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Outline

I SUSY, but not as we know it
I Closing the loopholes



SUSY can stabilize the electroweak hierarchy all the way up to
the Planck scale . . .



. . . but the LHC has ruled out the minimal models which do this.



=⇒ Hubris.



SUSY @ LHC

I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Result interpretation (1)

• Simplified model (pheno  MSSM) 
interpretation:

• LSP mass set to 0, all other 
sparticle masses set to 5 TeV 
except a common (1st and 2nd 

generation)  squark mass and the 
gluino mass (shown in the plot)

• Up to m ~ 1 TeV excluded for equal 
gluino-squark masses (2010 limit 
extended by ~250 GeV).

• Exclusion limit not too sensitive to the 
neutralino mass up to ~200 GeV
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SUSY @ LHC

There are now strong bounds on
I gluino mass
I common squark mass

SUSY and Strong Coupling?

I Strong dynamics at 10 TeV
I SUSY broken in UV, but re-emerges in IR

Kaplan, 1984

=) light Higgsino, stops
Gherghetta and Pomarol, 0302001

=) light gauginos
Sundrum, 0909.5430

BMG and Redi, 1004.5114

Gherghetta & al., 1104.3171

!W,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.
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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.
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Even before LHC, LEP et al. put strong constraints on
less-minimal models, e.g. MSSM, NMSSM . . .



Constraints

I direct searches, & 100 GeV
I nucleon decay, & 1016 GeV
I flavour physics, & 106 GeV
I electroweak precision tests, & 103 GeV



Why no superpartners @ LEP?

Figure 2: The phase diagram of the minimal supersymmetric SM, assuming a universal
scalar mass m2, a gaugino unified mass M , a Higgsino mass µ, and trilinear term A = 0,
with all parameters defined at the GUT scale. The top Yukawa coupling is fixed such that
mt = 172.7 GeV and tanβ = 10 in the usual phase with electroweak breaking. Some
contours are shown for masses of the lightest stop (Mt̃1), the gluino (Mg̃), and the lightest
chargino (Mχ+). The green (gray) area shows the region of parameters allowed after LEP
Higgs searches.

involved in the conventional SU(2) × U(1) breaking pattern (third-generation squarks and

the two Higgses).

More interesting is a special multi-critical point, separating the various Higgs phases,

that corresponds to vanishing Higgs bilinear terms (m2
1 = m2

2 = m2
3 = 0)2. This point,

which is actually a surface in the case of general soft terms, occurs at negative m2, in the

example we are considering. Moving away from the multi-critical point, different phases

emerge, depending on the signs and the values of m2
1 and m2

2 at the scale MS. For positive

2These three conditions cannot be in general satisfied in the case of only two free parameters. However,
fig. 2 corresponds to fixed tanβ, and thus m2

3 automatically vanishes, whenever m2
1 = m2

2 = 0.
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So what, if anything, should we look for now?



Less ambitious: little hierarchy problem. (1-10 TeV)
Brust & al., 1110.6670



Even then, constraints are hard to evade.



Can we exclude a natural solution to the little hierarchy
problem?



I We only need a few light d. o. f. to solve the hierarchy up
to 10 TeV

Dimopoulos & Georgi 1981, Sakai 1981

I A few d. o. f. may not be so hard to hide . . .

!W,Z, higgstop

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

Λtop
<∼ 2 TeV Λgauge

<∼ 5 TeV ΛHiggs
<∼ 10 TeV. (1)

We see that the Standard Model with a cut-off 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-off 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 off 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 different possibilities
for what the new particles could be.

4



What must be within reach of the LHC?
I A Q̃3

R and Ũ3
R?

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −3y2
t

4π2
m2

t̃ ln

(
ΛUV

mt̃

)
(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.
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FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+ m2

h̃
) ln

ΛUV

mW̃

. (7)

We identify the Higgsino mass with µ. Because we are already taking µ ! 200 GeV, this

translates into a roughly natural wino mass range of

mW̃ ! TeV. (8)
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Loophole I. Stable stops. 11

Figure 5: Predicted theoretical cross section and observed 95% C.L. upper limits on the cross
section for the different combinations of models and scenarios considered: pair production of
supersymmetric stop and gluinos; different fractions, f , of R-gluonball states produced after
hadronization and charge suppression (ch. suppr.) scenarios. Left: tracker-only selection.
Right: tracker-plus-muon. The bands represent the theoretical uncertainties on the cross section
values.

