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SUSY

MSSM (briefly)

from the MSSM to more
difficult scenarios



Updates: a few examples
Split supersymmetry hep-ph/0507137 squarks and sleptons made heavy *

Splitting split supersymmetry hep-ph/0501265

Supersplit supersymmetry hep-th/0503249: raise also gaugino and higgsino
masses

Folded supersymmetry hep-ph/0609152 *

Inert doublet arXiv:0712.4206

Twin SUSY hep-ph/0604066

Mirage Mediation hep-ph/0604192 arXiv:0804.0592

Gaugino mediation hep-ph/9911323 hep-ph/0001172

Bosonic supersymmetry? Getting fooled at the LHC hep-ph/0205314 *



SUSY

great merits from the theoretical side

in MSSM, relatively abundantly produced via squarks and gluinos
mostly mSUGRA has been studied

® m > 114 GeV — “‘tension”, O(1 %) fine tuning
ways to escape:

? we missed a non SM-like light Higgs: eg. h (97) - aa — 4 <
? NMSSM  would also solve the W problem

? ignore the tension: e.g. Split SUSY
@ R-parity? to ensure proton stability

offers LSP dark matter, missing E, but is it wishful thinking?

@ missing E; + .... as a privileged handle for mSUGRA
can we do without it? try also “positive”’ identification



Non MSSM MSSM
. minimal content SUSY BREAKING
R breaklng two higgs doublets .
R parity breaking scale
Next-to-MSSM / * in hidden sector
(NMSSM) hierarchy i
adds Higgs singlet *
no or small hierarchy? SUSY breaking encoded
in soft terms, light h®
many new ones! MSSM-124 electroweak scale
SUGRA @) usual five parameters
AMSE GMSB invisible LSP Mo My A tEP signy
degeneracies, ..  single photon,
Kinks, ... / \ Phases?
constraints,
SD: gaugino-mediated CMSSM less parameters || pyore parameters
SUSY breaking benchmarks give up some
universality

SUSY codes:0805.2088




doubling the number

O Gauge / Gaugino Sector

O Particle / Sparticle Sector
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This happened already with antimatter Murayama
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The problems come when one breaks SUSY

“Soft” breaking, not to re-introduce
quadratic divergences

Several scenarios, a jungle of parameters



?‘5 tan 3 = 50
Mp, HIDDEN SECTOR 2 600 :—’711-,.\ Y =Y, =Y,
= 163 GeV = B \ .
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VISIBLE SECTOR

M =100 GEV
w

radiative ew breaking
tells “why” EWSB happens

don’t we overlook

some problems? hep-ph/0612100
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hep-ph/9912279

Gravnty

// mediation

. Gauge
¢ ¢ . mediation

/ Anomaly

\ mediation

L >

gravitino

Main features:

SUGRA: missing energy from neutralino LSP

AMSB: mass degeneracies

GMSB: gravitino LSP. nhenomenoIOO\ depends

of which is the NLSP, X or ‘t

Mz T MGUTT Mp 3
M Ap
messenger flavour
mass dynamics

quite different treatments
of the flavour problem



MSUGRA

parameters 170 /9, 1M, tan 3 and sgn(p) Ag =20

focus on m;—m,, plane

E ™5 as a main handle

can one do another way?

for later: can one distinguish

mSUGRA from UED, etc?
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~ ATLAS Preliminary —— SUSY (SU3)
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Can one do first without E ™miss ?

theorist’s analyses

Can one distinguish SUSY from UED?
see later



0801.3799 early SUSY discovery at LHC without E™: role of multi-leptons
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Two leading jets only?
L.Randall, D.Tucker-Smith, 0806.1049
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FOCUS POINT

a difficult MSSM scenario

large m,: very heavy squarks
left with gauginos only



Focus point

What it means
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Non SUGRA breaking

GMSB*
AMSB
Gaugino-mediated (5D)
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Next-to-MSSM



NMSSM

@ Add one singlet superfield. It solves the p-problem.
No mass term in Superpotential. PQ symmetry, to be broken.

W = ASH,H, + %.s""

@ Richer phenomenology in Higgs and neutralino sectors
Less fine tuning than in MSSM, but still some.

2
3m e 2 2 207 2.2 20/
t 'S o I\ Y/ Ir’ p “ I.’
lo g My N AMSSM < M 7 COS 23 + \“v°sin” 23 +

g
47292 m;

)2
3my ms
lo
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4202 " m?

m; < M cos* 23 +

@ But more parameters, unfeasible to perform multi-dimensional
scans. How to proceed?

