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Few (semi-trivial) Directions 	

for top-BSM Searches*

	


* Avoid obvious motivations related to top mass or tot’ Xsection measurements.



Why the top is special from BSM perspective ?

♦ A hint: Higgs mass is additive, sensitive to microscopic scales. Within the SM it 
translates to arbitrary UV sensitivity. See: Giudice (13)

♦  Given the Higgs the Standard Model (SM), is complete, with no new scales.
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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♦ Beyond the SM: any scale that couples to the Higgs (or even to tops, gauge ...)	

will induce a large shift to the Higgs mass,                   .

ducing the problem of tachyonic sleptons [20]. Moreover, it gives a prediction for the
Higgs mass which is comfortably in the right range [27], unlike most natural versions
of supersymmetric models. Finally, it o↵ers a chance for discovery at the high-energy
phase of the LHC through gluino pair production, although it is not guaranteed that
gluinos are kinematically accessible.

UV Naturalness

As I have already mentioned, whenever we encounter a threshold with particles of
mass M , coupled to the Higgs field, we expect that quantum corrections give a con-
tribution

�m2
H ⇡ ↵

4⇡
M2 . (5)

This introduces a naturalness problem.
So let us suppose that no heavy particles coupled to the Higgs exist at all. For the

moment I disregard all indications in favour of new heavy thresholds based on dark
matter, strong CP, baryogenesis, inflation, unification, etc. Nonetheless, there is one
mass scale I cannot dispense with: the Planck mass MPl associated with quantum
gravity. This leads me to consider the following question: Does gravity introduce a
Higgs naturalness problem? In practice, one would like to compute loop diagrams
with two external Higgs lines, involving virtual gravitons and SM particles. Do these
diagrams give a contribution �m2

H / M2
Pl or not? In classical general relativity, the

Planck mass enters only through the combination GN = M
�1/2
Pl , as a coupling with

inverse powers of MPl. Does quantum gravity introduce positive powers of MPl in the
result? One generally expects that the answer is in the a�rmative. Pure gravity loop
diagrams do not contribute to the Higgs mass, because of the Higgs shift symme-
try. But there is no obvious reason why two-loop diagrams involving gravity and top
Yukawa (or Higgs quartic) couplings should vanish. For instance, we can interpret
microscopic black holes as virtual quantum states that contribute at the loop level
to gravitational corrections �m2

H / M2
Pl. However, since we cannot solve quantum

gravity, it is di�cult to make a firm statement. Some authors have considered (either
implicitly or explicitly) [28–38] the hypothesis that quantum gravity may not nec-
essarily introduce any ‘Planckian particles’ and quantum-gravity corrections to the
Higgs mass may be free from positive powers of MPl. Some (still unspecified) miracle
is expected to cure the UV behaviour of gravity and the presence of GN would not
significantly a↵ect the Higgs mass.

Although it goes against e↵ective field-theory intuition, one can conceive the pe-
culiar possibility that quantum-gravity corrections �m2

H / M2
Pl vanish. It has never

been proven to be true, but the opposite hasn’t been proven either. This may not
seem such a scientifically cogent reason, but it follows the same successful logic that
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Farina, Pappadopulo & Strumia (13)

♦ Thus, even if we are to ignore gravity (strong assumption!) we are led to a 
desert-like scenario (end of phys., somehow resembles 19th century arguments ...).

♦ Neutrino masses, baryon asym’ & dark matter => new physics scale unspecified!

(modulo gravity & the Landau pole of hypercharge & the universe decay lifetime)



Naturalness => vague scale => LHC perspective
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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mt̃ ⇠ 400GeV

LHC8: mt̃ ⇠ 700GeV

natural SUSY

tuning ~ 1:102

LHC14 : mt̃ ⇠ 2TeV

tuning ~ 1:10

 Screening away UV sensitivity => new partners, potentially within the LHC reach.!
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Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

The LHC naturalness ruler:!
          (less than half way through) 



Top partners & naturalness

Naturalness => new colored partners, potentially within the LHC reach.!
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Supersymmetry	

top partners=stops

Composite Higgs	

top partners = ”T”



Top partners &  LHC Searches

200 300 400 500 600 700 8000

50

100

150

200

250

300

350

400

450

500

1
0
χ∼+m

t<m
1t~m

(BR=1)0
1
χ∼ t→ 1t

~ production, 1t
~

1t
~

 [GeV]
1t

~m

 [G
eV

]
0 1
χ∼

m

ATLAS Preliminary

 = 8 TeVs, -1 Ldt = 20.5 fb∫
All hadronic channel

All limits at 95 % CL

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

Expected limit (2011)
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of naturalness => top reach final state

mT5/3 & 800GeV

SU
SY

composite Higgs

Naturalness => new colored partners, potentially within the LHC reach.!
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The (top)Battle for Naturalness

“mini energy frontier”:	

keep pushing bound; 	

boosted massive jets.

“mini intensity frontier”:	

partners are elusive;	

why? how to search?	


LHC8: where are the partners ??



Naturalness & the two top frontiers

mt̃ ⇠ 400GeV

LHC8: mt̃ ⇠ 700GeV

natural SUSY

tuning ~ 1:102

LHC14 : mt̃ ⇠ 2TeV

tuning ~ 1:10



Naturalness & the two top frontiers

mt̃ ⇠ 400GeV

LHC8: mt̃ ⇠ 700GeV

natural SUSY

tuning ~ 1:102

LHC14 : mt̃ ⇠ 2TeV

tuning ~ 1:10

Boosted regime
Elusive regime



Outline

♦ Conclusions.

