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Table 1: The MSSM Particle Spectrum

Superfield

Bo

SOI1S

Fermions

Gauge

Q

i

g
Wwe
B

)

tg>

mE DY)

leptons {

quarks

N

E

Higgsino mass

~




b -

SUSY models

Focus own models which provide a dywnamtieal origin of u term:

SHhtHa where singlet <S>~ ~ Tev

Danger from weak scale axion due to global U (1) symwmetry

Need to avold axton somehow

O I NMSSM we add s to break U (1) to Z_ - but this results
ln cosmological domain walls (WsS? u2s retntroduces W problem)

O n E_SSMwe gauge the U (1) symmetry to eat the axion

resulting in a massive Z’ gauwge bosown - anomalies are cancelled
by three complete 27's of €, at the Tev scale with (L) € €,




Higgs mass bounds
J,mll SFK,Moretti Nevzorov
160 7 Larger tree-
140 ¢ o level Higgs
P . L T Ut d mass =
less tuning

MSSM has a
hard time with
a 125 GeV
Higgs - need
heavy stops
and large stop
4 = ~ mixing

tan
2

2-loop Higgs mass bounds

A :
W=ANSH H, m <M,cos’2p +—v’sin’2p +A
A can be larger in E;SSM than NMSSM
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NMSSM fine tuning
Ls reduced due to extra
tree-level terme which
Lncreases Higgs mass
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12mt2

‘T MSSM Fine
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King, Muhlleitner,
Nevzorov




NMSSM Flne Tunlng Vs nggs Mass
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LEP favours NMSSM over MSSM (10 years ago)
LHC with Higgs @ 125 qeV strengthens conclusion




NMSSM Higgs Benchmarks Near 125 Ge\

wag, Muhllettwner, Nevzorov
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Key features:
- Stops below 1
Tev tn all cases
- Two photon
Higgs BR
enhanced
- WW anad Z.Z,
Higgs BR
suppressed




King, Morettl, Nevzorov

Exceptional SUSY SM (EcSSM)

E, >SO(0)=xU (1), SO(0)—=SU(d)xU(l),

SU(B) XSU(R) XU(L)yXU(L),,

~H neutrinos
neutral under:

U, =40, +1UQ),

remaining matter content of 3 families of
27's of B, survives doww to the TeV scale

!

(1), broken, Z’ and exotics get mass, U term generated
Su(2) X uL), broken




ERNAT __________'__fE__
Matter Content of 27°s of E¢
All the SM matter fields are contained in one 27-plet of E4 per generation. Miller
r N

) c _C
Q’La u’i) €,L~

3 generations of

/ “Higgs”

) singlets

.

1,0 \_
PN

“SU(5) reps. U(1), charge x V40

1 right handed neutrino




E6SSM Couplings

SEs DIEH B
HCHZ'M9Hz'd FCQi’Li’UiC9DiC9EiC’NiC

W =SHH + SDD + + DFF

il

Singlet-Higgs-Higgs Singlet-D-D couplings decay but also proton
couplings includes includes effective D decay. Need to:
effective u term mass terms — either forbid one of
DQQ or DQL
- or allow both with
Yukawas ~ 10-12

DQQ, DQL allows D




LHC phenomenology of E¢<SSM |

O SUSY - typical spectruum has heavier
squarks and Lighter gluinos, with gluinos
having longer decay chatns than MSsSM,
due to extra neutralinos and charginos,
giving less missing energy and wmore soft
Leptons and jets

O Higgs - Richer Higgs spectrum than
MSSM or NMSSM (incl. Lnert Higgs)

