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Leptoquarks ?
• Leptoquarks are proposed  particles with non-zero baryon number and lepton 

number 

• Couple  to quarks and leptons  

• They are colour triplet bosons 

• They emerge naturally in various BSM and unified gauge theories  

• Different observed anomalies along with muon  can be  explained via 
these leptoquarks  

• Loop Majorana mass can be generated for the neutrinos
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Motivation

Leptoquarks

Experimental 

Theoretical

• Higher theories  
• Vacuum  Stability 
• FOPT 
• Loop Majorana neutrino 

mass 
• Gets  constrained  from 

perturbative unitarity

• Anomalies like 
 

• muon(g-2)
RK, RK*, RD, RD*



Scalar Leptoquarks Vector Leptoquarks

How to distinguish them 

Different 
gauge 

charges 

What about 
spin ?



• Lower mass bounds 
For Leptoqurks  is 
around 1.5-2.0 TeV

Slide is taken from 
Tanumoy’s talk at PPC



Vacuum Stability 



Stability of the potential

Meta-stabilityStability Instability

More  negative  λeff
G. Isidori et. al.: NPB 609 (2001) 387



Status of SM

Within the uncertainty of top mass we are in  
a metastable vacuum 

Degrassi et. al. :JHEP 1208, 098 (2012) 



What is the rescue?



• Any scalar extension of SM will enhance  the vacuum stability due to positive 
quantum correction to  

• We  will only  discuss  scalar Leptoquark in stabilising the potential 

λeff

Addition of scalars



• Here we extend  Standard Model  by  a scalars Leptoquark:  

• The Leptoquark does not get vev due to colour  symmetry 

• Doesn’t take part in  electroweak symmetry breaking directly  

• However, quantum corrections can be crucial in saving us from the metastability 

ϕ(3,1, − 1/3)
Addition of scalar Leptoquark: ϕ(3,1, − 1/3)

PB, Rusa Mandal PRD 95 (2017) 3, 035007 

Higgs-Leptoquark couplingLeptoquark Mass Leptoquark Yukawa couplings



Addition of scalar Leptoquark: ϕ(3,1, − 1/3)

PB, Rusa Mandal PRD 95 (2017) 3, 035007 

If vanishing  is assumed YL,R
11

• The scalar Leptoquark  contributes to the 
effective Higgs quartic coupling via  

• Where,  represents the field dependent mass 
squared expressions 

• Bounds obtained from stability along with 
perturbative unitarity 

ϕ

κi

Saves from meta 
or instability



Bounds from perturbativity



What happens when we have SU(2) doublet and triplet ? 
•   models are motivated by different 

anomalies and neutrino mass generation  

• As scalars, their addition can enhance the vacuum stability 

•  However, existence in the non-trivial gauge representations can be constrained 
as they may run the gauge coupling towards non-perturbativity  

•  get more 

R̃2(3,2,1/6), S3(3,3,1/3), and R̃2 + S3

SM → R̃2 → S3 → R̃2 + S3

Negative

Positive PB, Shilpa Jangid, Anirban Karan: EPJC 82 (2022) 6, 516

More 



What happens when we have SU(2) doublet and triplet ? 
• For three generations  cases, g   enhance with the scale  

due to additional positive contributions  

• Planck scale Perturbativity is  achieved for cases  at oner-loop level 

• However, at two-loop  runs into Landau pole around 

S3(3,3,1/3), and R̃2 + S3 2

R̃2 + S3 1014.4 GeV

Hits 
Landau pole 
1014.4 GeV

PB, Shilpa Jangid, Anirban Karan: EPJC 82 (2022) 6, 516



Explaining some experimental 
observations



muon(g-2) with  LeptoquarksR̃2 and S1

•   Leptoquarks can explain muonn-(g-2_, rare-
leptonic decays and also generate Majoranna Neutrino mass
R̃2)3,2,1/6) = (T̃2

2/3, R̃2
−1/3) and S1/3

1

• Lepton number violating

•  Generates Majorana 

mass for neutrino 


• Doublet and singlet 
Leptoquark mixes 

• Rare leptonic and hadronic 
 decays can be satisfied 


• Explains muon-(g-2)

Snehasis Parashar, Avnish, PB, Kirtiman Ghosh: PRD 106 (2022) 9, 095040

• Asymmetric production can be prob the 
mixing at the LHC/FCC



Muon  with scalar LQs g − 2

• 


• LQ states in loops can enhance the 
muon  to explain the experimental excess.