♦ Mini-energy frontier, boosted top physics: 	


i. “graduate” from bump hunting, learn to control diff ’ distributions;	


ii. case study hybrid approach, the “elusive gluon”.

♦ Mini-intensity frontier & top precision phys. connection: 	


i. Getting rid of missing energy;	


ii. Importance of top-partner flavor violation.



t 

“The mini energy frontier”:	

Physics of boosted tops 



Boosted frontier => emergence of top jets 

(i) Strong dynamics models (composite H, Randall-Sundrum ...) => 
heavy Kaluza-Klein (KK) resonances,  S para’:   mKKG >3 TeV.



Boosted frontier => emergence of top jets 

(i) Strong dynamics models (composite H, Randall-Sundrum ...) => 
heavy Kaluza-Klein (KK) resonances,  S para’:   mKKG >3 TeV.

The LHC: 1    pair      
the perfect place 
to probe FCNC 

top decays 

tt̄ s
−1
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−1

l

ν

t
W

Z

u, c

t

l

l

b

channel t → Zu(c) t → γu(c) t → gu(c)
(3 jets) (4 jets) (combined)

upper limit on BR (L = 10 fb−1) 3.4 × 10−4 6.6 × 10−5 1.7 × 10−3 2.5 × 10−3 1.4 × 10−3

upper limit on BR (L = 100 fb−1) 6.5 × 10−5 1.8 × 10−5 5.0 × 10−4 8.0 × 10−4 4.3 × 10−4

Table 7: The expected 95% confidence level limits on the FCNC top decays branching ratio in the absence
of signal hypothesis are shown. The results for a luminosity of L = 10 and 100 fb−1 are presented.

• top mass: The limits presented in the last subsection were evaluated using back-
ground and signal samples generated with mt = 175 GeV/c2. The effect of the
top mass uncertainty was evaluated using different Monte Carlo samples with mt =
170 GeV/c2 and mt = 180 GeV/c2. This systematic affects both the event kine-
matics (and consequently the discriminant variables shape) and the value of the tt̄
cross-section (used in the limits evaluation).

• σ(tt̄): The overall theoretical uncertainty on σ(tt̄) was estimated to be 12% [21].
This uncertainty was included by varing the tt̄SM cross-section used both in the tt̄SM

background normalization and in the BR limits evaluation.

• PDFs choice: The CTEQ 5L PDF set was used in the Monte Carlo generation. A
different PDF set (CTEQ 4M [15,16]) was used to estimate the effect of this choice
on the event kinematics.

• b-tag algorithm efficiency: As mentioned in section 2, the ATLFASTB package
was used to parametrize the b − tag efficiency. The NSET=2 flag (corresponding to
a b-tagging efficiency of 60%) was used. In order to study the impact of a different
choice, the NSET=1 (corresponding to a b-tagging efficiency of 50%) and NSET=3

(corresponding to a b-tagging efficiency of 70%) options were also used. This source
of uncertainty affects the signal efficiency, background estimation and discriminant
variable shapes.

• jet energy calibration: The impact of the knowledge of the absolute jet energy
scale was estimated by recalibrating the reconstructed jet energy. A miscalibration of
±1% for light jets and ±3% for b-jets was used. This uncertainty was found to have
a negligible effect on the signal efficiency, background estimation and discriminant
variable shapes.

• analysis stability: The stability of the sequential analysis was studied by changing
the preselection and final selection (typically a ±10% variation on the cut values was
considered).

• p.d.f. choice: The discriminant variables were computed using the probability
density function sets described in section 3. In order to estimate the effect of a
different p.d.f. set, the following changes were studied:

a) t → Zu(c) channel: the t̄ reconstruction was done by considering the jet closest
to the reconstructed Z in the invariant mass evaluation.

b) t → γu(c) channel: similarly to the t → Zu(c) channel, the t̄ mass reconstruction
was done using the jet closest to the leading γ. Moreover, the t mass was included
in the p.d.f. set and the multiplicity of jets with |η| < 2.5 was chosen as p.d.f.
(instead of the jet multiplicity).

8

(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

• Precision: look for anomalies in flavor 
couplings (10^3 improvement). 

• Search for coupling to a new sector (like 

in the      case): J/�

_

(ii) Naturalness => new states decay quickly to top pairs.
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(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

• Precision: look for anomalies in flavor 
couplings (10^3 improvement). 

• Search for coupling to a new sector (like 

in the      case): J/�

_

(ii) Naturalness => new states decay quickly to top pairs.

(iii) Since                    the outgoing tops are ultra-relativistic,  

their products collimate => top jets.

mt ⌧ mKK

Agashe, Belyaev, Krupovnickas, GP & Virzi (06);!
Lillie, Randall & Wang (07).
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variable shapes.
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scale was estimated by recalibrating the reconstructed jet energy. A miscalibration of
±1% for light jets and ±3% for b-jets was used. This uncertainty was found to have
a negligible effect on the signal efficiency, background estimation and discriminant
variable shapes.

• analysis stability: The stability of the sequential analysis was studied by changing
the preselection and final selection (typically a ±10% variation on the cut values was
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• p.d.f. choice: The discriminant variables were computed using the probability
density function sets described in section 3. In order to estimate the effect of a
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a) t → Zu(c) channel: the t̄ reconstruction was done by considering the jet closest
to the reconstructed Z in the invariant mass evaluation.
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(instead of the jet multiplicity).
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(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
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Top sector observables
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Lillie, Randall & Wang (07).

