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ATLAS SUSY Searches” - 95% CL Lower Limits (Status: March 2012)
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MSUGRA/CMSSM : O-lep + j's + E, .. o : : q=gmass

MSUGRA/CMSSM : 14ep + s + £, ... I v G=Gmene ILdf =(0.03-4.7) 1"
MSUGRA/CMSSM : multjets + £, ... i v Bl G mass (largem,) f5=7Tev
i Pheno model : O-lep +j's + E. .. | . gmass (m(@) < 2 TeV, light i?) ATLAS
g Pheno model : O-lep +j's + E ... | Gmass (m(@ <2 TeV, ight 1) Preliminary
§ Gluino med. " (G qaz ) 1Hep +'s +Er .. | g mass (m(E") < 200 GeV, m(%") = %(m(i")‘m(ﬁ))

GMSB : 2-lep OSS‘ * Er s oo : G mass (tangi < 35)
GMSB:1-t+ s ‘E”M’ N ! @ mass (tang > 20)
GMSBtZ-:'i‘stErmu o C . ! gmass (tang > 20)
GGM:yy+E__ i : g mass (m(i‘:)>5ocev1
- Gluino med. b (§—bbi_) : 0-lep + b-j's + £ . §mass (m(7.) < 300 GeV)
g Gluino med. T (G-1i7’) : 1-lep + bi's + E, ... i mass (m(z’) < 150 GeV)
S Glino med.T(G-tTF)) : 2-lep (SS) + ['s + E, ., gmass (m(i.) < 210 GeV)
S Gluino med. T (G-T°) : multi-'s + £, .., gmass (m(3") < 200 Gev)
5 Direct BB (5, bi,) : 2 bjets + £ .., b mass (m(z?) <60 GeV)
Direct Tt (GMSB) : Z(—1l) + b-jet + E . Tmass (115 <m(%}) < 230 GeV)
o Direct gaugino (7,1, » 317,): 24ep SS + £, [ I Gl 7, mass (m(7}) < 40 GeV, ;. m(Z,) = miZy). m{L¥) = Km(i}) + mz )
- Direct gaugino (7.7 — 3I%) : 3ep + . .., i Asca %, mass (m(%) < 170 GeV, and as above)
2 AMSB : long-lived 7, %, mass (1 <<(%.) < 2 ns, 90 GeV limit in [0.2,90] ns)
£ Stable massive particles (SMP) : R-hadrons gmass
2 SMP : R-hadrons b mass
£ SMP : R-hadrons Tmass
g SMP : R-hadrons (Pixel det, only) Gmass
- GMSB : stable T T mass
N RPV : high-mass ept |e v, mass (4,,,=0.10, 4,,,=0.05)
g Bilinear RPV : 1-lep + 's + E, ... |osy ! §=gmass (c1,n < 15mm)
MSUGRA/CMSSM - BC1 RPV : 4-lepton + £, ... | il G mass
Hypercolour scalar gluons : 4 jets, m_ = m, sgluon mass (excl: m,, < 100 GeV, m,; = 140+ 3 GeV)
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Mass scale [TeV]

*Onfy a selection of the avalable mass Wmits on new stales or phenomena shown

ATLAS SUSY bounds from 2011 data
Most involve missing ET, stable charged particle, or LFV



1 bi ith SUSY: direct | :
*Bounds assume large MET

*Bounds assume almost degenerate squarks/gluino

Ways out
1.No MET due to RPV - MFV SUSY

2.Spectrum not that degenerate -
“"Natural SUSY” can be achieved via
compositeness



MEV SUSY

eUsual MSSM assumptions:

(Grossman, Heidenreich, C.C.'11)

1. R-parity conservation to eliminate large B,L violating
superpotential terms

Wgrpy = ALLe + )\,QLCZ—I— )\//ﬂCZJ—I— ,LL/LHu

2. Flavor universality: at some scale all soft terms
flavor universal.

*This is a special case of MFV: only source of flavor viole
Yukawa couplings (Buras et al. 2001, D’Ambrosio et al. 2002)

*\/ery conservative assumption, makes all FCNC'’s
sufficiently small



MFEV SUSY
*R-parity clearly NOT necessary in MSSM

eCan add very small RPV couplings and all
experimental bounds satisfied, very different pheno

*Not very appealing: why would those very small
numbers show up? Not natural...

*Also, many possibilities, not clear how to organize
them...

*RPV usually not taken very seriously...



M-m-u-sx (Grossman, Heidenreich, C.C.)

eQur proposal: the MFV assumption is sufficient to
to solve BOTH flavor AND B,L problems

Will NOT impose R-parity

e|[nstead IMPOSE MFV - only source of flavor violation
are Yukawa couplings

FCNC obviously OK
eClaim B,L violation OK too
eBut LSP will decay, different LHC phenomenology

eGives predictions for RPV operators



M-m-u-sx (Grossman, Heidenreich, C.C.)

