — ]\42 (COS2 25 + 2 Sm2 26) ( + A\?)v?

B Radiative corrections considered:

M2

® Full one loop top/stop, bottom/sbottom: Ay ,v* (1 og ( ) + ﬁmte)

mtop

—n ) 4 ﬁmte)
M52usy )
m2

® EW leading logs at one loop: (g% + A% + x?)%v? log (M2 y)

top

2
Msusy

+ stop/sbottom D-term couplings: g¢°hj,,v (log (

+ leading logs at two loops: (h§/b + h; /bas)v2 log” (

® Higgs pole mass corrections: g¢*h7), (log (MS“SY) + ﬁnite)

top

® Terms a la Slavich:

@ full two loop stop/sbottom:  h; ,asv? (log (MS“‘SY) + ﬁnite)

top

® full one loop EW: (¢ + X* + £7)%v* x finite

2

® Still missing: hy,v (log (M ) + ﬁmte)

top



® The large 4 small tang solution

142
140 |-
138
136
134
132

130 -
Mimax) 5g [
(GeV1 ) [
124
122

120 -
18-
116 -
114

tan 3

w Requires heavy singlet sector
disfavoured in S LSP scenario

Interlude: how to cook a 125 GeV Higgs

® Large Msusy (as 1n the MSSM)
=> large fine-tuning, defined as

6 ln(Mz) )
OIn(p;)

® The push-up mechanism

A:max<

mp=110 GeV mixing A Mn= 125 GeV
_> é
ms =105 GeV Y ms= 90 GeV

w Requires 4~ .1



Theoretica constraints '

® No unphysical minimum of the scalar potential:
© (Hy): (Hy), (S) #0 = k<4
o(H;),(Hy)=0= A<g

® No Landau pole for A, x, 4 below the GUT scale:

0.8
0.7
0.6
0.5
A 04
03
0.2

0.1

g

lllllll

1 10
tanf

Left panel: upper bound on 4 (Amax) as a function of tanf for fixed x = 0.01. Right panel:
Amax as a function of x for fixed tanf = 10. Black (lower) bands: light spectrum, red (upper)
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bands: heavy spectrum. Inside the bands the top quark mass 1s 171.2 £2.1 GeV.




Experimental constraints

Afte‘Omputlng 'all Obrvables NMS SMTOOISCh e CkS:‘ e
the LSP
® LEP limits on X~ and X’ (direct search + ['inv(2))

® X1 (or gravitino) is

® Tevatron + LEP constraints on gluinos/sfermions

® LEP limit on the charged Higgs mass n.-

® LEP constraints from neutral Higgs searches:

®etem — h/ wit]
®etem — h/ wit]
® ete — ha wit

® ete — ha wit]

n h — bb, 171, jj, yy, Invisible, "any" (Z recoil mass)
nh — aa and a — bb or 1t

h /i — aa and a — bb or 1T

n h/a — bb or 1t

® Constraints on very light Higgs states/mixing with light mesons

= CDF/D0, BABAR,

® BNL constraint on

BELLE, CLEO and LHCb limits on B-physics
(g-2)u from ete~ data (36 away from SM)



Dark Matter constraints
® Planck constraints: Q42 = 0.1187 +/- 10% (or just upper bound) |

® ST Iimits from LUX, PandaX, XENON-1T

—43 .

10 E - I S I S I S A10-34_E

= }310'35E

E 10—44 -é.lo-ss:E

g 10745 2107

é % 109k
% 10—46 % :(())-41

= _ B 104 2 22 — LUX 90% C.L.
10—47 bl bl Ll T 10 ....I3 IIII|4
101 102 103 10 19 10
WIMP mass [GeV /c?]
__10*
® SD limits from LUX, PandaX, PICO &~
2 10%
(from neutron and proton Xsections)
5 10°®
. . . . g 10
® Relic density and direct detection & o
. , E 1041
cross sections from micrOMEGAS 8-« == L ux 00% L.

10-43 1 1 IIIIII| 1 1 IIIIII| IIII| 1 1 IIIIII|
1

10 10? 10° 10* 10°
WIMP Mass (GeV/c?)




T L e
E I ATLAS and CMS H — YY 1 — I I | I I I I | I I I I | I I I I | I I
- g 3 _—[_HC Run 1 H-— 77 ] -8_ i ATLAS ATLAS 2015 -o- Observed |
=0 H > WW —~ 10E (s=13Tev,36.1 1" -~ Expected3
o = — tw 95% CL limits W=1o ]
H— 1t 1 [ gluon-gluon fusion +20 ]
2r H — bb - -
i =
I Sa \ E
I X ‘ .
1h RS — -
! 1071 W\ =
I - O\ ]
oF ] : -
[ | 102 =
—1r . -

LHC constralnts o

& L1m1t on the glumo mass: mg > 1 6 TeV

® Mass of the observed (SM-like) Higgs state: m, = 125.1 +/- 3 GeV

® Couplings of the observed Higgs: ® Constraints on heavy Higgs
states H/A — bb or 11

| —68% CL + Bestfit x SM expected

— Ty, 500 1000 1500 2000
ggF+ttH m¢ [GeV]




nght s1nghn0/h1ggs1n0 scenarlo -

-ht hi; ggsm ar natura¥ o
® Mass given by u (MSSM) or uetr (NMSSM)
® EWSB requires fine-tuning if pteg > My

® But are not good dark matter candidates:

® Relic density too small unless |ues| > 1 TeV

® Large Direct Detection rates (SD via Z-exchange)
® [n the MSSM:
® bino LSP: relic density too large

® bino-higgsino mixing: DD rates too large unless misp > 1 TeV

® [n the NMSSM: singlino LSP!