RS/composite H <=> strong dynamics => width free parameter
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arise without introducing hierarchies in the fundamental
5D theory [5, 6, 7]. The 1st/2nd generation fermions
have small Yukawa couplings to Higgs, which is local-
ized near the TeV brane. Similarly, the top quark can
be localized near the TeV brane to account for its large
Yukawa coupling.

In this scenario, there are new contributions to EWPT
and FCNC’s calculable in the 5D effective field theory
(EFT) from KK modes. In particular, the couplings of
SM fermions to gauge KK modes are non-universal due
to the different profiles for the SM fermions, resulting in
FCNC’s. However, the gauge KK modes are localized
near the TeV brane while the light fermions are near the
Planck brane and hence it can be shown that the non-
universal part of these couplings are proportional to the
SM Yukawa couplings [6, 7]. Thus, most of the couplings
to the new degrees of freedom are small and hierarchical,
leading to the same symmetry structure which suppresses
the SM flavor-violating contributions [8] (for recent re-
lated discussions and the experimental status see [9]).
The gauge KK modes also give contributions to EWPT.
The constraints from the oblique (S and T ) parameters
can be satisfied with a KK mass scale as low as ∼ 3 TeV
if a custodial isospin symmetry is incorporated [10].

Let us examine the top/bottom sector in detail since
the associated couplings will be relevant for the signals.
It is clear that both tL,R being near the Planck brane
gives too small a top Yukawa coupling. On the other
hand, the fact that (t, b)L is close to the TeV brane leads
to its large coupling to KK Z and, in turn, results in a
non-universal shift in its coupling to the SM Z via mix-

ing of KK Z with zero-mode Z [10]: δgbL

Z ∼ gbL

ZKKξ m2

Z

M2

KKZ

where ξ ≡
√

log (MPl/ TeV ) and gbL

ZKK is the corre-
sponding non-universal KK Z coupling. The constraint
from data is that δgbL

Z /gZ ∼< 1/4%.
Thus, for a KK scale ≃ a few TeV, there is a tension

between obtaining large top mass and EWPT (i.e., Zb̄LbL

coupling) which can be relaxed by the following setup: (i)
(t, b)L quasi-localized near TeV brane so that the shift
in coupling of bL to Z is on the edge, (ii) tR localized
very close to TeV brane to obtain large top quark mass
and (iii) largest dimensionless 5D Yukawa consistent with
perturbativity. Note that the resulting coupling of bL

to gauge KK modes (including gluon) is comparable to
the SM couplings and thus is still larger than what is
expected on the basis of mb alone, since it is dictated by
the large top mass instead. Even with these choices, the
KK scale is required to be rather high, ! 5 TeV. In this
case, the couplings of tR, which is localized very near
the TeV brane, to the gauge KK modes are enhanced:
gtR

SMKK ∼ gSMξ .

However, such corrections to Zb̄LbL coupling can be
suppressed by suitable choice of representation of top and
bottom quarks under the custodial isospin symmetry [11].
In this case, we can have the other extreme situation:
(t, b)L can be localized very close to the TeV brane with
tR being close to flat. Also, there is an intermediate

possibility with both (t, b)L and tR being localized close
(but not too close) to the TeV brane. The KK scale can
then be as low as ∼ 3 TeV for certain choice of profiles
for tR and (t, b)L in the extra dimension [12].

In this paper we will consider models with the assign-
ment of reference [10] for the quantum numbers of top
and bottom quarks. Based on the above profiles, it can
be shown that the couplings of KK gluon (and in gen-
eral all gauge KK modes) to light fermions (including
bR) are suppressed by ξ with respect to the SM gauge
couplings. The coupling to tL, bL is neither suppressed
nor enhanced and only the coupling to tR (which is prac-
tically on the TeV brane or composite in the dual 4D
picture) is enhanced by ξ. It can also be shown that
there is no coupling of single KK gauge field to two SM
gauge bosons at leading order due to orthonormality of
profiles of these particles. To summarize (see for exam-
ple [8] for more details) the relevant coupling to the KK
gauge states can be described, neglecting effects related
to EWSB, via ratio of RS1-to-SM gauge coupling

gqq̄,ll̄ G1

RS

gSM

≃ ξ−1 ≈
1

5
,

gQ3Q̄3G1

RS

gSM

≈ 1 ,

gtR t̄RG1

RS

gSM

≃ ξ ≈ 5 ,
gGGG1

RS

gSM

≈ 0 , (1)

where q = u, d, s, c, bR, l = leptons, Q3 = (t, b)L, G, G1

correspond to SM and first KK states of the gauge fields
respectively and gxyz

RS , gSM stands for the RS1 and the
three SM (i.e., 4D) gauge couplings respectively.

It is straightforward to modify our analysis as to acco-
modate generic couplings of the KK gauge fields to the
SM third generation quarks. This will cover the signals of
models with custodial symmetry for Zbb̄ [11]. However,
we choose to show the explicit results within one scenario
to make the steps of our analysis and our results more
transparent. A brief discussion of the signals in the case
where the custodial symmetry for Zbb̄ [11] is realized is
given in section III A.

We will mostly focus on LHC signals from KK gluons
which have the largest production rate. The KK mass
scale is assume to be ≃ a few TeV. In cases where a spe-
cific mass was required for our analysis a 3 TeV mass was
used. We also briefly discuss other interesting signals re-
lated to the electroweak gauge KK sector whose detection
might be more challenging than KK gluon, partly due to
lower production rates than for KK gluons and also due
to suppression of decays to “golden” modes such as lep-
tons. In general, the EW sector is also more model de-
pendent. Earlier studies of KK gluon production at the
LHC [13, 14] did not consider the effect of the fermion
profiles which now is understood to be mandatory for the
phenomenological viability of the framework.