•  contribution is much larger than  due to top quark 
couplings of the singlet.


• Same diagrams can lead to charged lepton flavour 
violating decays like  with stringent bounds. 
 

aμ(exp) =
(g − 2)μ

2
= 116592059(22) × 10−11

g − 2
S1 R̃ 2

μ → eγ

BRμ→eγ ≤ 4.2 × 10−3

S1/3
1 , R̃ 2/3

2 , R̃ 1/3
2

BMW+DMZ 2407.10913

BMW+DMZ Lattice results and comparison 
from 2407.10913

D. Zhang, JHEP 07 (2021) 069 

MEG collaboration, Eur.Phys.J.C 76 (2016) 8, 434 

FNAL, PRL 131 (2023) 16, 161802



•The  term leads to mixing between 
the doublet and triplet LQs.


•After EWSB and mixing: mass eigenstates 

Mixed states:  

Pure doublet state:  


•Mixing angle depends on  and Higgs vev : 




•Mixing angle can be probed via 
-mediated asymmetric production.

H
† eR2S1

X1/3
1 , X1/3

2

R̃ 2/3
2

κ v

tan 2θLQ =
− 2κv

m2(S1) − m2( R̃ 1/3
2 )

W±

Mixing of Leptoquarks

100 TeV FCC-hh

 only couples to the doublet 

Final states from


 will have higher event rate

W± ⟹

X1/3
2

Snehasis Parashar, Avnish, PB, Kirtiman Ghosh: PRD 106 (2022) 9, 095040



loop Majorana neutrino  mass generation

Snehasis Parashar, Aneesh, PB, Kirtiman Ghosh: PRD 106 (2022) 9, 095040
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Moriond 2024

B-anomalies motivation: current status
• : still persists! 

 
HFLAV average from Moriond 2024: 
 

 
 discrepancy!


• : agrees with SM now. 
 
LHCb 2212.09153: 

R(D)/R(D*)

R(D)SM = 0.298 ± 0.004, R(D*)SM = 0.254 ± 0.005
R(D)Exp = 0.342 ± 0.026, R(D*)Exp = 0.287 ± 0.012
∼ 3.3σ

R(K)/R(K*)

R(K)SM = 0.9936 ± 0.0003, R(K*)SM = 0.9832 ± 0.0014



• Ratios of the decays:  

• SM processes:  

• SM predicted  values: 

• However, the expertmental values are different  

                          R(D)_{Exp} = 0.342 ± 0.026, \, R(D^*)_{Exp} = 0.287 ± 0.012 

•  anomaly still exists R(D)/R(D*)

RSM
D = 0.299± 0.003, RSM

D⇤ = 0.258± 0.005

RSM
K = 1.0003± 0.0001, RSM

K⇤ = 1.00± 0.01
<latexit sha1_base64="R0dCt8aw6YZJI/yPXY3cxCOJ/XM="></latexit>

   at One-loopRSM
D

<latexit sha1_base64="lGwzCRH0/4Q80faboyaRJ7Lpikk=">AAACAnicdZDLSsNAFIYn9VbrLepK3AwWwVVIqqLLoi7cCPXSCzQxTKaTdujkwsxEKCG48VXcuFDErU/hzrdx0qagoj8M/HznHOac34sZFdI0P7XSzOzc/EJ5sbK0vLK6pq9vtESUcEyaOGIR73hIEEZD0pRUMtKJOUGBx0jbG57m9fYd4YJG4Y0cxcQJUD+kPsVIKuTqW3aA5AAjll5lt6nNg/T6Isvc9Cxz9appHJq5oGmYU1MQqyBVUKjh6h92L8JJQEKJGRKia5mxdFLEJcWMZBU7ESRGeIj6pKtsiAIinHR8QgZ3FelBP+LqhRKO6feJFAVCjAJPdeYLi9+1HP5V6ybSP3ZSGsaJJCGefOQnDMoI5nnAHuUESzZSBmFO1a4QDxBHWKrUKiqE6aXwf9OqGda+Ubs8qNZPijjKYBvsgD1ggSNQB+egAZoAg3vwCJ7Bi/agPWmv2tuktaQVM5vgh7T3Lztml/c=</latexit>

RSM
K
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RD = B(B ! D⌧⌫⌧ )/B(B ! D`⌫`)

