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SUSY, highly anticipated

- Has been the primary target for new physics 
search for the last 30 years. 

- Would be the answer to (almost) all our 
questions and puzzles.

- Every time there was some “excess”, we thought 
it was SUSY. 

- And, there is a beautiful minimal model of SUSY, 
the MSSM. 

Often, we think MSSM = SUSY.

Monday, June 23, 14
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No discovery
 yet

The “O(3)” version 
of SUSY looks bad 
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Spectacular signal promised.

DM

No discovery
 yet

Of course, still plausible at the LHC, will keep looking.
Higher energy ⇒ higher reach

The “O(3)” version 
of SUSY looks bad 
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However, on the mind of most of us:
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But, that’s not the right question

- SUSY will never die. It just gets heavier.

- What we really mean: is SUSY still promising.

- SUSY promises to do so much for us. 
Can it still do it?

- Are there still interesting model directions?

I will try to give my answer.
Warning: will be subjective!
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Why do we like SUSY: beyond Einstein

- A unique extension of space-time symmetry. 

- Our (only) chance of going beyond Einstein. 

- In some sense, it has to be part of the 
fundamental theory.

- It is a broken symmetry.

- That’s fine. But, this fact does not lead to 
predictions about where SUSY may be. 
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Why do we like SUSY: Unification

- Not affected by the current limits. 

- A feature we would like to keep when considering 
extensions. 

Figure 5.8: RG evolution of the
inverse gauge couplings !!1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid lines).
In the MSSM case, the sparti-
cle mass thresholds are varied be-
tween 250 GeV and 1 TeV, and
!3(mZ) between 0.113 and 0.123.
Two-loop e!ects are included.
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MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C ! SU(2)L ! U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g" with e = g sin "W = g" cos "W ,
one has g2 = g and g1 =

!
5/3g". The quantities !a = g2

a/4# have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

d

dt
!!1

a = " ba

2#
(a = 1, 2, 3) (5.22)

Figure 5.8 compares the RG evolution of the !!1
a , including two-loop e!ects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU # 2 ! 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not su!er from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 " 2$. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom o!-shell. This mismatch is only 2$, but can be multiplied by factors
up to 1/$n in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative

41
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Why do we like SUSY: dark matter
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
obs

. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.
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Figure 5: Spin-independent cross section versus the DM mass m�0
1
. All the points in the colored

shaded region give the correct relic abundance in Eq. (4.1), satisfy the collider constraints in Eq. (4.2)
and the flavor constraints in Eq. (4.3). The green region represents the model points with the Z

and Higgs resonances. The Z funnel and h funnel regions are clearly visible for WIMP masses
around half the Z mass and half the Higgs mass. The yellow points represent the region of co-
annihilation with Wino-like/Higgsino-like NLSPs. The magenta points represent the region with
⌧̃ , ⌫̃⌧ , b̃, t̃ contributions. The gray points represent the scenarios with special cancellations when
M1 and µ take opposite signs. The DAMA and CoGeNT contours (3�) are shown for astrophysical
parameters v0 = 220 km/s, vesc = 600 km/s, and for a local density ⇢0 = 0.3 GeV/cm3. CRESST
contours are 2� regions, from [6]. The blue region is excluded by the XENON-100 experiment (90%
exclusion curve from [8], for v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3 GeV/cm3). Recent results
from the TEXONO [12] collaboration are shown. Expected exclusion bounds from the ongoing
LUX experiment [10] and the future XENON-1T experiment [11] are also shown.

I-C (green) �0
1�

0
1 ! H,A ! SM predictsm� ⇡ mA,H/2 ⇠ 0.2�0.5 TeV, theH/A-funnel.

II-A (yellow) Neutralino/chargino coannihilation [86,87]: �0
i�

0
j , �0

i�
±
j ! SM.

II-B (magenta) Sfermion assistance [88–90]: �0
1⌧̃ , �

0
1t̃, �

0
1b̃ ! SM ; t-channel ⌧̃ , ⌫̃ in �0

i�
0
j .

