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FIG. 1: (a) Bands allowed in Rt,κt space by tt̄ production at Tevatron and LHC for 7 TeV, available data; (b) The same

for LHC at 14 TeV, theoretical expectation of inclusive cross sections and boosted top events. We also show the region that is

allowed by the high top pair invariant mass bin as reported in a recent ATLAS investigation of the differential tt̄ cross section

[32], which is largely equivalent in sensitivity to the CDF analysis. We use µR = µF = mt and µF = µR = mT for the boosted

search, where mT denotes the average transverse mass of the top quarks.

We have adopted the theoretical expectations of Ref. [28]

Tevatron: σ(tt̄+X) = 7.13 +0.30
−0.40 (scale)

+0.17
−0.12 (pdf) pb (3.4)

LHC,
√
s = 7 TeV: σ(tt̄+X) = 164.3 +3.3

−9.2 (scale)
+4.4
−4.5 (pdf) pb (3.5)

LHC,
√
s = 14 TeV: σ(tt̄+X) = 908.3 +9.8

−40.5 (scale)
+15.2
−16.7 (pdf) pb (3.6)

as representative figures of the inclusive tt̄ cross sections [29–31]. It has been shown in Refs. [30, 31] that the pertur-

bative evolution up to the full NNLO precision result for tt̄ production at the Tevatron reduces the renormalization

scale uncertainty by O(30%) and a similar improvement is expected for LHC predictions. We include the theoretical

uncertainty due to variations of the renormalization scale and errors of the parton densities by adding it to the

previously mentioned experimental error in quadrature; the differences of the theoretical and experimentally expected

mean values are added equivalently.

This procedure gives rise to a band of viable values in the {Rt,κt}-parameter plane from each of the two colliders,

Fig. 1. The crossing of the bands allows us to determine the upper limits of the two parameters separately,

resulting in the conservative upper bounds collected in Tab. I. At the LHC, the inclusive tt̄ cross section is

driven by the gluon fusion channel, which has no dependence on Rt, see Eq. (2.5). This makes it difficult to ob-

tain stringent bounds on Rt, in contrast to the Tevatron where the quark-antiquark channel is dominant, see Eq. (2.2).

The bound on |κ| from the combination ’Tevatron ⊕ LHC[7 TeV]’ of the presently available data would shrink to

|κ| < 0.06 if the top radius is set to zero. Comparing this value with appropriate values in the literature based on

analyses of chromo-magnetic and chromo-electric dipole moments [5, 16], they agree within errors of 30%.

For the tt̄ cross section at the Tevatron there are statistical improvements upon combining the data sets of DØ

and CD [33]. Similar improvements can be expected at the LHC for the 14 TeV run, when more data will become

available. We show a projection of this situation in Fig. 1 (b), where we scale the CDF error of Eq. (3.2) by a

factor 1/
√
2, and the LHC systematic uncertainty is saturated at 5% [34]. This shows that we can indeed expect a

significant improvement on the limits of {Rt,κt} at the level of inclusive searches.

Even though we cannot carry out a rigorous analysis of quadratic effects in the multipole expansion, nevertheless

2

where |ρ| is an O(1) number. The quadratic Λ∗ dependence of κt is effectively equivalent to the scaling of the form

factor. The quadratic dependence in the heavy quark mass singles out the top-quark as unique particle for which κt

may be accessible experimentally, in contrast to much less sensitive light quarks or leptons. Assuming Λ∗ to be of

order 1 TeV and beyond, compatible with bounds on contact interactions from Tevatron and LHC [12], κt could be

expected at the level of several per-cent.

Both the anomalous parameters, color radius and color magnetic dipole moment, can be introduced through effective

Lagrangians [13] in an SU(3)c gauge-invariant and parity-even form2:

LR = −gs
R2

t

6
t̄γµ Gµν D

ν t+ h.c., (1.5)

Lκ = gs
κt

4mt
t̄σµν Gµν t , (1.6)

with the gluon field Gµ, in octet matrix notation, and the gluon field strength Gµν = DνGµ − DµGν , while

Dν = ∂ν + igs Gν denotes the covariant derivative of QCD. Besides the components generating the anomalous

top color current, the Lagrangians are complemented by additional two-gluon and three-gluon top interactions, as

demanded by gauge invariance. The effective Lagrangians unambiguously translate the anomalous parameters from

scattering to annihilation processes.

