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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH Preliminary5.8 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 Preliminary2.66 TeVGKK mass
Bulk RS GKK → ZZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e,µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677700 GeVW′ mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 ATLAS-CONF-2015-0092.2 TeVgKK mass
2UED / RPP 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 Preliminary960 GeVKK mass

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 1407.74943.24 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass
HVT W ′ →WH → ℓνbb 1 e,µ 2 b Yes 20.3 gV = 1 Preliminary1.47 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 Preliminary12.0 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 Preliminary4.35 TeVΛ

EFT D5 operator (Dirac) 0 e,µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

VLQ TT → Ht + X ,Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 20.3 isospin singlet ATLAS-CONF-2015-012785 GeVT mass
VLQ TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet 1409.5500735 GeVT mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
VLQ BB →Wt + X 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 isospin singlet Preliminary640 GeVB mass
T5/3 →Wt 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 Preliminary840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass
Excited lepton ν∗ → ℓW , νZ 3 e, µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e, µ, τ − − 20.3 DY production, BR(H±±L → ℓτ)=1 1411.2921400 GeVH±± mass
Monotop (non-res prod) 1 e,µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e Preliminary785 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2015

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.



Prelude  
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}  Clearly, the LHC results of the next 2-3 years will be 
crucial to re-focus the BSM program at the LHeC in terms 
of  
}  Characterization of hints for new physics if some excess or 

deviations from the SM are found  
}  Constraints of new physics models and complementary 

searches wrt the LHC  
}  Exploration of new scenarios  

}  Not an easy task at the moment 
}  Spent some time to re-evaluate what is worth pursuing 

and what is already excluded: 
}  E.g. excited leptons boundaries from LHC are already excluding 

most of the scenarios where LHeC could be sensitive  

}  Wish: engage more also the theory community!   
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Outline  
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“ The LHC is the primary machine to search for physics beyond the SM at 
the TeV scale. The role of the LHeC is to complement and possibly 
resolve the observation of new phenomena…”  

                                                                 LHeC CDR      

}  New Physics searches investigated for LHeC    
}  CDR studies and some updates:  

}  Contact interactions, Extra Dimension 
Leptoquarks  

}  “New” ideas and topics: 
}  Anomalous couplings VVV  
}  Majorana neutrinos  
}  R-parity conserving and R-parity violating SUSY: stop, 

sbottom and beyond  

}  Prospects for FCC-he 
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   Contact interactions 

•  if new physics enters at higher scales: Λ>> √s 

•  such indirect signatures can be seen as effective 4-fermion interaction 

L =
4π
2Λ2 jµ

(e) jµ (q);

⇒   all combinations of couplings ηij =ηi
(e)η j

(q); q = u,d

jµ
( f =e,q) =ηL fLγµ fL +ηR fRγµ fR + h.c.

•  may be applied very generally to new phenomena 

LQ mass >> √s 
Planck scale (Ms) of extra dimensional models 

compositeness scale 

… 

Λ 

•  sensitivity to fermion radius 
below 10-19–10-20m at LHeC           
(FCC-eh) 

dσ
dQ2

=
dσ SM

dQ2
fe
2(Q2 ) fq

2(Q2 )

 form factor: f (Q2 ) =1− 1
6
r2 Q2

    

!c
1.3 TeV

=1.5×10−4 fm
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH Preliminary5.8 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 Preliminary2.66 TeVGKK mass
Bulk RS GKK → ZZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e,µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677700 GeVW′ mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 ATLAS-CONF-2015-0092.2 TeVgKK mass
2UED / RPP 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 Preliminary960 GeVKK mass

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 1407.74943.24 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass
HVT W ′ →WH → ℓνbb 1 e,µ 2 b Yes 20.3 gV = 1 Preliminary1.47 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 Preliminary12.0 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 Preliminary4.35 TeVΛ

EFT D5 operator (Dirac) 0 e,µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

VLQ TT → Ht + X ,Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 20.3 isospin singlet ATLAS-CONF-2015-012785 GeVT mass
VLQ TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet 1409.5500735 GeVT mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
VLQ BB →Wt + X 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 isospin singlet Preliminary640 GeVB mass
T5/3 →Wt 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 Preliminary840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass
Excited lepton ν∗ → ℓW , νZ 3 e, µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e, µ, τ − − 20.3 DY production, BR(H±±L → ℓτ)=1 1411.2921400 GeVH±± mass
Monotop (non-res prod) 1 e,µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e Preliminary785 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2015

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

Contact interactions (eeqq) 

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  New currents or heavy bosons may produce indirect effect via new particle 
exchange interfering with γ/Z fields.  

}  Reach for Λ (CI eeqq): 25-45 TeV with 10 fb-1 of data depending on the model 

6 

ATLAS and CMS constraints on eeqq CI ~ 22 TeV (expected up to 40 
TeV at c.o.m. 14 TeV HL-LHC) ~ equivalent sensitivity at the LHeC at 
least for some of the couplings but will have to see 13 TeV results !  

Relevant for quark radius 
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Contact Interactions at FCC-he 

also advantages over, 
and complementarities 
with, pp (and e+e-) in 
characterising nature 

of new physics 

FCC rough scaling only, preliminary 

6/26/2015 

•  if new physics enters at higher scales: Λ>> √s 



CI at LHC and LHeC  

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  LHC: Variation of DY cross section for CI model 
}  Cannot determine simultaneously Λ and sign of interference of the new 

amplitudes wrt SM (ε)   

8 

Ex: negative interference too 
small to be disentagled 

LHeC: sign ε from asymmetry  
of σ/σsm in e+p and e-p data  



ED: High mass Drell-Yan 

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  Non resonant searches for ED (interference) 
sensitive to tails of DY distributions thus to PDF 

 
}  For HL-LHC need to study in context with 

experimental uncertainties (calibrations)  
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Both CMS and ATLAS 
searching for deviations 
in m(ll) tails 
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W+/W- uncertainties high mass 
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LQ production at LHC ad LHeC 

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

•  leptoquarks (LQs) appear in several extensions to SM: production σ ∼	


•  can be scalar or vector, with fermion number 0 (e-qbar) or 2 (e-q) 

•  At LHC, mostly pair production (from gg or qq) 
}   if λ not too strong (0.3 or lower), cross section independent on λ	

}  Exclude up to 900 GeV for 1° generation  

}  Expect to exclude up to 1.2 (1.5) TeV at 14 TeV 300 fb-1  for scalar (vector)-LQ  
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5.2 Leptoquarks and leptogluons

The high energy of the LHeC extends the kinematic range of DIS physics to much higher
values of electron-quark massM =

⌅
sx, beyond those of HERA. By providing both baryonic

and leptonic quantum numbers in the initial state, it is ideally suited to a study of the
properties of new bosons possessing couplings to an electron-quark pair in this new mass
range. Such particles can be squarks in supersymmetric models with R-parity violation
( ⇤Rp), or first-generation leptoquark (LQ) bosons which appear naturally in various unifying
theories beyond the Standard Model (SM) such as: E6 [44], where new fields can mediate
interactions between leptons and quarks; extended technicolor [47, 538], where leptoquarks
result from bound states of technifermions; the Pati-Salam model [45], where the leptonic
quantum number is a fourth colour of the quarks or in lepton-quark compositeness models.
They are produced as single s�channel resonances via the fusion of incoming electrons with
quarks in the proton. They are generically referred to as “leptoquarks” in what follows.
The case of “leptogluons”, which could be produced in ep collisions as a fusion between the
electron and a gluon, is also addressed at the end of this section.

5.2.1 Phenomenology of leptoquarks in ep collisions

In ep collisions, LQs may be produced resonantly up to the kinematic limit of
⌅
s via the

fusion of the incident lepton with a quark or antiquark coming from the proton, or exchanged
in the u channel, as illustrated in Fig. 5.5. The coupling � at the LQ � e � q vertex is an

e+

d

LQ

e+

d
(a)

e+ e+

LQ

d– d–

(b)

Figure 5.5: Example diagrams for resonant production in the s-channel (a) and exchange
in the u-channel (b) of a LQ with fermion number F = 0. The corresponding diagrams for
|F | = 2 LQs are obtained from those depicted by exchanging the quark and antiquark.

unknown parameter of the model.