*\Will see R-parity (and thus B,L) emerges as an
ACCIDENTAL APPROXIMATE low-energy symmetry

More similar to SM story
e|dea previously put forward by Nikolidakis, Smith 2007

*\When you apply MFV to SUSY need to make sure
that you assign spurions to representations of SUSY

eSince Yukawas in superpotential, most reasonable
assumption that spurions chiral superfields

eCan NOT use Y* in superpotential: very restrictive and
predictive scenario



MFV SUSY
e|mpose SU(3)° global symmetry (not U(1)’s)

SUB)o SU@B). SUB)s SUB), SUB). | U1)s_r UQ)x
Q O 1 1 1 1 1/3 0
U 1 O 1 1 1 —1/3 0
d 1 1 O 1 1 —1/3 0
L 1 1 1 0 1 —1 0
e 1 1 1 1 O 1 0
H, 1 1 1 1 1 0 1
Hy 1 1 1 1 1 0 —1
Yy O O 1 1 1 0 —1
Yy O 1 O 1 1 0 1
Yo 1 1 1 O O 0 1

eAssume only spurions breaking this are Y's
eAssume Y's chiral superfields

o[irst assume no neutrino masses



*The holomorphic invariants of SU(3)°

MEV SUSY

SUB)c SU@2)r U()y |U()p UQ)s Zj

(QQQ) 1 oo 1/2 1 0o -
(QQ)Q 8 L] 1/2 1 0 -
(You)(Yotu)(Yad) | 8@ 1 1 —1 ~1 0 -
(You)(Yad)(Yyd) | 8@ 1 1 0 —1 0 —
det 1 1 —2 —1 0 —

det d 1 1 1 —1 0 -
QY,u 8d1 O —1/2 0 0 +
QYqd 8D 1 0 1/2 0 0 +
LY,e 1 O 1/2 0 0 +

H, 1 O 1/2 0 0 +

Hy 1 O —1/2 0 0 +

*No invariant breaking lepton number!

*At renormalizable level single chiral invariant!




MEV SUSY

e|ssue of lepton number:  ZL € SU3). x SU(3).
L—swlL . K e—swle, V.oV
None of the spurions charged under this Z3

*This must be exact, lepton number can only be
broken mod 3

o[ owest Kahler term dim 8, very highly suppressed

e|n absence of neutrino mass lepton number
almost exact

eProton will be stable in this limit



The B | iolating W
eSingle superpotential term at renormalizable level

1 1" — 7 7
WBNV — 5 w (Yu ’LL) (Yd d) (Yd d)

*Could have Kahler and soft breaking corrections
of form

K = Qf [1 + oYY Yy HT + h.cl Q + a' [1 LY Y YYD Y h.c.] 7
+dt |14 Y] fu(VY], YoV Ya+ hee] d
+LH 1+ fL (VYD 4+ he] L+ [1+ f(Y]Y.) + hele,

*Of course not B,L violating. Small flavor violating
terms suppressed by MFV (GIM mechanism)



The B | iolating W
*The only allowed term:

1 L
L 1 _abc—1 37 jk
WBNV — 5 ijke uadbdc

*MFV predicts the size of these couplings:

A;;k — w”yz'(u)yﬁd)yz(gd) Ejklv;*
eSuppressed by Yukawa couplings and CKM
angles

T g1y, 1" o TNy, 1" 3,2 @M sy
Al ~ 2 YRRSDY; A A%t
usb I} 3 ’ ubd I} 3 ) uds B 3
m; m; 2 1y
Myt " 9 MpMMIMyg 17 9,9 McMgmg
ALy~ A Ny ~ t A At
csb B 3 ’ cbd B 3 ) cds B 3
my my my
mpims mypmmq mgqms
Ny ~ Ntg—==, Mg~ Nta—5—, My ~t—
my my my




*The numerical values (for tan =45 ~ max values):
sb bd ds

wl5x1077 6 x107? 3 x 10712
cl4x107® 12x107° 12x10°8
t 12x107%* 6x10° 4x10°°

*Due to Yukawa suppression want as many 3rd
generation quarks as possible

eBut for B violating processes need light quarks
for external states - will be strongly suppressed

oE XPLAINS small numbers for RPV couplings in
terms of Yukawa, CKM!



Constraints from B violati

*Proton in this limit stable (see later when v
masses added)

en-nbar oscillation:
Taen > 2.44 x 10% s
edinucleon decay pp—K*K*
TopsK+K+ = 1.7 X 10% VIS

*Both from SuperK %O decay to various final
states. Other dinucleon channels less constrained



*The leading diagram

( d
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' d
n<d j _>ﬁ
g, N <d
s St
d b\
u )




-l illati

eNumerical value:

250 MeV\® /1 mg \i/ my 45 \"
tosc ~ (9 109 N : -
(9 x s) ( A ) (100 GeV) (100 GeV) (tanﬁ)

eFor most extreme values of parameters still an
order of magnitude above the bound

eComment: to estimate the magnitude of off-
diagonal squark mass insertions (for LH squarks):

5m2 2
(neutral) __ () (u)
Vi :mQENE:V;L[yk } Vij
sott k

Vd(:eutral) N )\5

V(neutral) -~ yg )\5/2 ) v(neutral) - yg )\3/2 | ‘/»Cssneutral) - yg )\2

uc ut

‘/d(bneutral) N )\3 , V(bHGUtral) ~ )\2’

) S



Dinucleon decay

| eading diagrams:

(U u ( U u
K+ K+
It |~
X K
(U u L u
5. N ><Ié
U e (d |
u
¥i K
PN d 5 Py U 5
KT KT
\u u \u u

eEstimate for decay width (following Goity and

Sher):
1287a2AY [ Nmgmom? §
[~ pv—s—3 8< 1 btarﬁﬁ)

mngmq




Dinucleon decay
o|_ifetime:

150 MeV\ ™ / m.. 10/ 17 \*
~ (1.9 x 10* _ ( 2.9 )
TNN—SKK ( X yrs) ( X ) 100 GaV tan B

*Applying exp. bound 121.7 1032 yrs yields bound

800
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600 -

A =200 MeV | ]

150 MeV>5/8( Mz ; )5/8

tan 8 < 1
anp S 7( A 100 GeV
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Sources for non-holomorphic terms
*\With SUSY breaking spurion X: additional
superpotential from Kahler term:

Msoft

_ 2
*Will be suppressed by F/M" ~ —~

*Only dangerous terms quadratic superpotential terms
X7
M
e gives a non-holomorphic supersymmetric mass term
~ Msoftl, in the absence of neutrino masses no
relevant term (except W)

— [, D' D7



LHC phenomenology
Depends on who is LSP

*No reason for LSP to be neutral since it decays

Could be

esquark: stop or sbottom
eneutralino/chargino
*slepton

*Up-type squark mass matrix

2 o (14+aY,Y!+8YY] 5Y,
MU = Mot ( 5* Yqu 1 4 ’YYJYu = ..

*Most plausible: stop lightest squark (or perhaps
sbottom), others nearly degenerate



LHC phenomenology

. i . Berger, C.C., Heidenreich, Grossman
eDistribution of LSP Be )

Fraction of points

04l

03

02l

0.1

LSP flavor

|
ur L 153 UR CR IR dr SL by dg SR br

°|n squark sector most likely stop, or sometimes
sbottom



LHC phenomenology

*Most interesting (and perhaps best motivated)
scenario: LSP is stop.

eStop can decay directly via RPV vertex:

o|_ifetime:

e (2 ) (20 * (300 GeV 1
i a tan (3 m; 2 sin® 0;

eBranching: 90% b+s, 8% b+d, 2% d+s fixed by
flavor parameters



LHC phenomenology

eStop decay length:

8001

700

600 -

500 ¢

m; [GeV]

300

200

100 ¢

*No displaced vertices in most of parameter space

e (2 ) 20 * (300 GeV 1
i 2 tan (3 m; 2 sin” 0;




LHC phenomenology

eSbottom LSP: first have to get a RH sbottom,
additional Yukawa suppression in rate

800

displaced vertex

700

2 4 6 8 10 12 14 16



LHC phenomenology

o|f neutralino or chargino LSP: has to decay via off-
shell stop, 3-body decay increases lifetime

S S

[ L

7 7
7 7
7

Z

\

\ TR
Spal
S O

N, g c
*Get tops in final state for neutralino and yet bigger
region for displaced vertex (gluino would be

similar)

20 \* /300 GeV
rio~ 02 (05 ) (250)



LHC phenomenology

*The neutralino LSP decay length

800F

700 -
600 -

500

mg [GeV]

300"

200 -

100:




LHC phenomenology

o/f LSP slepton (stau), need to decay via off-shell
neutralino/chargino AND stop

*4-body decay, almost certainly displaced vertex,
some have tops some missing energy. This should
be easier.

(44 um)( 45 )4<500 Gev>

tan ms




LHC phenomenology
eStau decay length:

8001

700 -
600 -

500 -

m: [GeV]

300"

200

100 ===




Existi |

*For stop LSP: dijet resonance search

eHowever stop production cross section quite low,
Mstop= 200 GeV it is about 200 fb at the Tevatron
and 10 pb at the 7 TeV LHC.

*Dijet sensitivities about 3 orders of magnitude
lower. Perhaps with b-tagging?



Existi |

*The usual search for RPV does not apply here
since the ()Ld coupling vanishes here.

eRelevant search: CMS/CDF search for 3-body
decay of gluino via udd vertex. Current bound
from 2010 data mgino>280 GeV. However for this
gluino not very crucial, would be nice to have a
search not relying on that.

eAtlas search for massive colored scalar in 4 jet
events. Current bound from 2010 data 150-180
GeV on scalar octet. But scalar triplet smaller cross
section...



Existi |
CMS: paired dijet resonance search (their
motivation was colorons...)

CMS Preliminary [L=220"
= ° Pair-Produced Dijet Resonances
‘ Observed Limit (95% CL)
ETEIEIEY Expected Limit (95% CL)

[ 10
10-1 |:| . 20

———— Coloron

Cross Section x BR x Acc (pb)

T I 1 Irllll 444444 | IIIIIIII III ||r||||1||||
300 400 500 600 700 800 900 1000 1100 1200
Resonance Mass (GeV)




Existi )
*CMS: paired dijet resonance search (their
motivation was colorons...)

3 T ]
CMS Preliminary [L=22m 0% LR _ = 1
= ENG Pair-Produced Dijet Resonances g @ - (pp —tit1 + X ) [pb] 1
e [ S S S Observed Limit (95% CL) 107 ]
o [ N e Expected Limit (95% CL) -
< -t 0t
X -
% 10° -
X -
5 101 -
F |
n 1072
P i
@ i
= 10° 1073
O B DN /S — 7TeV
300 400 500 600 700 800 900 1000 1100 1200 LT el o .
Resonance Mass (GeV) 10
100 200 300 400 500 600 700 800 900 1000

mg, [GeV]
eStop cross section larger than this bound, but

acceptances usually very small, need a real
simulation.

eSubmitted RECAST request (Berger, C.C., Grossman)



Same sign tops?