RD⇤ = B(B ! D⇤⌧⌫⌧ )/B(B ! D⇤`⌫`)
<latexit sha1_base64="5e3eNRGSZKbaQ47YKN538ibOez8="></latexit>

RK = B(B+ ! K+µ+µ�)/B(B+ ! K+e+e�)

RK⇤ = B(B+ ! K⇤+µ+µ�)/B(B+ ! K⇤+e+e�)
<latexit sha1_base64="/lBoCEU5Ys2HxarYKIHzhUweW6o="></latexit>

RD/D⇤ and RK/K⇤
<latexit sha1_base64="aCM3s6tptef0pljHwTvfC4xlJXc=">AAACIXicbVDLSgMxFM3UV62vqks3wSKIlHamCnZZtAuhmyr2AZ1xyKRpG5rJDElGKEN/xY2/4saFIt2JP2PazqK2HgicnHsu997jhYxKZZrfRmptfWNzK72d2dnd2z/IHh41ZRAJTBo4YIFoe0gSRjlpKKoYaYeCIN9jpOUNb6f11jMRkgb8UY1C4vioz2mPYqS05GbLto/UACMWP4zduFqsPl2M7bydh7bwY8S7yWfRVCvWtMnN5syCOQNcJVZCciBB3c1O7G6AI59whRmSsmOZoXJiJBTFjIwzdiRJiPAQ9UlHU458Ip14duEYnmmlC3uB0I8rOFMXO2LkSznyPe2criqXa1Pxv1onUr2yE1MeRopwPB/UixhUAZzGBbtUEKzYSBOEBdW7QjxAAmGlQ83oEKzlk1dJs1SwLgul+6tc5SaJIw1OwCk4Bxa4BhVwB+qgATB4AW/gA3war8a78WVM5taUkfQcgz8wfn4BJcCi3w==</latexit>



Leptoquarks model
• Leptoquarks with                                             can explain the B-anomalies 

• BSM Lagrangian components : 

•                             are corresponding Yukawa couplings  

• Tree-level neutral current can explain 

• The charged current can explain 

Mandal et al. JHEP 08 (2020) 022
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LS1 = Qci⌧2Y
i↵
S1

L↵S1 + uc
RZ

i↵
S1
`↵RS1 + h.c.

<latexit sha1_base64="Ras62P3f50pWUAXyRhHxDUTLbuE="></latexit>

LS3 = QcY i↵
S3

i⌧2⌧ · S3L
↵ + h.c.

<latexit sha1_base64="FZJk9fSZ25bTlmUIUL7AwX4KRyQ="></latexit>

PB, Anirban KKaran,, Rusa Mandal, Snehasis Parashar: Eur.Phys.J.C 82 (2022) 10, 916



Search Strategies 

Leptoquarks

Yukawa 
couplings 

Gauge 
charge 

Scalar  Leptoquarks 
   Spin zero 
• SU(2) Singlet 
• SU(2) doublet 
• SU(3) Triplet

Spin

Vector Leptoquarks 
   Spin one 
• SU(2) Singlet 
• SU(2) doublet 
• SU(3) Triplet

Angular 
Distribution

RAZ@
 

collider
e − γ, e − p

LHC

Single 
production 

@LHC

Pair  
production 

@muon collider 



Is it possible to look for Yukawa couplings at the 
LHC? 

Single Leptoquark production at the LHC!



Single  Leptoquark( ): MotivationS1

•  can explain the still existing   anomaly   

• Which can be probed  in single Leptoquarks production via quark-gluon fusion at 
the LHC 

• Unlike pair production, here, both production and decays depend on the Yukawa 
couplings

Y33
S1

, Z23
S1

RD)/R(D)*

PB, Anirban Karan, Rusa Mandal
Snehashis Parashar: EPJC 82 (2022) 10, 916 

PB, Rusa Mandal EPC 78 (2018) 491 



Single  Leptoquark( ) at the LHCS1
• A few final states:  

• LHC, HL-LHC, FCC reach plots can be given in terms of these Yukawa couplings

PB, Anirban Karan, Rusa Mandal
Snehashis Parashar: EPJC 82 (2022) 10, 916 



 Leptoquarks at the muon Collider
• Muon collider is motivated due to no  QCD  radiation,  less synchrotron 

radiation, collisions are in CM  frame as fundamental particles collide 

• It is  going  to be a precision machine  

• But  collision as  the total charges zero single Leptoquarks 
production  is not possible  