@® Define benchmarks (0801.4321)
@ Satisfy cosmological constraints and e.w. baryogenesis (0705.0431)
@® Choose a model (0712.2903) : PQ MSSM

Focus on Higgs sector and/or gaugino sectors



arXiv: 0801.4321

define 4 benchmarks

@ focus on lighter Higgs

l

l

99 — hy

qq — qqW*W*,qqZ" 2" — qqh?

qq¢ — WhY and qg — Z°hY

l qq/99 — QQhY, with Q = t,b

CP even Higgs bosons
mpyo (GeV) 1202 | 120.2 80.9 | 323 90.7
R, 1.00 1.00 0.998 | 0.034 | -0.314
ty 1.00 1.00 0.999 | 0.082 | -0.305
by 1.018 [ 1.018 0.975 | -0.291 | -0.644
BR(hY — bb) 0.072 | 0.056 | 7x10°* ] 0.918 0.895
BR(h] — 7F77) 0.008 | 0.006 | 7x10° | 0.073 0.088
BR(A] — alal) 0.897 |  0.921 0.999 0.0 0.0
mpo (GeV) 998 998 964 123 118
R -0.0018 | -0.0018 0.005 | 0.999 0.927
to -0.102 | -0.102 -0.095 | 0.994 0.894
by 10.00 [ 10.00 9.99 | 1.038 2.111
BR(hJ — bb) 0.31 0.31 0.14 | 0.081 0.87
BR(h — tt) 0.11 0.11 0.046 0.0 0.0
BR(h) — a{Z") 0.23 0.23 0.72 0.0 0.0
| mpo (GeV) | 2142 | 2142 1434 | 547 | 174
| CP odd Higgs bosons [
m,o (GeV) 10.5 9.1 9.1 185 99.6
£ 0.0053 [ 0.0053 | 0.0142 | 0.0513 | -0.00438
b 0.529 | 0.528 1.425 | 0.347 | -0.158
BR(a}] — bb) 0.91 0. 0. 0.62 0.91
BR(a) — 7t77) 0.085 0.88 0.88 | 0.070 0.090
| Mg (GeV) | 1003 | 1003 | 996 | 546 | 170
| Charged Higgs boson [
| my+ (GeV) L1005 [ 1005 | 987 | 541 | 188 |




® ATLAS strategy for NMSSM A} — ala! searches

vector boson fusion

h — ala) — 47 — dp+4v,+4v,

® Prospects for the CMS experiment

N events (3 years at 2x10°°cm?s™)
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R parity breaking

Explicit RPV breaking trilinear superpotential terms:

i 7j Tk 3 i Tk WO TTiNNS
}Lijk LLLLER T 7& ijk LLQLDR + }L ijk URDR DR
L,.Q, left-handed lepton and quark doublets
Ey, right-handed lepton singlets

A7 A" Yukawa couplings

Up, Dy, right-handed Up and Down quark singlets
ijk family indices

Iv(g") .

}\“ N\ q

. q ;

B violation

L violation
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m,, (GeV)

R parity breaking Dreiner hep-ph/9707435
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R, violating minimal SUGRA - arXiv:0710.2034

If stau decays, it can be the LSP 300 700
SUGRA + one R coupling A at GUT scale _— 600
. {500 —
dynamically generates all of them at ew scale 3§ 200 400 =z
if A small, sparticles still mostly pair-produced < 300 S
IS
and cascade down to stau 00 200 =
If stau directly couples to the Bp/operator, “ 100
2-body decay to SM particles 0
0
;f not, 4-b0dyddle)cayh ks (035002 300 600 900 1200 1500
our proposed benchmarks
prop ( ) M, )5 [GeV]
Scenario BC1: stau not directly coupled (e.g. Ayp;) '™ —
900 _ —
etorpt e orps T 1T p, event fraction w00 | gf{ET f2 |
by
. 2 2 2 2 yes 35 % B N
signal 3 9 2 2 yes 12 % e —
rates 2 3 2 2 yes 8.3 % . . 600 = o o gt -
3 3 2 2 yes 3% T2-4 jets T sl W= X3 .
2 2 2 1 yes 17% 4.8vb =
2 2 3 2 yes 4.3 % P B 400 |- .
2 2 3 3 yes 1.4 % 300 - - o — X —
4 3 2 2 yes 1.1 % o L T o
mass [GeV]  channel BR  channel BR 100 & B°— frr= X _
dOminant T 148 pwrvee = 32% etve ™ 32 % 0
pwveett™ 18 % e wuetrT 18 %
BR e 161 v 0% v 50 % detached vertices, multi-leptons
fin 161 TTuTT 510% F p 1" 49 %

o 162 i 50 % ATt 50 % multi-taus, like-sign dileptons




Peculiar models

Peculiar signatures

Back to experimental considerations!