(Berger, C.C., Heidenreich, Grossman)

e\lesino oscillation d d ;
_X_
_AM g
YT
- -l—
b i d

eFor sbottom find x=1, for stop x<<1.

o|f sbottom LSP expect same sign tops



Samg §'|gn IQQS"
(Berger, C.C., Heidenreich, Grossman)

eThe distribution of the oscillation times

Mg = 1'1eV,mz =1'1eV, tan =10

1.x10° - :
! :
1000. -
' . l -
L+ ' i . I
0.001 |- I l -
!
1x10° - : Myn = 1 TeV,my = 1 TeV, tan 5 = 10
LH ‘stop RHéstop LH st;ottom RH st;ottom 1 % 10° )i
1000. - o2 ¢ . o, & ° cne o
© .. ° .‘... O‘ ° .:.' P :‘ :.:. ° ®o
. o o e o o2 ° e ey
Red = LH stop 1 * e sty Sl L
e ® ° . ’ ’.. :“.’ 0.... A ®g oo ® °... .
Purple = RH stop O e L T £ L
o° .o. °. .:. ¢ . =. :00.' :. .. “:o :.. : ....
Green = LH sbottom  ooong o % ooy "SR L0 Do te 0T
o« ¥ . . o° e s
Blue = RH sbottom " . . .S ol
1.x107% |- : ’ ¢

T L T T T [ T T T [ O N S | mysp
200 250 300 350 400 450 500



Use iﬂ! substructure?
(Berger, C.C., S.Lee, Grossman)
ePerhaps can fish out stop decays using jet
substructure 5

e\/ery preliminary results (no bacllgground yet),
p>100 GeV at the 14 TeV LHC, planar flow>0.01.

Stop Jet Mass

Signal, Pythia 8 /O

020

—F—

0.00" SR
0

200 400 600 800 1000
m/GeV




Dark matter?

*Ordinary LSP decays quickly in detector, not
WIMP

*Gravitino would be long enough lived if light

v b}B+
/ 4 U
c - _ =

1 GeV\? /300 GeV\"* /tan B\° ms N4/ 10 \* /100 GeV)?
. > (4 x 10% -~ (2 % 1022 q
¢ & (4 yr)(m3/2> < mg ) ( 10 ) 7~ (& X LU ges) (300 Gev> (mﬁ) ( M3/ )

*Depends on thermal history - needs more work



Natural SUSY

*Other possible way of accommodating SUSY with
MET searches

*First two generation squarks and gluino quite heavy
o[ H stop, sbottom, RH stop light. osusy small.
*Also solves flavor issue

*Originally suggested by Cohen, Kaplan, Nelson in "96
as more minimal SSM”

*Only particles needed to solve hierarchy problem are
right



The bounds on natural SUSY: naturalness

(Papucci, Ruderman, Weiler ’11)

*Fine tuning: _ 25771%{.

e\Vant this to be <10-20 %

*Higgsinos light, because _ my _ l? + m2,
2 u

*So bound on u: < 200Gev () AT\
oo S0REY 120 Gev /) \ 20%

*At one loop largest contributions to m%{u from stops:

3 A
9 2 (. 2 2 2

*Bound: T < sin (log (A/TeV)\ ™"/ my \ (A1)
ymd, +mi, S 600GeV s 3 (120 GeV) 20%
05 = At/,/mtg1 +mt22.




(Papucci, Ruderman, Weiler '11)
*Gluino contributes at 2 loops:

2 Q A
2 . 2 S 2 2
Oz, Jgtuino = =75 Yi (?) | Ms["log <TeV)

*Can be somewhat heavier, different log dependence

C (log(A/TeV)\ '/ m AT
M3,§900Gevsmﬂ< g(é )> <1zo£ev> (20%)

*Electroweak gauginos can be even more heavy

log (A/ TeV)\ ( mp ) AT\ T2
<
(M17 MQ) S (3 TeV, 900 GeV) < 3 120 GeV 20%



The bounds on natural SUSY: naturalness

(Papucci, Ruderman, Weiler '11)

-Z—/ive
B e
~ Q1,2,U1,2,d1 2
W ZIIiIiiiiiic
..... oo
9
____________ tr  in
____________ bL e - -- -
H

natural SUSY i decoupled SUSY

Below TeV scale Above TeV scale

Gluino and Winos not as clear-cut: gluino could be heavier,
while wino definitely below TeV...



The bounds on natural SUSY: LHC

(Papucci, Ruderman, Weiler '11)

*Simplified model: only left handed stop/sbottom, right handed stop

decaying to higgsinos:
________ bo ... tn
o (e
t - b 0
HO

eBounds from

~ 1 fb-1 data:

Left—Handed Stop / Sbottom

“““““““““““““

Right—Handed Stop

“““““““““““

240+ ATLAS 2-4j, 1.04 b~ 240F ATLAS2-4j, 1.04 fb"!
CMS a7, 1.14 fb™! [ CMSar, 1.14 b .
220+t o 220+ a0
CMS Hy/MET, 1.1fb™" , | CMS Hy/MET, 1.1fb™" .-
i —1 ’ [ i —1 ’
200} DObb. 52 fb 200 PObb. 52 fb my, = my
% L
O 180F  m; =my
T 160] g
g ,
1400
oy T
Mmoo . o L

