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Leptons Force carriers

Squarks Sleptons Gauginos

SUSY'S MID-LIFE CRISIS

rd Several theorists independently
]970 74 develop SUSY

Supersymmetric version of the
standard model proposed

SUSY used to explain dark matter

SUSY suggested as a way to unify
electroweak and strong forces

h Large Electron Positron collider (the LHC's
sloctrol . o 2000 predecessor) fails to find evidence of SUSY
eutri ! particles called sleptons

2008 Tevatron sets mass limits on
supersymmetric quarks (squarks)

201 LHC tightens limits on SUSY masses
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Standard Model Puzzles

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

2. The quest for unification - the question of whether the three known
forces of the standard model may be related into a grand unified theory,
and whether such a theory could also include a unification with gravity.

3. The problem of flavour - the problem of the undetermined fermion
masses and mixing angles (including neutrino masses and mixing angles)
together with the CP violating phases, in conjunction with the observed
smallness of flavour changing neutral currents and very small strong CP
violation.




Cosmological Puzzles

1. The origin of dark matter and dark energy: the embarrassing fact that
95% of the mass-energy of the Universe is in a form that is presently
unknown, including 27% dark matter and 68% dark energy

2. The problem of matter-antimatter asymmetry: 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, without which there would be no stars,
planets or life

3. The question of the size, age, flatness and smoothness of the Universe:
the question of why the Universe is much larger and older than the
Planck size and time, and why it has a globally flat geometry with a
very smooth cosmic microwave background radiation containing just
enough fluctuations to seed the observed galaxy structures




SUSY facilitates GUTs

Forces Merge at High Energies
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GUTs and Flavour I\/Iodels are
typically Supersymmetric




Many inflation models are
SuperSymmeTric Why is the Universe so big

and flat?
S N What seeds the density
| perturbations?

-- Inflation!
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» ’Why does electroweak symmetry break?” or "Why is ;2 < 0 in the SM?”
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» What is the nature of dark matter ? WIMP-type Candidates 0,~1
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| No Big Bang neutrino v
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Supernovae
Qp ~ 5%
Qpypr ~ 23% |
QA ~ 72%

expands foreVe
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R.A. Knopp et al., Astrophys. J. 598 (2003) 102 L. Roszkowski, astro-ph/0404052




Once upon a tlme there was a
naturalness problem...

Mumgama

® At the end of |9th century: a “crisis” about electron

® Like charges repel: hard to keep electric charge in a
small pack

® Electron is point-like

® At least smaller than 10 7cm

® Need a lot of energy to keep it small!

Lottt sl (et v
Am.c® ~ — ~ GeV
s re

e Correction Amec2 > mec2 forr, < 10-13¢cm

® Breakdown of theory of electromagnetism
= Can’t discuss physics below 10-'*cm



Electron creates a force
to repel itself

Vacuum bubble of
matter anti-matter
creation/annihilation

Electron annihilates the
positron in the bubble

= only 10% of mass even

for Planck-size re~10-33cm
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Higgs also repels itself

Double #particles again
=> superpartners

“Vacuum bubbles” of
superpartners cancel the
energy required to contain
Higgs boson in itself

Standard Model made
consistent with whatever
physics at shorter
distances
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| Higgs Theory in SM

2 4
Higgs potential V' = mi, \ H\ + L \ H\

Re(d)

Tree-level min cond m}z{ = -\ = -\ (246 GeV)2

Including rad corr m12{ +0 mé = -\ (246 GeV)2
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Om lopbup) = g il & 10 GeV)z( L

1TeV
Fine-tuning is required if the cut-off A >1T7el
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http://arXiv.org/abs/arXiv:0704.2232
http://arXiv.org/abs/arXiv:0704.2232

In SUSY, stop loops dominate Higgs
mass parameter correction

om3; (stop loop) _71_@ h

——

Leading quadratic divergence cancels
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“History of SUSY ~ ®orod

Coleman and Mandula, Phys. Rev. 159 (1967) 1251
Possible symmetries of the S-matrix

® Poincaré invariance, the semi-direct product of translations and Lorentz rotations, with
generators P,,, M. .

® So-called “internal” global symmetries, related to conserved quantum numbers such
as electric charge and isospin. The symmetry generators are Lorentz scalars and
generate a Lie algebra,
[Be, Bx] = iCy,, B

where the Cgk are structure constants.
® Discrete symmetries: C, P, and T
However:

® above theorem assumes commutator only

® allowing anticommuting generators as well as commuting generators leads to the
possibility of supersymmetry (SUSY)




introduce anticommuting symmetry generators which transform in the (%, 0) and (0, %)

(i.e. spinor) representations of the Lorentz group. Qa Qa

Fundamental SUSY anti-commutator (with P,, the four-momentum):

{Qa ) @a} 20_50'¢PN bar and dot notation

LT means right-handed
{QCHQB} O:{QO'UQB}

Pauli-matrices:




SUSY is an internal symmetry
[Pu, Qal = [Py, Qs] =0
It is useful to keep track of 'SUSY-ness’ by the R-symmetry generator R:
s ¥l — W @ 5 = =@
In short: Q. decreases the R-quantum number by 1, while @, increases

The SUSY generator is a spacetime spinor so due to the spin-statistics theorem its action
turns fermions into bosons, and vice versa:

‘Fermion/Boson symmetry
Q | fermion > =|boson >

Q | boson > =| fermion >

——




SUSY Multiplets

Consequences
® members of a SUSY-multiplet have the same masses as [P, Qo] = 0 = [P?, Q4]

® #fermions = # bosons in a multiplet

The massive ‘chiral’ multiplet (s = 0):

state
Q2 squa rR

Q1|925),Q52s) quark
Q3 Q3/9s) squark

contains: complex scalar and 2-component fermion (Majorana fermion)




SUSY Multiplets cont’d

Massless vector multiplet

starts wie \ = %

] : state helicity state helicity
9 Luu,wo 21) 4 Q1) -1 gluwon
gluow Qi|Q%> 1 QilQ-1) -3 QLM.LV\ID

consits of a vector particle and a Weyl fermion




Superfields for SUSY multiplets

chiral (y,0) = é(y)+ V200(y) + 62 F(y)

left-ha
( eft h Wded) squarh alu,arlz auxLLiarg 'ﬁCLd

y* = z# — i0c*0

e E

sPace—time super-space
coordinates

vector Vivz(2,0,0) = 000V, (z) — i000)(z) + i000X(x) + 0000 D(x)