O Exotics - Z/, D-leptoquarks/diguarks




Neutrallnos in E6$SM s king |

tnert families H LT e

O = fawilies of Singlets = 1 NMSSM singlet S\ 2 inert singlets S, s,

The full neutralino mass matrix TN

e 2
=(B W H} H)|S B, A, 5|8y By &)

ul

n
USSM 32 By

A22 A21

~

s (G G )
matrix!!
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The Inert Neutralino Sector
il s O
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nert LSP is naturally light ~ v2 /s

nert LSP is Lnert Higgsino/singlino

O (nert LSP would be natural dark weatter candidate

O Higgs and gluinos can decay into tnert LSP
(tnvisible Higgs decays, longer gluino chains)




Hall, King, Pakvasa Nevzorov, Sher

Invisible Higgs Decays

To get a 125 eV SM-Llike
visible Higgs wneed one of
(L) M X >62 geVv

Dl =228 > Th—fH G Mx<1gev

due to large coupling of tnert neutralinos to Higgs
~My [V wWith My ~Mz/2 can get “invisible” Higgs

gives large St BB cross-sections — challenged by
XENON 100




Belyaev, Hall, King, Svantesson (preliminary)

Dark Matter Constraints
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Also showw are gluino decay chain lengths
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Gluino decay chains _ =y i ing

Svantesson (preLmearg)

/ / ;T; \fjﬁ ;ef E.SSM has longer gluino chains
t Xvo S XS X2 S XE1 with a Lighter LSP at the end

Decay chain length:

Gluino decay chain length, |
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Lepton muLtlpLicltg ASSUMLIAY
perfect Lepton Ldentification
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Soft Lepton
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FIG. 8: Lepton multiplicities, where all leptons are assumed to be identified.
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EsSSM gives
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(d)p*** with N; + N; > 8, with one muon (or electron) with
pr >15 GeV (20 GeV).




Conclusion
Hiemrchg problem adoressed bg SUSY...
.but susy Ls a symmetry wot a model
LHC can only test tndividual SUSY models
Focus on dyna mical solutlons to m problem

NMSSM—E.SSM (string theory) gives spectacular signals

SUSY - typieal spectrum has heavier squarks and lighter gluinos,
with gluinos having longer decay chains thanw MSSM, due to extra
neutralinos and charginos, giving less missing energy and more
soft leptons and jets

Higgs -may have invisible decays or be SM-Like depending on the
(nert) LSP mass

Exotics - Z/, B-leptoquarks/diquarks (maybe long Lived)
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Heckman and Vafa

“4d Flatlander”

ing
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“6d spheres” with
“2d fibres”

Unification

F-Theory GUTs
AN

We live close
to E4 point
on the extra
dimensional
“6d sphere”




B, ~ gravit

Zmatter “curve’”

We live
close to
here

internal dim. feature
6 = dim(Bs) gravity “gravity bulk”
A=) gauge fields “GUT surface S”
2=dim(SNY’) matter “matter curve ¥”
0 =dim(SNS"'NS") | interactions “Yukawa point”

Figure 1: The structure of an F-theory GUT




GUT breaking is achieved
Higgs but with Hypercharge Flux

Think of
SU(5) D SU@3)¢ x SU(2), x U(1)y e
e (17 2>1/2 £ (37 1>—1/3' ‘// HYS2001
o

2-d Matter

curve X ‘

Index theorem gives number of chiral Doublet-triplet Higgs splitting
doublets and triplets (think of Gauss’s law): requires:

(1,2)12 :np —np =3 / Fuayy + 4 / Fyay, Higgs: / Fyqyy #0

)y

by )3
Matter:/F e
(3, 1)—1/3 ‘N —NRp = —2/FU(1)Y + q/FU(m | uQ)

3 T Y N Typically predicts exotics




callaghan, King, Leontaris , Ross

E65SM from F-theory

SO(10) Weight vector My 1y | SM particle content | Low energy spectrum
16 t1 +15 4 4d° + 5L 3d¢ + 3L
16 2] 4 40+ S5u‘ + 3e° 30+ 3uf + 3¢
16 by —15 3v° -
10 —H 13 3D+2H, 3D+2H,
10 L =l 3D+ 4H, 3D+3H,
1 a0 014
16 t3+15 d°+2L
16 13 0+ 2u¢
16 la==ls =
10 —24 H,
10 f3+1 Hy

F-theory model predicts tncomplete multiplets
with matter content of = copies of 27#s of E6




O The origin and fate of the Universe - and why is it so big and flat?