180 200 220 240 260 280 300

m; [GeV]




The bounds on natural SUSY: LHC

(Papucci, Ruderman, Weiler '11)

*Simplified model: only left handed stop/sbottom, right handed stop
decaying to higgsinos:

........ tLo P
........ by
b 5 t> ¢ it b
H:I:
t / -
O

eEstimate for bounds from 10 fb™’

Right—Handed Stop

Left—Handed Stop / Sbottom

400 : ‘ : ‘
/ CMS Hy/MET, 10 fb™! / CMS Hr/MET, 10 fb™!
; CMS My, 10 b~ J CMS Mr,. 10 fb~!
350¢ / ATLAS jets + MET, 10 fo~" | 350¢ /" ATLAS jets + MET, 10 b ]
/ )
300+
> %
3 -
O, 250 T .
fJunl “\!
g N
200+ AN R
SN )
150+
100 i N ) 1000 L
400 500 600 200 300 400 500 600

m; [GeV] m; [GeV]



The bounds on natural SUSY: LHC

(Papucci, Ruderman, Weiler '11)

*Simplified model: only left handed stop/sbottom, right handed stop
decaying to binos or gravitinos:

*Bounds from ~ 1 fb-! data, no bound on RH stop.

Left—Handed Stop / Sbottom
250 T AN 1

//’ATLAS 2-47, 104 b7 ]

200} CMS ar, 1.14fb7"
i (  CMS Hr/MET, 1167
= i CMS Mr,, 1.1 b7
% 150 DO 5 52ﬂ:“i
o B
=100} / 5
E [ // “l
7// 1
4 1
L el 1
50+ i .
i VT
r \ N
L 1 s
L . ! “
L S A Yo
150 300 350 400



The bounds on natural SUSY: LHC

*For completeness gluino bounds:

higgsino LSP

*Bounds from ~ 1 fb-! data:

i [GeV]

Higgsino LSP
— ‘ :

i CMS Hy/MET, 1.1 fb™!
i CMS Mry, 1.1 67" ]
i ., ATLASIIL, 104 b
i 7/ ATLASDH, 083 b
H] Vil 7 4
4 4
W
{-:\r"

/";.——-—-:.’_‘:';'\.

L e ‘ g = 200GeV |
.".Y/ .
400 600 800 1000 1200
m; [GeV]

(Papucci, Ruderman, Weiler '11)
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800 ; / ; CMS b, 134 b
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T 00 G |4 i
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3000 AN
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*Higgs mass: fixed by quartic coupling

V(i <G - vy

*SUSY: quartic coupling =
gauge coupling (which sets W,Z mass)

oL eading result; My < Mz

eBut we know from LEP my;, > 114 Gev
oLHC: myp ~ 125GeV



*\Very hard to overcome this in SUSY

*Need to assume that loop correction to quartic is
large:

2
2 a2 3th my
MHiggs = M7z T 2.2 1097,

*Need large stop-top splitting

*But large loops and splittings are exactly what we are
trying to avoid in SUSY

*Back to some fine tuning

3)\2 2 /\2
2 — 2 my
My, = My — l0og —4%- m{

2 2
MZ ~Y —QmHu VS.

*Implies <1% tuning generically



MSSM naturainess for 125 GeV Higgs

(Hall, Pinner, Ruderman, '11)

°In MSSM very hard to get 125 GeV with light stop:

*Fine tuning:

MSSM Higgs Mass
140¢
130 r X{ — X{m'dX
% 120 - B
<)
§ 110
100+ Suspect

FeynHiggs

500 700 1000
m; [GeV]

300

1500 2000 3000

Higgs Mass vs. Fine Tuning

3000F
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/
2500+ /
/N |
1 ’ \
2000} 1 ‘
;! I’ \\\
! \
3 , '
.
O 1500 . Y
e // A I/ \ \\
= /i R
/// /I \\
1000+ ;o i
P ’ // N AN
/ / \\
soo.— NEQ!
L~ ,/ % \\\\ ~4
P / Am;, SN
0l .
-4 -2 0 2 4
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Qﬁiﬂjggi). (CC, Shirman, Terning 11

CC, Randall, Terning '12)
*|ldea: some fields composite, others not

*Additional strong confining interaction producing massless
composites - can be described via “Seiberg duality”

*Have a confining gauge group (in this case SU(4)) that
produces massless composite mesons, gauge fields and quarks

*|dentify some of these composites with the MSSM Higgs, left
handed top/stop, sbottom, right handed stop, EW gauge fields/
gauginos: the fields needed for natural SUSY

eImportant ingredient: Higgs sector will NATURALLY contain a
singlet and NMSSM-type superpotential: needed to lift Higgs



‘(‘MQ_S_S_M') (CC, Shirman, Terning ’11
CC, Randall, Terning ’12)

*Electric theory SU(4) with 6 flavors

SU4) | SU(6)1 SU(6), U)y U
Q| O O 1 1 :
Q| O 1 O -1 3

Wiree = MJ—“(Q4Q4 + Q5Q5) + ,LLfQ6Q6

*Becomes strongly coupled at ~ 10 TeV, produces massless
composites

SU(2)mag | SU(6)1 SU(6)y U(l)y U(1)g
q O O 1 2 z
q O 1 O —2 2
M 1 O O 0 2

Wdyn :quq .