The classical method for studying radius and anomalous magnetic dipole moment of the top quark is given

by the elastic Rutherford-type scattering of a top quark t with a light quark q [taken pointlike in the present

scenario], which is mediated by the exchange of a gluon in qt → qt. Rutherford-type scattering is also embedded

in the process gq → tt̄q. At very high energies, gluon partons in the protons split into beams of long-lived

top-quark pairs traveling parallel to the gluon momentum. Thus, the events of the tt̄q process, characterized

by a forward moving t-quark plus a t̄q-pair, with the two partons in the pair balanced in transverse momentum,

signal Rutherford qt scattering. [Elastic gluon-top scattering is independent of the radius Rt and cannot be exploited.]

2. Theoretical groundwork. We will analyze the total cross sections for the production of top-quark pairs

pp̄/pp → qq̄, gg → tt̄ (2.1)

at Tevatron and LHC for deriving limits on the color radius Rt, the anomalous chromo-magnetic dipole moment

κt and the Λ∗ parameter in practice. Additional constraints can be derived from the angular dependence of the

top-quarks, and the correlations between longitudinal spin components of t and t̄ [14], which can be measured

unperturbed by fragmentation due to the short top lifetime [15]. Related analyses have been discussed in Refs. [16–18].

We will assume that the non-pointlike contributions to the observables are small and, correspondingly, we will

expand the observables linearly in the analytic formulae. In fact, anomalous chromo-magnetic dipole moment and

chromo-radius are the first terms of a multipole expansion including scale parameters beyond the Standard Model.

The systematic expansion would continue with higher-order moments the quadratic terms in R2
t and κt would

compete with. An analysis of these contributions is beyond the scope of the present letter.

The hadron cross sections are built up by the incoherent superposition of quark-antiquark annihilation and gluon

fusion to top-antitop pairs. Quark-antiquark annihilation is mediated only by s-channel gluon exchange3, gluon

2 Electroweak gauge invariance can be ensured by expanding the Lagrangians to the complete third generation and incorporating the
Higgs field [13].

3 We neglect electroweak interactions in the following.

...

[Englert, Freitas, Spira, Zerwas ’12]

7TeV

• Limitations by systematic uncertainties? Are there analysis-related issues? 
Impact of top-tagging?

• Complementarity to m(tt) shape analyses? Is it better?

• lots of tops at the LHC, but only a few Higgses

• strongly interacting EW scale      top compositeness⇢

Englert, Spannowski
17
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Constraining Natural SUSY

E. Conte, B. Fuks, S. Kraml, S. Kulkarni, L. Mitzka, B. O’Leary, S. Pataraia, W. Porod

S. Sekmen, D. Sengupta, N. Strobbe, F. Würthwein, W. Waltenberger

scenario considered:

higgsino like states χ̃0
1,2, χ̃+

1 , few GeV mass differences

t̃1, b̃1, arbitrary nature

g̃

mass hierarchy: mχ̃ < mq̃1
< mg̃

two-fold strategy:

constraining the scenario using existing simplified model results

doing a proper analysis

compare results of both

Status:

parameter ranges fixed

agreement on how to set up the chain from SLHA input files to n-tuples

⇒ runs will start in the next days

– p. 1
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Natural SUSY and RPV

E. Conte, M. Dolan, B. Fuks, K. Howe, Y. Jiang, B. O’Leary, M. Marjanovic, S. Pataraia,

W. Porod, P. Richardson, A. Raklev, N. Strobbe

scenario considered:

higgsino like states χ̃0
1,2, χ̃+

1 , few GeV mass differences

t̃1, b̃1, arbitrary nature

g̃

broken R-parity: any of them can be the LSP

Idea: systematically check which signatures have not yet been covered by existing analyses