O The dark side of the Universe - why is 95% of mass-energy in a form that is
presently unknown, including 23% dark matter and 72% dark energy?

O The origin of matter - the problem of why there is a tiny excess of matter
over antimatter in the Universe, at a level of one part in a billion.

O The origin of mass - the origin of the weak scale, its stability under radiative
corrections, and the solution to the hierarchy problem.

O The quest for unification - the question of whether the three known forces
of the standard model (and gravity) may be unified.

O The problem of flavour - the problem of the three generations with fermion

(incl. neutrino) masses and mixing angles and CPV phases, giving small FCNCs and
tiny strong CPV.




In SM, top loops dominate
Higgs potential V = m[2{ ‘H‘z +%K‘H‘4

= —M? = -\ (246GeV )

Tree-level min cond

0
My
Including rad corr mé +0 mH = -\ (246 GeV)2

s

I

3 2 A
dSm? (top g G.m’A° =—-(100GeV
g \opeoop) e ( - )(lTeV)

Fine-tuning is required if the cut-off A >17elV

)




Leading quadratic divergence cancels

- A
omi = —%m% [ et
y 472 my

To avord
tuning need

my; 5 400GeV.
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- LHC SUSY limits

MSUGRA/CMSSM: tanf = 10, Ao= 0, u>0

squark mass [GeV]
N
o

-
N
a
o

0

Squark-gluino-neutralino model, m@) =0 GeV

ATLAS
0 lepton 2011 combined
== CL Observed 95% C.L. limit

===: CLg median expected limit
Expected limit =10
— 2010 data PCL 95% C.L. limit

S fLdt=1.04105" {5=7 TeV ]

”Sus; =001 pb ]

Tevatron, Run |
DO, Run Il

_ Osusy =10pb

LEP2 §

0 250

500 750 1000 1250

gluino mass [GeV]
MSUGRA/CMSSM: tanp = 10, AD= 0, u>0

1500 1750 2000

ATLAS

[Ldt=1.041b", Vs=7 TeV

[ LEP2 7

[] D0G, 4, tan p=3, u<0, 2.1 fb'
[ CDF g3, tan p=5, u<0, 2 fb™!
I Theoretically excluded

SN BN B S S S S By B B S B S S
ATLAS L™=1.041b",\Vs=7 TeV —— Observed CLg 95% CL
1 lepton, combination

- _gomcel

g (900 GeV)

- - Expected CLS

Expected CLS =10

D LEP27:

§ (00 cev) [ ] D054, tanp=3, u<o, 2.1 fo"

P coFa g

B
=}
m
&
=
A
=3
]
A

Iilllrll

I]IIIIIIIIIIIIII

600 800 1000 1200

1400

m, [GeV]

0 lepton 2011 combined
CL, observed 95% C.L. limit

-=== CLg median expected limit
Expected limit 10
% Reference point
—— 2010 data PCL 95% C.L. limit

"5 (1200) ]

500 1000 1500

2000 2500 3000 3500

m, [GeV]

— T T
9/1500)GGV

9(125HIGEV

— —
CMS, 1.14fb", \s

; —r
=7TeV
95% CL limits:

3 (15 -1
Observed Limit (NLO), CL_ §(1300)cev

mrmia Median Expected Limit + 10

% (1250)Gev

tanﬁ=10,A0=0GeV,u>0 i

g(1000)Gev __|

2(750)Gev

500"
m, (GeV)

2000

*x stars
indieate
squark =
gluino =
1T Fev.




