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‣  Semi-   against semi-       (.       
 consistent with 1)       

‣ Crucial input by lattice QCD 
calculations

‣ Partial cancellation of form-factor 
uncertainties

‣          and        do not change the
global picture
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me ⌧ mµ ⌧ m⌧

Gauge couplings universality, 
Higgs couplings break LFU

☞Talk by Florian Reiss
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‣ Each LQ state generates particular 
Lorentz structure of the amplitude

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

‣ Leptoquark charge Q = 2/3 
or 1/3.
‣ Q = 1/3 can also couple as

          and violate baryon
and lepton number
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S1ūd̄

Q = 2/3 Q = 2/3 Q = 1/3 

‣ No tree-level meson mixing constraints
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Effective couplings are naturally

implemented by tree-level 

leptoquark exchanges

U1 requires UV setting to provide its mass

Scalar LQ models are renormalizable, can

be embedded in GUT models
4
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vector LQ
 scalar

LEPTON FLAVOUR UNIVERSALITY

☞Talk by Ben Stefanek

 scalar
[Crivellin, Muller, Otai, 1703.09226] + …
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4GFVcbp
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[(1 + gVL)(c̄L�
µbL)(¯̀L�µ⌫L) + gVR(c̄R�

µbR)(¯̀L�µ⌫L)

+gSL(c̄RbL)(¯̀R⌫L) + gSR(c̄LbR)(¯̀R⌫L)

+gT (c̄R�µ⌫bL)(¯̀R�
µ⌫⌫L)]

[Becirevic et al, 2206.09717 ]  …

RD(*) may require a CPV phase of 

new couplings

Weak effective theory

https://arxiv.org/abs/1703.09226
https://arxiv.org/abs/2206.09717


Nejc Košnik (IJS,FMF) LHCP23, Belgrade,  25.5.

Effective couplings are naturally

implemented by tree-level 

leptoquark exchanges

U1 requires UV setting to provide its mass

Scalar LQ models are renormalizable, can

be embedded in GUT models
4

<latexit sha1_base64="JtI/IpIt0kSIIW6Y/T7o4Pm0gk4="></latexit>

Le↵ = �

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

<latexit sha1_base64="3LHXp4JXaynS9fn5D7a0h4mR0kY="></latexit>

U1(3, 1, 2/3)
<latexit sha1_base64="mhsvf0980k3Mx3v4uX/rDnTm+dQ="></latexit>

S1(3̄, 1, 1/3)
<latexit sha1_base64="W0vcLcEYvmhmdmOv55W4/AiPhio="></latexit>

R2(3̄, 2, 7/6)

vector LQ
 scalar

LEPTON FLAVOUR UNIVERSALITY

☞Talk by Ben Stefanek

 scalar
[Crivellin, Muller, Otai, 1703.09226] + …

<latexit sha1_base64="tWZoRkan2dfKOoz0h0Pt3TZUch8="></latexit>

4GFVcbp
2

[(1 + gVL)(c̄L�
µbL)(¯̀L�µ⌫L) + gVR(c̄R�

µbR)(¯̀L�µ⌫L)

+gSL(c̄RbL)(¯̀R⌫L) + gSR(c̄LbR)(¯̀R⌫L)

+gT (c̄R�µ⌫bL)(¯̀R�
µ⌫⌫L)]

[Becirevic et al, 2206.09717 ]  …

RD(*) may require a CPV phase of 

new couplings

Weak effective theory

THIS TALK

https://arxiv.org/abs/1703.09226
https://arxiv.org/abs/2206.09717
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3 parameters (mass and 2 Yukawa couplings)
Small impact on 1st and 2nd generation flavour physics

MODEL WITH R2 AND S3

5

d aligned e aligned

[Bečirević, Doršner, Fajfer,  Faroughy, NK, O. Sumensari,  1806.05689]
[Becirevic, Doršner, Fajfer,  Faroughy, Jaffredo, NK, Sumensari, 2206.09717 ]
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No longer needed after
LHCb update of RK(*)
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RD(⇤)

small up-quark FCNC
(since YR is down-aligned)

https://arxiv.org/abs/1806.05689
https://arxiv.org/abs/2206.09717
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‣               is the only relevant parameter for RD(*). It must be complex since the
interference terms with the SM contribution have opposite signs for RD* and RD

‣Need large imaginary part of gSL
(μb)
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MODEL WITH R2 FOR RD(*)
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R2

[Feruglio, Paradisi, Sumensari, 1806.10155]
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‣ Can we probe this in high pT processes 
or in precision observables?

