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Flavor anomalies hinting at leptoquarks (LQs)?
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Hints for NP in  transitions:b → cτ ν̄
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RD = 0.344 ± 0.026

RD* = 0.285 ± 0.012

SM prediction: 
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D = 0.298 ± 0.004
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D* = 0.254 ± 0.005
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Hints for NP in  transitions:b → cτ ν̄ Hints for NP in  transitions:b → sνν̄
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World average: 

•  

•

RD = 0.344 ± 0.026

RD* = 0.285 ± 0.012

SM prediction: 

•  

•

RSM
D = 0.298 ± 0.004

RSM
D* = 0.254 ± 0.005

World average & SM prediction: 

•  

•

ℬ(B+ → K+νν̄) = (2.3 ± 0.5(stat)+0.5
−0.4(syst)) × 10−5

ℬ(B+ → K+νν̄)SM = (5.58 ± 0.37) × 10−6

Belle II [2311.14647]

https://arxiv.org/abs/2311.14647
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➡  NP in semileptonic transitions of 3rd generation fermions?  leptoquarks?→
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Leptoquark models with 3rd generation couplings

• Different Lorentz structures  depending on LQ state 

• Only semi-leptonic interactions 

- No tree-level contribution to meson mixing 

-  can have baryon-number violating interactions 

-  only LQ of these 3 that can account for  

• LQ generally induce LFV (without imposing exact flavor symmetries)

Γ

S1

S1 B → Kνν̄

3

 LQ explanations of : 

• Vector LQ:  

• Scalar LQ:  

• Scalar LQ: 

RD(*)

U1 ∼ (3, 1)2/3

S1 ∼ (3̄, 1)1/3

R2 ∼ (3, 2)7/6

bL/R τL/R

νL cL

U1

Q = 2/3

bL τR

νL cR

R2

Q = 2/3 (5/3)

bL νL

cL/R τL/R

S1

Q = 1/3

Angelescu, Becirević, Faroughy, Jaffredo, Sumensari [2103.12504]

    for    ,   ,   ℒLQ = ypr (Q̄p Γ Lr) ϕLQ Q ∈ {q, d, u} L ∈ {ℓ, e} ϕLQ ∈ {U1, S1, R2, …}

S1

U1

R2 (g∈ iℝ)

R2 (g ∼ y*y∈ℝ)

Angelescu, Becirević, Faroughy, Sumensari [1808.08179]

https://arxiv.org/abs/2103.12504
https://arxiv.org/abs/1808.08179


Hunting for Leptoquarks  |  LHCP2024Felix Wilsch  (RWTH Aachen)

Phenomenology of leptoquarks at LHC

• Exploit complementarity of low- and high-energy measurements
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Probing semileptonic transitions at different scales:



Hunting for Leptoquarks  |  LHCP2024Felix Wilsch  (RWTH Aachen)

Phenomenology of leptoquarks at LHC

• Exploit complementarity of low- and high-energy measurements

4

ℓα

ℓβ

qi

qj

qi qj

B D

ℓβℓα

low-energy

b → cτ ν̄

high-energy

E
TeV

mW

mb

pp → ℓ̄α ℓβ

M → ℓ̄α ℓβ

M → M′￼ℓ̄α ℓβ

NP?

p

p

ℓβ

ℓα

qi

qj

bb̄ → τ+τ−, bs̄ → τ+τ−, bc̄ → τ−ν̄

Probing semileptonic transitions at different scales:

• Various different channels for LQ searches:

• Searches in different channels and different flavor combinations performed by ATLAS & CMS
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Leptoquark channels at high-pT
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Leptoquark channel considered in analysis by CMS and ATLAS:

quark-lepton fusion /  
resonant production

See e.g.: 
[hep-ph/9406235] 
[hep-ph/9709319] 
[2005.06475] 
[2012.02092] 
[2209.02599] 
[2308.06143]

Example: constraints on  vector leptoquark from various channels (quark-lepton fusion not yet included)U1

Leptoquark mass [GeV]
500 1000 1500 2000 2500 3000

λ
C

ou
pl

in
g 

st
re

ng
th

 