(Wess-Z umiino) '\ \ / /

gluon gluino  auxiliary field
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SUSY Lagrangians

general Form Ls F-terms + D-terms:

/ /

d’0.%x + | d*04°0.%,

/ 1 \ 1 ‘

0 = —2d0%d6P e,  d*0 = —-dBudBe™”

/dﬁ’a =0, /gadga = /d29(99) — integration acts like differentiation

d?0® = F integrating a superfield over d”0 picks out the 66 term F’

similarly integrating over d204d%6 picks out D-term




SM.'PCY'PDtCI/UtLa L: W(CI),) = iMl]CI)i(I)j S gyljkq)iq)jq)k :
T No ®T (holomorhic)

2 ra
/d = ;1 = ¢ +20y; + 60F,

/dzecI)l’LCI)Z’L =01+ 0o F; — 45R5) Mass terms
YwkRawa terms

/d29¢1,L¢2,L¢3,L =00+ 01 203+ Figos — Wi 3 — 01 Yo W3 — W Yh s

Kinetie terms and

20127 s i * YT
/d 0d=0P,; = FF" — ¢0,0"¢" —iyo, "y Scalar interactions

3W(¢j)] :

’ ’ ’ ’ ’ 83 L —
Eliminate F; Using equations of motion D =0 — s 9 0;
l

1 1 1 ' A =
WyW% = _—_F% FEV 4 _D D"+ (_%Aaauaf%a = glaGuAfjftc+h.c.)

auwoge terms
ey 2g2 i be AT 2




SUSY Lagranglans cont’d

i fns R
S%PﬁY'POtﬁV\tha L: W(Cpl) — iMl](I)iq)j o gy’JkCI)icI)ch)k

Lagrangian (excluding gauge terms):

L = —0"¢"0u0i—V(g,6") + WU“(‘?M%——M”W%——M*WW

e | g
— Sy it — Syl

’ 1
Potential: V(e) = |F]? + S

* %7 5% 1 * ) *7 * * *
FF* = MjM"¢*¢; + Mmygknﬁbzﬁb T + §Mrmy‘7kn¢ ‘Gidr + y”nykm i ™
1 S rrd
—pepe= —Zgi(cb T¢)*

(aﬁi‘ T595)




SUSY Lagrangians cont’d

Lagrangian (gawge terms):

1 1
Gt = — L S S GET IDE VA= O S fae A

Vudi = 0Oudi —igA,(T*¢)i
i = s e I )
Gauge interaction terms: Vi = uihi — igAL(T*Y);.

TN s VI TN — VINH (W TOP) + g(6"T ) D"

W g Rule: take any sm
A s diagram and rveplace

any two Lines b;j
SUSY particles

N 7/
N 7/
4 < 3
X (preserving mass
4 N % »
A_ o SR dimensions)
~ - 7/ N\

Covariant derivatives ——




Minimal Supersymmetric Standard
Model (MSSM) at a glance

Standard particles SUSY particles

o 20

Higgs g Higgsino
N’

Z)
s’

W

Sleptons () SUSY force
particles




“Minimal Supersymmetric Standard
Model (MSSM)

Superfield Bosons Fermions SU@B3)¢ SU@2)r U(Q1)y

Gauge Multiplets
G g
wa
1% B
Matter Multiplets
L (7, €5)

Two Higgs doublets
Higgs Multiplets required for anomaly
Hy (Gl o) 2 : cancellation (and
H, (HF, HO) 2 holoworphicity of W)




Names

Gauge Eigenstates

Higgs bosons

H® HY HI HJ

squarks

T
S, SR CL CR

;va ;va EL ER

sleptons

€1, Er Ve
pr BWR Yy

L U

neutralinos

54 A TR e

charginos

s T

gluino

goldstino
(gravitino)
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Model (MSSM)

Supevpotewtial,: Y Uukawa covqal,'w\,gs and SUSY masses

W = esl—H2Q Y,,, fJ; + H3Q)Yy, f); S E; — uHSH?.

Yukawa
couplings

Potential
cou.pu',wgs

qauge

cou.pu',wgs




Proton decay from extra terms

what about the gawge tnvariant terms:
T o = .
iAZ]kLZ'LjEk 5 )\lz]kLindk 2 ,u/ZLZ'Hu
Lre
iA//ZJkﬂidjdk
Both these terms

together would
allow proton. deca Y

I ~ m° Z | \/1Li )\//111‘2 /m‘i tf w""PL“’"@’S Of order wnity
p—set 0 proton o thew proton Lifetime would be a
= ’
& fraction of a second!




How to forbid the extra terms

Both terms
2 forbidden tn
_ Lywegaz, MSSM
Matter superfields = -1,

Bok’)ch term:ts forbuflcdew Py = (—1)3B-1) Higgs superfields = +1,
Yeblde e gy qauge superfields = +1

(i e B :
—)\Z]kLiLjék S )\/ijLindk = ,UJMLZ'HU

Equivalent effect
to R-Parity

SMparticles =1,
SUSY particles = 1

g (_1)3(B—L)—|—2s

spiw

B St P =S abstheLg stable (WIMP dark watter candidate)
m Each sparticle must decay eventually into an odd number of LSPs
m Sparticles must be produced in pairs at the LHC

R-parity violating theories preserve either Lepton number or baryon number but not both




Non-renormalisable operators

Matter pa r'ucg 1

ZM, allowed: M(QQQL o5 LLH“H“)

To satisfy proton decay need M>102°GeV |

Forbidden by baryon pari’cg e
R=1, D=H,=0, L=€E=U=H,=02 which allows:

QUEH,;+ LLH,H,) RPV LSP unstable

i

p s 1
Proton hexality applies both ZM, xZ®; 77 (LLH.Hy)




Do not confuse R-pa ri’cg with continuwous U (1) R-symwmetry

0 — %0, o1 — e~iogl

®(y,0) = ¢(y)+V20y(y) + 0 F(y)

Superfield assigned R-charge Td.

¢_>eirq>o¢¢7 w_>€i(rq>—1)o¢¢7 F_>€i(rq>—2)o¢F.