•  production via Yukawa is not possible  
• However, symmetric pair production involves Yukawa, unlike LHC

μ+ μ−

S2/3
S3

PB, Anirban Karan, Rusa Mandal
Snehashis Parashar: EPJC 82 (2022) 10, 916 



Leptoquarks at the muon Collider
• Unlike LHC, cross-sections donot always 

increase with CM energy 

• Dependant on  one can have 

• Projected reach can be seen for CM 
energies of 8 and 30 TeV

Y22
S3

, S32
S3

BP1 : mS3
= 1.5 TeV

PB, Anirban Karan, Rusa Mandal
Snehashis Parashar: EPJC 82 (2022) 10, 916 



Can Angular distributions 
have some answers!



Why Angular distributions ? A little exercise!
• Angular distributions in the Centre of Mass frame can decode the spin 

and gauge representations 

• Consider normal Drell-Yan process  

• Similarly for scalar lepton pairs 

dσ
d cos θ

∼ (1 + cos2 θ)

e+e− → ℓ+ℓ−

d�

d cos ✓
/ (1� cos2 ✓)

<latexit sha1_base64="2kab47SkZ6We2sb57mu42d0Fs3U=">AAACI3icbVDLSgMxFM34rPU16tJNsAh1YZmpguKq6MZlBfuATi2ZNNOGZiZDckcow/yLG3/FjQuluHHhv5g+BG09EDiccy835/ix4Boc59NaWl5ZXVvPbeQ3t7Z3du29/bqWiaKsRqWQqukTzQSPWA04CNaMFSOhL1jDH9yM/cYjU5rL6B6GMWuHpBfxgFMCRurYV16gCE27nua9kGSGUKlTD/oMSJZhL1YyBomLLj7FY+uh/GOedOyCU3ImwIvEnZECmqHasUdeV9IkZBFQQbRuuU4M7ZQo4FSwLO8lmsWEDkiPtQyNSMh0O51kzPCxUbo4kMq8CPBE/b2RklDrYeibyZBAX897Y/E/r5VAcNlOeRQnwCI6PRQkApvU48JwlytGQQwNIVRx81dM+8SUBqbWvCnBnY+8SOrlkntWKt+dFyrXszpy6BAdoSJy0QWqoFtURTVE0RN6QW/o3Xq2Xq2R9TEdXbJmOwfoD6yvb8KhpOU=</latexit>

γ

Datta et al. PRD 72 (2005) 119901, JHEP 07 (2005) 033



Spin Determination
• Spin information can be extracted via the angular distributions in CM frame 

• For                          via photon,  

• For the spin zero final states this is                                                                

• Thus angular distribution can be instrumental 
   in determining the spin of new particles  

• Depending  on the gauge structure  of intermediate  
   particles the distribution can change 

• Knowing  CM frame at LHC is challenging compared to leptonic collider being in 
CM frame

e+ e� ! µ+ µ�
<latexit sha1_base64="//h2wvONUuZsOOQywqM491tK4LQ=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgaMtMFXRZdOOygn1AZ1oy6Z02NPMgyQildOHGX3HjQhG3foQ7/8ZMOwttvRBycs693JzjxZxJZVnfRm5ldW19I79Z2Nre2d0z9w+aMkoEhQaNeCTaHpHAWQgNxRSHdiyABB6Hlje6SfXWAwjJovBejWNwAzIImc8oUZrqmUXonjpnGLpl7KgIO0Eye6d3uWeWrIo1K7wM7AyUUFb1nvnl9COaBBAqyomUHduKlTshQjHKYVpwEgkxoSMygI6GIQlAupOZiSk+1kwf+5HQJ1R4xv6emJBAynHg6c6AqKFc1FLyP62TKP/KnbAwThSEdL7ITzjWdtNEcJ8JoIqPNSBUMP1XTIdEEKp0bgUdgr1oeRk0qxX7vFK9uyjVrrM48qiIjtAJstElqqFbVEcNRNEjekav6M14Ml6Md+Nj3pozsplD9KeMzx9S4ZX6</latexit>

d�

d cos ✓
/ (1 + cos2 ✓)