(CC, Shirman, Terning 11
CC, Randall, Terning ’12)

Two SU(2) groups, one of them ""magnetic” composite SU(2)
*Other elementary embedded into flavor symmetry
SU(6)1 D) SU(S)C X SU(Q)el X U(].)Y

SU(6)2 D) SU(S)X X SU(2)61 X U(l)y
eComposites:

V U t
q:Q372L[7Hd M — E G+ P ¢,
CYZX,H,HU R D4 o

*Relevant superpotential:

W D yP(HH — F?) + yS(H,Hy — f*) + yQsH,t + yH, Ho, + yHiHoq



(CC, Randall, Terning '12,
CC, Shirman, Terning "11)

*The relevant part of the Higgs potential:
V =y |H,Hy — f°1* + 92 [S1P(|Hul? + [Hal*) + m[S|* + mi, [Hul|* + mi, | Hal*
8

+(ASH Hy+ TS + h.c.) + (|Hu|* — |Hqgl?)? 1



(CC, Shirman, Terning 11
CC, Randall, Terning ’12)

*The relevant part of the Higgs potential:

V =y [HHa — ] + g |SP(H L] Hal?) + mig|S|* + mi, | Hu|* + mi, | Hal*

+(ASH Hy+ TS + h.c.) + |H,|* — |Hg|?)? 1

e usual SUSY quartic



(CC, Shirman, Terning 11

*The relevant part of the Higgs potential: ~ ©©- Randall, Terning 112)

1% WHa — PP+ PSP Ho? + [Hal?) + m3|S|? + my, |Hul? + m3y | Hal’

ST (|H? — |Hl)? '

(ASHqu + TS + hC) +

e additional NMSSM-like quartic due to confining dynamics -
does not have to be small, can be > 1. tan 3 does NOT have to
be large, in fact can be < 1

S singlet a composite, other parameters soft breaking terms
that can be estimated from strong dynamics in SUSY

f will drive EWSB (different that MSSM, get EWSB w/o SUSY
breaking). Good: higgs mass not related to Z mass, bad: why
f~v?



A model with light s 1 125 GeV hi

(CC, Shirman, Terning 11
CC, Randall, Terning ’12)

°The EWSB vacuum:  zoy_ % a5 (H9 = - cosp

R V=7

(S) = —ﬁ(A“;Ajﬁic‘ff”T) will generate effective uy=y <S>
s T Yy

2,2

eAt minimum  ¥’v* _ 2(°f* — AS)
2 sin 23

2 Q2 2 2
— 2y°S5% — my, — my,

2

*Fine tuning about 2% better than in MSSM, and stop can
be light... .

*Bound on gluino mass: don’t want to lift stop too much

A
<ﬁ> will keep gluino below 1.5 TeV to have
400 GeV stop natural



The SUSY breaking hi hy:

(CC, Randall, Terning '12)

o[f strong dynamics close to conformal (depends on details of
the SU(4) theory, in this case means F=0)

*Assuming that soft breaking generated above confinement
scale A\

*Elementary fields (first two generation squarks, sleptons,
gluino get mass M ~ Mg ~ few - TeV

eComposites get suppressed soft breaking masses

m2
Ael ~ M ~ My~ A ~ few - 100 GeV

Meomp ™

*For A~5-10 TeV composites in few 100 GeV range



The input parameters

parameter | spectrum 1 spectrum 2 spectrum 3 spectrum 4

tan 3 0.85 1.3 1.0 0.97

A 300 GeV 540 GeV 350 GeV 400 GeV
T 4 x 10" GeV?® | 1.4 x 107 GeV® | 3.35 x 107 GeV® | 6 x 10° GeV®
MQ3s 500 GeV 500 GeV 350 GeV 400 GeV
My 250 GeV 350 GeV 350 GeV 400 GeV
M, 600 GeV 700 GeV 85 GeV 600 GeV
M, 800 GeV 800 GeV 282 GeV 1200 GeV
mg 400 GeV 350 GeV 350 GeV 100 GeV
Mgy 0 GeV —350 GeV 0 GeV 0 GeV

f 100 GeV 100 GeV 293 GeV 100 GeV

*Other parameters determined from minimizing Higgs potl

Augmented NMSSMtools to implement different Higgs
potential, calculate spectra, decay rates. Looked at four
characteristic examples with very light stops (clearly can make
them somewhat heavier if needed)



Four different sample spectra
(CC, Randall, Terning '12)
1. Stealth stop

Gev H, [ 125 GeV | by | 499 GeV
) t;1 | 188 GeV | Ay | 509 GeV
0 = N, | 216 GeV | Ha | 530 GeV
800 N H* | 307 GeV | £, | 580 GeV
o0 H, | 326 GeV | N3 | 602 GeV
N, A, | 368 GeV | Ny | 635 GeV
600 & O, | 406 GeV | N; | 805 GeV
sl A B N, | 426 GeV | C, | 876 GeV
No .
4000 4, T A
wo *Stop almost degenerate with top
200 o, *First neutralino close by
Hy ' *Heavier stop, sbottom ~ 500 GeV
100 A .
- «Other fields over 1 TeV
b




Four different sample spectra

(CC, Randall, Terning '12)