SPLIT SUSY 0507137, Kilian et al

to evade many of the phenomenological constraints of generic SUSY
squarks and sleptons rendered heavy

charginos and neutralinos still light: gauge unification, DM candidate OK
fine-tuning to pull the Higgs v.e.v. to ew scale: unnatural. Explain?
since all squarks heavy, gluino long-lived

ol
a) Search Reach
EDM 0510197 T(],SO)‘O . L I T T 1 | T T 1 l_
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b R — common scalar mass in GeV  from charged R-hadrons
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Other ideas



Folded SUSY

hep-ph/0609152

idea

Supersymmetry
777

tr

\ or
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Little Higgs
Twin Higgs

Harnik

opposite spin partners
but gauge quantum numbers

4

leads to the idea of quirks: exotic vector-like
fermions with a hidden-confining group.

M >> A. Analogous to QCD with no light quarks

—— colorful squirks
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—— colorless squirks

GeV)

sty
o= :'...'\
2

LTS

-~

17

7
W
s\

il = “"\

%%
N T
2

(],

may be different from those
of conventional superpartners

string

Summary of Weird Signatures

A

TeV

3

~ | hidden glueball decays, photon showers

soft hadron showers

_: displaced vertices, anomalous ionization

anomalous curved tracks



neutral
under
SM group

energetic
barrier

Hidden valleys

A motivation to look
for highly displaced
vertices
or a large number of
ordinary displaced
vertices (b, 1)

0604261



STABLE LONG LIVED PARTICLES

many motivations

® GMSB @ Split SUSY @ SUSY breaking with boundary condition on ED
@ stable KK excitations @ fourth generation fermions, etc

stable or quasi-stable
electrically charged and/or interacting strongly
SLL with strong charge hadronize and form R-hadrons

benchmarks: stable gluinos stable staus

hep-ex/0404001 hep-ex/0511014 CMS 2007-075
CMS CR 2007/021 hep-ph/0611040



if strong charge —R-hadron

<€— A gluino R-meson
u

A gluino R-baryon —> ‘

nuclear interaction model
assuming the heavy parton
acts as a spectator

possible charge exchanges

low[3 £

or ionisation
in Si tracker
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E. B

51200}

tlme 2 T
10001

Of-ﬂlght 2 -
~1 ns 800
resolution  600F
in w det. 400F

or ATLAS TRT
S ° sat
> “=*= lonisation hep-ph/06 11040
M | =Kraan
~ 4" —_ Case|BCG (diff. const)
w . )
< |~ Casell BCG (Triple Pomeron) CMS:
3 - '
: Case lll BCG (diff. const.) stable
- Average R-hadron energy loss permuclear o
25_ interaction according to different models gl“an
1
L W AP iy Al T W ATLAS:
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Gluino masses: (GeV/cQ)
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Y gluino up to 1 TeV with 100 pb~!
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Back up



Unparticles
why here? conjecture

dilatation generator D [ D, PH] — PH

exp(+isD)P?exp(—isD) = exp(2s) P~

mass spectrum continuous or all masses equal to zero
scale invariance manifestly broken at tree level in SM

an operator with general non-integral scale dimension din a
scale invariant sector looks like d; invisible massless particles

1 n
M38M+d52_4 Osar Opz dyy = 5 +1 ?
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- M, : pseudoscalar Higgs boson mass

the n
problem

- tanB : ratio of vacuum expectation values of the two Higgs doublets

MSSM - LI :Higgs mixing parameter >

+ the Superpotential contains a
& - - o LY .

My, My, My : Gaugino SWSY mass terms (1°, 1, 9) dimensionful parameter p:

- My I I I T “Sfermion” SU8Y mass terms W=uH H,

' to achieve natural EWSB it must

- At» Ab, At, « « «: Stop/sbottom/staul... mixing parameters be of the order of the weak scale

Q Unify M,, M,, M, to a universal gaugino mass m,,, at the GUT scale
M,:M, M,:m,=a,:a,:a :0;;
C-MSSM <Ml x ().Sm,/2;<M2 X ().8m,,2;<M, = 3.5my,. m1/2
2° h g (at the EW scale)
Q Unify all sfermion mass parameters to a universal scalar mass m,

m> =m’+ 0.15m>, +---
le 0 1/2 Scalar and gaugino masses related m

) - R
m, ;=mg+ 0.5 My, +--

. 2 6 2
m‘m — Ino + ’nl/: o K

Q Unify Higgs and scalar sector at the GUT scale
mSUGRA = m, fixed by (m,,tan £,...)