“KK gluon above 1 TeV has width of MKKG/6”	


Original models had relatively narrow KK’s:

Later will implicit motivate: (and regardless of motivation …)
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can be satisfied with a KK mass scale as low as ∼ 3 TeV
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(but not too close) to the TeV brane. The KK scale can
then be as low as ∼ 3 TeV for certain choice of profiles
for tR and (t, b)L in the extra dimension [12].

In this paper we will consider models with the assign-
ment of reference [10] for the quantum numbers of top
and bottom quarks. Based on the above profiles, it can
be shown that the couplings of KK gluon (and in gen-
eral all gauge KK modes) to light fermions (including
bR) are suppressed by ξ with respect to the SM gauge
couplings. The coupling to tL, bL is neither suppressed
nor enhanced and only the coupling to tR (which is prac-
tically on the TeV brane or composite in the dual 4D
picture) is enhanced by ξ. It can also be shown that
there is no coupling of single KK gauge field to two SM
gauge bosons at leading order due to orthonormality of
profiles of these particles. To summarize (see for exam-
ple [8] for more details) the relevant coupling to the KK
gauge states can be described, neglecting effects related
to EWSB, via ratio of RS1-to-SM gauge coupling

gqq̄,ll̄ G1

RS

gSM

≃ ξ−1 ≈
1

5
,

gQ3Q̄3G1

RS

gSM

≈ 1 ,

gtR t̄RG1

RS

gSM

≃ ξ ≈ 5 ,
gGGG1

RS

gSM

≈ 0 , (1)

where q = u, d, s, c, bR, l = leptons, Q3 = (t, b)L, G, G1

correspond to SM and first KK states of the gauge fields
respectively and gxyz

RS , gSM stands for the RS1 and the
three SM (i.e., 4D) gauge couplings respectively.

It is straightforward to modify our analysis as to acco-
modate generic couplings of the KK gauge fields to the
SM third generation quarks. This will cover the signals of
models with custodial symmetry for Zbb̄ [11]. However,
we choose to show the explicit results within one scenario
to make the steps of our analysis and our results more
transparent. A brief discussion of the signals in the case
where the custodial symmetry for Zbb̄ [11] is realized is
given in section III A.

We will mostly focus on LHC signals from KK gluons
which have the largest production rate. The KK mass
scale is assume to be ≃ a few TeV. In cases where a spe-
cific mass was required for our analysis a 3 TeV mass was
used. We also briefly discuss other interesting signals re-
lated to the electroweak gauge KK sector whose detection
might be more challenging than KK gluon, partly due to
lower production rates than for KK gluons and also due
to suppression of decays to “golden” modes such as lep-
tons. In general, the EW sector is also more model de-
pendent. Earlier studies of KK gluon production at the
LHC [13, 14] did not consider the effect of the fermion
profiles which now is understood to be mandatory for the
phenomenological viability of the framework.

“KK gluon above 1 TeV has width of MKKG/6”	


Original models had relatively narrow KK’s:

Later will implicit motivate: (and regardless of motivation …)

2

arise without introducing hierarchies in the fundamental
5D theory [5, 6, 7]. The 1st/2nd generation fermions
have small Yukawa couplings to Higgs, which is local-
ized near the TeV brane. Similarly, the top quark can
be localized near the TeV brane to account for its large
Yukawa coupling.

In this scenario, there are new contributions to EWPT
and FCNC’s calculable in the 5D effective field theory
(EFT) from KK modes. In particular, the couplings of
SM fermions to gauge KK modes are non-universal due
to the different profiles for the SM fermions, resulting in
FCNC’s. However, the gauge KK modes are localized
near the TeV brane while the light fermions are near the
Planck brane and hence it can be shown that the non-
universal part of these couplings are proportional to the
SM Yukawa couplings [6, 7]. Thus, most of the couplings
to the new degrees of freedom are small and hierarchical,
leading to the same symmetry structure which suppresses
the SM flavor-violating contributions [8] (for recent re-
lated discussions and the experimental status see [9]).
The gauge KK modes also give contributions to EWPT.
The constraints from the oblique (S and T ) parameters
can be satisfied with a KK mass scale as low as ∼ 3 TeV
if a custodial isospin symmetry is incorporated [10].

Let us examine the top/bottom sector in detail since
the associated couplings will be relevant for the signals.
It is clear that both tL,R being near the Planck brane
gives too small a top Yukawa coupling. On the other
hand, the fact that (t, b)L is close to the TeV brane leads
to its large coupling to KK Z and, in turn, results in a
non-universal shift in its coupling to the SM Z via mix-
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in coupling of bL to Z is on the edge, (ii) tR localized
very close to TeV brane to obtain large top quark mass
and (iii) largest dimensionless 5D Yukawa consistent with
perturbativity. Note that the resulting coupling of bL

to gauge KK modes (including gluon) is comparable to
the SM couplings and thus is still larger than what is
expected on the basis of mb alone, since it is dictated by
the large top mass instead. Even with these choices, the
KK scale is required to be rather high, ! 5 TeV. In this
case, the couplings of tR, which is localized very near
the TeV brane, to the gauge KK modes are enhanced:
gtR

SMKK ∼ gSMξ .

However, such corrections to Zb̄LbL coupling can be
suppressed by suitable choice of representation of top and
bottom quarks under the custodial isospin symmetry [11].
In this case, we can have the other extreme situation:
(t, b)L can be localized very close to the TeV brane with
tR being close to flat. Also, there is an intermediate

possibility with both (t, b)L and tR being localized close
(but not too close) to the TeV brane. The KK scale can
then be as low as ∼ 3 TeV for certain choice of profiles
for tR and (t, b)L in the extra dimension [12].