<latexit sha1_base64="WRVJrTyU3g37sx4/oz4Tvn2UzDA=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVocxUQXFVdOOygn1Ap5ZMmmlDM5MhuSOUYf7Fjb/ixoVS3LjwX0wfgrYeCBzOuZebc/xYcA2O82ktLa+srq3nNvKbW9s7u/befl3LRFFWo1JI1fSJZoJHrAYcBGvGipHQF6zhD27GfuORKc1ldA/DmLVD0ot4wCkBI3XsKy9QhKZdT/NeSDJDqNSpB30GJMuwFysZg8RFF5/isfVQ/jFPOnbBKTkT4EXizkgBzVDt2COvK2kSsgioIFq3XCeGdkoUcCpYlvcSzWJCB6THWoZGJGS6nU4yZvjYKF0cSGVeBHii/t5ISaj1MPTNZEigr+e9sfif10oguGynPIoTYBGdHgoSgU3qcWG4yxWjIIaGEKq4+SumfWJKA1Nr3pTgzkdeJPVyyT0rle/OC5XrWR05dIiOUBG56AJV0C2qohqi6Am9oDf0bj1br9bI+piOLlmznQP0B9bXN795pOM=</latexit>
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d cos ✓
/ (1� cos2 ✓)
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Large Hadron Collider! 
Can we determine spin of the Leptoquarks? 



Determination of Spins of Leptoquarks@the LHC
• Leptoquark pair production at the LHC/FCC can decode their spin via the 

reconstruction of the angular distribution in the CM frame 

• Parton level contributions look different 
for scalar and  vector leptoquarks

P.Bandyopadhyay, Saunak Dutta, Mahesh Jakkapu, Anirban Karan, NPB 971 (2021) 115524

Scalar LQ

Vector LQ



Determination of Spins of Leptoquarks@the LHC
• Fully visible final state is necessary to reconstruct to CM frame via boost-back 

• Invariant mass reconstruction of LQ, is also necessary for the mass information 

• At the LHC proton-proton scattering, the distributions still differs

P.Bandyopadhyay, Saunak Dutta, Mahesh Jakkapu, Anirban Karan, NPB 971 (2021) 115524
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Radiation amplitude zero (RAZ)
• There can be a minima (zeros) in the visible region of the  angle (  ) in the 

differential distribution of the cross-section          , when a massless gauge 
boson is involved in the scattering 

• The position of the zero depends on the charge of the final state and 
sometimes also on the masses of the finalstate particles,  centre of  mass 
energy 

• The  dependency on the charge makes it a convenient tool to probe differently 
charged Leptoquarks   

dσ
d cos θ

θ



RAZ@fermion-fermion collider
• The general criterion for the tree-level single photon 

amplitude to vanish is  

 

 must be the same other than photon, where ,  are the four  

momentum and the charge of the  external particle and  is 
the four momentum of the photon. 

• For a  scattering with photon in the final state the zero 
of the cross-section is given by  

,  

Where  are the charges of the  incoming particles  

and  is the angle between photon and  in the CM frame

(
pj . k
Qj )

pμ
j Qj

jth kμ

2 → 2

cos θ* =
Qf2 − Qf1

Qf2 + Qf1
Qf1, Qf2 f1, f2

θ* f1
S.J. Brodsky et al. PRL  49, 966 (1982),
K.O. Mikaelian et al. PRL 43, 746 (1979)



 collidere − γ



RAZ@Lepton  photon collider

•                              : 

• The  general condition of the  tree-level single photon amplitude to vanish (the 
zero of the cross-section) is given by  

                              ,    

  where  is the charge of the Leptoquark in the unit of  e, 

• The angle of the zero is given by  

where   is  the angle between the electron and the leptoquark or the photon and 
the quark

Qϕ

θ*

Function of mass 
and energy



RAZ: dependency@  collider  e − γ
Asymptotic values 



Complementarity of the Leptoquarks 
• Occurrence of RAZ in the different versions of Leptoquarks are independent 

of whether they are scalar or vector  

• But mainly depends on the electromagnetic charges  

• However, RAZ falling in the visible region of , may depends on the 
collider as well as charge, mass and the centre of mass energy 

• It is interesting the  colliders can probe Leptoquarks which 
are complementary to each other 

• The Leptoquarks models that can be probed in , cannot be probed in 
 by means of RAZ and vice versa 

cos θ*

e − p and e − γ

e − p
e − γ



Leptoquarks@           collider
• For vanishing amplitude within the visible region, 