1. Stealth stop t;, —t+LSP 100%
Cl — ??1 F bT 84%
- Ci — N +W* 16%
by —th+W~ 9%
900 Ko by — th+ H- 3%
- N, ta =t +Z 51%
te —t+ N 27%
700 N 752 = b+ CY 11%
600 B “Ns te —t; + Hy 10%
Hy :
300 T *Stop decays to top + gravitino - not muc
-2 o ..
oA ' missing ET. 0~15 pb, 10% of ttbar
a0 M *Need precise Otop
200 &, *Next stop, sbottom ~10 fb
vl *Sbottom: ttWW
- eStop2: ttZZ, ttbbW'W"
0

*Could have displaced top vertex



Eour different sample spectra
(CC, Randall, Terning '12)
2. Stop NLSP with heavier N1

GeV H, [125 GeV [ C; | 628 GeV
1?1 210 GeV N2 651 GeV
900 i Ni | 429 GeV | Hy | 667 GeV
200 _N5 bl 501 GeV N3 700 GeV
A, N, Al 572 GeV A2 720 GeV
700 _Hg- 3%3 ts | 621 GeV | Ny | 724 GeV
Hy  g* §, TCr H* | 626 GeV | N5 | 806 GeV
00 A H, | 627 GeV | O, | 881 GeV
500 b
400 A *Stop somewhat heavier, still close to t
» *First neutralino heavier (should be 429
. GeV)
- -t *Heavier stop, sbottom ~ 500 GeV
100{ - Z w
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Four different sample spectra

(CC, Randall, Terning '12)

2. Stop NLSP with heavier N1

b

—t+ LSP 100%

—t+ ¢ 50%
—t+1 50%
St + W 100%
—t+Z 78%
S b+ Wt 14%
St +H 8%

*Stop decays to top + gravitino - not much
missing ET. 0~8 pb, 5% of ttbar

*Need even more precise Otop
*N1—t+stop, tttt final states, still small

missing E.

eSbottom: ttWW
eStop2: ttZZ, tt WWWW



Four different sample spectra

(CC, Randall, Terning

GeV

900

800

700

600

500

400

300

200

100

3. Minimal gauge mediation

b

b

b

-N4 CQ:t

N1 88 GeV 02
Hy | 128 GeV | Ny
t1 | 191 GeV | Hy
Ny | 192 GeV |
N3 291 GeV N5
Cy | 327 GeV | H*
by | 350 GeV | Hj
A; | 412 GeV | A,

415
434
473
517
613
650
657
702

GeV
GeV
GeV
GeV
GeV
GeV
GeV
GeV

12)

*Neutralino LSP or NLSP, missing

energy, but reduced o

eStop still pretty light close to top



Four different sample spectra

GeV
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600
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(CC, Randall, Terning '12)

3. Minimal gauge mediation i = N +b+W+ 100%

b

b

b

-N4 CQ:t

b1 — N3—|—b 80%
61 — 1?1 + W= 95%
by — N3+b 4%
by — Ni+b 1%
2?2 — 1?1 + Z 42%
to — b +WH 31%
52 — Ny +t 10%
to — Nj+1t 4%
1?2 — N3 + 1 2%

*|/f gauge mediation gravitino LSP
*N1—y+gravitino, missing ET
estop—t+Nj

estop2—stop1 Z,sbottom W,N t, C b,
*j+MET, j+t+MET, j+W/Z+MET or
photons, also longer cascades



_ _ (CC, Randall, Terning '12)
4. High duality scale

GeV H, | 126 GeV | Ny | 348 GeV
A, | 190 GeV | H; | 353 GeV
900 Ny | 217 GeV | by | 400 GeV
t1 1284 GeV | Ay | 460 GeV
800 H, | 339 GeV | i, | 546 GeV
700 Hi 341 GeV Ng 559 GeV
C; | 341 GeV | Ny | 602 GeV
600 Ny
B N
500 _Az .
100 3 *Neutralino LSP or NLSP
-H2H3 _H* Noc*
“  *Njover 200 GeV, stop around 300
200 A b
_H,
100 7 W
0 b




_ _ (CC, Randall, Terning '12)
4. High duality scale

t1 = Ny +c 99%
Gov ti — Ni+u 1%
by — 1 +W— 100%
900 by S - 28%
800 tp,, -CF+b  24%
to — 61 + W+ 20%

700 ~

to %NQ—Ft 15%

600 . %‘; to — Ny +t 14%
500 A -
wl G estop—N1+C

s g= Mot estop2—stop1+Z, C+b, sbottom+W,N+t
300 " . esbottom—stop1+W
e Final states: j+MET, j+t+MET, j+W/Z
100 - Z +MET

0 b e [raditional SUSY at reduced rates



Higas | hi

SM fields | spectrum 1 | spectrum 2 | spectrum 3 | spectrum 4
vy 1.02 1.02 0.95 0.85
gluons 0.65 0.83 0.82 0.73
WW,ZZ 0.89 0.96 0.89 0.74
(I 0.72 1.0 0.89 0.72
dd 1.01 0.91 0.89 0.77

Not so different from SM: plausible that LHC Higgs results
can be reproduced



sSummary

*No hint for SUSY from LHC yet

*No MET events

*Higgs at 125 GeV problematic for MSSM
*\NVays out:

1. RPV: no MET. Simple model giving realistic patterns and
new LHC pheno: MFV SUSY

2. Natural SUSY: small MET, either small o or top
background. Model realizing: MCSSM - composite Higgs, 3rd
generation squarks, higgsinos, neutralinos/charginos.
Composite fields lighter, and NMSSM potential allows 125
GeV Higgs.




