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Ee Inspired Models
> Tree-level MSSM: m} < M2 cos® 23 < 125.09 GeV = little hierarchy problem

> U(1) extensions = larger my, via extra D- and F-terms

v

Extra U(1) at low energies:

Es — SO(10) x U(1)y
— SU(B) x U(1)y x U(1),
— SU(3)c x SU(2)L x U(1)y x U(1)y x U(1)y
— SU)c x SU(2)L x U(1)y x U(1)

v

Resulting U(1)" = U(1), cos g, + U(1)y sin Og,

» Matter content fills complete 27 representations
> = exotic states potentially observable (e.g. see talk by R. Nevzorov, Tue 14:40)

v

Break U(1)’ with singlet = dynamically generate p term (solves pi problem), massive Z’


https://indico.cern.ch/event/443176/contributions/2150874/

The EgSSM SUB)e SU: /3QF  vaoQY
_ Qi 3 2 L 1
> tanfg = V15 = U(1)n under which nc 5 5
. o ) i} 3 1 —= 1
right-handed neutrinos are uncharged [1] e 3 1 2 5
PN . i 3
» Extra L4, L4 from incomplete 27, 27 for L; 1 2 ,% 2
gauge unification ér 1 1 1 1
» Low-energy matter content from 27-plet: S 1 1 0 5
) o L HY 1 2 i -2
(Qia alc7 iC7 iy é,C)—’—(DH DI) Aid 1 2 _% -3
" N R P 1
+(5) + (F) + () b3 1 5 2
D 3 1 3 -3
» Higgs doublets A4S, H¢ and one singlet 55 Ls 1 2 -1 2
get VEVs (= EWSB and break U(1)y) L, 1 2 3 -2

Weyssm = yrLs - 985 4+ yo Qs - HSdS + yi HY - Q305 + NiSsHP - HY + k;53D,D; + pupla - Ls

[1] S. F. King, S. Moretti, and R. Nevzorov, Phys. Rev. D 73, 035009 (2006) (hep-ph/0510419)
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[PRD 90 (2014) 052005 (arXiv:1405.4123)]

MSUGRA/CMSSM: tan(B) = 30, A = -2my, it > 0

[JHEP 10 (2015) 054 (arXiv:1507.05525)]
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Other Issues in the EgSSM
o(1) , ,

M m?, — m?, tan® 3
c(tanB) TZ ~ —N\2(S3)? + Hdtan2 ﬁH_ 1

+ d(tan j3) 2%

MSSM
e ESSM, M, =25 TeV
EgSSM, My =4.5 TeV

> Fine-tuning?
> Mz 2 2.5 TeV = large traditional Agg

» Multiple discrete symmetries required

» B, L violating interactions = exact Z+
or Z8

» Light exotics could explain Qh? ~ 0.1187,

5 ‘ but BR(h; — exotics), os; too large
my,, [GeV]

[PRD 91 (2015) 115024 (arXiv:1503.08929)] > Viab|e DM = another exact 225

» Unacceptable FCNCs = approximate ZJ7
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The SE6SSM Objectives

v’ Single discrete symmetry

> Es inspired model arising from 5D or 6D ? Decouple Mz and Ms
orbifold GUT [2]

? DM
» Extra 27/, ﬁ/—plets, including
> doublets Ay, Hy (and Ha, Ha) Wae,ssm = AS(Hly - Fl,) — 0655 + Ll
> singlets 5, 5 + NG+ AapS(HE - HY) + 13 SDD;
> U(1)y x U(L)y — U()n x ZM at + FiaSilHu - HZ) + fiaSi(H2 - o)
intermediate scale = automatically + gijD(Q" . [4)Ej + hE & (AY - L)

conserved ZM = (—1)3(B-1) . 2 NP
+ pe(La - La) +69(La - La)
» Dangerous B, L violating operators, + Wussm(p = 0)

FCNCs forbidden by single exact Z37

> Stabilise scalar potential = pure singlet é

[2] R. Nevzorov, Phys. Rev. D 87, 015029 (2013) (arXiv:1205.5967)
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EWSB in the SEgSSM

v

v

v

Objectives
v Single discrete symmetry
v' Decouple Mz, and Ms

At physical minimum, ? DM
- %% o Vo S =\ Ss . %)
(Hg) = 7 (Hy) = 7 ($) 7 ()= 7 (¢) = 7

_ s
2 i

S, S develop along nearly D-flat direction (S) = (S) with
Ms

(S) ~ (S)~ ==

g

Small ¢ = M2, ~ g{?Q%(s? + s3) far heavier than Ms

.. can have Mz far above limits while keeping sparticles (relatively) light

D-term contribution to EW scale, i.e. M2, also suppressed (~ Qs(s? — s3))