In this paper we will consider models with the assign-
ment of reference [10] for the quantum numbers of top
and bottom quarks. Based on the above profiles, it can
be shown that the couplings of KK gluon (and in gen-
eral all gauge KK modes) to light fermions (including
bR) are suppressed by ξ with respect to the SM gauge
couplings. The coupling to tL, bL is neither suppressed
nor enhanced and only the coupling to tR (which is prac-
tically on the TeV brane or composite in the dual 4D
picture) is enhanced by ξ. It can also be shown that
there is no coupling of single KK gauge field to two SM
gauge bosons at leading order due to orthonormality of
profiles of these particles. To summarize (see for exam-
ple [8] for more details) the relevant coupling to the KK
gauge states can be described, neglecting effects related
to EWSB, via ratio of RS1-to-SM gauge coupling
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RS , gSM stands for the RS1 and the
three SM (i.e., 4D) gauge couplings respectively.

It is straightforward to modify our analysis as to acco-
modate generic couplings of the KK gauge fields to the
SM third generation quarks. This will cover the signals of
models with custodial symmetry for Zbb̄ [11]. However,
we choose to show the explicit results within one scenario
to make the steps of our analysis and our results more
transparent. A brief discussion of the signals in the case
where the custodial symmetry for Zbb̄ [11] is realized is
given in section III A.

We will mostly focus on LHC signals from KK gluons
which have the largest production rate. The KK mass
scale is assume to be ≃ a few TeV. In cases where a spe-
cific mass was required for our analysis a 3 TeV mass was
used. We also briefly discuss other interesting signals re-
lated to the electroweak gauge KK sector whose detection
might be more challenging than KK gluon, partly due to
lower production rates than for KK gluons and also due
to suppression of decays to “golden” modes such as lep-
tons. In general, the EW sector is also more model de-
pendent. Earlier studies of KK gluon production at the
LHC [13, 14] did not consider the effect of the fermion
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Case #2 against top-pair resonance searches 	
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The “elusive” (narrow) KK Gluon	
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                         Chala, Juknevich, GP & Santiago, to appear. !
                        



♦ The KK gluon is part of the composite sector, it decays to

Do we search for the right thing?

♦  S parameter: mKKG >3 TeV; naturalness: mT < 1 TeV.

the most composite object allowed by kinematics (t, T ).

♦  Searches: mKKG >2.5 TeV; mT > 800 GeV.
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 Top (exp’) uniqueness, decay
• Tops decay after 10-24sec, can’t be “seen”.

• Above a TeV, due to collimation, top’s similar to light 
jet, efficiency &                                                                             
fake rate worsen. • Complicated final state, force 

experimentalists to understand their
detectors (commissioning tool).
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Implications for KKG > TT decay_ _

Similar to ordinary	

2-jet QCD 	


process impossible 	

to observe ?? 
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1. Need to be able to control mtt at differential level. 	

2. Asks for a jet substructure-event-shape/final state 

hybrid treatment.



ATLAS-CONF-2013-099

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210

310

410
e+jetsATLAS Preliminary

-1 L dt = 4.6 fb∫=7 TeV s Data
 (l+jets)tt
 (dilepton)tt

Single top
W+jets
Multijet
Other

 [GeV]
T

Hadronic top p
0 100 200 300 400 500 600 700 800

D
at

a/
Pr

ed
ic

tio
n

0.5
1

1.5

(a)

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210

310

410 +jetsµATLAS Preliminary
-1 L dt = 4.6 fb∫=7 TeV s Data

 (l+jets)tt
 (dilepton)tt

Single top
W+jets
Multijet
Other

 [GeV]
T

Hadronic top p
0 100 200 300 400 500 600 700 800

D
at

a/
Pr

ed
ic

tio
n

0.5
1

1.5

(b)

Ev
en

ts
 / 

G
eV

-410

-310

-210

-110

1
10

210

310
e+jetsATLAS Preliminary

-1 L dt = 4.6 fb∫=7 TeV s Data
 (l+jets)tt
 (dilepton)tt

Single top
W+jets
Multijet
Other

 [GeV]ttm
500 1000 1500 2000 2500

D
at

a/
Pr

ed
ic

tio
n

0.5
1

1.5

(c)

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210

310
+jetsµATLAS Preliminary

-1 L dt = 4.6 fb∫=7 TeV s Data
 (l+jets)tt
 (dilepton)tt

Single top
W+jets
Multijet
Other

 [GeV]ttm
500 1000 1500 2000 2500

D
at

a/
Pr

ed
ic

tio
n

0.5
1

1.5

(d)

Figure 3: Reconstructed distributions for pt
T (from the hadronically decaying top quark) in the elec-

tron (a) and muon (b) channels and for mtt̄ in the electron (c) and muon (d) channels. Data is compared
to predictions, using Alpgen+Herwig as the signal model. The hashed area indicates the combined sta-
tistical and systematic uncertainties on the total prediction, excluding systematic uncertainties related
to the modeling of the tt̄ system. “Other” includes the small backgrounds from the diboson and Z+jets
production. Events beyond the axis range are included in the last bin.
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Figure 6: Normalised differential tt production cross section as a function of the pt
T (top left)

and yt (top right) of the top quarks, and the ptt
T (middle left), ytt (middle right), and mtt (bottom)

of the top-quark pairs. The superscript ‘t’ refers to both top quarks and antiquarks. The inner
(outer) error bars indicate the statistical (combined statistical and systematic) uncertainty. The
measurements are compared to predictions from MADGRAPH, POWHEG, and MC@NLO and
approximate NNLO [8] calculations, when available. The MADGRAPH prediction is shown
both as a curve and as a binned histogram.