From the intersection of the cross section limit curve and the center of the theoretical cross
section band, a 95% C.L. lower limit of 899 (839) GeV/c2 on the mass of pair-produced g̃ ,
hadronizing into stable R-gluonballs with 10% (50%) probability, is set with the tracker-only
selection. The tracker-plus-muon selection gives a lower limit of 885 (829) GeV/c2 for the same
signal model. The analogous limit on the t̃1 mass is 620 GeV/c2 with the tracker-only selection
and 608 GeV/c2 with the tracker-plus-muon selection. The charge suppression scenario dis-
cussed above yields a g̃ mass limit of 808 GeV/c2 for f = 10% and 515 GeV/c2 for the t̃1 . The
limits on staus are set at >293 GeV/c2 with the tracker-plus-muon selection.

8 Conclusions
In summary, the CMS detector has been used to identify highly ionizing, high-pT particles
and measure their masses. Two searches have been conducted: a very inclusive and model
independent one that uses highly-ionizing tracks reconstructed in the inner tracker detector,
and another requiring also that these tracks be identified in the CMS muon system and have
long TOF. In each case, the observed distribution of the candidate masses is consistent with
the expected background. We have set lower limits on masses of stable weakly and strongly
interacting supersymmetric particles.
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I mt̃ ≤ 600GeV



Higgsino masses H̃u,d?
I W ⊃ ∫

d2θ µHuHd =⇒ m2
Z ∼−m2

Hu −|µ|2
(Also anomaly cancellation).



Loophole II.
I 2(̃t → t χ̃0) =⇒ t t + /ET

I 2(̃t → bχ̃±) =⇒ bb + /ET

Kats & Shih, 1106.0030

Sakurai & Takayama., 1106.3794



Loophole II

Loophole II bounds are (and always will be) weak
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Figure 4: Total NLO+NLL stop-pair cross section at the Tevatron and the LHC as a function

of the stop mass. The error band corresponds to the scale and pdf uncertainty of the prediction,

added in quadrature.

– 17 –

Beenakker et al., 1006.4771

Small x-section at mt̃ −mχ̃ �mt



Loophole II

6

Events per 2.7 fb�1 in the signal region.

Top Z/�⇤+jets Diboson W+jets Total Data
b-tag 49.0±6.9 4.0±0.4 0.5±0.1 2.8±0.9 56.4±7.2 57
no tag 25.2±3.3 25.0±5.6 6.0±1.3 9.8±2.9 65.9±9.8 65

TABLE I: The expected event yields from SM processes with
the total uncertainties and the observed numbers of events in
the signal region.
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FIG. 1: The reconstructed t̃1 mass distribution. The dashed
line represents an example of the t̃1

¯̃t1 signal distribution.

NLO theoretical cross sections for t̃1
¯̃t1 and tt̄ production.

These uncertainties come from two sources: the renor-
malization and factorization scale (11% and 7% for t̃1

¯̃t1
and tt̄, respectively) and PDFs (14% and 7%) [4, 5]. We

assume that the scale uncertainty is uncorrelated for t̃1
¯̃t1

and tt̄ processes, while the PDF uncertainty is fully cor-
related. The theoretical uncertainty of the diboson cross
sections is 10% [20], and assumed to be uncorrelated with
other systematic uncertainties. The experimental uncer-
tainties applied to MC-based background estimates in-
clude those due to jet energy scale (3%), b-tagging prob-
ability (5%), lepton ID and trigger e�ciencies (1% per
lepton), initial and final state radiation (2%), and the in-
tegrated luminosity (6%). The uncertainty on W+jets is
dominated by the uncertainties in the rate to misidentify
jets as leptons (30%), while the uncertainty on Z/�⇤+
jets comes from MC mis-modeling of the high- /ET tail, jet
multiplicity distribution and Z/�⇤+ heavy-flavor contri-
bution (16%).

Prior to looking at data in the signal sample we study
the sensitivity of the search, taking into account all sys-
tematic e↵ects, for various event selection criteria im-
posed separately for the b-tagged and the non-b-tagged
channels. An algorithm based on biological evolution (a
so-called genetic algorithm) [27] is employed to deter-
mine the most sensitive selection criteria. Requirements
yielding poorer expected 95% C.L. limit are culled, while
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those improving the limit are bred together until reaching
a plateau. This procedure optimizes the event selection
criteria directly to produce the best expected 95% C.L.
limit in the no-signal hypothesis.