   

e − γ

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 80 (2020) 6, 573Back



Leptoquarks@           collidere − γ
Visible region



One example: scalar Leptoqurk

• Production process: 

• Dominant  decay mode is   final state q ℓ ⟹ℓ + 2jet

(70  GeV)

(650  GeV)

(1.5 TeV)

Higher energy can access RAZ  for  higher mass



Backgrounds
• There are SM processes that mimics                 final state 

• Thus reconstruction of the Leptoquarks mass is crucial to eliminate such SM 
backgrounds

ℓ + 2jet



Reconstruction of the Leptoquarks mass
• Invariant mass distribution of   can give us  
 the Leptoquarks mass peak 

• Leptoquark decays to lepton and jet can be 
identified with the demand on 

ℓj

cos θℓj



Zeros of  cross-section
• For Ecm=2 TeV,  BP3  does  not have  
 zero in the cross-section failing 

   

• But such  zero can be  found out for Ecm=3  TeV  at   

• Such minima  or  zeros  can  be probed  via collecting asymmetric events around  
the minima and  zeros 

•   A  signal  significance is  possible at  integrated luminosity

cos θ* = − 0.78

≥ 5σ 100 fb−1

Ecm=2 TeV Ecm=3 TeV

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 80 (2020) 6, 573



Event numbers for          @             collidere − γ

more



Effects of non-monochromatic photons
• The experimental collider technology cannot deal with monochromatic photons 

in the initial state at high energies  

• There are two possible ways to produce them:  

                                       a) Laser backscattering 

                                        b)  Equivalent photon approximation (EPA) 

• In LB,  the  significance can be  enhanced by  11-80%, 
 but  preserve the zeros,  though little shifted.   
• In EPA, the significance reduces by 27-90% and the zeros 
 are smeared 
• The effects on            are shown for three cases              

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 80 (2020) 6, 573
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Electron-proton collider



Electron-proton collider
• In  this case, the photon stays in the final state 

• In the CM frame RAZ happens in the visible 

   region for  

• Unlike              , here the position of RAZ is independent of the mass of the final 

state particle as well as the centre of mass energy 

• However, a complementarity is observed for the RAZ to be in the visible region as  

compared to the               collider  

• The choice  of  in the  final state, makes this SM background free 

                             

μ, s

e − γ

e − γ



Positions of RAZs

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 81 (2021) 4, 315 

Visible regions
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Different e-p colliders 
• We chose four benchmark points with  for HERA, 

LHeC,  FCC I, FCC II as BP1, BP2, BP3 and BP4 respectively 

                                                        LHeC     7 TeV         50 GeV        1.2 TeV                            2000

Mϕ = 70, 900, 1500, 2000 GeV

FCC



An example: Scalar Leptoquark    (S̃+ 4
3

1 )c

• The  RAZ for  is at   

• The decay  in to  makes the final state SM 
 background free 

• Numbers at HERA is promising 

• For LHeC, FCC I, II at 2000  for BP2, BP3 and BP4, the event numbers are still 
healthy 

(S̃+ 4
3

1 )c cos θ* = − 0.5

(S̃+ 4
3

1 )c μ s

fb−1

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 81 (2021) 4, 315 
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Another example: Vector Leptoquarks
• It shows RAZ  at   

• Focusing of  the decay mode of   makes the final 
  state background free 

• At  HERA the  numbers looks promising 

• For  BP2, BP3, BP4, the  event numbers at LHeC, FCC I, II remains at the same 
order with 2000    

cos θ* = − 0.2

μ c

fb−1

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 81 (2021) 4, 315 



Leptoquarks  with  multiple components:
RAZ

No 
RAZs

No 
production

RAZ

HERA



Conclusions
• Leptoquarks models can enhance the stability of the electroweak vacuum  

• However, constrained by the perturbative unitarity 

• It can generate Majorana neutrino mass and explain muon-(g-2) 

• Single Leptoquark at the LHC and pair production at Muon collider can probe the 
Leptoquark Yukawa 

• Angular distributions can decode spin and gauge  representation  of different   Leptoquarks 

• RAZ can be crucial  in a scattering involving photon and Leptoquarks  

•  and  colliders can be complementary in investigating RAZs 

• Spin of  Leptoquarks can be unraveled  via the  angular distributions in CM frame 

• For  LHC, construction of CM frame needs, fully visible final sates. 