Al A e Sy )

Superpotential has R=2 since Lagrangian
must have R=0 and Ls given by

/d29w = [W]r

U(l)R gk Discrete subgroups e.g. for n=4 have been
4 proposed as awn alternative to R-parity

Respects GUTS

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange




Soft SUSY breaking mass terms

Soft means does not spoil the cancellation of
guadratic divergences
Soft trilinear scalar interactions: %Avijkqbigbjgbk + h.c..
Soft bilinear scalar interactions: %bijqbigbj + h.c..

Soft scalar mass-squares: mfjgbz(bj.

Soft gaugino masses: %Ma)\a)\a + h.c..

what is the origin of the soft sSUSY
breaking Lagranglan?




Global SUSY breaking

If global SUSY is preserved the vacuuwm has zero energy
If global SUSY is broken the vacuum has positive energy

H = P* = 2(Q1Q] + Q11 + Q:0} + Q1Qy) Qal0) # 0 and Q¢J0) # 0

SUSY spontaneously Metastable SUSY

SUSY unbroken ol breaking

V(¢) | \(@)/ \V@\))
d): < d): <

\/ A\ A\

Vigi) = |F|* + %DGDQ to break SUSY wneed F or D non-zero

But sum rule for Hard to
Zm%ZO—QZmizl —|—32m32120 m§1+m§2:

each charge sector 2 satisfy




Hidden Sector SUSY Breaking

Supersymmetry Flavor-blind MSSM
breaking origin VAVAVAVAVAY

(Hidden sector) interactions (Visible sector)

ldea Ls that the sum rules appL5 Ln somee hidoen sector
and not Ln owr visitble sector

SUSY breaking | gravity | MSSM
(hidden sector) (visible sector)




Mgoft ™~ <F>/MP

VIF) ~ 1019 or 10! GeV.

Hidden € Observable
Sector Sector

(SUSY
broken)




/ q,l messengers

Typical hierarchy bertween
strongly/weakly interacting
particles:




Higgs mass challenges
mGMSB and mAMSB

Baer and List 1307#.0782

mGMSB: n; =1, u >0, m,=173.3 GeV mAMSB: . >0, m, =173.3 GeV

\\\‘\\\‘\\\‘\\\‘\\\‘\\_‘\._\_4__1“,,_\1.;_*.—_».4-41\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\
= L

L\\\‘\\\‘\\\‘\\\‘\\\

m, =0.2 TeV

m, =0.5 TeV

m, =1TeV
tanp =10 m,=2TeV
tan § =45 m, =5TeV

m, =10 TeV

tanp =10 B M/A=2
tan p =45 B M/A=10

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 100 200 300 400 500 600 700 800 900 1000
A (TeV) m,, (TeV)

Lightest SUSY particles must be >5 Tev




S u pe rg rav i ty Lectures by Nilles

WZWhid“"Wobs G:K/M]%+IH|W/M?’|2

1 e ravitino
PSSl e m§/2 3M2 < KGEFY >= Mpe<®~ 2 Mass

Vp = MEe®[GHGT)IG; — 3] SUGRA potential can be negative

K:K}w'd—l—é*i@i—k... _ Vsoft:m%(éj*iéi—k...)

MSUGRA universal soft masses

a COMMmON gaugino mass 1 /2 qravitino problems:
1. over-production of dark matter

2. Late (>1s) decaying gravitinos
a common soft trilinear parameter Ay (AU AgYi;) Gravitino solutions:

a common soft scalar mass my

1. Low reheat T=<10° eV

a bilinear term b £l
;Z.Hea\/g gravitinos > 5 TevV




Constralned MSSM/mSUGRA :
/mH—.U T My

my: common scalar mass at GUT

my,,: the common gaugino mass at GUT
tanp: <Hu>/<HD>
A, common (scalar)3 coupling

Sign(u): Higgs mass term

o
o

1. Squarks and Gluinos are heavy

300

2. mixing of third generation leads
m | to light stop/sbottom and stau

>
D
S,
®
%)
Y]
=

3. %5 will be the LSP

% squarks (stable if Rp conserved)

e ————— - :_\ X 5% Visib
sloptons m,

259 Dark Matter

10 12 14
Log,,(Q/1 GeV) ]\[(*(j




= i LR x| X

i i

Benchmark SPS

mo = 100GeV, my, = 250GeV, Ag=—100GeV, tanf=10, p>0.

SPS 1la
800

m [GeV]

700 | E)(GLI/LO[CU[ ba
LHCE




CMSSM Benchmark post LHC8 |
Baer and List 13070782

mo = 10 TeV, m;,5 = 0.8 TeV, Ag = —5.45 TeV, tanf =15, u >0

%
S
ey
w0
<
=

Mass / GeV

' W*h* - E%liss
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SLAC SUMMER INSTITUTE

Hewett,

(1) Assume a new (heavy)
particle ¥ is initially in
thermal equilibrium:

vy — Ff

(2) Universe cools:

w zfFf
(3) v s “freeze out”:

w4 ff

Zeldovich et al. (1960s)

0.01 g
0001 F
0.0001

Sarkar Lectures

107 |

=
Increasing <o,v> 1

10 100
x=m/T (time -)
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CMSSM Dark Matter
Neutralino mass matrix Y, =N, B+ szf/ N [:[d +N, Flu
WIMP = Lightest neutralino
e

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

Focus co-annthilation

Higgsino LSP : m. =m,




BayesFITS (2013)

BayesFITS (2013)

Posterior pdf *  Bestfit Posterior pdf *  Best fit
inner: 1o region f | CMSSM, 1 >0 solid: 1o region |
CMSSM, >0 outer: 25 region Log Priors H dashed; 20 region

P \
BR(B,—p* p~ ) =(3.2+1.5) x10™° (current) ] BR(B,—p™" p~)=(3.2£15) x10~? (current)
/

~

~1 TeV [ i
higgsino LSP

Log Priors

-=

™ FP/HB

’

m
]
u
n
i
o
o
]
n
]
H
|
1
)

~ A-funnel

~~ Stau coan’n

) 250 500 750 1000 1250 1500 4 8 12 16 20
m,, (GeV) my, (TeV)

N = = = CMS Combination

[ 1-tonne DM detectors to cover most of CMSSM predictions }

L. Roszkowski, PLANCK-13, Bonn 24/5/2013




Constrained SUSY - still alive?