0

0.5

1

1.5

2

2.5

 (13 TeV)1−137 fbCMS Preliminary

Single Nonres.
Pair Total
Expected by B anomalies

95% CL upper limits
Observed
Expected
68% expected =1κ=1, βVector, 

CMS [2308.07826] 
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https://arxiv.org/abs/hep-ph/9406235
https://arxiv.org/abs/hep-ph/9709319
https://arxiv.org/abs/2005.06475
https://arxiv.org/abs/2012.02092
https://arxiv.org/abs/2209.02599
https://arxiv.org/abs/2308.06143
https://arxiv.org/abs/2308.07826
https://arxiv.org/abs/2305.15962
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for scalar LQ

https://arxiv.org/abs/hep-ph/9406235
https://arxiv.org/abs/hep-ph/9709319
https://arxiv.org/abs/2005.06475
https://arxiv.org/abs/2012.02092
https://arxiv.org/abs/2209.02599
https://arxiv.org/abs/2308.06143
https://arxiv.org/abs/2308.07826
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 leptoquark explanation of S1 RD(*)
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Becirevic, Fajfer, Kosnik, Pavicic [2404.16772]

•  interaction Lagrangian: 

-  

- Minimal Yukawas required:  

- Weak LHC bounds for : 

‣ Only  and  transitions 

‣  coupling CKM suppressed 

- Compatibility of measurements: 
, Drell-Yan, ,  

- No tree-level contribution to  in 
minimal setup  loop induced 
(can be enhanced by )

S1 ∼ (3̄, 1)1/6

ℒS1
= ypr

L (qc
pεℓr) S1 + ypr

R (uc
per) S1 + h . c .

ybτ
L , ycτ

R

ybτ
L

(bcν) S1 (tcτ) S1

b − τ

RD(*) Γ(Z → ττ) ℬ(τ → μνν̄)

b → sνν̄
→

ysτ
L

bL

νL

cR

τR

S1

b → cτν̄

S1

cR

cR

τR

τR
cc̄ → ττ̄

MS1
= 1.5 TeV
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 leptoquark explanation of R2 RD(*)

•  interaction Lagrangian: 

-  

- Minimal Yukawas required:  

- For  we need  

‣ No interference with SM 

‣ Larger couplings required (  effect) 

‣ Stronger LHC constraints 

- , Drell-Yan,  data shows  
 tension in this model 

- No tree-level contribution to 

R2 ∼ (3, 2)7/6

ℒR2
= ypr

R (q̄per)R2 + ypr
L (ūpR2εℓr) + h . c .

ybτ
R , ycτ

L

Rexp
D(*) > RSM

D(*) Im(ybτ
R ycτ

L ) ≠ 0

NP2

RD(*) Γ(Z → ττ)
2 σ

b → sνν̄

7

MR2
= 1.5 TeV

bL

τR

cR

νL

R2

b → cτν̄

R2

bL

bL

τR

τR
cc̄ → ττ̄

R2

cR

cR

τL

τL

Becirevic, Fajfer, Kosnik, Pavicic [2404.16772]
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 vector leptoquark and -jet taggingU1 b
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• High-  constraints 

- from:  

- on: effective scale  

- Obtained with HighPT  

• Resonant searches for  

- ATLAS (no excess) [2002.12223] 

- CMS (  excess) [2208.02717]

pT

bb̄ → τ+τ−

ΛU = 2MU/gU

pp → ττ

∼ 3σ

ATLAS [b-tag]
ATLAS [b-veto]
CMS [b-tag]
CMS [b-veto]

0 0.2 0.4 0.6 0.8 1.0

1.0

1.5

2.0

2.5

95% CL excluded

Constraints on right-handed coupling scenarios

Aebischer, Isidori, Pesut, Stefanek, FW [2210.13422]

 leptoquark Lagrangian:    U1 ℒU1
=

gU

2 [q3
Lγμℓ3

L + βR d 3
Rγμe3

R + ∑
k=1,2

ϵqk
qk

Lγμℓ3
L]Uμ

1 + h . c .

Allwicher, Faroughy, Jaffredo,  
Sumensari, FW [2207.10756]

http://arxiv.org/abs/2002.12223
http://arxiv.org/abs/2208.02717
https://arxiv.org/abs/2210.13422
https://arxiv.org/abs/2207.10756
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• High-  constraints 

- from:  
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- Obtained with HighPT  

• Resonant searches for  

- ATLAS (no excess) [2002.12223] 

- CMS (  excess) [2208.02717]

pT
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Constraints on right-handed coupling scenarios

• Rescaled likelihood to account for  tagging and including NLO correctionsb
Aebischer, Isidori, Pesut, Stefanek, FW [2210.13422]

Haisch, Schnell, Schulte [2207.00356], [2209.12780]

 leptoquark Lagrangian:    U1 ℒU1
=

gU

2 [q3
Lγμℓ3

L + βR d 3
Rγμe3

R + ∑
k=1,2

ϵqk
qk

Lγμℓ3
L]Uμ

1 + h . c .