Dark Matter Candidates

>

v

Write Z¥ = ZM x ZF = conserved Z§

. lightest exotic (= ZF odd) state is
stable

fios fia ~ 107 = almost massless inert
singlinos S;

S; form hot DM, negligible contribution to
relic density

Conserved ZM (< R-parity) = second
stable DM candidate

= account for Qh? with MSSM-like {97

Objectives

v Single discrete symmetry
v' Decouple Mz: and Ms
7?7 DM

8 'z

QI,U,.A,'C,L', ,C.N — — +
Fe ke85 DD - 4 -
Fu, H + o+ o+

55 + o+ o+

La, Ls + - -




The CSE¢SSM

v

General model is complicated

> 0(200) new parameters (assuming no new sources of CP-violation)
> Many masses and mixings

v

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

v

Universal soft breaking parameters: M; /5, Ao, By, mo

v

Interested in mechanism decoupling Z’ from EWSB conditions = can have large

s= /st +s3

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

v

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

v

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

v

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 >,
m(Q) = a(Q)mg + bi(Q)M; 5 + ci(Q)AcMyj2 + di(Q)AT , ...

v

Fix mg from EWSB, mg ~ —ﬂ/\/lf/2

> Implemented in FlexibleSUSY for full 1-loop masses and 2-loop RGEs

v

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

» Compare with CMSSM for || ~ 300 GeV and |u| ~ 1 TeV
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Sparticle Mass Spectrum

CSESSM: A(My) = 9.15181 x 1074, A1 o(Mx) = k123(My) = 1072
-

o s » EWSB conditions = mg > My 3, Ao

10000 |

» -. MSSM sfermions out of reach of run Il

8000 |

» Light exotic fermions can be observable

6000

m [GeV]

% of solutions

» Exotic leptoquarks D;: _
i pp— ttTt T+ EP* 4+ X, pp— bb+EFE+ X

1000

2000 |

> Charged, neutral inert Higgsinos:
pp—>WW/ZZ/WZ+ ET* + X

Ly / V4 h
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CP-even Higgs Mass

» Split spectrum =- large logarithms contribute

CSEGSSM: A(Myx) = 2.4 % 105, Avo(Mx) = krns(Mx) = 3 x 10°3 » Exotic contributions small, mainly t's
25 T T

‘ ‘ T » Use EFT calculation of mj,, (SUSYHD)
128.0
> cross-checked with prototype FlexibleHiggs (see
Wp- 1 e talk by P. Athron, Tue 16:30)
126.4
- CMSSM: p(My) = 1 TeV, tan 3(Myz) = 10
= 1256
&, ﬁ 128.0
IS £
S wfp 1 s 127.2
1240
126.4
5 1 1232
= 125,67
=} o
1224 5 z
0 ; ; ; ; ; ; ; g 1248 £
2 4 6 8 10 12 14
mg [TeV] 1240
5 1 1232
Mmp, 5 130 GeV ;
(i.e. bounded from above, as usual) : 21
0 7 i 5 5 12 1
mg [TeV]
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DM Relic Abundance: |pefr| ~ 300 GeV

CSEGSSM: |A(Mx)| = 9.15181 x 1074, Ay o(Mx) = kras5(Mx) = 1073 CMSSM: [u(My)| = 297.434 GeV, tan 8(Mz) = 10
12 T T T T 5
1.05 1.05
10 0.90 0.90
sl 075 0.75
= u.enf ueu"’j
£ of g =
g 0.4.35__5\ D.«ﬁ‘f
g g
Eys
0.30 0.30
2| ] i }
015 0.15
0 i é é 4‘ ; é 0.00 0.00
M,z [TeV)] My [TeV]
> “Well-tempered” scenario: require » MSSM-like nature of neutralino sector
My ~ pieft clear — almost identical behaviour
» Pair annihilations ¥ {9 — f f > Low My, = g ~15—2TeV (and {°,

{*+) observable
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DM Relic Abundance: |pef| ~ 1 TeV
~ (UP)obs (7425)°

CSESSM: [M(Mx)| = 2.4 x 1073, A Z( My) = r193(Mx) =3 x 1073
2% : . :

Higgsino LSP: QA% ~

103

2 0.90

0.15

L L 0.00

Mo [TeV]

mo [TeV]

CMSSM: |p(My)| = 1 TeV, tan §(Mz) = 10

My [TeV]

> Mainly 9% — A f, $9 %3 — Ff
» Suppress B fraction = large My /2

>

> Naturalness of pies) ~ 1 TeV?