In the narrow-width approximation, the resonant production cross section is proportional
to �2q(x) where q(x) is the density of the struck parton in the incoming proton.

The resonant production or u-channel exchange of a leptoquark gives e+ q or ⇥+ q� final
states leading to individual events indistinguishable from SM NC and CC DIS respectively.
For the process eq ⇥ LQ ⇥ eq, the distribution of the transverse energy ET,e of the final
state lepton shows a Jacobian peak at MLQ/2, MLQ being the LQ mass. Hence the strategy
to search for a LQ signal in ep collisions is to look, among high Q2 (i.e. high ET,e) DIS
event candidates, for a peak in the invariant mass M of the final e� q pair. Moreover, the
significance of the LQ signal over the SM DIS background can be enhanced by exploiting
the specific angular distribution of the LQ decay products (see spin determination, below).

188

λ λ 

•  At the LHeC: both baryon and lepton 
quantum numbers – ideally suited to search 
for and study properties of new particles 
coupling to both leptons and quarks 

•  single, resonant production; sensitive to λ 
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LQs: comparison with current LHC bounds 

LHeC 
FCC-eh 60GeV 

FCC-eh 175GeV 

1st generation LQs; β=BR(LQèeq)=1  
ATLAS+CMS (20fb-1): mLQ ≤ 1000 GeV 
expect up to 1.2 (1.5)TeV (pair production) with 
300fb-1 at LHC@14TeV for scalar (vector) 

PAS-EXO-12-041!

ep scenarios:  
also sensitive to λ << e=√4πα=0.3 

preliminary study: in progress 

6/26/2015 



Majorana neutrinos 

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  Trace the existence and nature of neutrino masses 
}  Recent paper: http://arxiv.org/pdf/1412.1433v2.pdf 

}  Other papers in the past studying Seesaw models at LHeC 

}  Study l+3jets signature in 2 scenarios (E(e)=50 and 150 GeV) 
}  Use effective Lagrangian approach   
}  Signature much cleaner than at LHC (Same-sign leptons analyses) 
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C. Signal cross section

We have already discussed in the previous section that some of the operators that con-

tribute to the neutrinoless double beta decay (0⌫
��

-decay) may be strongly constrained.

Therefore, for studying the Majorana neutrino production cross section in ep colliders and

the following decay N ! l+ + 2jets we analyze two situations: in Set I we consider the

case in which the effective couplings for the operators that do not contribute to neutrinoless

decay take all the same value ↵ = 1, and in Set II we consider all those effective couplings

to be equal and limited by the neutrinoless double beta decay bound Eq.(18).

The Majorana neutrino width was studied in detail in Ref.[21], in which all possible

effective operators of dimension-6 involving quarks were taken into account.

In Fig.3a we show the results for the cross section, as a function of the Majorana neutrino

mass m
N

, for the considered electron beam energies: E
e

= 50 GeV (Scenario 1) and E
e

= 150

GeV (Scenario 2) for both Sets I and II. The results are very similar for both sets. We have

considered
p
s < ⇤ in order to ensure the validity of the effective Lagrangian approach. We

display here the results for ⇤ = 2500 GeV.
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(a) Signal cross section.
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(b) Background ET dependence.

FIG. 3: Cross section for the process ep ! NX with N decaying according to Ref.[21] (a)

and background dependence with missing E
T

(b).

The phase-space integration of the squared amplitude is made generating the final mo-

menta with the Monte Carlo routine RAMBO [44]. This allows us to make the distributions

and necessary cuts in the phase space to study the possibility of discovering Majorana neu-
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tribute to the neutrinoless double beta decay (0⌫
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-decay) may be strongly constrained.
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the following decay N ! l+ + 2jets we analyze two situations: in Set I we consider the

case in which the effective couplings for the operators that do not contribute to neutrinoless

decay take all the same value ↵ = 1, and in Set II we consider all those effective couplings

to be equal and limited by the neutrinoless double beta decay bound Eq.(18).

The Majorana neutrino width was studied in detail in Ref.[21], in which all possible

effective operators of dimension-6 involving quarks were taken into account.

In Fig.3a we show the results for the cross section, as a function of the Majorana neutrino
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, for the considered electron beam energies: E
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= 150

GeV (Scenario 2) for both Sets I and II. The results are very similar for both sets. We have
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s < ⇤ in order to ensure the validity of the effective Lagrangian approach. We

display here the results for ⇤ = 2500 GeV.
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FIG. 1: Diagrams contributing to the production of Majorana neutrinos in ep colliders.

mass energy
p
s =

p

4E
e

E
p

, �̂ and ŝ to be the parton level scattering cross section, and

the squared center-of-mass energy, and with x the usual deep inelastic scaling variable, we

obtain

�(ep ! l+ + 3jets) =
X

i

Z 1

m

2
N/s

dxf
i

(x)�̂
i

(xs) (12)

where i = 1 corresponds to the channel eu ! Nd and i = 2 corresponds to the crossed

channel ed̄ ! Nū obtained by the crossing symmetry. The function f1(x) represents the

u(x) parton distribution function (PDF), and f2(x) represents the one for d̄(x) and

�̂
i

(xs) =

Z

(2⇡)4�(4)(p
e

+ p
u

�
X

j=1,4

k
j

)|M(i)|2
Y

j=1,4

d4k
j

2⇡3
. (13)

The squared scattering amplitudes in the narrow width aproximation are

|M(i)|2 =
✓

⇡

4m
N

�
N

ŝ

◆

�(k2
N

�m2
N

)|⇤(I),i|2(|⇤(+)
(II)|2 + |⇤(�)

II

|2) (14)

6

Constraints from other experiments  
(LEP, low-energy, and neutrinoless 
double β decay) also taken into 
account 
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}  Dominant background: W production 
}  Strongly reduced with cuts on Missing ET and minimum pT of the 

lepton    
}  Can be further improved! 
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(b) Scenario 2

FIG. 7: Majorana neutrino discovery regions at 5 �, including systematic uncertainties in

the signal.

region if the number of events for the signal is changed by ±30%. The results are shown in

Fig.7, showing no appreciable change in the region.

IV. SUMMARY AND CONCLUSIONS

To investigate the possibilities for discovering Majorana neutrinos in an e�p collider at

CERN (LHeC), we have calculated the cross section for the lepton number violating process

e�p ! l+
j

+3jets in an effective Lagrangian approach, complementing previous analyses for

this facility involving typical seesaw scenarios.

The effective Lagrangian framework parameterizes new physics effects in a model inde-

pendent way, allowing for sizable lepton number violating effects for effective couplings ↵
(i)
J

of order 1, in contrast to the minimal seesaw mechanism, that leads to the decoupling of the

Majorana neutrinos.

While models like the minimal seesaw mechanism lead to the decoupling of the heavy

Majorana neutrinos, predicting unobservable LNV, the effective Lagrangian framework con-

sidered in this work parameterizes the new physics effects in a model-independent way,

enabling the occurrence of sizable LNV signals for effective couplings ↵
(i)
J of order 1.

