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DM Candidates
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WIMP DM: Relic Density

@ Relic density of standard WIMPs results from
freeze-out (Y = n,/s),

dyY 5 U2 5 mX50h2
E = *S(O’V>(Y *qu_) = QXh = T
o “WIMP miracle™: for m, ~ GeV — TeV,
8x ™~ Bweak:
2
X

° QXh2 > (Qomh?)planck = model ruled out
o N.B. Q, h* < (Qomh?)pianck allowed

e e.g., multiple DM candidates i,
ZIQX" = Qom
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Constraining WIMP Models

o LUX, XENONLIT, ... = stringent limits on
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The MSSM
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Neutralino DM

@ Forbid B, L violating interactions = impose
R-parity < matter parity

Z2R _ (_1)3(“3’—L)-"—257 22/\4 — (_1)3(B—L)

@ = lightest R-parity odd state (LSP) is natural
WIMP DM candidate (provided Q.sp = 0)

@ Standard MSSM candidate is
>~<(1) = /V11/:/2 + N12/:/S + Ni3 W3 + N14B

o Properties dependent on mya, Nj (i.e., p, soft
breaking My, M)
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Ee Inspired Models

@ Motivated by MSSM shortcomings, e.g., tree-level m,271 < /\/I% cos? 233 (“little hierarchy problem™),

p-problem, v masses, ...

@ Lead to U(1) extended models at low-energies:

Es — 50(1 ) ( )w
— SU(5) x U(1)y x U(1)y
— SU(3)c x SU(2)L x U(1)y x U(1)y x U(1)y
— SU( )C X SU( )L X U(l)y X U(l)/

Resulting charges Q" = Q,, cos 0g, + Qy sin b,

Matter content fills complete 27 representations (anomaly cancellation)
e = additional exotic states

Extra D- and F-terms = larger my,

Break U(1)’ with singlet = dynamically generate y term, massive Z’



The EgSSM

e tanfg, = /15 = U(1)n under which SUB)e  SU(2). 5QY  V40QN
right-handed neutrinos are uncharged '

o allows v masses via see-saw and successful Qi 3 2 % 1
baryogenesis [1] i 3 1 —% 1
;o : ) 5 df 3 1 : 2
o Extra L4, L4 from incomplete 277, 27 for o 3
gauge unification AL" 1 2 2 2
ér 1 1 1 1
@ Low-energy matter content from 27-plet: 5 1 1 0 5
R N .o Y 1 2 z -2
Qi7 a d, s Liy , D Di Lo 2
( X ) ( ) Aid 1 2 ,% -3
- (8) + (H) + (A7) b3 1 -1
_ o o D3 1 1 3
o Higgs doublets H, Hj and one singlet S; get i 1 2 1 5
VEVs (= EWSB and break U(1)y) - z 2
Ly 1 2 i -2

~ ~
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[1] S. F. King, S. Moretti, and R. Nevzorov, Phys. Rev. D 73, 035009 (2006) (hep-ph/0510419) 9/21


http://doi.org/10.1103/PhysRevD.73.035009
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Discrete Symmetries and DM in the EgSSM

o Neutralino sector extended by “inert” S,, I:Ig’” = DM candidate not MSSM-like in general

o General superpotential

A

WDgU[)(A? Qk+gﬁéfbjﬁ,f+ fl;:/:luj~©k+ Hff?j-ﬁdk+...

= impose exact ZQB/L and (compare single R-parity in MSSM)

Resulting Higgs, singlet couplings

W o )\gpld::, Hyz + A ﬂSHda . '-’5 + f, ﬂS Hdﬁ Hu3 + fa g Hys - I:qug(—l—,zlgl terms)

Yukawa hierarchy = LSP, NSLP is “inert” neutralino

e But Mg ~ 60 — 65 GeV = ruled-out
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Example: DM in the EZSSM

@ Simplest viable models impose another exact Z3, e.g., EZSSM [2]
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@ Note: none of these Z, symmetries commute with Eg

[2] J. P. Hall and S. F. King, JHEP 1106, 006 (20011) (arXiv:1104.2259)
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The SE¢SSM

Es inspired model arising from 5D or 6D orbifold GUT [3]

Complete 27-plets supplemented by components of

@ Stabilise Higgs potential = pure singlet qAS

Z2B/L, Z}! superseded by single exact 22"’

U(1)y x U(1)y — U(1)y x Z}M at intermediate scale = automatically conserved Z)

+hEef(Ad - Lo) + pur(La - L) + 56

~ K ~ ~ ~ ~

Waegssw = AS(Hy - 1) = 0855 + 287 + £ + Aed+ has S(H - H)
+ Kjj D,‘ﬁj + ?iaé,'( . f:/g) + ﬁag,'(/:/; .