S parameters
Q Unify all trilinear couplings at the GUT scale

= all 4 's unified to 4, my, m,, tan ff, A4,, sign( u)

U Break radiatively the ElectroWeak Symmetry

B.Cl
= |y fixed by (m,,m,, tan S....) Clerbaux



G.Giudice 0710.3294
Phase diagram of MSSM
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SUSY plots
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\> from data
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lepton photon
gravitino

0
[, time give X1
Biec.p, m OfXOI 117 GeV
hence G, hence SN\
m of slepton. :
same on the " A slepton

other side



Gaugino mediated SUSY breaking

Based on two-brane scenario.

SM fields live on one brane,

hidden sector on the other one.

Gravity and gauge superfields
propagate in the bulk and directly
couple fields on both branes.

So gauginos acquire a mass.

SSB scalar mass parameters are
suppressed and may be neglected.

hep-ph/0110270

hep-ph/0410385

Belyaev

(gravity)

myy2,M.,sign{u), [tan ]
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Many possible spectra

Only one firm prediction in MSSM: a very N
light Higgs boson h?, likely to be SM-like
wess oluino === squarks === gleptons ey s H o
Post-WMAP Benchmarks |
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_ A lot to work out:

e.w. constraints,
LEP analyses,
exact LHC

phenomenology



Point Pl | P2 | P3| P4 | P5 |
GUT/input parameters
sign(pon) + + + - +
tan /7 10 10 10 2.6 6
my (GeV) 174 174 174 775 1500
M,y (GeV) 500 500 500 760 175
Ao -1500 -1500 -1500 | -2300 -2468
A -1500 -1500 -1500 | -2300 -800
A, -33.9 -33.4 -628.56 | -1170 60
NUHM: My, (GeV) - - - 880 -311
NUHM: My, (GeV) - - - 2195 1910
Parameters at the SUSY scale
A (input parameter) 0.1 0.1 0.4 0.53 0.016
K 0.11 0.11 0.31 0.12 -0.0029
A,\ (GeV) -982 -982 -629 -510 45.8
. (GeV) -1.63 -1.14 -11.4 220 60.2
'\1) (GeV) 392 392 393 603 140
per (GeV) 968 968 936 -193 303
CP even Higgs bosons
Mo (GeV) 120.2 120.2 89.9 32.3 90.7
Ry 1.00 1.00 0.998 0.034 -0.314
ty 1.00 1.00 0.999 0.082 -0.305
by 1.018 1.018 0.975 | -0.291 -0.644
BR(h1 — l)b) 0.072 0.056 | 7x 101 0.918 0.895
BR(W — 777°) 0.008 | 0.006 | 7x10° | 0.073 0.088
BR(hY) — alal) 0.897 | 0.921 0.999 0.0 0.0
myo (GeV) 998 998 964 123 118
R> -0.0018 | -0.0018 0.005 0.999 0.927
to -0.102 -0.102 -0.095 0.994 0.894
by 10.00 10.00 9.99 1.038 2.111
BR(I}?2 — bb) 0.31 0.31 0.14 0.081 0.87
BR(’I — 1) 0.11 0.11 0.046 0.0 0.0
BR(lz 5 — aIZO) 0.23 0.23 0.72 0.0 0.0
mp9 (GeV) 2142 2142 1434 547 174
| CP odd Higgs bosons
Mo (GeV) 105 9.1 9.1 185 99.6
l’l 0.0053 | 0.0053 0.0142 | 0.0513 | -0.00438
b 0.529 0.528 1.425 | 0.347 -0.158
BR(a] — bb) 0.01 0. 0.1 0.62 0.91
BR.(a? —7t7r7) 0.085 0.88 0.88 0.070 0.090
I mgo (GeV) 1003 1003 996 546 170
| Charged Higgs boson |
[ my+ (GeV) | 1005 | 1005 | 987 | 541 | 188 |

arXiv: 0801.4321

@® define 4 benchmarks

@ focus on lighter Higgs

0

99 — h;
qq — qqW*W*,qqZ" Z°* — qqh!
qq¢ — WhY and qq — Z°h}

q3/99 — QQY, with Q = t,b