We have calculated the total unpolarized cross section �(e�p ! l+
j

+ 3jets) for different

14

Discovery potential for E(e)=50 GeV 
hypothesis: up to 700 GeV 
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(b) Scenario 2

FIG. 4: Differential cross section of signal and background in function of transverse

momentum p
T,l

+ . The cut in missing E
T

is included.
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FIG. 5: Comparison between signal and background for different Majorana neutrino

masses, cut in missing E
T

and the transversal momentum of the final lepton p
T,l

+ . The

solid lines show the cross section for the signal, and the dotted lines, show the cross section

for the background. The arrows indicate the cuts and backgrounds used in the analysis.

significance is well approximated by

S = 2(
p
n
s

+ n
b

�p
n
b

)� k(↵) (19)

with k(↵)=1.28 for ↵ = 0.1 where 1� ↵ is the probability of measuring a number of events

bigger than a value n0, such that the probability (�) that the Standard Model reproduces

12
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}  Triple gauge boson vertices WWV, V=γ,Z:  
}  Precisely defined in SM 
}  Parametrise possible new physics contributions to 

this vertex 
}  Current constraints (best from LEP) use various 

assumptions  

 

The Standard Model (SM) of elementary particle physics, originally proposed [1] in the 1960’s,

has achieved completion with the near-certain discovery in 2012 [2] of the long-predicted Higgs

boson [3]. This became possible only because of the commissioning of the Large Hadron Collider

(LHC) at CERN, Geneva, a high energy machine which runs with a greater collision energy than

any of its predecessors could achieve. The LHC is currently shut down for significant upgrades in

energy and luminosity intended for its next run in 2015. In the community of high energy physicists

there are high expectations that in that run, or in following years, the LHC might conclusively find

some signals that the Standard Model of particle physics is not the final theory, but simply an

effective theory which has worked efficiently to explain the experimental results collected till date,

but which will prove inadequate when we go to higher energies. In this article, we do not plan to

go into the multiple reasons for such an expectation, which are well-discussed in the literature [4],

but instead focus on one of the possible ways in which such signals for new physics beyond the SM

could be found.

W +
µ W −

ν

p
3

p
2

p
1

Vρ

Figure 1: Illustrating momentum assignments for the

generic WWV vertex.

The specific part of the SM on which we focus

is one of the triple gauge boson vertices (TGV’s)

in the Standard Model — more specifically, the

W+W−V vertex. Here V can denote any one of

the neutral vector bosons γ or Z, but in this work,

we focus on the specific case V = γ. In the Stan-

dard Model, of course, this vertex is precisely de-

fined [5]. However, it is also possible to parametrise

possible new physics contributions to this vertex [6]

in the form of a pair of undetermined parameters

(∆κγ ,λγ).

If we denote theW+
µ (p1)W−

ν (p2)Aρ(p3) vertex by iΓ(WWγ)
µνρ (p1, p2, p3), then it can be neatly parametrised

in the form of three separate terms, viz.

iΓ(WWγ)
µνρ (p1, p2, p3) = ie

[

Θ(SM)
µνρ (p1, p2, p3) +∆κγΘ

(∆κ)
µνρ (p1, p2, p3) +

λγ

M2
W

Θ(λ)
µνρ(p1, p2, p3)

]

(1)

where the Θ tensors are, respectively,

Θ(SM)
µνρ (p1, p2, p3) = gµν (p1 − p2)ρ + gνρ (p2 − p3)µ + gρµ (p3 − p1)ν (2)

Θ(∆κ)
µνρ (p1, p2, p3) = gµρp3ν − gνρp3µ

Θ(λ)
µνρ (p1, p2, p3) = p1ρp2µp3ν − p1νp2ρp3µ − gµν (p1ρp2 · p3 − p2ρp3 · p1)

− gνρ (p2µp3 · p1 − p3µp1 · p2)− gµρ (p3νp1 · p2 − p1νp2 · p3)

This is the most general form consistent with the gauge and Lorentz symmetries of the SM [7]. The

extra terms whose coefficients are ∆κγ and λγ respectively are known as the anomalous TGV’s.
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Noting that the terms in Θ(∆κ)
µνρ also appear in Θ(SM)

µνρ , one can also combine the terms and use

κγ = 1 +∆κγ , but in this paper we have used only ∆κγ , which agrees with the common usage by

most experimental collaborations.

These anomalous TGV’s have been studied in some detail in many processes, both at low energies

and at high energies [8]. No evidence for any deviation from the SM has been found till date, as

a result of which, we have fairly stringent upper bounds on the anomalous couplings ∆κγ and λγ .

The strongest bounds come from the study of W+W− production at the Large Electron Positron

(LEP) collider at CERN, Geneva [9]. The early runs of the LHC have also yielded bounds published

by both the ATLAS and the CMS Collaborations [10, 11], but these are not, as yet, competitive

with the LEP bounds. A summary of the best available constraints on ∆κγ and λγ is given in

Table 1.

LEP [9] CDF [12] D0 [13] ATLAS [10] CMS [11]

∆κγ [-0.099, 0.066] [-0.460, 0.390] [-0.158, 0.255] [-0.135, 0.190] [-0.210, 0.220]

λγ [-0.059, 0.017] [-0.180, 0.170] [-0.036, 0.044] [-0.065, 0.061] [-0.048, 0.037]

Table 1: Allowed ranges, at 95% C.L., on the anomalous WWγ couplings from the data collected at the LEP,

Tevatron and LHC experiments. In each case, the most restrictive of the reported measurements is taken.

Although these constraints – especially the ones from the LEP data – are fairly stringent, they

come with some caveats, viz. the fact that the processes used to put these bounds on the WWγ

anomalous TGV’s are often affected by the WWZ anomalous TGV’s. For example, if we consider

the LEP process e+e− → W+W− through an s-channel photon exchange, there is also a similar

process through an s-channel Z0 exchange. The bounds quoted in Table 1 are sometimes obtained

with the assumption that there are anomalous couplings in the WWγ vertex alone, but not in the

WWZ vertex, and sometimes by assuming both kinds of anomalous couplings exist and may or

may not be equal. Moreover, since these anomalous couplings lead to unitarity violation at high

energies, sometimes they are taken with arbitrary factors of the form (1 + s/Λ2)α, where Λ is a

high energy scale, and α is an adjustable exponent [12]. Not every experimental collaboration,

however, uses these factors, and hence comparison of the different constraints could be deceptive.

Further, there always remains a possibility that there may be anomalous couplings in both WWγ

and WWZ vertices such that these interfere destructively to produce a very small effect. In such

a situation, many of the above bounds could be rendered invalid. A cleaner mode is the study

of Wγ (or WZ) final states at a hadron collider, but this suffers from the problem of low cross

sections and large SM backgrounds. Photoproduction of W and Z bosons have also been studied

in the context of ep colliders like the DESY HERA [14] and the proposed CERN LHeC [15], but

these do not probe very small values of the anomalous TGV couplings, and moreover, γ∗ → WW

production can easily get mixed with Z∗ → WW processes.

2

At the LHeC: 
-  can clearly distinguish between CC events e + p → νe + jet (W-exchange) and 

NC events e + p → e + jet (photon or Z boson exchange)  
-   triggering on a final state photon, can provide very clean bounds on the 
anomalous TGV’s!  
 

http://arxiv.org/pdf/1405.6056v1.pdf 
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}  Select on pT of γ and jet  
}  Sensitivity to Δφ (γ-jet) 
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In this context, we wish to point out that at an ep collider one can clearly distinguish between

charged current (CC) events e+ p → νe + jet arising from W boson exchange, and neutral current

(NC) events e+ p → e+ jet arising from photon or Z boson exchange, simply by triggering on the

missing energy or the electron in the final state. Considering the CC events, if a photon is radiated

from the exchanged W boson, we can trigger on a final state with a photon, one (or more) jets and

missing energy. The crucial point to note is that if we trigger on a final state photon, there will be

no interference from the WWZ vertex, anomalous or otherwise. Thus, if we trigger on a final state

photon, an ep collider can provide very clean bounds on the anomalous TGV’s and this is what is

investigated in the present work.

The possible diagrams which give rise to the process e+ p → νe + jet in the framework of the SM

are given in Fig. 2. The graph marked ‘1’ has a red dot indicating the contribution of possible

anomalous WWγ coupling terms.

_e νe

du

γW

W

_e νe

u

u

γ

d

W

_e

νe

du

W

γ

e

_e νe

W

d

γ

u

d

3 421

Figure 2: Feynman diagrams contributing at parton level to the process e−p → νe + γ + jet. The red dot in the

diagram marked ’1’ corresponds to the anomalous TGV.