CMS PAS TOP-12-027 

The status of boosted top-diff ’ distribution

Much more challenging, way more rewording, far more important!



“The mini intensity frontier”:	

Elusive top physics

mt̃ ⇠ 400GeV
natural SUSY

tuning ~ 1:102

LHC14 : mt̃ ⇠ 2TeV

Boosted regime
Elusive regime



♦ Almost all approaches have implications to top phys.:	


   (i) SUSY, get rid of missing energy in a systematic way: 	


       RPV, stealth, compressed …  (no time to review it all …)	


!

!

Could the stops/t’ still be light?
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.

 [GeV]
1t

~m
200 300 400 500 600 700 800

 [G
eV

]
0 1
χ∼

m

0

50

100

150

200

250

300

350

400

450

500
BR = 100 %
BR = 75 %
BR = 60 %

0.6 0.54 0.58 0.67 0.63 0.75 0.9

0.68 0.62 0.61 0.67 0.65 0.76 0.95

0.74 0.64 0.74 0.68 0.79 0.94

0.84 0.82 0.73 0.85

0.95

1
0
χ∼+m

t<m
1t~m

0
1
χ∼ t→ 1t

~ production, 1t
~

1t
~

=8 TeVs, -1 Ldt = 20.5 fb∫
Observed Excluded Branching Ratio at 95% CL

ATLAS Preliminary

All hadronic channel
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1 and has no sensitivity to other decay modes.
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Could the stops/t’ still be light?

LHC top mass
(5/fb)

173.3± 0.5± 1.3 GeV
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Czakon,  Mitov,  Papucci,  JTR,  Weiler,  to appear.   

what is mt in the 
presence of stop 
contamination?

varying the top mass:

stop + top
17via Josh Ruderman, NNLO theory applied to SUSY:

2  and 3 sigma contours

take blue curve as guide to what might be 
accomplished when this is answered

19

Han, Katz, Krohn and Reece; Belanger, Godbole, Hartgring and Niessen (12); !
Buckley, Plehn and Ramsey-Musolf (13); Li, Si, Wang, Wang, Zhang and Zhu;!
Mukhopadhyay, Nojiri and Yanagida (14).

Mass & Xsection precision 
could be helpful:

As well as differential distribution (angular)

More generically understanding top+jets & thinking about gluinos. 
Evans, Kats, Shih and Strassler (13)



♦ Almost all approaches have implications to top phys.:	


   (i) SUSY, get rid of missing energy in a systematic way: 	


       RPV, stealth, compressing the spectrum.  (no time to review it all …)	


!

!

Could the stops/t’ still be light?
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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 (ii) Get rid of tops in the final state => flavor & connection.	


       Applies not only to SUSY.   



Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

♦ Standard model: 3 copies (flavours) of quarks;	


     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 	


     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); !
Cohen, Kaplan & Nelson (96) 

Flavourful naturalness



♦ Standard model: 3 copies (flavours) of quarks;	


     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 	


     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); !
Cohen, Kaplan & Nelson (96) > 1000 citations !

♦ This need not be the case, top-partner => “stop-scharm” admixture.

Flavourful naturalness

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stopx
Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

m̃1m̃2

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop



Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop
dark matter

m̃t

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop
dark matter

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

m̃1, m̃2

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

♦ Standard model: 3 copies (flavours) of quarks;	


     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 	


     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); !
Cohen, Kaplan & Nelson (96) > 1000 citations ...

♦ This need not be the case, top-partner => “stop-scharm” admixture.

Flavourful naturalness

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stopx



Flavorful naturalness, ameliorating stops bounds

♦ The relevant parameters to constrain are:  Blanke, Giudice, Paride, GP & Zupan (13)

stop,scharm like squark mass, m1,2 & C ⌘ cos ✓RR
23

Define relative tuning measure: ⇠ = m̃2
1c

2+m̃2
2s

2

m2
0

, (m0 = 570GeV)

mt̃ ⇠ 400GeV

mt̃ ⇠ 2TeV

LHC8: mt̃ ⇠ 700GeV
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Compositeness: split 2 gen’ LHC bounds (similar to SUSY case)

Mc ⌧ MU

yc � yu

Delaunay, Fraille, Flacke, Lee, Panico & GP (13).



♦ t →cZ  null test of the SM.

Composite natural t→cZ

♦ t →cZ  in composite models could be large. 
Agashe GP & Soni (06)

♦ t →cZ  in custodial composite models could be small. 
Agashe, Contino, Da Rold & Pomarol (06)

♦ t →cZ  in natural custodial composite models should be large. 
As both LH & RH tops needs to be composite, Azatov, Panico GP & Soreq, to appear

Note that the charm quark becomes massless in the limit of �
4

= �
1

, this is not surprising
because in this point of the parameter space only one combination of the elementary fermions
couples to the strong sector

tL,R
SM

= �t
L,R cos(�)tL,R + �c

L,R cos(�)cL,R , � = �
1

= �
4

, (42)

as can be easily seen from the mass matrix in Eq. (40). It is important to stress that this
property is an artifact of our truncation of the composite sector spectrum. In the complete
two-site model with two composite multiplets the charm mass is non-vanishing for �

4

= �
1

.
The flavor-violating Z couplings can be easily obtained with an explicit computation by

using an expansion in v/f . For the coupling involving the right-handed fields we find

gtc,R =
g

2cW

✓
mcmt
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. (43)

For the left-handed coupling instead we get

gtc,L =
g

2
p
2cW
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✓
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◆
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In the derivation of the above estimates we have again assumed the “minimal tuning” conditions
�t
L ⇠ �t

R. Notice that the explicit results in Eqs. (43) and (44) are in agreement with the
estimates for gtc,L and gtc,R that we derived by the spurion analysis in sec. 3 (see Eqs. (33) and
(35)).