The constrained MSSM (CMSSM) paradigm is
“hardly tenable”

At Open Symposium of the European Strategy
Preparatory Group, Krakow, Poland, 10-12 Sept. 2012

Constrained SUSY is in coma

A. Masiero, PLANCK-13

Really?

L. Roszkowski, PLANCK-13, Bonn 24/5/2013




SUSY cannot be experimentally ruled out.

It can only be discovered.

Or else abandoned.

Lesgek Roszkowski




discover
SUSY @ LHC?




Gluinos are produced in pairs via the
strong interaction

Then decay weakly into:

Quarks, Leptons / K | SP
and Dark Matter | :

P

Dark Matter

M
> z”v’\'\g:

P




—LHC14 Q=m;, |
LHC14 Q=Vs }

600

800

1000 1200 1400
my (GeV)

Nevents = 0 X Ldt

=0 x 20fb~1

Vs = 8TeV

Need to constder branching
ratlos tnto observable final
states, e{-ﬁciewog,
backgrounds...not so easy...




E.g. 4jet+oleptons+missing
energy final state
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MSUGRA/CMSSM: tanp = 30, A0= -2m,, u>0 ]
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squark mass [GeV]
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MSUGRA/CMSSM: tanp = 30, AO= -2m
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Squark-gluino-neutralino model

smeLLﬁed MooleLs

N e
o EB=
S
S

I | | | | \I

= ATLAS

dt=20.3 fb \ s=8 fqv

rellmi‘nar

GeV]

N
~
(@)
o

- 0-leptpn,es

bln a0
2200 \

1

-~
S

squark mass
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Example of cascad
decays via charginos

TwWo extra W’s L the
final state -> Leptons




MSUGRA/CMSSM: tan(p) = 30, A_ = -2my, 1 >0 Status: SUSY 2013

| I I I IU:J_ I I I I I |‘ I I I | | | | | | | | |
R \ 95% CL limits.o3YSY not included.

\ T theory
\ATLAS Prelim — — Expected  (_|gpton, 2-6 jets
A 4 — ATLAS-CONF-2013-047
Ldt=20.1-20.71"\s =8 TeV gbser‘t’e: _
\ \ — = E=xpected  0-lepton, 7-10 jets
' == Observed...arXiv: 1308.1841

[

|
—
()
T

\ \
: == Expected (.1 |gpton, 3 b-jets
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‘Seamkes with ¥ T@.\f do&a
S&Of&' and Shottom :

t squark searches

@ Di

Smaller cross section E

Final state similar to tt in the bulk b ; ‘ t
of the parameter space X
Reduced bkg discrimination power
Only handle if gluino heavy Maurizio Pierini

@ Gluino-mediated searches
Larger cross section

4b quarks in the final state, with or w/o bl

leptons

More handles for bkg discrimination
Gluinos might be too heavy for these b
searches fo be effective







Top production background

m

" V. Coplous source
of Leptons + jets

proton

b+ wmissing
b CV\ICYQg

antiproton




Tt production
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- SUSY 2013 -~ Expected StOpS at 750 GeV

e SUS-13-004 0-lep+1-lep (Razor) 19.3 fb™! (i—t 7
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—— SUS-13-011 1-lep (leptonic stop)19.5 fb ™ (F t7) n Ot‘eXCI u d e d

= SUS-13-011 1-lep (leptonic stop)19.5 fb™' (f— b ;zj x=0.25)
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Closing the charm window
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t, production, t, = c+ %

1
P e | "Y—:'“*T = T G ‘T*I" Ty T*‘.”T D v e EER E O O L L

ATLAS Preliminary [Ldt=20.3f", \s=8 TeV
Charm-tagged selection: C1
Observed limit (+1 o;:')
Expected limit (t10_)
LEP (6 = 0°)
| COF (261b7)
>A|| limits at 95% CL
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sbottom production

4b-jet+missing energy
final state

Gluino mediated stop
‘produotlow obtained
ba repLachg ot




Gluinos at 1450 GeV not excluded
&9 production, §— tF7,, m(@ >>m(g), s = 8 TeV Lepton & Photon 2013

T T T[T T T[T T[T T[T T T[T T[T T T [ TT T [TTTT[TTTT
95% CL limits. a3Y8Y not included. —

| ATLAS Expected ;heory [L =20.3fbT | 4 4

- L. - — Expected 0-lepton, 7 - = 10 jets - =20. — t

| Preliminary = Observed ATLAS-CONF-2013-054 " ] s ‘1‘ VM:LSSLW@
-~ Expected (-1 Iepton, = 3 b-jets [L =20.1fb7"
= Observed ATLAS-CONF-2013-061 m