Evaluation of the diagrams in Fig. 2 leads to a matrix element of the form

M = M0 +∆κγM1 + λγM2 (3)

where the dominant term M0 is the Standard Model contribution, which arises from all four

diagrams, and the trailing terms ∆κγM1 and λγM1 get contributions only from the diagram

marked ‘1’. Squaring and spin-summing/averaging this matrix element and integrating it over the

accessible phase space leads, then to a parton-level cross-section of the generic form

σ̂ = σ̂00 +∆κ2γ σ̂11 + λ2
γσ̂22 +∆κγσ̂01 + λγ σ̂02 +∆κγλγσ̂12 (4)

where, in general, σ̂ij arises from integration of terms of the form
∑

sM
†
iMj. Given the small

values of ∆κγ and λγ allowed by the experimental data (see Table 1), it is clear that the dominant

new physics contributions will come from the interference terms ∆κγ σ̂01 and λγσ̂02, which vary

linearly with the anomalous coupling parameters ∆κγ and λγ .Thus, the main question is whether

these terms can be at all significant when compared to the dominant SM term σ̂00.

3

obtain a value of χ2 ≃ 23.268 at 95% C.L.. The criterion for a 95% C.L. discovery, then, is simply

χ2(∆κγ ,λγ) > 23.268 . (8)

The usefulness of this criterion is illustrated below, in Fig. 4. Here we have set λγ = 0 and plotted,

as a function of the integrated luminosity L, the minimum value of ∆κγ for which the criterion in

Eqn. 8 is satisfied, i.e. the anomalous coupling ∆κγ is discoverable at the LHeC.
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Figure 4: The 95% C.L. discovery reach of the LHeC in ∆κγ (as-

suming λγ = 0) as a function of the integrated luminosity. The best

experimental bounds at 95% C.L. are as indicated on the graph.

The three solid lines correspond respectively to electron beam en-

ergies of 100 GeV (marked), 140 GeV and 200 GeV (marked).

In Fig. 4, the three solid curves represent

three possible energies, viz. 100 GeV,

140 GeV and 200 GeV of the electrons

colliding with 7 TeV protons. As may be

expected from the high momentum de-

pendence of the anomalous couplings, we

get somewhat better results with higher

energy electrons than with lower energy

electrons, though the difference is not all

that important. On the other hand, in-

crease of luminosity allows us to probe

smaller and smaller values of |∆κγ |, as is

apparent from the the converging lines in

the figure. For comparison, we have also

plotted the constraints on ∆κγ from the

ATLAS and CMS experiments, as well as

the combined LEP collaborations. The

LEP bounds, which are the most restric-

tive, are highlighted in yellow to make

the comparison easy.

It may be immediately noted that, as of now, only the LEP bounds will be comparable with the

LHeC results, using the azimuthal angle variable, as soon as the integrated luminosity crosses a few

tens of fb−1. However, in order to better the LEP results, we will require an integrated luminosity

of about 50, 70 or 100 fb−1 for ∆κγ > 0 for an electron beam energy of 200, 140 or 100 GeV

respectively. For ∆κγ < 0, the corresponding values are about 25, 30 and 50 GeV respectively.

Thus, we may conclude that an integrated luminosity of 100 fb−1, or more, will enable the LHeC

to become the most powerful probe of the anomalous TGV ∆κγ till now.

The graphs in Fig. 4 do not tell the whole story, however, for they represent the specific case

when λγ = 0. In general, as we have seen in Fig. 3, the results will be different when both types

of anomalous couplings assume non-zero values. We have, therefore, made a study of the joint

variation of the χ2 variable in Eqn. 7 with both ∆κγ and λγ varying over their allowed ranges.

7

Competitive constraints at LHeC already for ~ 100 fb-1  

Can access a space inaccessible for LEP  
(Note: E(e)=100 GeV à expect slightly worse for 60 GeV, but not much) 

Our results are illustrated in Fig. 5, where we have plotted discovery limits as contours in the

plane of ∆κγ and λγ . Obviously, the black dot in the centre of the graph, which corresponds to

∆κγ = λγ = 0, is the SM prediction. i.e. no anomalous TGV’s.

The solid (black) contours in Fig. 5 rep-

resent the discovery reach of the LHeC,

using the azimuthal angle difference vari-

able ∆φ(J ̸pT ) and the χ2 technique of

Eqns. 7 and 8. In each case the in-

tegrated luminosity, in fb−1, is marked

alongside the relevent contour.Regions

lying between the central point ∆κγ =

λγ = 0 and each contour are inaccessi-

ble for that value of integrated luminos-

ity. For this graph, we have assumed an

electron beam energy of 140 GeV. Obvi-

ously the contours will shrink marginally

if the electron energy is increased and

vice versa. For comparison, we have also

superposed on these contour plots the

correlated 95% C.L. constraints from (a)

the CDF and D0 Collaborations (dashes,

green) at the Fermilab Tevatron, (b) the

ATLAS and CMS constraints (dashes,

blue) from the LHC, and (c) the LEP

constraints (solid, red and shaded yel-

low).

∆κγ

   
λ γ

−0.2

−0.1

 0

 0.1

 0.2

−0.4 −0.2  0  0.2  0.4

15

50200

LEP

ATLASCMS

CDF

D0

100

5 10

Figure 5: 95% C.L. discovery contours in the ∆κγ–λγ plane cor-

responding to an electron beam energy of 140 GeV. The dot in the

centre represents the Standard Model value. The region between

this dot and each contour is not discoverable for the luminosity (in

fb−1) marked alongside the contour. The different experimental

bounds at 95% C.L. are also exhibited.

It is immediately obvious from Fig. 5 that even with L = 100 fb−1, the LHeC can already access

part of the parameter space which was inaccessible to the LEP and has been hitherto inaccessible

at hadron colliders as well. With L = 200 fb−1 it is apparent that the LHeC results will surpass all

existing bounds, and it is easy to guess that the inaccessible region shrinks to really small values if

the luminosity can be taken as high as L = 1000 fb−1.

In this work, therefore, we have shown that the LHeC can provide a very powerful probe of the

anomalous TGV’s, if we use the azimuthal angle difference variable hitherto mainly proposed to

study Higgs boson physics. It is still unknown how well these discovery limits will compare with

the results of the LHC, when we consider its run at 13-14 TeV and an integrated luminosity of a

thousand fb−1 or more, for the same variable can be used to complement and enhance other studies

proposed using the transverse momentum and other, more conventional distributions. Irrespective
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}  VB Higgs production with BSM decay 
}  explore SUSY-R-parity Violating cases. E.g.  

 

}  BUT need to understand background as well  
   as RPV-UDD vs LDQ constraints  

}  VB scattering at high mass (more for FCC-he) :  
}  Mass dependence of cross section  
}  anomalous TGC, QGC couplings in VVV, VVVV ?  

I.T. Cakir et al, 1406.7696 →  sensitivity comparable to LHC 
}  Is unitarity restored only by Higgs?  Are there new resonances ( CH model) ? 

}  expect below ~ 2-3 TeV 

      →  look for deviations from SM predictions: 
}  high background from QCD diagrams at LHC, absent at FCC-eh 
}  challenging at LHC if no lepton trigger is used, and because of pileup 

 

H → χ1
0χ1

0 → 3 j 3 j  (resonances)

2

_
b

eν

H

W

W

b

p

e

q

q’

FIG. 1: Higgs boson production at an ep collider through
WW fusion and the HWW vertex.