Allwicher, Faroughy, Jaffredo,  
Sumensari, FW [2207.10756]

• Initial state gluon splitting:   

- Expect soft associated  jet 

- Requiring associated  jets reduces 
background and improves performance

g → bb̄

b

b

ATLAS
b-ta

g

b-ve
to

CMS
b-tag

b-vet
o

http://arxiv.org/abs/2002.12223
http://arxiv.org/abs/2208.02717
https://arxiv.org/abs/2210.13422
https://arxiv.org/abs/2207.00356
https://arxiv.org/abs/2209.12780
https://arxiv.org/abs/2207.10756


Hunting for Leptoquarks  |  LHCP2024Felix Wilsch  (RWTH Aachen)

 vector leptoquark at low energiesU1
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• EFT Lagrangian for  

 

where  

- Left-handed couplings only:  

- Equal magnitude:  

• Observables relevant to low-energy fit: 

-  

• Combined fit shows  discrepancy with SM 

• Compatible with both  and 

b → cτν

ℒb→c = − GF

2
Vcb[(1 + 𝒞c

LL)(cLγμbL)(τLγμνL)

−2𝒞c
LR(cLbR)(τRνL)]

𝒞c
LR = β*R 𝒞c

LL

𝒞LR = 0

𝒞c
LR = − 𝒞c

LL

RD , RD* , RΛc
, ℬ(B−

u → τν)

3 σ

βR = 0 βR = − 1
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-0.15

-0.10

-0.05

0.00
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Aebischer, Isidori, Pesut, Stefanek, FW [2210.13422]

 leptoquark Lagrangian:    U1 ℒU1
=

gU

2 [q3
Lγμℓ3

L + βR d 3
Rγμe3

R + ∑
k=1,2

ϵqk
qk

Lγμℓ3
L]Uμ

1 + h . c .

See, e.g. also: 
Cornella, Faroughy, Fuentes-Martín, Isidori, Neubert [2103.16558] 
Bhaskar, Das, Mandal, Mitra, Neeraj [2101.12069]

https://arxiv.org/abs/2210.13422
https://arxiv.org/abs/2103.16558
https://arxiv.org/abs/2101.12069
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 vector leptoquark at high-U1 pT
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• Effective Lagrangian for  transitions: 

 

• Match  to the  model 

-  

-

b → c
ℒb→c = −

4GF

2
Vcb [(1 + 𝒞c

LL)(c̄LγμbL)(τ̄LγμνL) − 2𝒞c
LR(c̄LbR)(τ̄RνL)]

𝒞c
LL(LR) U1

𝒞c
LL ∼ g2

U

𝒞c
LR ∼ βR g2

U

Aebischer, Isidori, Pesut, Stefanek, FW [2210.13422]

-0.10 -0.05 0.00 0.05 0.10 0.15 0.20
-0.15

-0.10

-0.05

0.00
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0.10

ℒU1
=

gU

2 [q3
Lγμℓ3

L + βR d 3
Rγμe3

R

+∑k=1,2 ϵqk
qk

Lγμℓ3
L]Uμ

1 + h . c .

 Lagrangian:U1

https://arxiv.org/abs/2210.13422
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• Effective Lagrangian for  transitions: 

 

• Match  to the  model 

-  

-

b → c
ℒb→c = −

4GF

2
Vcb [(1 + 𝒞c

LL)(c̄LγμbL)(τ̄LγμνL) − 2𝒞c
LR(c̄LbR)(τ̄RνL)]

𝒞c
LL(LR) U1

𝒞c
LL ∼ g2

U

𝒞c
LR ∼ βR g2

U

• Details of the fit: 

-  corresponds to  

- More model dependence 

‣ Depends on 2nd gen. coupling  

‣ Small  requires lower scale  

• Currently good compatibility of constraints 

• CMS excess favors scenario with large 

𝒞c
LL → 0 |βR | → ∞

ϵq

ϵq ΛU

βR Aebischer, Isidori, Pesut, Stefanek, FW [2210.13422]
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=
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R
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qk
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L]Uμ

1 + h . c .