We categorize model points as scenario I if the di↵erence between the mediator mass

and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A � 2m�0
1
|  0.08 mZ,h,A. (4.4)
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Constraints are getting stronger
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Possible scenarios (not over-closing)

- Higgsino ≲ TeV

- Wino ≲ 3 TeV

- Well temper: 

- Coannihilation: 

- Funnel:  2 MDM ≈ MX X= A, H...

h̃, W̃

B̃
�M ⇠ several %⇥MDM

B̃
�M ⇠ several %⇥MDM

⌧̃ , q̃, t̃, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914
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- Funnel:  2 MDM ≈ MX X= A, H...

h̃, W̃

B̃
�M ⇠ several %⇥MDM

B̃
�M ⇠ several %⇥MDM

⌧̃ , q̃, t̃, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914

Common feature: 
 very small mass splitting   “compressed”
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Why do we like SUSY: naturalness

- Stop limit is not too strong yet (I think). 
Borderline being too tuned.

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop ! 3
8!2 !2

t !
2 " !(2 TeV)2

SU(2) gauge boson loops 9
64!2 g2!2 " (700 GeV)2

Higgs loop 1
16!2 !2!2 " (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut o" at scales
satisfying

!top
<
! 2 TeV !gauge

<
! 5 TeV !Higgs

<
! 10 TeV. (1)

We see that the Standard Model with a cut-o" near the maximum attainable
energy at the Tevatron (" 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-o" of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts o" the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore di"erent possibilities
for what the new particles could be.

4

Why new physics?

- Naturalness. 

Higgs mass is the one to protect. 

NP must couple to Higgs: 

Thursday, March 22, 2012

22

stop searches

Monday, June 23, 14



Still, want lighter stop. Loopholes?

- Yes, if stop don’t decay “normally”.

- Stealth.

- RPV. 

- Compressed

- Not stop, top partner not even colored

- ...
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mh = 126 GeV vs SUSY (MSSM).

- Minimal SUSY model (MSSM)
Higgs mass controlled by SM gauge interactions.

mh = 126 GeV needs MSUSY ≫ Mtop 

- In MSSM, Higgs mass gives some of the 
strongest limits on SUSY parameter space!
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Actually,  other “problems” existed long ago

- SUSY flavor/CP problem (last century). 
Most straightforward conclusion: scalars probably 
would be heavy, 10s - 100s TeV!

- Perhaps not surprising we have not seen the 
scalar superpartners.
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(b)
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Figure 6.7: Some of the diagrams that contribute to K0 ! K
0
mixing in models with strangeness-

violating soft supersymmetry breaking parameters (indicated by "). These diagrams contribute to
constraints on the o!-diagonal elements of (a) m2

d
, (b) the combination of m2

d
and m2

Q, and (c) ad.

There are also important experimental constraints on the squark squared-mass matrices. The

strongest of these come from the neutral kaon system. The e!ective Hamiltonian for K0 ! K
0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to "mK # mKL $ mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5" 10"12 MeV, ref. [93] obtains:

|Re[(m2
s̃!Rd̃R

)2]|1/2

m2
q̃

<
"

mq̃

1000 GeV

#
"

$
%%&

%%'

0.04 for mg̃ = 0.5mq̃,

0.10 for mg̃ = mq̃,

0.22 for mg̃ = 2mq̃.

(6.4.2)

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃!Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃!Rd̃R

is replaced by m2
s̃!Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [93]:

|Re[m2
s̃!Rd̃R

m2
s̃!Ld̃L

]|1/2

m2
q̃

<
"

mq̃

1000 GeV

#
"

$
%%&

%%'

0.0016 for mg̃ = 0.5mq̃,

0.0020 for mg̃ = mq̃,

0.0026 for mg̃ = 2mq̃.

(6.4.3)

An o!-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on "mK and ! and !#/! appearing in the neutral kaon e!ective Hamiltonian
severely restrict the amounts of !dL,R, !sL,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of !u, !c mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

!d,!b and !s,!b squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare "F = 1 meson decays, notably those involving the parton-level processes b % s" and b % s#+#"

and c % u#+#" and s % de+e" and s % d$$̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron

58

Kaon mixing, 
e.g. Martin “Supersymmetry primer”
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, (b) the combination of m2

d
and m2

Q, and (c) ad.

There are also important experimental constraints on the squark squared-mass matrices. The

strongest of these come from the neutral kaon system. The e!ective Hamiltonian for K0 ! K
0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to "mK # mKL $ mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5" 10"12 MeV, ref. [93] obtains:

|Re[(m2
s̃!Rd̃R

)2]|1/2

m2
q̃

<
"

mq̃

1000 GeV

#
"

$
%%&

%%'

0.04 for mg̃ = 0.5mq̃,

0.10 for mg̃ = mq̃,

0.22 for mg̃ = 2mq̃.