in such studies [8–10]. As pointed out in Refs. [11, 12]
a study of e+e− → tt̄H0 production offers the possibil-
ity of a clear and unambiguous determination of the CP
properties of the H0; however, at the LHC this process
may be accessible only in the high energy and luminosity
phase. However, it is interesting to note that the pro-
duction of a Higgs boson in the WW fusion process in
the charged current reactions e + p → νH0X [13, 14]
or ν + p → eH0X [15] arise only from a single Feyn-
man diagram involving the HWW vertex as shown in

the Figure 1 for e + p → νe +X +H(bb̄). These modi-
fied charged current (CC) processes not only provide the
best way to observe the H → bb̄ decay, but also render
the measurement of the HWW vertex free from possi-
ble contamination by contributions from HZZ or Hγγ
vertices. Moreover, the ep collision has an additional ad-
vantage over the LHC in that the initial states would be
asymmetric. Thus, we can disentangle backward scatter-
ing from forward scattering and study these separately,
which is not possible at the LHC. In this letter, there-
fore, we focus on the measurement of the HWW vertex
in such CC events at the high-energy high-luminosity ep
collider envisaged in the LHeC proposal [13], where a
high energy (∼ 50 − 150 GeV) beam of electrons would
be made to collide with the multi-TeV beams from the
LHC. Such a machine will have a centre-of-mass energy
as high as 1 − 1.5 TeV and can therefore produce H0

events copiously [13, 14].
A glance at Figure 1 will show that the final state has

missing transverse energy (MET) and three jets J1, J2
and J3, of which two (say J2 and J3) can be tagged as b-
jets. At the parton level, the squared and spin-summed-
averaged matrix element for the process

e−(k1) + q(k2) −→ νe(p1) + q′(p2) +H(p3)

can now be worked out to be

|M|2 =

(
4π3α3

sin6 θW

)
1

M2
W (t̂1 −M2

W )2 (û2 −M2
W )2

×

[
4M4

W ŝŝ1

+ λ2
{
t̂1û2(ŝ

2 + ŝ21 + t̂1û2 − 2t̂2û1) + (ŝŝ1 − t̂2û1)
2
}
+ 2λM2

W (ŝ+ ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ λ′2
{
t̂1û2(ŝ

2 + ŝ21 − t̂1û2 + 2t̂2û1)− (ŝŝ1 − t̂2û1)
2
}
− 2λ′M2

W (ŝ− ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ 2λλ′t̂1û2(ŝ
2
1 − ŝ2)

]
(4)

where the invariant variables are defined by ŝ = (k1 +
k2)2, t̂1 = (k1 − p1)2, û1 = (k1 − p2)2, ŝ1 = (p1 + p2)2,
t̂2 = (k2 − p1)2 and û2 = (k2 − p2)2. The first term in-
side the square brackets is the SM contribution and is,
of course, just the beta decay matrix element. The other
terms include direct and interference BSM contributions
of both CP -conserving and CP -violating types and even
a crossed term between the two types of BSM contribu-
tions.
The expression in Eqn. (4), though exact, is not very

transparent. It can be shown [4], however, that in the
limit when there is practically no energy transfer to the
W bosons and the final states are very forward, the CP -
conserving (CP -violating) coupling λ (λ′) contributes to
the matrix element for this process a term of the form

Mλ ∝ +λ p⃗T1.p⃗T2 M′
λ ∝ −λ′ p⃗T1.p⃗T2 , (5)

where p⃗T1 is the vector of the missing transverse energy.
These terms Mλ and M′

λ both go through a zero when
the azimuthal angle ∆ϕMET−J between the non-b jet J1

(arising from the parton q′) and the missing transverse
energy is π/2 or 3π/2. When Mλ and M′

λ are added
to the relatively flat (in ∆ϕMET−J) SM background, one
predicts a curve with a peak (dip) around ∆ϕMET−J ≈
0(π) for the λ operator and the opposite behaviour for
the λ′ operator, when the signs of λ,λ′ are positive and
vice versa when they are negative. The exact behaviour is
illustrated in Figure 2, which was generated for the case
of a 140 GeV electron colliding with a 6.5 TeV proton
and setting the Higgs boson mass to 125 GeV. Since the
approximations which reduce Eqn. (4) to Eqn. (5) are
somewhat too drastic, these curves show the expected
qualitative behaviour but the peaks (dips) are somewhat
displaced from the values quoted above.

In generating these ‘theoretical’ distributions, no kine-
matic cuts were applied. The choices of λ,λ′ = 0,±1
in Figure 2 are completely ad hoc – in a specific BSM
model the actual value can vary considerably – but they
serve the purposes of illustration well. Of course, the
precise value of λ (or λ′) is crucial to any actual study

χ1
0

χ1
0

  e
−q →e−(q )WZ , (νq )WZ

H → χ1
0χ1

0 → jjjjvv (non-resonant, with MET)



Vector Boson Scattering 

25-March-2015 G. Azuelos - FCC Week 2015 - Washington D.C. 18 

typical cross sections for 2 TeV resonance (cF=0, cH=1, gV=3, 120GeV x 50 TeV) 
     Heavy Vector Triplet model, D. Pappadopoulo et al., JHEP 1409 (2014) 060, 1402.4431 

§   highly dependent on acceptance and performance of detector)  
§  LHC14:  S = 0.12 fb   BQCD = 4.2 pb    BEW = 300 fb 
§  FCC-eh   S = 0.01 fb                             BEW = 100 fb 
low cross section, but kinematics of signal distinct from background 
need v. good detector performance 
  possibly use hadronic decay of W and Z (boosted, high mass object)? 

y(Z), 2 TeV resonance 
m(WZ), background 

preliminary !! 

FCC-he 



R-parity violating SUSY 
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If not conserved (RPV)à different terms, couplings constraint by proton decay 

Plethora of new couplings, only partially constraints (m/100 GeV)  
ΔL =1, 9 λ couplings, 27 λ’ couplings 

Squarks in RPV models could be an example of ‘Leptoquarks’ 

n  R-parity = (-1)3(B-L)+2s  (R = 1 for SM particles, -1 for MSSM partners) 

Various strong 
constraints from LHC 
on Lambda and 
Lambda’’ (from 
multilepton and 
multijet searches) 
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    SUSY – R-parity violating 

low energy nucleon experiments, the baryon number violating ÛD̂D̂ couplings are negli-

gibly small, for example λ
′′

11k are less than 10−7 given by nucleon-antinucleon oscillation

measurements, and thus mechanics of RPV squark resonance production at TeV hadron

colliders are highly suppressed. On the other hand, at the proposed Large Hadron electron

Collider (LHeC) [11], which provides complement to the LHC by using the existing 7 TeV

proton beam, single squark can be produced and detected via L̂Q̂D̂ couplings in the next

generation of electron-proton e−p collision experiments. In this paper we investigate the

potential of searching stop quark via e− + p → t̃∗1 → µ− + b̄ resonance process, which

provides a new prospect to probe the RPV lepton flavor violating interactions.

2. Signal and Background at the LHeC

Under the single dominance hypothesis [4] that t̃1, the lighter mass eigenstate of the two

stop quarks, is simply governed by L̂Q̂D̂ couplings λ
′

131 and λ
′

233, the parton-level signal

process can be denoted as e−(p1)+ d̄(p2) → t̃∗1 → µ−(p3)+ b̄(p4), depicted by the Feynman

diagram in FIG. 1.

)
1

(p-e

)
2

(pd

’
113λ ’

233λ
t~

)
3

(p-µ

)
4

(pb
Figure 1: The parton-level Feynman diagram of RPV signal e−d̄ → µ−b̄.

The amplitude of the signal process at parton-level can be written as

M = v̄(p2)

[

λ
′

131
1− γ5

2

]

u(p1) ·
−i

ŝ−M2 + iMΓ
· ū(p3)

[

λ
′

233
1− γ5

2

]

v(p4) (2.1)

where
√
ŝ = Mµb is the center-of-mass energy of the hard scattering and equivalent to the

final state invariant mass. The parameter M and Γ denote the mass and total width of the

lighter stop quark t̃1 respectively, while the lighter stop is assumed only decaying through

ed and µb modes.

Γ =
λ

′

233
2

16π
·
(M2 −m2

b)
2

M(M2 +m2
b)

+
λ

′

131
2

16π
·M (2.2)

The parton-level differential cross section for signal in the rest frame of final muon and

b-quark states can be written as

dσ̂

dΩ
=

(λ
′

131λ
′

233)
2

(16π)2ŝ

(ŝ−m2
b)

2

(ŝ−M2)2 + (ΓM)2
(2.3)

For the particle level signal process e− + p → t̃∗1 → µ− + b̄ at the LHeC, the cross section

and kinematic distributions can be obtained by convoluting the parton-level subprocess

with the parton distribution function (PDF) of the proton.

– 2 –

Figure 7: The upper bounds on λ
′

233 at given λ
′

131 as functions of stop masses at 70GeV e−p
collider.

Thus, the event selection strategy developed above is practicable and moderate, which

is far from strict enough to optimize the signal significance. The constraints on R-

violating L̂Q̂D̂ couplings derived are conservative and easy to achieve in experiment.

For example, more severe moun b-jet mass window cut or binned likelihood method

on Mµb can be employed while searching signal in high mass region, which would

significantly improve sensitivity for M > 500GeV easily.