Status: all final states worked out, check of LHC results still ongoing, two potentially

interesting cases so far

long lived LSP, in particular in case of the LLE-operator, e.g. g̃ five-body decays

UDD-operator: in some corner of the parameter space one has 2h+ 4j as final state

– p. 1



Top polarization in sbottom decays

• Effect of top polarization in stop decays is known to be significant

• Top polarization in sbottom decays can play a role in determining the reach for direct 
sbottom searches when sbottom decays to top + chargino are considered

• Aim:  To quantify the reach for sbottom searches by including the effect of top 
polarization 

• Two steps involved: 

- Quantify the effect of the spin co-relations on the reach of sbottom searches

- Construct new observables which utilize the information of the top 
polarization in order to enhance signal 

• Final states considered: 

- Case 1. LSP is higgsino: Final state - ttbar + MET - results exist, will be used for 
cross-checks

- Case II. LSP is bino or winolike: Final state - single lepton + jets + MET or same 
sign leptons + jets + MET - new case being considered

• Status:  new benchmarks being searched for, basic machinery in place

R. Godbole, B. Fuks,  W. Waltenberger, T. Golling, S. Kraml, G. Belanger, S. Kulkarni



Les Houches 2013 Progress & PlansCompressed SUSY at Les Houches 2013 20.06.2013 - 

Compressed SUSY spectrum at the LHC

1

✦ People: B. Fuks, F. Moortgat, P. Richardson, A. Wilcock

✦ Goal: accessing compressed SUSY spectra at 14 TeV through crazy topologies
✤ Toy channel:                                 
✤ Other tested channels: too low cross sections

✦ Benchmark scenarios
✤ sbottom, sgluino and stop masses at 200 GeV, 400 GeV, 600 GeV
✤ neutralino mass at 190 GeV 390 GeV, 590 GeV

✦ Moderate cross sections: 
✤ 2 pb, 100fb and 10 fb for a SUSY scale of 200 GeV, 400 GeV and 600 GeV, respectively

✦ Some signal distributions for 100 fb-1 and for a leptonic top decay:

pp ! g̃ t̃ t ! tE/T

24



The Susy H-bomb
Super-spectrum:
Compressed spectrum, boosted topologies, 
Higgs(es),  natural,

Englert, Spannowsky, Weiler, Brooijmans, Richardson

mt̃1 �m�̃0 < 50GeV
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Non Minimal Flavour Violation in the squark sector

K. De Causmaecker, B. Fuks, S. Sekmen, N. Strobbe, W. Porod, N. Mahmoudi

Goal

Study the e↵ect of NMFV on current exclusion limits

Workflow

•
scan over model space including NMFV

•
check which points are allowed from low energy observables (b ! s�, Bs ! µµ,
Bu ! ⌧⌫, b ! sµµ, �aµ, �M(Bs))

•
identify several benchmark points/planes and generate events

•
implement existing (CMS) analysis and study how the exclusion limits change

Model parameters

•
Gaugino mass scale (M1:M2:M3 = 1:2:6), range [100,1600], step 250

• MSUSY = mq̃ = m
˜l , range [100,1600], step 250

• A
0

= At/b/⌧ = {0, 500,�1000,�5000,�10000}
• µ, range [100,850], step 250

• mA
0

, range [100,1600], step 250

•
tan� = {10, 40}

• �LL,�RR ,�LR , range [-0.9,0.9], step 0.15

1/ 126
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Higgs sector of the (unconstrained) MSSM with CP violation

A. Arbey, J. Ellis, R. Godbole, N. Mahmoudi

Study of the implications of the Higgs observables on the CP violating MSSM
scenarios.