 Lagrangian:U1

https://arxiv.org/abs/2210.13422
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Comparison of different searches

11

• Constraints on the  leptoquark in the coupling  vs. mass  plane 

- Preferred regions from low-energy fit   
 

- Excluded from high-  Drell-Yan tails 

U1 gU MU

[only left-handed couplings]

[equal size left- & right-handed couplings]

pT

Aebischer, Isidori, Pesut, Stefanek, FW [2210.13422]
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1000 2000 3000 4000 5000
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4

|βR | = 1

ℒU1
=

gU

2 [q3
Lγμℓ3

L + βR d 3
Rγμe3

R]Uμ
1 + h . c .

https://arxiv.org/abs/2210.13422
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Conclusions

• Leptoquark models well motivated in light of  anomalies and  

• To explain anomalies and, at the same time, be compatible with further low-energy data 
dominant couplings to 3rd generation required 

- LQ models possibly linked to explanations of SM Yukawa structure? 

• LQ models can be well tested at LHC: 

- Pair production, single production, Drell-Yan, quark-lepton fusion 

- Sensitivity improvements for 3rd generation LQs by requiring associated -tagged jets 

• Different LQ models viable: 

-  vector leptoquark: large parts of parameter space will be covered by HL-LHC 

-  scalar leptoquark: improvements expected by HL-LHC 

-  scalar leptoquark: already at  tension with current data 

• Overall: important complementarity of low- and high-energy data

RD(*) ℬ(B → Kνν̄)

b

U1

S1

R2 2 σ

12
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Drell-Yan in light of the  anomalies:  leptoquarkRD(*) U1

14

SMEFT fit

HighPT  
SMEFT mode

EW:  
Flavor:  and 

W → τν
RD RD*

HighPT

LQ mediator fit

HighPT  
mediator mode

HighPT

• Consider couplings to left-handed fields only  and       
• Relevant processes:      ,  ,  … (+ c.c.)

qL
3,2 ℓL

3 → [C(1,3)
lq ]3333(3323)

bb̄ → τ+τ− bs̄ → τ+τ− bc̄ → τ−ν̄

ℒU1
= [xL

1 ]iαUμ
1 (qiγμℓα) + [xR

1 ]iαUμ
1 (diγμeα) + h . c . → [C(1)

lq ]αβij = [C(3)
lq ]αβij = −

1
2

[xL
1 ]iβ[xL

1 ]*jα

Allwicher, Faroughy,  
Jaffredo, Sumensari, FW  
[2207.10714, 2207.10756]

https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2207.10756
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ℒS1
= [yL

1 ]iαS1(qc
i εℓα) + [yR

1 ]iαS1(uc
i eα) + h . c . →

HighPT

LQ mediator fit

HighPT  
mediator mode

HighPT

SMEFT fit

HighPT  
SMEFT mode

EW:  
Flavor:  and 

Z → ττ , W → τν
RD RD*

 [C(1)
lequ]αβij = − 4[C(3)

lequ]αβij =
1
2

[yL
1 ]*iα[yR

1 ]jβ

[C(1)
lq ]αβij = − [C(3)

lq ]αβij =
1
4

[yL
1 ]jβ[yL

1 ]*iα
• Consider couplings to 3rd (and 2nd) generation fermions only 
• Relevant processes:      … (+ c.c.)bc̄ → τ−ν̄ Allwicher, Faroughy,  

Jaffredo, Sumensari, FW  
[2207.10714, 2207.10756]

https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2207.10756
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ℒR2
= − [yL

2 ]iα(uiR2εℓα) + [yR
2 ]iα(qieα)R2 + h . c . → [C(1)

lequ]αβij = 4[C(3)
lequ]αβij = −

1
2

[yR
2 ]iβ[yL

2 ]*jα

LQ mediator fit

HighPT  
mediator mode

SMEFT fit

HighPT  
SMEFT mode

HighPTHighPT

Allwicher, Faroughy,  
Jaffredo, Sumensari, FW  
[2207.10714, 2207.10756]

https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2207.10756
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•  leptoquark model: 

• LFV requires 2 couplings turned on 

- LFV can be constrained by   and   

• Example: consider only 3rd generation quarks

U1 ∼ (3, 1)2/3

pp → ℓℓ pp → ℓℓ′￼

bb → μτbb → eμ bb → eτ

 LFV searches  can yield complementary information to flavor conserving searches⇒ pp → ℓℓ′￼

(b
μ)

(be)

(b
τ)

(be)
(b

τ)
(bμ)

Allwicher, Faroughy,  
Jaffredo, Sumensari, FW  
[2207.10714, 2207.10756]

https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2207.10756