• The large signal cross section of positron configuration e+p over electron beam e−p in

direct searching stop t̃1 quark resonance, is simply due to the large density of valance

d-quark in proton. On the other hand, electron beams will take advantage over

much larger luminosity; moreover, the single sbottom quark b̃ resonance production

and decay at the LHeC, i.e. e− + p → b̃ → µ− + uk analogically could be dominant.

Therefore, the electron beam configuration can provide excellent opportunity to probe

λ
′

113 and λ
′

2k3 interactions.

4. Summary

In this paper, the possibility of probing lepton flavor changing RPV L̂Q̂D̂ interactions

via e + p → t̃ → µ + b process at the LHeC collider is investigated. Under the single

dominance hypothesis, the resonance of stop quark can be produced and dominantly decay

into muon and b-quark final states. An event selection strategy is developed to optimize

the sensitivity of signal over SM background. Taking advantage of the enhancement of the

direct resonance production of squark and the distinctive kinematics distributions between

the signal and SM predictions, we come to conclusions that if there is no apparent excess of

SM predictions on µ+b final states, the sensitivity of RPV interactions can be measured at

an unprecedented level compared to all the knowledge derived from indirect measurements.

Acknowledgments: This work was supported in part by the National Natural Sci-

ence Foundation of China (No.11075150, No.11025528, No.11005101) and the Specialized
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single squark production, in RPV SUSY (signal like leptoquarks, with generation mixing) 
[general LQ studies and more – in back-up] 

stop 
Λ’131< 0.03 

also stronger bounds from ββ0ν 

RPV interaction can be probed at 
unprecedented levels 

•  sensitivity up to 700 – 800 GeV with only 1fb-1 

•  very promising with high luminosity, 100 fb-1 

•  requires good b-tagging 
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Figure 2: The cross sections for stop resonance production σ(ep → t̃1 → µb) at the LHeC as
functions of stop mass.

The indirect two standard deviation bounds on the coupling constants and the mass

of stop are given as [4]

λ
′

131 ≤ 0.03, λ
′

233 ≤ 0.45, M ≥ 100 GeV (2.4)

This set of parameter limitations will be used as default for demonstration purpose unless

explicitly stated otherwise.

There exist options of lepton beam configuration, namely electron or positron beam

with 70 or 140 GeV energy. Positron beam configurations are taken into account as com-

parisons with their charge-conjugated electron beams. The signal cross sections evaluated

under different beams as a function of stop quark mass are depicted in FIG. 2. The positron

beam options raise larger cross sections for the signal e+ + d → t̃1 → µ+ + b than those

for its charged-conjugated process in most mass region, simply because of large density of

high energy valance d-quark in proton PDF. To have our discussion conservative, we take

70 GeV electron beam as default except stating explicitly otherwise.

To simulate the kinematics of the RPV signal and SM predictions, the comphep [12]

event generator and cteq6l1 [13, 13] PDF are used. The reducible SM background in

electron beam configuration comes from e− + p → e− + b/b̄ → νe + b/b̄ +W−, where the

on-shell W boson decays leptonically via µ−ν̄µ channel. Since from experimental point of

view, it is difficult to determine the original charge of quarks in reconstructed jets, both

b and b̄-quark initial state contributions at parton-level should be taken into account as

background to the muon and b-jet associated signal. However, a real (virtual) top-quark

could be produced via e− + b̄ → νe + t̄(∗), and enhance the cross section greatly in the

b̄-quark channel against b-quark contribution, i.e. σ̂(e− + b̄ → νe + W− + b̄) is about

two order greater in magnitude than σ̂(e− + b → νe +W− + b) in most kinematic region.

Therefore, we only choose e−+p → νe+W−+ b̄ in electron beam and its charge conjugation

e+ + p → ν̄e + W+ + b in positron beam configuration as dominant SM background to

e± + p → µ± + b/b̄ signal. In the numerical calculation we take me = 0.511 MeV , mµ =

105.658 MeV , mW = 80.365 GeV , mt = 173.5 GeV , mb = 4.65 GeV , Γt
total = 2.0 GeV ,

– 3 –

Update with high lumi scenario  
In progress ! Expect to be strongly  
competitive with LHC 
 

http://arxiv.org/pdf/1107.4461v2.pdf 
 



mass and the electron beam configuration, and would be mixed with those for the SM background.

On the other hand, transferred back to the c.m. frame of the final state, the distributions of the
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Figure 2: Normalized distributions of the final state electron rapidity in the lab frame with baseline
cuts at the LHeC with (a) 50 GeV and (b) 150 GeV electron beams.

electron scattering angle for the RPV signal are independent of the colliding energy and the /Rp-

MSSM input parameters, and are distinguishable from the SM deep inelastic scattering, as depicted

in Fig.3. Therefore, a uniform cut on the electron scattering angle in the c.m. frame of the final state

would efficiently separate the RPV signal from the SM background.

Second, due to the weak L̂Q̂D̂ coupling strength, the total decay width of the lighter sbottom is

only about O(1) MeV, and consequently will not only enhance the signal production rate via resonance

8
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e−

u

b̃1

e−

u

Figure 1: Feynman diagram for the parton level RPV signal process e−u → b̃1 → e−u.

level has the form as

MRPV = −|λ′

113|2 sin2 θb̃

[

uce(p1)
1− γ5

2
uu(p2)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)
1 + γ5

2
uce(p3)

]

(2.2)

Fierz−→ −
|λ′

113|2

2
sin2 θb̃

[

ue(p3)γ
µ 1− γ5

2
ue(p1)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)γµ
1− γ5

2
uu(p2)

]

,

where
√
ŝ is the center-of-mass (c.m.) colliding energy of the hard scattering and equivalent to the

final state invariant mass, and θb̃ the sbottom mixing angle defined as

(

b̃1
b̃2

)

=

(

cos θb̃ sin θb̃
− sin θb̃ cos θb̃

)(

b̃L
b̃R

)

. (2.3)

Then the differential cross section for the parton level signal process in the c.m. system can be

expressed as

dσ̂

dΩ
=

1

256π2
|λ′

113|4 sin4 θb̃
ŝ

(ŝ−m2

b̃1
)2 +m2

b̃1
Γ2

b̃1

, (2.4)

where the total decay width of the lighter sbottom, Γb̃1
, can be written out as

Γb̃1
=

1

16π
|λ′

113|2 sin2 θb̃mb̃1
. (2.5)

In this paper, we take sin θb̃ = 1 and therefore b̃1 = b̃R, by assuming that mb = 0 and mb̃R
< mb̃L

.

For the parent level signal process e−p → b̃1 → e− + jet + X, the kinematic distributions and

integrated cross section can be obtained by convoluting the parton level process with the parton

distribution function (PDF) [20] of up quark in the proton,

dσ(e−p → b̃1 → e− + jet+X) =

∫

dxGu/P (x, µf )dσ̂(e
−u → b̃1 → e−u,

√
ŝ = 2

√

xEeEp). (2.6)

The RPV signal is dominated by the s-channel resonant production, and thus dramatically en-

hanced and sharply peaked around the sbottom mass in the final state invariant mass spectrum in

5

single squark production, in RPV SUSY (signal like leptoquarks, with generation mixing) 
[general LQ studies and more – in back-up] 

•  At LHeC: < 100 fb-1 needed for 1TeV RPV sbottom discovery 
•  More updates in progress 

Λ’131< 0.02 
also stronger bounds from ββ0ν 

sbottom 
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Figure 5: Normalized distributions of the electron/jet transverse momentum with baseline cuts at the
LHeC with 50 GeV electron beam.

around the sbottom signal, and is finalized as follows.

• Rapidity cuts: |ye| < 3.2, |yjet| < 4.9;

• Transverse momentum cuts: peT > 40 GeV, pjetT > 40 GeV;

• Electron scattering angle cut: cos θ < 0.5;

• Invariant mass cut: |Me-jet −mb̃1
| < 5%mb̃1

.