) + Wmssm(p = 0)

[3] R. Nevzorov, Phys. Rev. D 87, 015029 (2013) (arXiv:1205.5967)
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DM Candidates?

o Conserved ZM, Z} = two (distinct) DM candidates

zy zv  zE
o “Exotics” = ZF odd states, where Z} = ZM x ZF [ L O
Ha, HE, S, Di, D; -+ -
o ZEF conserved = lightest exotic is stable H,, Hy + 4+ 4
. o , _ 5 + + 4+

@ Limits from exotic Higgs decays, DM direct detection = i3 L
4, Lg — -

inert singlinos S; form subdominant hot DM, mg < 1eV

o Mz > Ms > My, = decouple
Enlarged (8 x 8) {° sector:
@ = allowed scenarios have MSSM-like {2 as LSP
e Permits interesting comparison with MSSM Moo — A CT
= \c

o Explore parameter space of constrained models




Parameter Space Restrictions

[arXiv:1610.03374] e E.g., on-going work on CNMSSM, CE¢SSM
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Sparticle Mass Spectrum

OSESSM: A(Mx) = 9.15181 x 107, Ma(Ms) = rizp(My) =107 o Sfermions heavy, but gluino and EW-inos can be
12

m [GeV]

15 observable

105 @ Extra matter content D inert states + exotic Ieptons 24,

9 2 Ly, spin-0, spin-1/2 leptoquarks D;, D;

60 2 @ Light exotic fermions can be observable

45 o Exotic leptoquarks D;: e.g., pp — ttrt T + EFS 4 X,
30 pp_>bb+E_!,1_1lss+X

o Charged, neutral inert Higgsinos: e.g.,

pp—=WW/ZZ/W Z+ EF= 1+ X
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tefr) ~ 400 GeV: Relic Density

[arXiv:1610.03374]
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@ MSSM-like nature of neutralino sector clear —

o Qh% ~ 0.1187 = “well-tempered”
almost identical behaviour

bino-Higgsino ¥° (ptesr, ~ M)
@ Existence of A-funnel at tan S = 10 notable

o Pair annihilations 9 %3 — f f
difference in CSEgSSM oo
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pefr) ~ 400 GeV: Direct Detection Cross Section
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o Well-tempered {9 = large mixing,
os exceeds, e.g., 90% LUX limits
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pefr) ~ 1 TeV: Pure Higgsino DM Candidate
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Current and Future Limits

[arXiv:1610.03374]
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o LUX = already stringent limits on highly @ SD limits (LUX, IceCube) can also be relevant

mixed scenarios
@ A-funnel solutions can survive, but in reach of

o XENONIT expected to cover many of the LHC run Il = complementarity of searches
remaining solutions 19/21
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Current and Future Limits

g, [TV]

frapl M) = 1046 GV,
finyay 2= 3.2 TeV,
gy, = 160 TelV

LUX (2015)
®  LUX (2016)
® XENONIT (2t.y)

<00

03y, [ (U)o, < 1|3

2 4

6 8 10
my [TV]

@ Essentially no collider limits for pier, = 1 TeV
(except possibly exotics)

@ LUX now excludes mixed {9 even when
mgo ~ 1 TeV

@ Non-mixed scenarios expected to be
discoverable at XENON1T

@ Larger My, and heavy exotics = only

accessible at, e.g., LZ
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Summary

@ Eg inspired models are well-motivated extensions of the MSSM, addressing, e.g., little hierarchy
problem, p-problem, ...

@ Novel DM scenarios involving inert states viable in simplest Eg models, but require multiple discrete
symmetries

@ SE¢SSM is a well-motivated extension with an exact custodial symmetry

@ DM relic density can be fitted by MSSM-like ¥9, with e.g., {9 bino-Higgsino or pure Higgsino
@ Direct detection searches = stringent limits on allowed mixing

o XENONIT expected to probe much of remainder space, complementary probe to LHC searches

o Eg exotics not required to be heavy = possible means of constraining/discovering model

Thank you for listening!
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The CSE¢SSM

@ General model is complicated

e O(200) new parameters (assuming no new sources of CP-violation)
e Many masses and mixings

o Consider constrained model (CSEgSSM) inspired by gravity mediated SUSY breaking

@ Universal soft breaking parameters: My >, Ag, By, mo

o Interested in mechanism decoupling Z’ from EWSB conditions = can have large s = /s? + s3

Higgsino mass set by jieff = Asy/v/2 = acceptable LSP mass (< TeV) for small A

= other exotic couplings must be small, otherwise exotic states are tachyonic
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Parameter Space Scans

@ Focus on heavy Z’, s = 650 TeV, choose fixed st

Achieve using semi-analytic solutions for soft parameters:

Mi(Q) = pi(Q)My )5 + qi(Q)As, Ai(Q) = ei(Q)Ao + fi( Q)M 2,
m}(Q) = ai(Q)mj + bi(Q)Mf , + ci(Q)AcM 2 + di(Q)AT - .

e Fix mg from EWSB, m2 ~ *SZ” /\/712/2 — ...

Implemented in FlexibleSUSY for full 1-loop masses and 2-loop RGEs
e Resulting “semi-analytic solver” forms part of FlexibleSUSY 2.0 [4], along with many other updates.

Require Qh? < 0.1187 (micrOMEGASs) and mj, = 125.09 & 3 GeV

e Compare with CMSSM for || ~ 400 GeV and |u| ~ 1 TeV

[4] P. Athron, M. Bach, D. Harries, T. Kwasnitza, J.-h. Park, D. Stéckinger, A. Voigt, and J. Ziebell, arXiv:1710.03760
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A-funnel in the CSE¢SSM

@ Solutions at lower M, due to ma, ~ Qmﬁ
o CMSSM: A-funnel requires tan 8 2 40

@ CSEgSSM: tune A for given tan 3, My to
that ma, — 0, keeping mgo ~ fixed

o Lightest state A; mixture of singlets for
s> Ms > v (tand & —2=):

«/s1 +52

KA«

2 2
mj, = cos” § (—28,u—3 \[

\[E + cm5152+2\[

CMSSM: My = 1.5 TeV
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