sSummary

* While it is disappointing that we have not seen SUSY yet...

o...for now there is still ample of places where SUSY could be
hiding






| t tri
Once added can have L violation & proton decay

eAssume mass from heavy RH neutrinos & see-
saw oy o
Wiept = Y LHge +YNLH,N + §MNNN

eSymmetry in lepton sector SU(3)L x SU(3)e X
SU(3)N

*Now we have three spurions Yeyvand M

M is a symmetric, different patterns allowed



*The table of symmetries:

SUB)y | U sr UMg U

™
N — —
= [] 1]
N
=
o
] = ] []
)
N
eNN
R PO~




| i tri

e Table of holomorphic invariants:

SU@2)r Uy |UQ), Zf

(LL) (YnMyYy ) (LL) 1 -2 | 4+
(LL) (Y/NMNY/N) (Y.8) 1 0 1
(LL) YyMyN 1 —1 1 -

L (YNMNYN) (Y.e) (YaN) | O 1/2 | -1 -
LYnN O —12] 0 +

&Y, Yy My N 1 1 2+

(Y,2) EY/NMNY/Ng (Y,&) 1 2 2 4
L(YnMyYy) L T —1 2 +
MyNN 1 0 -2+

~

Y =cof Y =Y 1detY



J t tri
*Allowed renormalizable superpotential term

1 N .
WLNV p— m w’ (LL) (YNMNYN) (}/eé)

eDimensionless expansion parameter

1

=—M
HUN A N

/AR some heavy scale, usually take Mgut

eSince L ~ H_, we can now also add
quadratic L violating terms, these will be more
Important! Both superpotential and Kahler



| t tri
o[ eading bilinear terms:

Winw ) = meonV"LaH,  Kiny = VL H + hec
ePossible contributions:

1 cd

1
T IRL 2
A Cabe [Y ] ML) Y], VP =

V(l) A Cabc
a a ARé‘ b

vovi], [vwhd v |

eSimilar soft breaking masses:

Emix = mgoft [VT]GJ_Z&HC]; -+ h.c.
eAfter EWSB will give small sneutrino VEV and
neutrino gaugino mixing

(Lg) ~ —vy Vg LD —v, AXV'L) +cec



eAssume structure of neutrino masses (Casas &
Ibarra)

I .
Yy = — diag (\/ Mg,/ Mg, v MR3> R diag (v/Mu1, /M2, /Myz) UT

(%

*R is RH neutrino mixing matrix (unknown), U LH
mixing matrix - O(1) angles, Mr: RH neutrino
masses, my LH light neutrino masses.

eAssume all the Y’s roughly same order, also my’'s

roughly equal (worst case scenario, could even
have one my=0 ...
N \/MR my

Uy

Yn




Proton decay constraints

*The L violating spurions are then

] M3 m2
eSuperpotential term: Ny o~ kY (€)
17k A A yk
R U,
eKahler/soft terms:
M%m% M2m M2m
(1 AR 2 MR 9 2  MrRMv 2
Vi ARvg ’ Ve,,u AR'U2 Yr > VT AR'U2 y,u

*The latter actually dominate:

)\z]k ~ yk V(l)

*\Will neglect superpotential terms



Proton decay constraints

*The leading diagrams:
Kt
dr - > SR} dr - >
n < £R+ D ER!(
X )
£L+ ZNLLT
e \C\K\ v \]\i\\\
€Ly My
n—l-K* p—Vv K*

eStrongest bound from matrix element

3 1m < -
2my mg mg

~ 2
3 2 A
./\/lp—>K+p ~ A" Mg ms Ui ( ) Vtan45



Proton decay constraints

*The experimental bounds:

Tpet k0 = 1.0 X 10% yrs ., Touoe- g+ > 3.2 x 10%! yrs |
Tpsput K0 = 1.3 X 10% yrs Tnospu- K+ = 9.7 X 10°! yrs |
Tpow it > 2.3 X 10% yrs | 7, g0 > 1.3 x 10% yrs |

Bound on quadratic spurion:

Vtan’f 5 (3% 10_14) (100m(§e\/)2 (10(7)71(];6\/)

Translated into bound on MRg:

7 q,N R
Mg 5 (3107 Gev) (tanﬁ) (100 GeV> (1016 Ge\/)




Proton decay constraints
eThe bound on Mg in units of 10° GeV:

10007 =7 = ]
1000 |
10000 /,
100 10
r 300 1
800 /
; r 3000
2 6007
lE‘, |
S L
400*
200
tan ,B

*ArR=101% GeV and my=0.1 eV fixed



Proton decay constraints

o[f gravitino very light proton can decay w/o L

violation: - .,
d . 5
iz ¥
X
G
*\Nidth:




*\Will constrain gravitino mass:
300 MeV)2 (tan5)4

g

eGravitino mass bound in units of keV

1000
10000 | -

: 1000 |
800 ]
600 - ]
400 ]

[ 100000 | |
200 / ]
rl 100 7

m; [GeV]




Higher di ional I

*For baryon number violation:

1 -
K(BBJ)VV — K(YuYJ + YdeT)QQYdeT

eSubleading as long as A>10"? GeV
*For lepton number violation: subleading to V(?

B and L violating Kahler terms: first show up at
dimension 6, the dangerous R-parity even

Q?L, uude, and uddN

are absent