-~ Expected 3 opt0ns, = 4 jets L =128 fb™] __ ﬁV\/a L State

=== Observed ATLAS-CONF-2012-151

Expected 2-SS-leptons, 0 - = 3 b-jets [L_=20.7 b ]
Observed ATLAS-CONF-2013-007 int
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: SUSY 2013 [Ldt=(46-229)for +s5=7,8TeV
Model e T,y Jets ET™ [t Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 203 |&& 1.7TeV. m(@)=m(@) ATLAS-CONF-2013-047
MSUGRA/CMSSM leu 3-6 jets Yes 20.3 g 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10jets  Yes  20.3 g 1.1 TeV any m(g) 1308.1841
L §3.4-01) 0 26jets  Yes 203 |@ 740 GeV m(¥%)=0 GeV ATLAS-CONF-2013-047
o 8B, B—qaXy 0 2-6jets  Yes 20.3 g 1.3 TeV m(¥3)=0 GeV ATLAS-CONF-2013-047
S & EoqatiogawEr) Teu 3-6jets  Yes 203 |& 1.18 TeV m(¥3)<200 GeV, m(¥*)=0.5(m(t3)+m(&)) ATLAS-CONF-2013-062
Dz, Eoqq(Ll/tvivw)H 2e,u  03jets - 203 |& 1,12 TeV meE)=0 GeV ATLAS-CONF-2013-089
©  GMSB (7 NLSP) 2epu 2-4jets  Yes 4.7 tang<15 1208.4688
B GMSB (7 NLSP) 1-27 0-2jets  Yes 20.7 tang >18 ATLAS-CONF-2013-026
?:, GGM (bino NLSP) 2y - Yes 4.8 m(¥3)>50 GeV 1209.0753
£ GGM (wino NLSP) Tepu+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) y 1b Yes 4.8 m(¥9)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 03jets  Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes  10.5 m(g)>10"* eV ATLAS-CONF-2012-147
S5 zobbiy 0 3b  Yes 201 |& 1.2TeV mi(E)<600 GV ATLAS-CONF-2013-061
> °E-‘ gty 0 7-10jets  Yes 203 |g& 1.1 TeV mm) <350GeV 1308.1841
T Eotil)] 0-1e,u 3b Yes  20.1 g 1.34 TeV (3)<400 GeV ATLAS-CONF-2013-061
R 0-1e,u 3b  Yes 201 |g 1.3 TeV "})<300 GeV ATLAS-CONF-2013-061
biby, bi— b)(% 0 2b Yes  20.1 by 100-620 GeV m(¥?)<90 Gev 1308.2631
w e biby, b—ti] 2e,u(SS) 03b Yes 207 |y 275-430 GeV m(¥1)=2 m(?) ATLAS-CONF-2013-007
X9 i (light), i —b¥T 1-2ep 1-2b  Yes 47 |h 11 a?‘})=55 GeV 1208.4305, 1209.2102
g S Hii(ight), - be‘l’ 2e,pu 0-2jets  Yes 20.3 f 130-220 GeV m(E9) =m(#)-m(W)-50 GeV, m(F;)<<m(¥i) | ATLAS-CONF-2013-048
8'8 1 (medium), t1—>tX1 2e,pu 2jets Yes 203 | 225-525 GeV m(£9)=0 GeV ATLAS-CONF-2013-065
c g Hh(medum), rl—:gxl 0 2b Yes 201 & 150-580 GeV m(F9)<200 GeV, m(¥5)-m(¥3)=5 GeV 1308.2631
%5 %1 %1 (heavy), El—my len 1b Yes 207 & 200-610 GeV m(,v‘{) 0GeV ATLAS-CONF-2013-037
- O I t1(heavy) f—othy 0 2b Yes 20.5 t 320-660 GeV m(¥2)=0 GeV ATLAS-CONF-2013-024
D t1 t1, f1ocly 0 mono-jet/c-tag Yes 20.3 3 90-200 GeV m(f;)-m(¥3)<85 GeV ATLAS-CONF-2013-068
%, 71 (natural GMSB) 2eu(2) 1b Yes 207 |& 500 GeV m(¥})>150 GeV ATLAS-CONF-2013-025
b, hoh 4+ Z 3eu(2) 1b Yes 207 |& 271-520 GeV m(E)=m(¥3)+180 GeV ATLAS-CONF-2013-025
eL ROLR AN 2ep 0 Yes 203 |7 85-315 GeV m(£9)=0 GeV ATLAS-CONF-2013-049
5 X#XI , X+—>€y(€v) 2eu 0 Yes 203 [%} 125-450 GeV m(¥3)=0 GeV, m(Z, #=0.5(m(¥} )+m(t3)) ATLAS-CONF-2013-049
= ) )21 Yy, X —tv(ad) 27 - Yes 207 | i} 180-330 GeV m(¥3)=0 GeV, m(#, #)=0.5(m(¥; )+m(¥3)) ATLAS-CONF-2013-028
WS xlx -l t’(vv) 658 () 3epu 0 Yes 207 if,)?g 600 GeV m(Es)=m(¥3), m(i?): m(Z, #)=0. s(mwfy,ma?)) ATLAS-CONF-2013-035
xlx Wi ZX& 3epu 0 Yes 207 if,)?a 315 GeV m(E%)=m(¥3), a? )=0, sleptons decoupled | ATLAS-CONF-2013-035
XiXs—WEIh X, 1epu 2b Yes 203 | XA, 285 GeV m(F3)=m(¥3), m(¥9)=0, sleptons decoupled | ATLAS-CONF-2013-093
B9 Direct i1 1 prod., long-lived ¥ Disapp. trk  1jet Yes 203 | & 270 GeV m(F;)-m(¥9)=160 MeV, 7(¥1)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped & R hadron 0 1-5jets  Yes 229 |g 832 GeV m(¥3)=100 GeV, 10 us<7(&)<1000 s ATLAS-CONF-2013-057
ST GMSB, stable 7, B8, p)rr(e,u) 121 - - 15.9 10<tanp<50 ATLAS-CONF-2013-058
S8 GMSB, 117G, long-lived X3 2y - Yes 47 0.4<r(¥)<2 ns 13046310
= 34, ¥2—qqu (RPV) 1p,displ. vtx - - 203 |4d 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(¥3)=108 GeV | ATLAS-CONF-2013-092
LFV pp—v, + X, V:—e+pu 2eu - - 4.6 A41,=0.10, 213=0.05 1212.1272
LFV pp—¥r 4+ X, ¥r—e(u) +7  lepu+t - - 4.6 A31,=0.10, 43(2)33=0.05 1212.1272
> Bilinear RPV CMSSM leu 7 jets Yes 4.7 m(gG)=m(g), ctrsp<1 mm ATLAS-CONF-2012-140
& L a swh, ey, euve  4en - Yes 207 760 GeV m(T3)>300 GeV, A121>0 ATLAS-CONF-2013-036
Y17, X > WAL, X 1>115, 9, 3eu+T - Yes 207 | & 350 GeV m(£9)>80 GeV, 135>0 ATLAS-CONF-2013-036
£g—qqq 0 6-7 jets - 203 | & 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
gkt tiobs 2e,u(SS) 03b Yes 207 g 880 GeV ATLAS-CONF-2013-007
N Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
2 Scalar gluon pair, sgluon—t% 2e,u(SS) 1b Yes 14.3 ATLAS-CONF-2013-051
’O" WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 | m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
‘/; =8 TeV -1
- - full data 10 1 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.