(6.4.2)

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃!Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃!Rd̃R

is replaced by m2
s̃!Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [93]:

|Re[m2
s̃!Rd̃R

m2
s̃!Ld̃L

]|1/2

m2
q̃

<
"

mq̃

1000 GeV

#
"

$
%%&

%%'

0.0016 for mg̃ = 0.5mq̃,

0.0020 for mg̃ = mq̃,

0.0026 for mg̃ = 2mq̃.

(6.4.3)

An o!-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on "mK and ! and !#/! appearing in the neutral kaon e!ective Hamiltonian
severely restrict the amounts of !dL,R, !sL,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of !u, !c mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

!d,!b and !s,!b squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare "F = 1 meson decays, notably those involving the parton-level processes b % s" and b % s#+#"

and c % u#+#" and s % de+e" and s % d$$̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron
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Expectations for SUSY

- Even with these “problems”:

- SUSY (garden variety MSSM) still gets produced 
and detected in the way that has been 
anticipated for the past decades. 

Just slightly heavier than we thought. 

- Parameter space needs to be somewhat tweaked.
Mechanism, accidents, perhaps both. 

- However, it may be time to take a step back...
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Which direction to go?

More fine-tuning

More tricks

Last 20 years: quest of lower scalar masses
Many many models, AMSB, alignment, MFV ....
Constrained by the LHC, could still work

More consideration?
Our models
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Simpler models

- What about just heavy scalars?

- More fine tuned. Yes. 102-4 more tuned than TeV 
partners. 

Still solves most of the naturalness problem (1032 ). 

- On the other hand
Simplest solution to the flavor (CP) problems.

- Higgs mass.  
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Heavy scalar, the simplest scenario

Giudice, Strumia, 2011

MSquark (GeV)
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A promising scenario for the LHC

t̃, b̃
ũ, d̃, ...

g̃

Ñ

Heavy squarks 

Light gaugino

10s - 100s TeV

TeV-ish

C̃±

Mini-split, spread, zprime-mediation,  ...

Fermionic partners still tend to be light.

pp ! g̃g̃ ! tt̄tt̄, tt̄bb̄, tt̄tb̄ ...
LHC signal

Markus Stoye, CERN  
CMS 

M. Stoye 
CMS 2010 Highlights 8 March, 2011 1 

 
 

Physics Highlights at CMS 
 

 
 

Markus Stoye (CERN) 
 

on behalf the 
 

CMS Collaboration 
 

SLHC-PP open event 8. March 2011  
 

   
1 

gg       ttttχ0χ0 

4. June 2014 
LHCP 2014 

20 
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SUSY
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CMS Preliminary
1
0
χ∼ t t →g~ production,  g~-g~

-1) 19.5 fbT+HTESUS-13-012 0-lep (
-1SUS-13-004 0+1-lep (razor) 19.3 fb

-1 6) 19.3 fb≥
jets

SUS-13-007 1-lep (n
-1SUS-13-016 2-lep (OS+b) 19.7 fb
-1SUS-13-013 2-lep (SS+b) 19.5 fb

-1SUS-13-008 3-lep (3l+b) 19.5 fb

4t: Branching Ratio 

•  ATLAS, CMS(Razor): 0+1 l  
•  CMS: 1 l, CMS: 0 l (HT+MHT) 
•  ATLAS, CMS: 2 l; SS 
•  ATLAS, CMS: 3 l 
•  ATLAS: 0 l, ≥7 jets 

•  0, 1l dominate core of limits 
•  Multi-leptons strong close to diagonal 

} +btag(s) 

Gluino mass>1300 GeV for χ0<500 GeV 
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ATLAS
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Observed
Observed
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 10 jets≥0-lepton, 7 - 

 3 b-jets≥0-1 lepton, 

 3 b-jets≥2SS/3 leptons, 0 - 

arXiv: 1308.1841

ATLAS-CONF-2013-061

arXiv: 1404.2500
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SUSYσ95% CL limits. 
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More complicated, more natural

- Stop as light as it can be. Perhaps even hidden 
by RPV, being stealth, compressed,  or something 
like that.