In the b-tagged (non-b-tagged) channel the optimiza-
tion procedure yields the following event selection crite-
ria [28]: the leading jet ET is required to be greater than
15 (20) GeV, and the sub-leading jet ET must be greater
than 12 (20) GeV. In both channels we require /ET > 20
GeV, while this requirement is tightened to 50 GeV in
the non-b-tagged channel if there is a lepton or jet within

an azimuthal angle of 20� from the ~/ET direction. Due to
the fact that the t̃1 is a scalar particle, and the top quark
is a fermion, the angular distributions of their final de-
cay products are very distinct. Therefore we implement
an additional topological cut in both the b-tagged and
non-b-tagged channels to suppress tt̄ events:

X
pT <

✓
��jj ⇥��``

⇡2
⇥ 325 + 215

◆
GeV/c, (2)

where
P

pT is the scalar sum of transverse momenta of
the leptons, jets and the /ET , the ��jj and ��`` are
the azimuthal angles between the jets and leptons, re-
spectively, and the numerical values are the result of the

CDF, 2.7/fb: mt̃ > 150GeV
CDF, 0912.1308



(Loop)loophole II. Non-standard Higgsino mass.
I W ⊃ ∫

d2θ µHuHd =⇒ m2
Z ∼−m2

Hu −|µ|2

I or W ⊃ ∫
d4θ

X †X
M3 DαHuDαHd

I or extended Higgs sector . . .



A Gluino?

Next, we compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure 3:

huhu

φi

FIG. 3. Higgs mass correction

This gives rise to a higgs mass correction:

δm2
hu

=
∑

scalars i

g′2YiYhu

16π2

(
Λ2

UV − m2
i ln

Λ2
UV + m2

i

m2
i

)
. (9)

Including both the right-handed sbottom and the down-type higgs, as we do in this

section, ensures that the quadratic divergence cancels, but there is still a residual correction

to the higgs mass. Given that other scalars have already been argued to be relatively light,

we can use this correction to estimate the natural range for the mass of b̃R,

mb̃R
! 3TeV. (10)

Finally, q̃L, t̃R also being relatively light scalars, suffer from their own naturalness problem,

with mass corrections dominated by the diagrams in figure 4:
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FIG. 4. Stop mass correction

This gives rise to a stop mass correction:

δm2
t̃ =

2g2
s

3π2
m2

g̃ ln
ΛUV

mg̃
. (11)

For squark masses ∼ few hundred GeV, naturalness requires

mg̃ ! 2mt̃. (12)

12

δm2
t̃
∼ 8αs

3π
M2

3 log Λ
mt̃

I Either M3 or Λ not large
I M3 . 2mt̃

Essig & al., 1110.6443

Kats & al., 1110.6444

Brust & al., 1110.6670

Papucci & al., 1110.6926



Loophole III.
I 2(g̃→ t̃ t)
I 2(̃t → t χ̃0) =⇒ t t + /ET

I 2(̃t → bχ̃±) =⇒ bb + /ET



Loophole III
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Are there models for this?
I More minimal SUSY

Cohen, Kaplan, & Nelson, 9607394

I Flavourful SUSY
Dimopoulos & Giudice, 1995

Barbieri & al., 1004.2256, 1105.2296

Craig, Green, & Katz, 1103.3708

I Partial SUSY
Gherghetta and Pomarol, 0302001

Sundrum, 0909.5430

BMG & Redi, 1004.5114

Gherghetta & al., 1104.3171

Csaki, Randall & Terning, 1201.1293
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One more loophole . . .



R-parity

Is R-parity sufficient to prevent proton decay?
I W ⊃ QQQL

Λ

Yanagida & Sakai, 1982

Weinberg, 1982

Brust & al., 1110.6670



More loopholes . . .



Loophole I ′. (Collider) stable stop.



Loophole I ′′. RPV stop decay.
I QLD or UDD
I 2t̃ → 4q or 2q2b or 2q2l or 2b2l
I a.k.a leptoquark/diquark

BMG, 0910.1789

BMG & al., 1010.3962

Giudice, BMG, & Sundrum, 1105.3161

I Also single production of ‘diquark’
Giudice, BMG, & Sundrum, 1105.3161



Loophole III ′. What if we add the gluino?
I Boost production x-section
I 2g̃→ 2t̃2t
I Followed by RPV stop decays.
I The g̃ is Majorana: SS lepton signature. And MET.



(



What if the b̃ ⊂ Q̃3 were lightest?
I 2g̃→ 2b̃2b
I With UDD, b̃→ tq
I SS top =⇒ SS leptons again
I With QLD, get SS leptons (possibly τ)



Prospects for same sign taus . . .? Your name here, yymm.xxxx



)



Existing limits
I Final state: SS lepton plus b-jets plus some MET.
I ATLAS SS µ search, 1.6/fb

ATLAS-CONF-2011-126
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Figure 4. 95% exclusion from the ATLAS same-sign dimuon analysis and the fraction of signal

events ε past all cuts for the mµµ > 100 GeV selection.
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BMG & Allanach, to appear



Summary

I The LHC will not kill SUSY . . .

I . . . but it will come pretty close
I Must work to close the loopholes
I RPV and same-sign tops
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