• Leptonic colliders have advantage over hadronic colliders in reconstructing the CM frame 
as well as measuring Yukawa coupling 

e − γ e − p





Backups



Stability bounds
• Higgs couples to fermions via Yukawa couplings 

• At low field values the top quark  contribution is important 

• The solution takes a form,                                 ,  where at some point we hit            , leading 
instability to Higgs potential 

• In the Coleman-Weinberg’s effective potential  approach the RG-improved potential can 
be written as  

• Where  assimilates  the loop effects λeff

µ
d�

dµ
' � 3

8⇡2
Y 4
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8⇡2
�4
t ln

µ

v
�(µ) < 0

m2
h >

3m2
t

⇡2v2
ln

⇤

v

LY = YtQ̄�tR



Non-monochromatic photon: LBA, EPA
Laser back scattering Equivalent photon approximation
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Benchmarking Leptoquark masses

• A light leptoquark can still be possibility 



Setup for collider analysis
• A PYTHIA8 based simulation was performed  

• Models were implemented in SARAH and events were generated via CalcHEP  

• Fastjet with  CA algorithm with  was used 

• Minimum transeverse momentum of each jet:  GeV 

• Leptons( ) are selected with  GeV 

• Jet-lepton isolation:  and  lepton-lepton isolation:  are 
demanded 

•  chosen  for the final state with photons

R = 0.5

pjet
T,min = 20

ℓ = e, μ pℓ
T,min = 10

ΔRjℓ > 0.4 ΔRℓℓ > 0.2

pγ
T,min ≥ 10GeV, ΔRγℓ = ΔRγj > 0.2



Loop Majorana Mass
•  R̃2(3,2,1/6), S3(3,3,1/3), and R̃2 + S3

Loop Majorana mass generation

Back



Single  production at  the LHCϕ

PB, Rusa Mandal EPC 78 (2018) 491 

• Quark gluon fusion can give  rise to single Leptoquarks productions  

• They depend on the Yukawa couplings 

• Bounds can be drawn to these Leptoquark 
 Yukawa via single production

For an updated study at the LHC and muon collider, please 
look into Snehashis’ talk (EPJC 82(2022) 10, 916)

Back



We need mass information for the energy and to calculate boost 
Back







Another example:  Vector Leptoquark  ( )(U2/3
μ )c

• In this case, zeros can be found out 

 for Ecm=2, 3 TeV at  

• Singal significance is above  at 100fb  luminosity

cos θ* = − 0.52, 0.11

3σ −1

Ecm=2 TeV Ecm=3 TeV

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 80 (2020) 6, 573



Leptoquarks  with  multiple components: Doublet
• Other excitation can contaminate the desired ones  

• Identifying the two components  is important 

• Their decay patters  are  different:  

• Determination of the charge of the jets (c/s) is   
  instrumental in distinguishing these modes

R+5/3
2 , R+2/3

2

RAZ exists

No RAZ exists but can 
contaminate the other one

c-jet

s-jet

P.Bandyopadhyay, Anirban Karan, Saunak Dutta EPJC 81 (2021) 4, 315 
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• The RAZ for   is contaminated by  

• The model background has to be taken into  
  consideration for the signal significance 

• For BP2, BP3 and BP4 at the LHeC, FCC I, II, the signal significances are 2.2, 2.9 
and 6.1 , respectively at 2000  of integrated luminosity 

• Similar results can be obtained for other multi-component leptoquarks (triplet)

(R+5/3
2 )c (R+2/3

2 )c

σ fb−1

Leptoquarks  with  multiple components: Doublet

@HERA
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Pair  production of    at  the LHCϕ(3,1, − 1/3)

PB, Rusa Mandal EPC 78 (2018) 491 

• Most of the collider searches was based on first two generation decays 

• We focused  on the third generation decays with ℬ1 = ℬ(ϕ → t̄, τ+)

• A pair production with  final state can be 
sensitive to LHC reach for TeV mass scale Leptoquark

2b + 2τ + 4j • Considering both thirdly and second generation 
decay with , we also find  the 
reach for  final state

β2 = ℬ(ϕ → c̄μ+)
1b + 1τ + 1ℓ + 1μ + 1j

For the phenomenology  at the LHC and their plausible 
mixings, please look into Snehashis’ talk (PRD 106(2022) 9, 095040)

R̃2 + S1 More 
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