- Higgs mass needs some help, NMSSM, D-term, 
etc. Not very pretty, new particles, large 
coupling, ... But doable.

- Dark matter may not be the usual thermal 
WIMP story

Non-thermal production.

Not (just) the LSP.

One example
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Minimal flavor violation (MFV) + RPV

- R-parity violation a good way to “hide” SUSY.

- MFV, all flavor violation coming from SM yukawa 
couplings. 

A good framework to address the SUSY flavor 
problem. 

- Imposing MFV on R-parity breaking couplings?
MFV+RPV can satisfy all the constraints on RPV!

- For example, the often studied udd coupling 
would be 

SU(3)C SU(2)L U(1)Y U(1)B U(1)L ZR
2

(QQQ) 1 ⇤⇤⇤ 1/2 1 0 �
(QQ)Q 8 ⇤ 1/2 1 0 �

(Yuū)(Yuū)(Ydd̄) 8� 1 1 �1 �1 0 �
(Yuū)(Ydd̄)(Ydd̄) 8� 1 1 0 �1 0 �

det ū 1 1 �2 �1 0 �
det d̄ 1 1 1 �1 0 �
QYuū 8� 1 �1/2 0 0 +
QYdd̄ 8� 1 1/2 0 0 +
LYeē 1 1/2 0 0 +
Hu 1 1/2 0 0 +
Hd 1 �1/2 0 0 +

Table 3: The irreducible holomorphic flavor singlets. We omit flavor-singlet spurions (irrel-
evant to our analysis) as well as flavor singlets formed from SU(3)C ⇥ SU(2)L contractions
of products of the operators listed here.

proton stability will only constrain the neutrino sector, as discussed in §6.4
In addition to the R-parity conserving terms (2.1), MFV allows only one additional

renormalizable correction to the superpotential:

W
BNV

=
1

2
w00(Yu ū)(Yd d̄)(Yd d̄) , (2.4)

where w00 is an unknown O(1) coe�cient. In combination with the MFV structure of the soft
terms, most of the interesting phenomenology of our model arises from this baryon-number
and R-parity violating term.

The Kähler potential need not be canonical, and is subject to non-universal corrections.
At the renormalizable level, these take the form:

K = Q†
h
1 + fQ(YuY

†
u , YdY

†
d )

T + h.c.
i
Q+ ū†

h
1 + Y †

u fu(YuY
†
u , YdY

†
d )Yu + h.c.

i
ū

+d̄†
h
1 + Y †

d fu(YuY
†
u , YdY

†
d )Yd + h.c.

i
d̄

+L† ⇥1 + fL(YeY
†
e )

T + h.c.
⇤
L+ ē†

⇥
1 + fe(Y

†
e Ye) + h.c.

⇤
ē , (2.5)

where the fi are polynomials in the indicated (Hermitean) matrices. While the renormal-
izable Kähler potential can be made canonical by an appropriate change of basis, such a
change of basis is not compatible with the holomorphy of the spurions. The situation is
analogous to that of the supersymmetric beta function, where the one-loop NSVZ result
can be shown to be exact in an appropriate holomorphic basis, but the “physical” all-loop

4The situation changes if the gravitino (or another unflavored fermion, such as an axino) is lighter than
mp. We discuss the resulting constraints on m

3/2 in §6.

6

Nikolidakis and Smith, 0710.3129, Csaki,  Grossman, Heidenreich, 1111.1239 
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Flavored Dark Matter [Batell, Pradler, Spannowsky]
[Batell, Lin, Wang]

Basic Idea:  Give dark matter a flavor!

• MFV implies a Z3 symmetry, flavor triality, under which 

all SM fields are neutral and Dark Matter is charged

•        MFV can stabilize Dark Matter!

W = � Xi Y ūiExample
 model:

Dark Matter
(3 flavors) Mediator up-type quark

(3 flavors)

Can make viable models of Dark Matter! 
Monday, June 23, 14



At the LHC

- May find “heavy stop”, but theory is natural. 

pp ! �Y �
⇤
Y , �Y ! t+ �

But not the stop.

pp !  Y �̄Y ,  Y ! t̃+ �

t̃ ! jj (udd RPV)

“hidden” stop

t
t̃R, t̃L, b̃L

H̃u, H̃d

g̃

!t

!u,!c

h0

", "

"

#

#̄
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Conclusions

- Is SUSY still a promising scenario?