. all gauginos are heavy (mz = 5 TeV)
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A-fU n nel in the S E6SS M CMSSM: My jp = 1.5 TeV

» Solutions at lower M/, due to
ma, ~ 2mgo

» CMSSM: A-funnel requires tan 5 2 40

» CSESSM: tune Ay for given tan 3, My,
to that ma, — 0, keeping mgo ~ fixed

» Lightest state A; mixture of singlets for L he YR
s> MS >v (tan5 ~ L): i mo [TeV]

o/st+s2

A
mf\lzcos25< \f{ + 0115152+2\f0u5152 05152)

\[ ©?

u
0 —2
i
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Direct Detection Limits: || ~ 300 GeV

CSESSM: [A(My)| = 9.15181 x 1074, Ay 5(My) = k19 3(My) = 1073 > Stringent constraint on parameter space
12 T T T T T T
L8 > Large mixings = (almost) all points with
ol | H.. Qh? ~ 0.1187 excluded
> SD limits (LUX, lceCube) can also be relevant
8t | 0.75
& CMSSM: |u(My)| = 297.434 GeV, tan §(Mz) = 10
E il | D'EDEE 105
E' D.4a§ 0.90
=]
4 1 - ~
0.30 0.75 .
o ) 0.15 DED§
0.45535
Y5 1 2 3 4 5 6 7 000
My [TeV] 030
0.15
Grey points: 0%, > ((%'L%bs X (90% LUX exclusion) , I N R -
0 2 4 6 8 10 12 14 :

My, [TeV]
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Direct Detection Limits: |uef| ~ 1 TeV

CSESSM: [MMx)| =24 x 1073, A\ 2(Mx) = k123(Mx) =3 x 1073
25

T T T T

; 105

ol 0.90

0.7
15| £
= 0.60 %
< =]
= =
Tl 1 0455,
<)

0.30

5k
0.15
U 2 1 6 § 10 12 2] 0.00

Myy [TeV]

» 1 TeV ~ pure Higgsino,

small B mixing

» . 0%, (mostly) reduced below LUX

CSE¢SSM: [A(Mx)| =24 x 1073, A o(Mx) = k123(Mx) =3 x 107
4 4 7 1

1
{1
|}
L ]

o5 [x107% em?)

» Entire parameter space should still be

— — - XENONIT projected
—— 90% LUX exclusion

T T
1000 1050

[mye| [GeV]

i) 950

probed by XENON1T

1100

1.05

0.90

0.30

0.00
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Summary

>

v

Eg inspired models can address little hierarchy problem and p-problem of MSSM

Simplest phenomenologically viable variants, e.g. EgSSM, face several problems: Z’ limits,
multiple discrete symmetries, ...

SEgSSM is a well-motivated extension with an exact custodial symmetry

DM relic density can be fitted by MSSM-like neutralino
» Higgsino LSP = heavy spectrum (except possibly exotics)

> Mixed bino-Higgsino LSP = observable gauginos too
» A-funnel mechanism accessible at lower tan 8 than in MSSM

Strong constraints from direct detection, as in MSSM

= most of parameter space considered accessible at XENON1T

Thank you for listening!



Additional Slides



Semi-analytic Solutions

» Useful technique for studying constrained models (e.g. CEgSSM)

» RGEs for SUSY parameters independent of soft SUSY breaking parameters (up to effects
of threshold corrections)

» RGEs for SUSY breaking parameters are system of linear ODEs with variable coefficients
» Combine with boundary conditions = semi-analytic solutions,

Mi(Q) =
m; (Q)

i(Q)Mi/2 + qi(Q)Ao,  Ai(Q) = &(Q)Ao + fi(Q)M 2,
ai(Q)mg + bi(Q)M: ), + ci(Q)AoMy 2 + di( QAT , . .

» Coefficients depend only on SUSY parameters, calculated numerically

» Relate SUSY scale parameters to high-scale inputs, e.g. trade mg for g

» Contrast with traditional approach in CMSSM: p output for given mg
> N.B. all results here are for fixed p
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Two-scale Algorithm

| Calculate gi(Mz), yr(Mz),
: apply low-scale BCs

Y

Run all parameters to
My, apply high-scale BC

\

Run to Ms, solve EWSB
-+| Calculate pole masses

and apply SUSY-scale BC Converged?




Semi-analytic Algorithm

— - [ calculate gi(Mz), yr(Mz),
i | apply low-scale SUSY BCs

. A
’ Iterate SUSY parameters ‘

4
Determine semi-
analytic solutions at Ms

!

Solve EWSB, ap- R S + Calculate pole masses

ply SUSY-scale BC

Converged?

4
Apply threshold corrections
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