In this event selection criteria, the rapidity and electron scattering angle are defined in the lab frame

and the c.m. frame of the final state, respectively. The lighter sbottom decay width is negligible

compared with typical experimental resolution, which is quantified as 5% dominated by 30%/
√

Ejet

hadronic calorimeter resolution in unit of GeV. And the isotropy of final products of the RPV signal

in the c.m. frame of the final state makes pe/jetT tend to take the half of the sbottom energy as about

0.5mb̃1
. Accordingly, signal events will pass the invariant mass and transverse momentum cuts with

almost 100% efficiency. Only one fourth signal events will be lost through the electron scattering

angle cut. The RPV signal cross sections after all the above event selection cuts have been applied

are depicted in Fig.6, for both Ee = 50 GeV and Ee = 150 GeV electron beam options. On the other

hand, the cross sections for the SM deep inelastic scattering after the event selection criteria have

10

Several handles to get extremely 
good sensitivity (e rapidity, pT(e/
jet)~1/2 m(sbottom))  



Single-top + neutralino 
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}  http://arxiv.org/pdf/1307.2308v2.pdf 
}  Show the relevance of NLO corrections for these processes  
}  Could lead to interesting discovery e.g. neutralinos in qqMissingET 

from RPV scenarios  
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(a)

e(p1)

dk(p2)

t(p3)

χ̃0
1(p4)t̃w

(b)

e(p1)

dk(p2)

t(p3)

χ̃0
1(p4)

d̃k,w

(c)

e(p1)

dk(p2)

t(p3)

χ̃0
1(p4)

ẽw

Figure 1: The tree-level Feynman diagrams for the e+dk → tχ̃0
1 partonic process, where the

lower indices k,w = 1, 2.

Fig.1. The two top squarks (t̃w = t̃1,2) in Fig.1(a) are potentially resonant. At the LHeC the
main contribution to the e−p(e+p) → t̄χ̃0

1(tχ̃
0
1)+X process is from the s−channel diagrams with

top squark exchanges, and the contributions from the t− and u−channel diagrams normally are
small. But in some SUSY parameter space where the top squarks are relatively heavy and the
selectrons are relatively light, the u- and t-channel contributions normally cannot be neglected,
particularly in the NLO QCD precision calculations. For disposal of the singularities due to stop
quark resonances in the calculations, the complex mass scheme (CMS) is adopted [27]. In the
CMS approach the complex masses for all related unstable particles should be taken everywhere
in both tree-level and one-loop level calculations. Then the gauge invariance is kept and the
real poles of propagators are avoided. We introduce the decay widths of t̃1 and t̃2, and make
the following replacements in the amplitudes:

1

ŝ−m2
t̃i

→
1

ŝ−m2
t̃i
+ imt̃iΓt̃i

=
1

ŝ− µ2
t̃i

, (i = 1, 2), (3)

where Γt̃i represents the decay width of t̃i, and µ2
t̃i
is the complex mass squared of t̃i defined as

µ2
t̃i
= m2

t̃i
− imt̃iΓt̃i .

The LO cross section for the partonic process e+dk → tχ̃0
1 can be written as

σ̂0(e
+dk → tχ̃0

1) =
1

4

1

3

1

2ŝ

∫ color∑

spin

|MLO(e
+dk → tχ̃0

1)|2dΩ2, (4)

where the factors 1
4 and 1

3 come from the averaging over the spins and colors of the initial
partons respectively, ŝ is the partonic center-of-mass energy squared, and MLO(e+dk → tχ̃0

1) is
the amplitude for the tree-level Feynman diagrams shown in Fig.1. The summation in Eq.(4)
is taken over the spins and colors of all the relevant initial and final particles. The phase space
element dΩ2 is expressed as

dΩ2 = (2π)4δ(4) (p1 + p2 − p3 − p4)
∏

i=3,4

d3pi

(2π)32Ei
. (5)

The LO cross section for the parent process e+p → tχ̃0
1 + X at the LHeC can be obtained by

performing the following integrations:

σLO =
∑

k=1,2

∫ 1

0
dxσ̂0(e

+dk → tχ̃0
1)
[
Gdk/P (x, µf )

]
, (6)

4

Figure 7: The LO, NLO QCD corrected cross sections and the corresponding K-factors versus
the mass of top squark mt̃1 at the Ee = 50 GeV and Ep = 7 TeV LHeC. The curves labeled
with (a), (b), and (c) indicate for the processes e+p → tχ̃0

1 +X, e−p → t̄χ̃0
1 +X in case (1) and

e+p → tχ̃0
1 +X in case (2), respectively.

of the lightest neutralino mass for the processes e+p → tχ̃0
1 +X, e−p →→ t̄χ̃0

1 +X in case (1)
and e+p → tχ̃0

1 + X in case (2), at the Ee = 50 GeV and Ep = 7 TeV LHeC are depicted in
Fig.8, separately. In Fig.8 we keep all the related pMSSM-19 parameters as the values at the
benchmark point shown in Eq.(33) except the lightest neutralino mass. The results show that
the NLO QCD corrections always increase the corresponding LO cross sections when mχ̃0

1
varies

from 50 GeV to 130 GeV .
We depict the LO, NLO QCD corrected cross sections and the correspondingK-factors versus

the ratio of the vacuum expectation values (VEVs), tan β, for the processes e+p → tχ̃0
1 + X,

e−p → t̄χ̃0
1 + X in case (1) and e+p → tχ̃0

1 + X in case (2), at the Ee = 50 GeV and Ep =
7 TeV LHeC in Fig.9, respectively. There all the related pMSSM-19 parameters are fixed at
the benchmark point and remain unchanged except tan β. The curves in the figure demonstrate
that the cross sections decrease as tan β increases in the range of tan β < 7. While when tan β
goes beyond 10, the cross section is almost independent of tan β.

The NLO QCD correction∆σNLO(≡ σNLO−σLO) and the corresponding∆K ≡ ∆σNLO/σLO
versus the gluino mass mg̃ at the Ee = 50 GeV and Ep = 7 TeV LHeC, are demonstrated in
Fig.10 for the processes e+p → tχ̃0

1 +X, e−p → t̄χ̃0
1 +X in case (1) and e+p → tχ̃0

1 +X in case
(2), around the benchmark point with SUSY parameters in Eq.(33). In these figures we keep
all the related SUSY parameters remain unchanged except mg̃. It shows that when the gluino
mass runs from 1500 GeV to 3500 GeV , the ∆K increases slowly for each of the three curves.

We show the transverse momentum distributions of the final (anti-)top quark and the cor-
responding K-factors for the processes e+p → tχ̃0

1 + X, e−p → t̄χ̃0
1 + X in case (1) and

e+p → tχ̃0
1 +X in case (2), at the benchmark point mentioned above at the Ee = 50 GeV and

Ep = 7 TeV LHeC in Figs.11(i), 11(ii), and 11(iii), respectively. The transverse momentum dis-
tributions in Fig.11 show that there exist peaks located at the position about ptT (p

t̄
T ) ∼ 345 GeV .

Those peaks originate from the resonant t̃1 effects in the s−channel diagrams. We can see that
the peak on the NLO transverse momentum distribution curve is lower than that on the corre-
sponding LO curve in Figs.11(i) and 11(ii). The K-factor reaches the lowest value at the peak of
transverse momentum distribution, and then leaps to a very high value when pT goes up beyond
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Figure 11: The LO, NLO QCD corrected distributions of the pT of final (anti-)top quark and the

corresponding K-factors
(
K(pT ) ≡ dσNLO

dpT
/dσLO

dpT

)
at the benchmark point at the Ee = 50 GeV

and Ep = 7 TeV LHeC. (i) The process e+p → tχ̃0
1 + X in case (1). (ii) The process e−p →

t̄χ̃0
1 +X in case (1). (iii) The process e+p → tχ̃0

1 +X in case (2).
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Hopes for RPC SUSY? EWK RPC 

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  Charginos (C) and Neutralinos (N) fundamental for SUSY 
}  Expected to be light in most scenarios  (C1, N1, N2 in particular) 
}  N1 is often the LSP and one of the preferred DM candidate   

}  One of the most difficult scenarios for the LHC: medium-compressed N1, C1, 
N2 (DM few GeV) 
}  Not visible in direct searches, mono-photon and mono-jet searches 

possibly not sensitive because of systematic unceratinties VS tiny xsect. 
}  VBF scenarios investigated for 14 TeV LHC   