Parameters: pMSSM like scenario with 19 free parameters,
in addition to 6 CP phases: �1,�2,�3,�At ,�Ab ,�A⌧

Considering all the available constraints from:

I Higgs sector

I EDMs

I flavour physics

I dark matter

Two approaches:

I Random flat scans over all the parameters

I Geometric approach for the CP phases to avoid large EDMs
J. Ellis et al., arXiv:1006.3087
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Pair produced sgluons 
Benjamin Fuks, Dirk Zerwas + LPC Clermont-Ferrand 

•  Explore final states with several top quarks at the LHC 
•  color octet scalars (SUSY: sgluon, TC:HyperPion+Coloron) 

•  Pair production and single production 
•  Final states (a choice): 

•  gggg (done by ATLAS), tttt (done by LH11 and ATLAS), ttgg 
•  Chain at Les Houches: 

•  PYTHIA8 with external dsigma/dcostheta* 
•  DELPHES 
•  Future: Feynrules (as in 2011) 

gggg tttt 
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Scenarios and Status 

Scenario ttgg:  
•  Cross Section NLO (Goncalves-Netto et al. PRD 85 
(2012) 114024) 
•  500GeV: 1.3pb * (BRmax=0.5) = 650fb 
•  PYTHIA8 Step: OK       10K ggtt produced 
•  DELPHES Step: OK      10K through fast simulation 

•  Sanity check of generation and simulation 
ok 
•  after DELPHES: 
•  at least 1 lepton 
•  jets > 30GeV 
•  example: is there a dijet mass combination 
close to 500GeV? (see figure)  
•  more checks/analysis necessary 
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Natural focus point SUSY via mono-“/j
Comparing the capability of LHC13 with XENON1T in 2017

Consider Natural SUSY scenarios with light M1
Focus points region: µ < M

1

or µ ƒ M
1

so ⌦‰h2 . 0.12,
M

2

≥ 1 TeV, MA ≥ 1.5 TeV, tan — =10,40
• Using MadGraph5 and Delphes for LHC@13.5,14 TeV
• Compare results to XENON1T curves

A.Belyaev, A.Bharucha, W.Porod, V.Sanz

400 600 800 1000

500

1000

1500

2000

400 600 800 1000

500

1000

1500

2000

Chargino/Neutralino
masses for
tan — = 10, 40

A Belyaev, A Bharucha, W Porod, V Sanz DM and Natural Susy 1 / 2

1/
2
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How low will the LHC13 go?

?

A Belyaev, A Bharucha, W Porod, V Sanz DM and Natural Susy 2 / 2

2/
2
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Exploring new signals for simple UV 

completions of effective dark matter

Interested people: 
A. Bharucha, A. Goudelis, K. Howe, G. Krnjaic, M. Marjanovic, B. Shuve 

For simple UV completions of effective DM operators what 
other searches are complementary to monojet?

q

q

X

X

Vector operator 
simplified model:

Ruled out 
by dijet (CDF)

Ruled out 
by monojet
(LHC)

Ruled out 
by both

Relevant searches:
Monojet, Dijet, Dilepton, 

Monophoton, Paired Dijet,
Dijet res + MET, ...

32
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LHC monojet search interpretations: indirect 
detection and relic density

LHC monojet search results currently reinterpreted in terms of 
DM scattering cross-sections with matter (as for direct detection 

exp.), using effective/simplified models 

→ Can we set also limits on indirect detection (gamma, proton, 

anti-proton spectra)?

→ Can we deduce a lower limit on the relic density? 

→ Which effective models are the most strongly constrained?

→ What if more than one mediator/operator are present?

→ Which (full) models are the most interesting in this context?

→ Can we reinterpret the DM direct search results in terms of 
LHC cross-sections?

Interested people: A. Arbey, C. Balazs, G. Bélanger, F. Boudjema,
A. Goudelis, Y. Jiang, N. Mahmoudi, S. Pukhov 
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Presentation of Results

E↵ective field theory for DM production at colliders
I

Ex.: O = 1/⇤2�̄�µ�q̄�µq

Current CMS plot, 8 TeV 20/fb (EXO-12-048-pas):14 References
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Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section
versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],
COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],
XENON100 [18], CoGeNT [19] and CDMS [21, 22]
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Figure 8: CMS 90% CL upper limits on the dark matter-nucleon cross section versus dark matter
mass for the scalar operator. Also shown for comparison are the limits from the vector operator.

function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.