Limits don’t apply to stops

Recall to avord m; < 400GeV.

tuvwwg weeal
| — Allowed bgj

current data

W Dl

LHC sea rches m,ot optmused
for stops

Brust,Katz,Lawrence, Sundrum

Hr

G
E e

X jets + ET

(0%

330000 s’co}ﬁs0 Mmass 200 qzv
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= i LR

CMSSM Dark Matter
Neutralino mass matrix R Nlé ¢ Nzl/f/ + N3[—~[d + N4[—~Iu

T

Q. h'=C
et Mlz, <0v>

Focus co-annthilation

Higgsino LSP : m. =m,




Constra_ined E6SSM

Assume universal soft

2 *
parameters at GUT scale Mo27;27; + AoYin2Ti27;27),

f Allowed regions

~ of parameter
351:0(06 with correct
% EWSE and
Loy, >115 Gev

Athron, King, Miller,
Movrettl, Nevzorov

| . | . |
200 400 600
M, ,(GeV)

—




Squark and gluino masses

- - T Athrown, KingliMiller,
P re' imina ry . Morettt, N#zorov

s=5TeV
MZ’ = 189 TBV

gluino

MaAsses

mg = ().9]\4132
%

L
!

squarka masses (N.B. hea\/g!)
L, = mo + 1. 95M1/2 +5/80(g}
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_ E?Léj“a/f Q'?DILL,_K.LV_\/_@, o parameter
Svantesson (pretimiwarg) tan 3
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TABLE I: The MSSM scanning region. A common squark

and slepton mass scale was fixed to Mg = 2 TeV. The : :
gaugino masses were fixed to M; = 150 GeV, M, = 285 TABLE II: The ESSM scanning region. A common

GeV and M3 = 619 GeV, providing a gluino mass close squark and slepton mass scale was fixed to Mg = 2 TeV.
o R0 oNE The gaugino masses were fixed to M; = 150 GeV, M| =

150 GeV,M> = 300 GeV and M5 = 800 GeV.
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_At_ﬁron_, SF_K, K/Iillé_r, I\/I_oreﬁi, Nevzorov

J Latest ATLAS limit is
M Gl o WG GeV
N but exotlc decays

makes Z’ peak smaller
and harder to discover

%—Mz' = 1889 GeV, Ko, ;> M/2 (Zy —1Tl7) (I=e,porm) 0.77

L(Zy — vmp) (all neutrinos) 1.64

“ I Zy — 117, ) (all leptons) 3.96

b,

Y J'(Zy — qq) (all quarks) 10.08

».I(Zy — D;D;) (exotic fermions)  0.00

7 — H,H,) (inert Higgsinos
0 Tllllllllllll w b N CJfQS&) (Sil]ghllOS)
1840 1860 1880 1900 1920 1§40 |
2. 1(Zy — D;D;) (exotic scalars)
- LHC@14 TeV | Y T(Zy — ff) (sfermions)
[ dotted: SM + sequential Z' 2ol'(Zy — HoH,y) (inert Higgses)
| dashed: SM + EoSSM 7' ».I(Zy — Xi%;) (gauginos)
solid: SM + EgSSM Z' 4+ heavy Ds Ceot (-111)
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D-particles are co our-d and may be pair produced at LHC

D-particles may be Leptoquarks D-LQ or Diquarks D-QQ

Dlguark

v, e LEPtOqUark

1950| Vs=14TeV oam_~

M, (GeV)

1950 +/s=14TeV

1700 1700

Ly 1450
1200 : 1200
950 950
700 700
150 450

Fermion
200 200

0 0.2 04




D-fermion decays

Leptogquark Leptoquark

Vr

pp — tl?T+7'_ —+ Eg_}iss + X pp — bE + Eg}’iss + X pp — tfbg + Ejﬂ}iss 1 X

| — S

 — S — T

spectacular signals!