Muon g- 2 the only hlnt for SUSY *

— (gu _2)/2

au(Expt) = 116592089(54)(33) x 101" (BNL 821)
a,(SM) = 116591802(42)(26)(02) x 10~

Aa, = 287(80) x 10 3.60 discrepancy!!
Supersymmetric Contributions

Needs
light
SMULonsS

1 V) 2
00 Ge ) tan 3

la, (SUSY)| ~ 130 x 107! (
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SUSY Flavour




The down squark mass matrix

n the diagonal dowwn gquark basis (Super CKM bastis)

/msz mg(Ag — ptan ) (A%)rr

ms (Afy)re (Afy)rR
2

mgL

\

Matrix is diagonal corresponds to “wminimal flavour violation”
we say that SUSY is “flavour blind”

Constrain off-diagonal elements from rare/FC processes
(AL e (AL rR e (AY)Lr

- - RO i
e e dir  "djg dip" "djp

O iy —
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Observable

SM Prediction

MSSM Flavor Content

Observable

MSSM Flavor Content

~ (ViiVea)
~Im(V;Via)Re(ViVea)
~Im(Vi;Via)

~ Vi Vi

Vub m

> as(mb) Ve m

~ (ViVa)?

~ (VisVis)?
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Why are the off-diagonal squark
masses so small?

O Ma 5be not small —J'ucst very heavy squarks
(first and second fa IM,LLM)

Some alignment mechanism as tin GMS®B or
AMSE

MSUGRA ? But not well motivated...

In general SUGRA need a theory of flavour to
understand this - involving a family symmetry




Family Symmetry ...

(red)

E.g. SU(3) gauwged
famiLg symmetry
c.f. RCP quark colours

et -fawu',Lg 2nd fa miLg
(green) (blue)

7
——




SU(3) Family Symmetry and Soft Masses

— SFK,Ross; Ross,Velasco-
1/%' S (QZ Li) ~ 3 Flavons ¢ ~ 3 Sevilla,Vives

Yukawas b, ; b, . An‘rus;h, SFK, Malinsky
W¢3l/ji¢3 WjH + W¢23l//i¢23ij + ...

Soft masses XA . j

Leading order
universal due to

SU(3),m \

*Sub-leading mainly
(2,3) flavour violation ™ ~
controlled by flavons




Abel, Khalil,Lebedev;

The SUSY CP Problem | rossvies

Antusch, SFK, Malinsky, Ross

300 GeV
M

« SUSY neutron EDM d,, ~ (

) sin ¢ x 107%%¢ cm
Why are SUSY

by~ pa=¢ <1 tanB ~3 —>4<10”  phases so

small?

- Postulate CP conservation (e.g. uH H, real)
with CP is spontaneously broken by flavon vevs

 Trilinear soft _ Y
A=A (a3 99! —+a,, ¢]2‘34¢223 + ]

A, , a3, a3, real gives real soft masses times complex
Yukawa elements = no soft phases at leading order




. , [LHCb-CONF-2013-012] g
The LHCb and CMS results have been combined [CMS-PAS-BPH-13-007] [

B(B® — ptp~) < 9.4 x 10710 @ 95% CL ;
B (Bl—u'w) = (29£0.7)x10°  (First observation)

-
5

MSSM-LL

i\
®g%® MSSM-AC

o
o
>

CDF 95% C.L.

\
e - - - = = -\ e o ow owm We o - wm o wm o wm wm owm owmowm
\

20 30
10° x BR(B, — utu™)




* Combined results with BY — Jhpmt ™ [arXiv:1304.2600]:

¢s = 0.01 £ 0.07 & 0.01 rad e)cp’t
—2arg(VisViy,/ Ve Ve, ) = 0.036 + 0.002rad, [arXiv : 1106.4041].

MSSM-AKM

50 ©DF 5% O

MSSM-SU(5)




SUSY Higgs




nggs N MSSM A special two Higgs H, = (

doublet model

Mahmouwdl Lectures

quaevpotewtiat W = uﬁuf]d

EE et

o (|M|2 + m%z ezl = el e

PR = ki e
100 150 200 250
H [GeV]




MSSM Higgs decoupling limit

CP even Higgs
mass matrix

CP even Higgs =5
MAsSSES

Tree-level
mass bouwn

2
=

ol

m? sin® 8 + m2 cos? 3

—(m? + m%)sin 8 cos 3

—(m% + m2)sinScos S m? cos? B+ m%sin® B

5 (mi S \/(m?4 + m%)2 — dm4m? cos? 2[3 )

4 M < mz|cos2B| <myz

9 it

9 pbb

gevv

1

i

il

cos v/ sin 3
sin a/ sin (3

1/tan

—sina/ cos 3
cos o/ cos 3

tan 3

sin(f — «)
cos( — a)
0

o 1+ O0(MZ/M3),

Decoupling Limit
MA >> MZ

sina ~ 1+ O(M3/M3)

sin3 — _COSﬁ

sin(8 — a) ~ 14+ O(MZ/M3).




nggs h Mass in MSSM W = pH, H,
m; =~ M% cos® QB—I—Am%

MSSM Higgs Mass

140]

120}
S 110f

100f

.

90

130}
L n

maxitmal
stop mixing |

Zero s’cop
mixing
Suspect —

FeynHiggs

200

300

500 700 1000 15002000 3000
m; [GeV]

m2 X2
In —2+
mg

mtg = M5, Mi, Xe= Ay — pcot B

Need Amyp ~ M,

Must have hea\/gj stops
Large Fine Tuniing!




The mu problem(s) of MSSM

MLl cond’n:
W = Nﬁul/—\]d = M2 =

2 2 2
my, — my, tan® [

tan? 3 — 1
CLearLa to avold ’cku',wg neeodl mu ~ Mz

mu problem 1 (big hiemmhg problem) :
M ~ Mqeur Ls not forbidden in the MSSM

mu problem 2 (Little hlemmhg problem):
Experimentally mu must be larger than Mz,
(typieally due to radiative breaking w/heavy stops)




Next-to- Mlnlmal SUSY SM (NMSSM)

Model gives dynamtieal origin of U term via complex stnglet S:

uHhHy = SHH, where singlet <S> ~ u~ Tev
Danger from weak scale axion due to global U (1) symmetry

Need to avoLrd axiton somehow
Extra tree-lLevel

contribution to
,, H'ngs mass reouces
: ﬁwe—tuwiwg

I NMSSM we add S= to break U(1) to Z

A — Agﬁuﬁd -+ g §3

want \ as large as possibt oiol'w\,g Landaw pole




mi ~ M2z cos® 28 + \v?sin® 28 + Am?