- Yes. “Good old” SUSY signal could be just around 
the corner.

- But, more likely, the appearance of SUSY may be 
different than we thought.

- Not as natural as we expected. (still solves the 
big hierarchy problem)

- Or, not as minimal as we thought, spectrum can 
be surprising. 

- Experiments can tell us!
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“best” stop hiding, RPV with udd
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FIG. 5: Results of our untagged search estimates for 20 fb!1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1!

variation expected due to background statistical fluctuations.

method tends to edge out the other three, and that the asymmetry-sideband method o!ers

a small but consistent improvement over the simple shape fit. (In fact, for exclusion sig-

nificance, the single-jet template method gives results very close to what would be inferred

with a naive S/
!
B analysis with optimized mass windows.) The similarity of the results

is encouraging, and suggests that experimentalists will have many alternative choices for

performing cross-checks of a tentative signal, or as fall-back options if any of these data-

driven methods turns out to be unreliable. From Fig. 5, which shows the untagged analysis,

we see that stops less than about 175 GeV could be discovered, and stops less than about

320 GeV could be excluded. For the b-tagged analysis in Fig. 6, masses below 250 GeV are

discoverable, and exclusion sensitivity extends to nearly 400 GeV. We note that this analysis

was run without re-optimization of our cuts, so it might be possible to construct an even

more sensitive search. It may also be possible to make even further gains by considering a

double-b-tagged search.

Looking ahead, we have also run versions of these analyses on 14 TeV simulations, as-

suming 300 fb!1 luminosity, and for simplicity neglecting pileup. Here, we have used a

summed-jet HT cut of 1600 GeV, which keeps the rate approximately the same as the

900 GeV threshold under 2012 conditions (assuming quadrupled instantaneous luminos-

ity at 14 TeV). The 100 GeV untagged signal remains visible, with statistical significance

14
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Estimated by scaling up  using parton luminosity

Salam and Weiler

partons to contribute to the cross-section. It is common to write it as

�(s) =
X

ij

Z
1

⌧0

d⌧

⌧


1

s

dLij

d⌧

�
[ŝ�̂ij ] (11)

Here the second square brackets is dimensionless and is roughly determined only by couplings (in
the high energy limit, most cross-sections will go as ŝ�1). The first object in square brackets has
the dimensions of a cross-section and has absorbed the kinematic cross-section information. The
parton luminosity is

dLij

d⌧
=

1

1 + �ij

Z
1

0

dx
1

dx
2

[fi(x1

)fj(x2

) + fi(x2

)fj(x1

)]�(⌧ � x
1

x
2

) (12)

Using the delta-function for the x
2

integral and renaming x
1

as x we find x
1

! x and x
2

! ⌧/x.

dLij

d⌧
=

1

1 + �ij

Z
1

⌧

dx

x
[fi(x)fj

⇣⌧

x

⌘
+ fi

⇣⌧

x

⌘
fj(x)] (13)

The quantity below is also sometimes called the parton luminosity

ŝ
dLij

dŝ
= ⌧

dLij

d⌧
=

1

1 + �ij

Z
1

⌧

dx

x
[xfi(x)

⌧

x
fj

⇣⌧

x

⌘
+

⌧

x
fi

⇣⌧

x

⌘
xfj(x)] (14)

If we are interesting in extracting information about the rate at a given ŝ, the di↵erential quantity
is more useful. We would then write

�(s) =
X

ij

Z
1

⌧0

d⌧

⌧

✓
⌧
dLij

d⌧

◆
�̂ij =

X

ij

Z
1

⌧0

dŝ

ŝ

✓
⌧
dLij

d⌧

◆
�̂ij (15)

The di↵erential cross-section is

d�(s)

dŝ
=

1

ŝ

X

ij

✓
⌧
dLij

d�

◆
�̂ij (16)

Using N = �L we write
dN(s)

dŝ
=

1

ŝ

X

ij

✓
⌧
dLij

d�

◆
N̂ij (17)

C Salam/Weiler Collider Reach

http://collider-reach.web.cern.ch/collider-reach/

Gavin Salam and Andreas Weiler have written a web interface to PDF libraries for a “quick and
dirty” estimate of collider reach under the assumptions: signal and background scale in the same

15
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