23 

50 fb xsection for pure Wino-
like N1 
 
Promising for low N1, but 
possibly large bkg from SM  
(ie Z,higgs production)  



EWK RPC-SUSY production 

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  Question: can anything be done at the LHeC ?  
}  Completely uncharted territory, nothing in the literature 
}  Very first look, using Madgraph: 
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•  Example of diagram for C1C1. 
Production of N1N1 and C1N2 
equivalent for almost 
degenerate masses  

•  Coupling strenghts  depend on 
the Wino-Higgsino mixture 

Need inputs from theorists! 
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   High x PDFs: link to LHC 
•  large uncertainties in high x PDFs limit searches for new physics at high scales 

many interesting processes at LHC are gluon-gluon initiated:                                        
top, Higgs, … and BSM processes, such as gluino pair production 

Monica D'Onofrio, LHeC Workshop 2015 

LHeC PDF 

arXiv:1211.5102 

6/26/2015 
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   High x PDFs: link to LHC 
•  large uncertainties in high x PDFs limit searches for new physics at high scales 

many interesting processes at LHC are gluon-gluon initiated:                                        
top, Higgs, … and BSM processes, such as gluino pair production 

Monica D'Onofrio, LHeC Workshop 2015 

LHeC PDF 

arXiv:1211.5102 

6/26/2015 

!
 Work in progress with A. Kulesza et al to use these sets for first ever consistent NLO+NLL calculations of 

high-mass susy particle prod at the LHC, with resummation both in the PDFs and in matrix elements!
!

6

PDFs with threshold resummation

KNLO+NLL = (NLO+NLL)/NLO

Squark Pair Production Gluino Pair Production

Juan Rojo                                                                                                                       PDF4LHC, CERN, 13/04/2015

NLO+NLL calculations by Kulesza et al, NLL-fast collaboration

NLO+NLL calculations by Kulesza et al,  

Still large uncertainty! 



Summary and outlook   

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  LHeC provides complementarities to the LHC SUSY search 
program in the twenties  
}  Ideal to search and study properties of new bosons with couplings 

to electron-quark  
}  Direct searches for CI, excited fermions, leptoquark, RPV SUSY, 

RPC SUSY in specific scenarios  estabilished  
}  More studies are needed to improve the BSM physics case à 

currently very short person-power!  
}  Engagement from theory community is really important: 

uncharted terrotories, and very very promising results where 
there are!! 
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Back-up 



LQ isospin family 

6/26/2015 Monica D'Onofrio, LHeC Workshop 2015 

}  Classification used here (BRW framework)  

29 



Monica D'Onofrio, LHeC Workshop 2015 
30 

   CP properties of Higgs 2

_
b
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FIG. 1: Higgs boson production at an ep collider through
WW fusion and the HWW vertex.

in such studies [8–10]. As pointed out in Refs. [11, 12]
a study of e+e− → tt̄H0 production offers the possibil-
ity of a clear and unambiguous determination of the CP
properties of the H0; however, at the LHC this process
may be accessible only in the high energy and luminosity
phase. However, it is interesting to note that the pro-
duction of a Higgs boson in the WW fusion process in
the charged current reactions e + p → νH0X [13, 14]
or ν + p → eH0X [15] arise only from a single Feyn-
man diagram involving the HWW vertex as shown in

the Figure 1 for e + p → νe +X +H(bb̄). These modi-
fied charged current (CC) processes not only provide the
best way to observe the H → bb̄ decay, but also render
the measurement of the HWW vertex free from possi-
ble contamination by contributions from HZZ or Hγγ
vertices. Moreover, the ep collision has an additional ad-
vantage over the LHC in that the initial states would be
asymmetric. Thus, we can disentangle backward scatter-
ing from forward scattering and study these separately,
which is not possible at the LHC. In this letter, there-
fore, we focus on the measurement of the HWW vertex
in such CC events at the high-energy high-luminosity ep
collider envisaged in the LHeC proposal [13], where a
high energy (∼ 50 − 150 GeV) beam of electrons would
be made to collide with the multi-TeV beams from the
LHC. Such a machine will have a centre-of-mass energy
as high as 1 − 1.5 TeV and can therefore produce H0

events copiously [13, 14].
A glance at Figure 1 will show that the final state has

missing transverse energy (MET) and three jets J1, J2
and J3, of which two (say J2 and J3) can be tagged as b-
jets. At the parton level, the squared and spin-summed-
averaged matrix element for the process

e−(k1) + q(k2) −→ νe(p1) + q′(p2) +H(p3)

can now be worked out to be

|M|2 =

(
4π3α3

sin6 θW

)
1

M2
W (t̂1 −M2

W )2 (û2 −M2
W )2

×

[
4M4

W ŝŝ1

+ λ2
{
t̂1û2(ŝ

2 + ŝ21 + t̂1û2 − 2t̂2û1) + (ŝŝ1 − t̂2û1)
2
}
+ 2λM2

W (ŝ+ ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ λ′2
{
t̂1û2(ŝ

2 + ŝ21 − t̂1û2 + 2t̂2û1)− (ŝŝ1 − t̂2û1)
2
}
− 2λ′M2

W (ŝ− ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ 2λλ′t̂1û2(ŝ
2
1 − ŝ2)

]
(4)

where the invariant variables are defined by ŝ = (k1 +
k2)2, t̂1 = (k1 − p1)2, û1 = (k1 − p2)2, ŝ1 = (p1 + p2)2,
t̂2 = (k2 − p1)2 and û2 = (k2 − p2)2. The first term in-
side the square brackets is the SM contribution and is,
of course, just the beta decay matrix element. The other
terms include direct and interference BSM contributions
of both CP -conserving and CP -violating types and even
a crossed term between the two types of BSM contribu-
tions.
The expression in Eqn. (4), though exact, is not very

transparent. It can be shown [4], however, that in the
limit when there is practically no energy transfer to the
W bosons and the final states are very forward, the CP -
conserving (CP -violating) coupling λ (λ′) contributes to
the matrix element for this process a term of the form

Mλ ∝ +λ p⃗T1.p⃗T2 M′
λ ∝ −λ′ p⃗T1.p⃗T2 , (5)

where p⃗T1 is the vector of the missing transverse energy.
These terms Mλ and M′

λ both go through a zero when
the azimuthal angle ∆ϕMET−J between the non-b jet J1

(arising from the parton q′) and the missing transverse
energy is π/2 or 3π/2. When Mλ and M′

λ are added
to the relatively flat (in ∆ϕMET−J) SM background, one
predicts a curve with a peak (dip) around ∆ϕMET−J ≈
0(π) for the λ operator and the opposite behaviour for
the λ′ operator, when the signs of λ,λ′ are positive and
vice versa when they are negative. The exact behaviour is
illustrated in Figure 2, which was generated for the case
of a 140 GeV electron colliding with a 6.5 TeV proton
and setting the Higgs boson mass to 125 GeV. Since the
approximations which reduce Eqn. (4) to Eqn. (5) are
somewhat too drastic, these curves show the expected
qualitative behaviour but the peaks (dips) are somewhat
displaced from the values quoted above.

In generating these ‘theoretical’ distributions, no kine-
matic cuts were applied. The choices of λ,λ′ = 0,±1
in Figure 2 are completely ad hoc – in a specific BSM
model the actual value can vary considerably – but they
serve the purposes of illustration well. Of course, the
precise value of λ (or λ′) is crucial to any actual study
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•  LHC has shown that discovered Higgs boson consistent                                 
with 0+ state, but: are there small additional dimension-5                                    
anomalous couplings to the HWW vertex? 

   (BSM will modify CP even (λ) and odd (λ’) states differently) 

•  measure azimuthal angular distribution                             
between ETmiss and forward jets 

forward jet!

HWW!

•  sensitive probe of nature of HWW vertex 
and hence CP properties 

(T. Plenh et al, hep-ph/0105325  
S. Biswal et al, arXiv:1203.6285, and update) 

6/26/2015 

with 50 fb-1, sensitivity up to 
 λ ~ 0.05 and λ’ ~ 0.2 