: . 1 A
® Mass relation in singlet sector: m% =mg + -mp — = | A\’ A
5 3 3 Meff

Last term negligible 1n decoupling limit (4, x ~ 0) or large tanp

-+ /43) Vo, Ud



Slllno ark matter

£ Efﬁment processes to get correct relic dens1ty

® annihilation via the pseudo-scalar singlet P in the s-channel

A
requires mp >~ 2mg = Smg +mg =4 (AQM S n) Vo Ud
eft
hence A 2 .2 and tang not too large unless mg < 20 GeV

® h or Z exchange in the s-channel if m;, ~ 2mg or Mz ~ 2mg

® co-annihilation with higgsinos if mg ~ |per|
® Note: singlino/singlet coupling ~ x "™ no higgsino mixing needed
® Still: LSP acquires higgsino component unless mass splitting large
® Direct Detection limits affect the present scenario if mg 2 5 GeV

® SI: singlet Higgs exchange in the t-channel, negative interference
with the SM-like Higgs " cross section possibly below v floor

® SD: weaker constraint but t-channel Z exchange more efficient
Z/LSP coupling from higgsino component " upper bound on A
For light LSP: similar upper bound on 4 from Z invisible width



LHC constraints on light higgsinos

® Search for W* — X7 + X3, -
. . p XS e N p X9 o« 2
Wlthmﬁ_t = mgo (WINOS) ) 3
NO . p ~il: R Xi p ~il: R X1
and X1 = bino LSP ' “\\ ! \\\
W W+

- H iS the N125 GGV nggs CMS Preliminary 35.9 fb_1 (13 TeV)

c e . . — 300 7
Best sensitivity in 3/ (W,2) = pp = 77— WZRZ | 3
O, =Observed 104, NLO-NLLexcl.| § '
R . . o - == - - i @)
® Result: limit on cross section g~ | =z=Expected = 1 6pqimen 1 5
P ‘ 1 0
. . . . ‘. " | n
times branching ratios in the 200 L | X ?
73 ‘\ —107"
—~ _ ~ ~ \ ] @)
plane Mgt = MzQ, M0 o -
® Line: assuming pure winos .| ] E
. . 100 . - =
and 100% branching ratios | H102 8
1 ] 3
. : . —
® How does this translate for '. 1.4 ©
: B B
light singlino/higgsinos? . \Jl | 3

‘POO 200 300 400 500 600
m_.=m_, [GeV]
XZ

X4



And how to av01d them

10: ..I- B ,,I' PIIRE .I. ez e o -.I — 4 S I- > -< e | CEPR IS
Upper limits from CMS assuming M| gp =5 GeV

& 1 charged hlggsmo % , 2 neutrals X2.3 Total hggeine prodicion Xsact

Assuming mass degenerate states

total cross section ~ half of winos

Xsect [pb]

o
—

For misp = 5 GeV: not excluded 1f

branching ratios to W, Z < 100%

0.01 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500

By — W™ 4+ 4! unless light bino or stau Mhiggsino [3V]

® s — Z% +xY and X553 — ™ +x? are of order A% comparable BRs
X535 = h™ +x! limits much weaker ™ consider only X235 = Z P
Alleviates constraints, notably for M; ~ |uerr| (bino component of X2 3)

m Xo3 — S/P+ X3 (if kinematically allowed) suppressed compared to Z/h
However 1f the latter are kinematically forbidden, BRs to S/P = 100%

m Other loophole: light bino (still singlino LSP) then higgsinos X3.4 — X5

considered (conservatively) not to contribute to the signal



Recalng procedure andresults

andXQHS n‘asdegenerate(m . —ﬁm o m L —
= find the X7 X} production cross sections (from an array)
w weigh by Xi/(Xi+X2) where Xi= x3x!W reduced coupling
squared (production) times branching ratios to W, Z (decay)
= Find a degenerate triplet (mass mr) with same cross section

= Compare to the cross section excluded by CMS at mz, m, o

300

® Results in the pNMSSM

250 r

wred: excluded for arbitrary M;
= blue: for M; > 300 GeV

200 r

150

Mo [GeV]

Diagonal band: coannihilation

Near Z/h funnel: S/P not needed  *°

0

for annihilation: Xg 3 — S / P + X(l) 100 150 200 250 300 350 400 450 500
’ M- [GeV]