From the above results we can derive the following estimate for the branching fraction
BR(t ! cZ)

BR(t ! cZ) ⇠ 10�5

✓
700

M⇤

◆
4

. (45)

The estimate in Eq. (45) shows that the natural size of the branching fraction for the t ! cZ
decay in the presence of light composite resonances is not far from the current experimental
bounds. The present searches indeed set an upper bound BR(t ! cZ) < 5⇥10�4 at 95%CL [7].
Although currently not probed, branching ratios of order 10�5 will be tested at the LHC in the
14 TeV run.

Accidental cancellations

In the explicit calculations that lead to Eqs. (43) and (44) for simplicity we did not inlcude all
the possible interaction operators between the Z boson and the composite states. In particular
we used only the interactions terms comeing from the êµ CCWZ symbol, that is we put ⇣↵� = 0
in Eq. (12) thus neglecting possible interactions coming from the d̂µ term. The reason for this
simplification is the fact that, for generic values of ⇣ no qualitative change is obtained for the
Ztc flavor violating couplings.

There is however a special point in the parameter space in which some important quanti-
tative e↵ect is present. In the case in which the ⇣↵�

parameter is exactly equal to one and is
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L

Figure 1: Schematic structure of the diagrams contributing to the flavor violating Z couplings
with the top and the charm quarks. The single lines denote the elementary fields while the
double lines correspond to the composite states. Each dashed line denotes one insertion of the
Higgs VEV.

through the insertion of the PLR breaking couplings, namely �t
L (or �c

L, which is however much
smaller and leads to a subleading correction). The corrections to the Ztc right-handed coupling
are then due to operators of the form YS: modified here, no M
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where for simplicity we have kept the flavor indices inside the curly brackets implicit and mSM

u

should be taken as the spurion that appears on the right hand side of Eq. (19), and we have only
shown a representative subclass of all the structured allowed at this order the rest is represented
by the dots. Similar to the case of O�u=1

LL discussed above flavor violation is further suppressed
by a factor of �M2/M6

⇤ as expected by a naive power counting.
The corresponding estimate of the gtc,R coupling is

gtc,R ⇠ g

2cW
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, (35)

as for the left-handed coupling an additional contribution comes from operators containing
the bidoublet mass matrix. Note that the additional suppression given by the (�t

L/M⇤)2 fac-
tor is generic for all models that use the custodial symmetry to protect Zb̄LbL (and Zs̄LsL)
coupling. In all these models, indeed, the tR and cR fields must be in custodially protected
representations [15].

Before concluding this section it is useful to comment on the phenomenological impli-
cations of the custodial protection for the right-handed coupling. With respect to a model
without custodial protection, the gtc,R coupling is suppressed by two powers of the left-handed
top compositeness angle stL ⇠ �t

L/M⇤. As discussed at the end of sec. 2.3, the tL compositeness
is tightly related to the mass scale of the composite resonances m = g⇤f and must satisfy the
lower bound stL & yt/g⇤. This means that in natural scanerios, that require light resonances
(g⇤ . 2), the additional factor in gtc,R does not lead to any signiuficant suppression. The reduc-
tion of the right-handed flavor-changing e↵ects is only e↵ective when the composite resonances
are heavy. An explicit confirmation of this can be found in the context of the extra-dimensional
composite Higgs realizations. In that case the mass scale of the fermionic resonances is con-
nected to the one of the gauge resonances, which are constrained to be rather heavy from the
EW data. This of course implies that a significant suppression of the gtc,R coupling is expected
in custodially-protected models as explicitly found in [?].
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♦ One extra prediction tops should be RH polarized.
Azatov, Panico GP & Soreq, to appear



♦ tZj  in the SM is important once BR(t →cZ) < 10-5 is reached.

The SM semi-irreducible wall

Campbell, Ellis & Rontsch (13)!

Figure 1. Feynman graphs to calculate the lowest order amplitudes. The wavy line denotes a W or Z/γ∗

boson.

with a smaller rate at the LHC due to the difference in up- and down-quark parton distribution
functions (pdfs). The leading order (LO) Feynman diagrams for the first process in Eq. (1.1) are
shown in Fig. 1, including also the non-resonant contribution, diagram (g), that should be included
when considering the charged lepton final state. The Z boson can be radiated from any of the four
quark lines, or from the W boson exchanged in the t-channel. As can be seen from the diagrams, this
process is related to hadronic WZ production by crossing. As a matter of principle, measurement of
single top+Z is thus as important as measuring the WZ pair cross section, with the added bonus that
it depends on the coupling of the top quark to the Z. In this paper, we present results for the single
top + Z process to next-to-leading order (NLO) in QCD1.

Although the single top + Z process is an electroweak one, in contrast to the QCD-induced pair
production mode (tt̄Z), it contains fewer particles in the final state and is therefore easier to produce.
Fig. 2 shows that any advantage in rate for the top pair production is effectively removed once an
additional Z-boson is required. As a result, the single top + Z cross section is about the same size as
the tt̄Z one. Given the status of current LHC searches for tt̄V production it is interesting to consider
the expected experimental sensitivity to the single top + Z channel. In particular, the impact of these
SM processes should already be present in current trilepton searches, albeit in regions of lower jet
multiplicity.