N S /{/ PN
NMSSM Higgs Mass W=MNSH,H; + 3 S5
erman 11122703 ) 206,07 |
no mixing s 12(;?’_5(;) O | Light stops w/zero
my, = 124—126 GeV =

N mIleGy o wixing allowed for

Large \

small K

degenerate stops




WNMSSM+  3(97) of B King, Hall 1209.4657

extra = Masip, Munoz-Tapia,
i €3(5+5) of SU(S) pomarol hep-ph/9801437

NMSSM
a3

Al

" lat Low energ

-30 -20 -10 0 -60 -50 -40 -30 -20 -10 0 2 20

tan 8
2log[p/Mx] 2 log[p/Mx]

O\ 3 3 i
sl RS s D R R
87T8t (A+k‘+2ht o
Sols Gy N

ot
1 8 3 13
= (5)\2 + 3h; — §9§ = 593 = 1—89%)}“’

Wwhy add extra stuff ?
31 at high energy

hy | at high energy

\ | at high energy

g1)A

Allows )\ ~0.g at low energy avoirding Landaw Pole




Fine Tumg fn

196 100 = :
17 Bastero-Gil, Hugonie, = For 125 eV

King, Roy, Vempat :
Finc | hg;:?ph/%)(/)oeﬁggal ﬁ Higgs the
tuning | MSSM fine

tuning s

mueh worse
thaw tn
NMSSM

_ i Recent analyses:
10% Ross et al;
’ Ellwanger et al
o0 | Rl A . J
80 30 0 110 120 130 140
m,

LEP favours NMSSM over MSSM (13 years ago)
LHC with Higgs @ 125 qeV strengthens conclusion




NMSSM Higgs Mixing

Spectrum has an extra complex singlet S giving an
extra CP even H plus extra CP odd A compared to MSSM

Hl Sl,d Hd b Sl,u Hu s Sl,s ) )
Ho Sora il 5o ekl SRS/ Se
H3 S?),d Hd ol SB,u Hu a5 53,3 0

CP even mass
eLoenstates

H or H, have reduced couplings due to the stnglet component
h129GeV can be Hy, H>

CPodd mass gmss — p/ A4 pPlLS;, A = cos 8 Hy; + sin 8 Hy;
elgenstates AT — PLAL PLS;.




NMSSM Higgs Phenomenology

Enhanced gluon fusion production

Stop and sbottom loop contributions in gg — H,
g g
~00) 00\
- ~
Q. - - H, Q > - - H,
| b
g-00"

N

e

BR(h1256¢V _, A4 . Ao i 1 Y Suppression of ['(h'**%¢Y — bb) due
strong singlet-doublet mixing
Y

Enhanced I'(h'2°6¢V ., ~~) due to
chargino loop contributions




| | | | | | | |
i

Definitions

Seeanlrs
o Ragg (H;) Ragg( :) o(gg — HSM)

o Uincl(H')
Raind (HZ) = O'incl(HSM)

(R

H;
)= TE™ S xx)

/RFXX(

-: BR(H; » XX)  Rp..(H)
~ BR(HM - XX) Rmﬂmk\

F(Mh7 M@? dXX)

7

Mo =Ml <0 caussian weighting NMSSM Tools

function




LHC Data

\s=7TeV,L<5.1fb" \s=8TeV,L<19.6 b’

|
CMS Preliminary m, = 125.7 GeV ATLAS Preliminary
p,,, = 0.65
W,Z H — bb

: \ LC
u=115+0.62 : H— 1t
- -
4 \'A.(V.‘! y IvIiv

\S

n=06810.20 Sombined u=130+0.20 :
s«7TTaV: LM« 46.-48M _._
H- 27 |

p=092+028

[
\
\
\
l

-

: ‘ " o 1 0 +1
T T VN TS TED W WS IR WS WR IR S s == v .

0 0.5 1 15 2 2l Signal strength (u)
Best fit o/c

SM




Natural NMSSM Higgs Bosons

O We perform a scan over parameter space Ln
the low fine-tuning region

3
b
:

100 GeV < peg < 200 GeV
055<A<08 and 1074 <k<04

—500 GeV < A, <0GeV and 200 GeV < Ay <800 GeV

500 GeV < MQ3 = M;_ < 800 GeV Ay =0GeV and 1TeV

400 — 820 GeV, myz, =530 — 890 GeV, tan 5 =2
= 200 — 500 GeV, M;ﬁ = 105 — 165 GeV , Mﬁ = 345 — 360 GeV
M@R = MgR = MDR = MQl,Q = MéR = MﬁR = Mle,2 = 2.5 TeV,
Mz, = M; =300GeV, Ap=Ag=1TeV. M3=1TeV




- K in NMSSM and NMSSM+
H"L993=H1 HLQQS:HQ King, Muhlleitner,

Nevzorov, Walz
1211.5074

Colour coding
Ls number of

Poiwts LW Scan




nggs spectrum in NMSSM

900 MA]_

Higgs=tt

At = O GGV
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HL@ gs= Hy

At =1 TeV

140
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800
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1000
800
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200

Ho
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300
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150 -

100

50

2
120M A 1
I 400

Higgs =t

King, Muhlleitner,
Nevzorov, Walz
1211.5074

Colour coding
Ls number of
polnts
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Higgs =>diphotons in NMSSM .o

, , 1211.5074
Hggs=t+ Hggs =t

= i R

At =0 GeV

RGlncI(H2)

green/red is NMSSM
Higgs=tH /pink s NMSSM+

At =1 TeV




oy C N C " i i i = i

= i C N C N C " i R C R C N - ] ] i

Diph

oton vs. ZZ decays in NM

Higgs =t

]

2
King, Muhlleitner,
Nevzorov, Walz
1211.5074
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King, Muhlleitner,
Diphoton vs. WW decays ‘.o

Higgs= H Higgs= iy 1211.5074
24 24
2.2 T 2.2
2 - 2 L
1.8 1.8

1.6 1.6
1.4 1.4

l__________l_________l
I-————————-l—————————l

; L H2
-';‘:-" overlap

2

I-————————-l—————————l
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Diphoton vs. bb decays