—

00




Resuls in the N-MSS

large MCMC scanis of NUH-NMS-SM parmeter space(é 1012 pts) |

= Fine-tuning map in the m, +, m, o0 p

X1
= [n cach bin: keep the point with the
300

10°

250 -

100 |

S0

0
100 150 200

250 300 350
MX+ [GeV]

400 450 500

fine tuning

lane divided 1n a 2D histogram

lowest fine-tuning

® Excluded (white) region =
red+part of blue in pNMSSM

® Low FT regions (light blue):

® close to Z/h funnels
® coannihilation region
@ light singlino (m, + > 20 GeV)
® P+ oft-shell Z (m, = > myop)

® Large FT in regions where

CMS constraints are strong



Dlrect detectlon rates

5] SI Dlrect Detectlon rates can fall be ow the v floor

® 1n regions where LSP 1s very singlino-like

® elsewhere due to S/4 negative interference

300 L | L | 1T 11 | T 171 | “‘l | | | | | | | | | | | | | | | | | | | | | | | | | | 10_4
‘ 1075
i %

250 u 10
107”7

200 107®

10~
1071
10—11

O, s [PD]

100 10—12
1 0—13
107

10716

50

i = LRI Sl if e s o .
0 Lips A 2 .
100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300
M,. [GeV] M, [GeV]



Gauge medlatedSUSY breaklng o

= SUSY has too many free parameters = predictive scenarlos‘7

SUSY MESSENGER m OBSERVABLE
BREAKING B MSSM GAUGE
SECTOR W=200 SECTOR INTERACTIONS SO
(Z) = M + F6? o5 25 (O0000000) Q.U DB L

® Minimal GMSB is a very predictive setup
® [t solves easily the SUSY flavour problem
® Problem: it 1s hard to obtain a 125 GeV Higgs

® Solutions:

1. New tree level Amy, at messenger scale, possible in the NMSSM
with extra Higgs singlet + singlet/messenger coupling

2. Large A, at messenger scale from matter/messenger coupling



Solutlon 1: the DGS model

® ) messengers (I)u, OF coupled to the smglet [Delgado Guldlce Slav1ch 07]
® Only 4 parameters (all other fixed by correct EWSB):

® A: Higgs singlet/doublet coupling HuHdaS ® M: messenger scale

® &: singlet/messenger coupling ®u,PyS @ A:SUSY scale

® The push-up scenario [Allanach, Badziak, Hugonie, Ziegler *15]:

® mpr~ 90 GeV (singlet-like), mu2~ 125 GeV (SM-like) = A, § ~ 10-2

® Additional light pseudoscalar Higgs with m,~ 25 GeV

® Gluino/squarks as light as ~ 1.5 TeV (depending on A)

® Singlino NLSP ~ 100 GeV decaying to gravitino + pseudoscalar

® Possibly displaced singlino to gravitino decay (depending on M)

® First studied 1n [Allanach, Badziak, Cottin, Desai, Hugonie, Ziegler *16]

® Updated in [Badziak, Desai, Hugonie, Ziegler ’18]: new constraints on
the Heavy Higgs sector push the gluino mass beyond the LHC reach...




Solutlon 2: the model o

& 1 messenger (Du coupled to matter and H1ggs sector

® Now 5 free parameters:  ® A: ®,QU coupling ~ ® M: messenger scale

A: HuHaS coupling @ As: ®yHaS coupling @ A: SUSY scale

® Possibly light gluino with displaced singlino NLSP to gravitino LSP decay!

10* g 10° 10% £
10° 3 10°
10“bJJ
e 102 = -E —_ 102
z = =
= s =
> 2 2
= 10 & _ = 10 £
- 1 103
1 - 1
| | | | | | | . | , , . . 2 -1 | | 1 | | | | | | | ] | | |
10 11000 1500 2000 2500 19 107 000 1500 2000 2500

[GeV] Ming [GEV]

glumo



Solutions 1 & 2: the DGSU model

® Mixture of the 2 previous models with 2 messengers @y, Pqg

® Still 5 free parameters:  © &: ®,dg4S coupling M: messenger scale

® A: HuHdS coupling @ A &.QU+ d,SHy ® A: SUSY scale
®  Again light gluino with displaced singlino NLSP to gravitino LSP decay

T — 1000 10% £
I 900 -
10° £ 800 10° &
700 -
r— bl) Lo |
: g 3
=, = — a2
= 10° = 600 = = 10% |
a - = =
E L Z -
—( : n
500 &= -
10 400 10 = =
300 B -
1 [ R R T R R R A A R A T A N R S SR R 200 1 oo b e L
1500 1750 2000 2250 2500 1500 1750 2000 2250 2500
m [GeV] mgluino [GeV]

gluino



® [Light singlino/higgsino scenario still alive and kicking

® Could be challenging to test
® Small DD rates (possibly below the v floor)
® X553 — S/P+ X} difficult channel at the LHC

® Benchmark points given in [arXiv:1806.09478]

= Test ATLAS sensitivity to non degenerate higgsinos

® Displaced singlino NLSP to gravitino LSP vertices in GMSB
models could also be challenging signals [arX1v:1810.05618]

Conclusions