In order to properly assess the expected event rates in trilepton searches, in this paper we will

1Next-to-leading order QCD corrections to tZ associated production via the flavor-changing neutral-current couplings
at hadron colliders have been considered in Ref. [8].

– 2 –

♦  Current bound is BR(t →cZ)~ 5x10-4 , more serious studies  
required before the experimentalists actually go below 10-4 …



Conclusions
♦Top phys. is one of the few motivated windows for new physics searches.

♦Two frontiers of the (top) battle of naturalness at the LHC (run II) -

(i) “mini-energy” boosted frontier of heavy top-partner: 	


   - robust searches <=> differential distribution measurement \w boosted tops;	


   - rich final states involving boosted tops + EW/h and/or missing energy.

(ii) “mini-intensity” precision frontier of elusive top-partners: 	


   - SUSY <=> getting rid of missing energy, signal looks like                  ;	


   - SUSY+composite Higgs <=> flavor violation => t<=>c interchanged;

t̄t, t̄t+ j

 - composite Higgs => large t →cZ , tZj  in the SM will become relevant.



Asymmetric tt̄ events and top tagging
Backovic, JJ, Perez, Soreq

We define an asymmetry for truth level tops to quantify the pT
imbalance in t¯t events

ASV
tt̄ =

|~pT,t + ~pT,t̄|
pT,t + pT,t̄

Asymmetric events are also a
background to t¯t resonance

searches

Top template tagger can remove
more asymmetric events than d

12

+ mass cut
José Juknevich Top Tagging Techniques 26 / 28



♦ Flavor: only                              sizable mixing is allowed.  

What is the impact of stop-flavor-violation on tuning ? 
(flavored naturalness)

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

♦ Naively sounds crazy ... 

˜tR � ũR or

˜tR � c̃R

Dine, Leigh & Kagan (93); Dimopoulos & Giudice (95).



What is the impact of adding flavor violation on stop 
searches ? (flavorful naturalness)

♦ Flavor: only                              sizable mixing is allowed.  

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

c̃R

♦ Naively sounds crazy as worsening the fine tuning problem.  

♦ However, as you’ll see soon the scharm can be light...  

♦ The                          production is suppressed by              .  ”t̃R t̃⇤R” ! tR t⇤R
�
cos ✓R23

�4

Potentially: new hole in searches, possibly improve naturalness 

˜tR � ũR or

˜tR � c̃R

�m2
Hu = � 3y2t

8⇡2

⇣
m2

t̃L
+ cos

2 ✓RR
23 m2

1 + sin

2 ✓RR
23 m2

2

⌘



Constraining (RH) flavorful naturalness

♦ RH stops & naturalness,   
Analysis applies for ATLAS (12); now new 
bounds from ATLAS and CMS around 670 GeV.

mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).
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mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
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LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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Constraining (RH) flavorful naturalness

♦ RH stops & naturalness,   
Analysis applies for ATLAS (12); now new 
bounds from ATLAS and CMS around 670 GeV.

mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the

200 400 600 800 100010-3

10-2

10-1

1

101

mqé @GeVD

s
@pbD

squark limits

8 squarks

1 squarkCMS razor
CMS aT
CMS jets +MET
ATLAS jets +MET

L ª 5 fb-1

FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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1 and has no sensitivity to other decay modes.
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Conclusions

♦ Elusive: light (non-”sups”) squarks/partners maybe buried.    

♦ Stop-scharm mixing might lead to improve naturalness.

♦ Ask for new type of searches, charm tagging important, linked 

to CPV in D mixing, soon to be tested at LHCb.

♦ Subjective: despite entering the “boosted” era (not in Higgs) the 

“jet-substructure” field is behind the rest of the PQCD one.

♦ More energy => about to enter “hybrid-boosted” era.



Next-to-leading order effects

Are top pairs in high-pT events always back to back?

1 2 3

How do 2 and 3 change distributions?
Salam, ’13, ATLAS Top WG

José Juknevich Top Tagging Techniques 25 / 28

Backovic, Gabizon, Juknevich, GP & Soreq (13)



Light scharms at the LHC
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Light squarks > 1.4 TeV?

Assumptions?

What is driving the limit?

Holes in the net?
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Light squarks > 1.4 TeV?

Assumptions?

What is driving the limit?

Holes in the net?

Putting stops aside, what are the bounds on first 2-
generation “light” squarks?         

Summer bounds from ATLAS & CMS : 



What drives the experimental limits?

♦ Signal efficiencies;

♦ Production rate, PDFs.

♦ Squark multiplicity; 
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(c̃, s̃)L, c̃R, s̃R

Everything degenerate         

M
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E�ciencies

Signal e�ciency falls very rapidly with decreasing squark mass
Below ≥ 600 GeV ‘‡ = 1
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Squark searches
• Relaxing degeneracy assumption:

• naively: σ ∝ 1/m6                                  
→ from 8→2 light squarks mass limit 
change by 41/6-1~ 25%

• but:

• efficiencies have hard thresholds  
(and current limits are on the 
thresholds) 

• P.d.f’s have large effects                      
(u vs. d vs. c vs. s…) 

• large effects on mass limits!! 
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PDFs: all 4 flavor “sea” squarks can be light!
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
ϵK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12⟨H0

d⟩s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant 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 and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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excluded
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Single squark can be as light as 400-500 GeV!
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Spectrum of flavorful natural models
Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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(c̃, s̃)L, c̃R, s̃R

Everything degenerate         

M
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(ũ, d̃)L, ũR, d̃R,
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