Kang, Langacker, Nelson

D-fermion as R-hadron

O twmposing B and L all couplings DFF forbloden

O D-particle are quasi-stable R-hadrons, decay via

dimd : DCQHd‘Sa DCQQuca DCQLVC‘. punch through to

muon chambers
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o
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Fermionic LEP
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No. Signal Events
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Belyaev, Hall, King,
Svantesson (preLLmearg)

M e ff Mese does not reaLLa help

to distinguish models

M eSS . jet
efif =T "’Zyets |pT | ATLAS s’che cuts

CuUT MSSM-A | MSSM-B | E¢SSM-A | EcSSM-B

No. limit | Eff. Frac.| Eff. Frac.| Eff. Frac.| Eff. Frac.
no cut|{0.00 1.00[{0.00 1.00{0.00 1.00{0.00 1.00

P, >13010.12 0.88|0.19 0.81)0.40 0.60|0.40 0.60

Pl >130[0.42 0.51/0.04 0.77/0.03 0.58]0.03 0.59

& p]T"""2 >40(0.13 0.44|0.01 0.76]/0.00 0.58{0.00 0.58

4 p?f” >40/0.36 0.28]/0.11 0.68|0.04 0.56|0.04 0.56

5 Pt >4010.55 0.13]0.20 0.54|0.11 0.50|0.11 0.50

6 Az;&(pT,jet),,,,,'n >0.4]/0.28 0.09|0.37 0.34/0.59 0.20{0.58 0.21

ﬁ\ {4 Pp/Mesy >0.25(0.15 0.08/0.49 0.17/0.69 0.06]/0.68 0.07

500 1000 1500 2000 2500 3000
M, (GeV)

w

Events/60 GeV @ 5 fb™

CMS stg le cuts

CUT MSSM-A | MSSM-B [ EgSSM-A | EsSSM-B

No. limit | Eff. Frac.| Eff. Frac.| Eff. Frac.| Eff. Frac.
0 no cut |0.00 1.00/0.00 1.00{0.00 1.00{0.00 1.00
1l W > 200 GeV|0.58 0.42|0.34 0.66|0.47 0.53(0.47 0.53

2 p’{“ >50 GeV [0.00 0.42]0.00 0.66]/0.00 0.53(0.00 0.53

3 p';-et2 >50 GeV[0.13 0.37]0.02 0.64|0.01 0.52(0.01 0.53
4 p,j'“ >50 GeV|0.43 0.21]0.13 0.56{0.06 0.49(0.06 0.50
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500 1000 1500 2000 2500 3000
M, (GeV)

A¢(p,,jetr) > 0.5/0.02 0.21]0.02 0.55/0.03 0.48]0.03 0.48
A¢(p,, jetz) > 0.5|0.05 0.19/0.08 0.50(0.12 0.42|0.12 0.42
Ap(p,., jets) > 0.3[0.04 0.19]0.07 0.47]0.10 0.38|0.10 0.38
AR(jet, lep)min < 0.3/0.18 0.15(0.24 0.36(0.37 0.24]0.36
. : 9 Hr > 800 GeV |0.88 0.02/0.49 0.18/0.38 0.15]0.38
0 500 1000 1500 2000 2500 3000
M, (GeV)

Events/60 GeV @ 5 fb™'




Two potential pr;bl_err:s: rapid pr_ot:)n_decay + F(ENCs

« FCNC problem may be tamed by introducing a Z," under which third

family Higgs and singlet are even all else odd - only allows Yukawa
couplings involving third family Higgs and singletH,, H, , S

- Z " also forbids all DFF and hence forbids D decay (and p decay)
- Z,H cannot be an exact symmetry!
How do we reconcile D decay with p decay?

In E;SSM can have extra discrete symmetries:

Z,- under which L are odd - forbids DQL, allows DQQ - exotic D are diquarks
Z,B with L & D odd - forbids DQQ, allows DQL - exotic D are leptoquarks
Or:-- small DFF couplings ~ 10-12 will suppress p decay sufficiently

while couplings ~ 10-12 will allow D decay with lifetime <0.1 s
(nucleosynth) N.B. I'y < g2, T', o< g* (Howl, SFK)