1211.5074

i = i
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Diphoton vs. tau decays e

1211.5074
2.4 2.4
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ng Muhlleltner

Two Smoklng Barrels of NMSSM Nevzoroy, Welz

1211 5074

H2 %HlHl H2 %X?X(l)
— bbbb, bbTT, TTTT invisible Higgs decays

Higgs=H l—nggs Ho

T T T T .
BR=0 At =1 TeV BR= 0 At = 1 TeV
«  BR<0.1 - «  BR<0.1
0.1<BR<0.2 0.1<BR<0.2
0.2<BR<0.25 0.2<BR<0.25
« BR=>0.25 . « BR>0.25

fh.
1 1 1 1 1

60 80 100 120 - 70 80 90 100 110
My, in GeV M,0 in GeV

BRI CHH = 036 and B =Gy =043




Beyond the

(N)MSSM
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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) € €,




King, Morettl, Nevzorov

Exceptional SUSY SM (EcSSM)

E, = SO(10)xU (1), SO(10)— SU(5)xU (1),

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




The Constrained E6SSM

Athron, King, Miller, Moretti, Nevzorov

tan 8 = 10, A;z = 0.1, s = 10 TeV.,

4
I T
Gluino contours ¢
Squark contours

117.5 GeV
118 GeV
118.5 — 122.5 GeV
123 GeV

124 GeV

125 GeV

126 GeV

127 GeV

35+

2.6 TeV,

-

2.4 TeVgnia:
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2.2 TeV i -
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2 TeVadgmaprmseis + -

1.8 TeVymambgmes oot
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400 GeV et
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Fine-tuning in the cE65SSM
tan 8 = 10, A2 = 0.1, s = 10 TeV. Athron, Binjonaid, King

s = 10 TeV - Fine Tuning s=10TeV -

Higgs Mass

T
Arnax mp < 122.5 GeV .
300 » Benchmark point @ 5 | mp = 123 GeV
400 Mp = 124 GeV
500 B mp = 125 GeV
600 mp = 126 GeV
700 mp =127 G(—ZjV
800 -2 Benchmark point

900
1000
1100
1200
1300
1400
1500

| > 1500

mg TeV mgo TeV

Lower ﬁwe—tuwiwg than ceMSSM
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H mass bounds in SSM’

SFK,Moretti,Nevzorov hep-ph/0510419
160-

140

Extra terms Ln
non~minimal
models allow

Amy, < My

2-loop Higgs mass bounds for light
stop spectrum

Hewnce allow
tan {3 Lighter stops
A—— and Lower

ﬁwe—tuwiwg

1 2 3 4 5 6 7
2 2

A M 1
my ~ 20082 26+ 5 Y ?sin® 23 +TZ(1 + 100325)2 +A
MSSM

A& 7

NMSSM

N




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!!




BeLgae\/, Huall,
King, Svantesson

Longer decay chains

MSSM:

[50%] XMl —> W

50 [96%] h
[27/]XM2[4/] Z

[Py A A s e O

[51%] Xiva
Re

=0
[21%] X M1 %Xm

BLAO can deca Y Lnto Lnert neutralinos




BeLgae\/, Huall,
King, Svantesson
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BeLgae\/, Hall,
King, Svantesson
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Hall, Kiw@

Maybe inert singlinos decoupled

(B W &Y A% & B| Ay )"

St 2 Blno dark wmatter
59Ud - —59%

correct relie abundance

Light tnert
Higgsinos
Ny, Ny

Low DD cross-sectlon
= ’ ’ —]_]_
massless S12 ™ dark radiation os1 ~ few x 10™ " "pb

W s e s

e




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!
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The S}andard Model of
Particle Interactions

phgsics

Force Carriers

Feynman rule
Z’

Spin-1 2’

Z’ coupling to SM fermions f L i g,‘QV“V5)f
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Simple structure

/(]V[Z/—I-A)2 dO' (
0,5 = —_—
I Joay—ay dM?

Ol+1— ~

-
485

[Cutwy (s, M%) + cquq(s, ]\[Z,)]

Model dependent

Model independent

c, xO(uu — Z)xBr(Z'—=1"")
«G(dd — Z')x B{Z' = I'I")

w

u

uu o dd

w
dM?, T dM?

dL

1 dL
pp— Z' = ffX)dM* (g > (dMq;) (qq—>Z’)> x Br(Z' — ff)

qg=u.,d

Carena, Daleo,
Dobrescu, Tait

} depend on g’ and gy A

} depend on s and M.,
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Belyaev, King,
Svawntesson

Mass Limtlt
may be
weakewned

10°

-10-2£:-* bH YCD[M.GLV\»@

the gauge

coupling

(F-theory
wmotLvation)




Conclusion




Where we stand with SUSY

Gauge hierarchy problem solved by Tev scale SUSY

But Natural SUSY is under threat from LHC
(f not excluded) so we are faced with a Utittle
Hierarchy Problem: some degree of tuning Ls
apparently required

How muceh? It Ls very model and measure dependent

Remember that SUSY LS wotJ’ ust MSSM!




O (f we use naturaliness as a gutding priwa'LPLe then
we are Led to SUSY wmodels without a mu terma but
with a stnglet (S)

These wmodels (prototype NMSSM) solve both mu
problems: forbia explicit mu term and allow

effective mu term to be smaller due to Lighter stop
masses (since Higgs mass Ls larger at tree-Level)

However evewtuaLLg stops around TeV scale must be
discovered otherwise NMSSM type models also
become unnatural..but ts 1% tuning that bao?
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Let us be patient ... stis

 If you have a problem, postulate a new particle:

QM and Special Relativity:
Nuclear spectra:
Continuous spectrum in 3 decay:

Nucleon-nucleon interactions:

Absence of lepton number violation:

Flavour SU(3):
Flavour SU(3):
FCNC:

CP violation:
Strong dynamics:
Weak interactions:
Renormalizability:

— Naturalness:

Antimatter
Neutron
Neutrino

Pion

Second neutrino
O

Quarks

Charm

Third generation
Gluons

W=, 70

H (48 years)

Supersymmetry? (40 years)




SUSY cannot be experimentally ruled out.

It can only be discovered.

Or else abandoned.

Lesgek Roszkowski