References
[1] M. Beltran et al., “Maverick dark matter at colliders”, JHEP 09 (2010) 037,

doi:10.1007/JHEP09(2010)037, arXiv:1002.4137.

For many parameters, e↵ective field theory not valid

Show where e↵ects of mediator mass are important and perturbativity limits

Always make clear whether e↵ective operator is for direct detection or LHC
monojets

I
CMS analysis mixes the two by quoting bounds on ⇤ even when bounding

cross sections in the full theory

Interested people: Alex Arbey, Csaba Balazs, Andreas Goudelis, Kiel Howe,
Yun Jiang, Gordan Krnjaic, Brian Shuve

DM at Colliders June 21, 2013 1 / 2
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Presentation of Results

Bai, Fox, Harnik, arXiv:1005.3797 plot on left, proposed plot on right
(�med = Mmed/100):
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Figure 5: Left panel: constraints on the spin-independent DM-neutron scattering cross sections for
di�erent mediator masses. Right panel: the same as the left panel but for the constraints on the
spin-dependent DM-neutron scattering cross section.

e�ects as its mass is lowered. In particular, we consider the case of both a 10 GeV and 100 GeV vector

mediator, in both cases we consider the width to be 1% i.e. � = 0.01M . We leave the possibility

of mediators that are charged under the SM, such as squarks, for future study (though their masses

cannot be lowered below current direct bounds).

As we alter the mass of the mediator we also alter its couplings to the SM and the dark sector,

gq and g� respectively, so that the mono-jet production cross section satisfies the CDF bound. The

e�ects of a light mediator for the case of SI DM, O2, and SD DM, O3, are shown in Figure 5. The

weakening of the limits for light mediators is clearly seen, and the slight enhancement for the case

where the mediator is produced on shell (M = 100 GeV and m� < 50 GeV) is also observable.

4.1 Momentum dependent

A particular model of dark matter that requires the introduction of light mediators is the case of

DM that has a momentum dependent coupling to nucleons [17, 18].These types of models provide a

possible explanation for the DAMA modulation signal, but in order to do so require mediators less than

10 GeV in mass. Although light from a collider perspective the masses considered are still su�ciently

heavy that at direct detection experiments the mediator can be integrated out and an e�ective four

fermion operator can be written. The axial-scalar operator O4 leads to momentum dependent and

spin dependent dark matter scattering and at the nucleon level the operator is,

ONq
4 = �i CN

q

�
N̄�5N

�
(�̄�5�)

�2
, (13)

12

CDMS

0.550.50.4
M = 1 GeV

M = 10 GeV

M = 100 GeV

Contact Op.

1 2 5 10 20 50 100
10-43

10-40

10-37

10-34

10-31

10-28

mc HGeVL

s
Hcm

2 L

Constant g Contours s = g4m2êM4

Include contours of mediator couplings (comparison with direct mediator
search limits); makes it clear if theory is perturbative

Can replace line for each mediator mass with a band that sweeps out
di↵erent values of mediator width

Similarly, can plot a band associated with the nuclear uncertainties for �SI for
each mediator mass

DM at Colliders June 21, 2013 2 / 2
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End of Stay at Les Houches
• Many interesting projects started...

• ... and time to go home

36
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• Many interesting projects started...

• ... and time to go home

• Contributions to proceedings are due ~mid-December

• Template and instructions on the web (not wiki)
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End of Stay at Les Houches
• Many interesting projects started...

• ... and time to go home

• Contributions to proceedings are due ~mid-December

• Template and instructions on the web (not wiki)

• What should we push?

38

?



Les Houches 2013 Progress & Plans 39



Les Houches 2013 Progress & Plans

Care to Guess?

40

Characteristic scale of interations: eV-keV
Characteristic scale generating structure: MeV-GeV