‣ Useful phenomenological parameters
<latexit sha1_base64="I/b5kan21NvLQ3JH+skDJX+FCaE="></latexit>

ye↵ ⌘
q

yb⌧⇤R yc⌧L , mR2

<latexit sha1_base64="tXhyenp0uSMOYHd+loWaXGyBJoA="></latexit>

y2e↵
m2

R2

⇡ 0.8 i/TeV2
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MODEL WITH R2 FOR RD(*)

LEP constraints on Z → ττ
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= 0.959 ± 0.029

[LEP EWWG, hep-ex/0509008]

[Arnan, Becirevic,
Mescia, Sumensari 1901.06315]

 and  scale differently 
with Yukawa couplings and with mass. 
Z → ττ RD(*)

Perfect opportunity for high-pT searches
‣mass bounded from above, 
‣ large coupling, perturbativity breaking is 

prevented by 
? CP violation

mR2
< 4 TeV

Z → ττ
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‣Different mass vs. Yukawa sensitivities:
• LQ pair production (2j 2l final state)
• single LQ production (2l j final state, also s-channel) 
• Drell-Yann dilepton and mono-tau (2l)

9

HIGH-PT SEARCHES FOR LQS

[Schmaltz, Zhong,1810.10017.]
☞Talks by Halil Saka,
    Giovanni Padovano

[Dorsner, Greljo, 1801.07641]
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‣ Pair production
• LQ pair production (2j 2l final state)

10

HIGH-PT SEARCHES FOR R2

‣  in our case we have to consider 
 to be safe from pair 

production constraints
‣ most important constraints are from 

Drell-Yann dileptons:  and  final 
states

mR2
> 1.3 TeV

ττ τν

<latexit sha1_base64="nN1cyD5tIDEE4To3IrU9ZGivBww="></latexit>

B(R2 ! c⌧) = B(R2 ! c⌫) / |yc⌧L |2

B(R2 ! b⌧) = B(R2 ! t⌧) / |yb⌧R |2

‣  doublet nature of R2 implies

‣ distinct feature from other LQ 
   representations

[ATLAS,2303.01294]
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‣ Di-  constraints ( )τ pp → τ+τ−

11

HIGH-PT SEARCHES FOR R2

[ATLAS,2002.12223]

<latexit sha1_base64="tXhyenp0uSMOYHd+loWaXGyBJoA="></latexit>

y2e↵
m2

R2

⇡ 0.8 i/TeV2‣ from low energies

‣ at least one of the diagrams will have 
coupling O(1)
‣ no sensitivity to CPV phase - tiny 

interference effects
‣ Recast of  resonance searchττ
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[Faroughy, Kamenik, Greljo,1609.07138]

[Bečirević, Doršner, Fajfer,  Faroughy, NK, O. Sumensari,  1806.05689]

https://arxiv.org/abs/1609.07138
https://arxiv.org/abs/1806.05689
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‣Mono-  constraints ( )τ pp → τ+ν

12

HIGH-PT SEARCHES FOR R2

‣ the EFT description is not valid at the 
LHC for masses of few TeV
‣ full model (dynamic LQ) results in 

weaker bounds

[Greljo,Camalich,Ruiz-Alvarez,1811.07920]

<latexit sha1_base64="vXiX/S5zvUDYbjueUggifs54bEo="></latexit>

�̂(ŝ) ' |yRb⌧ |2|yLc⌧ |2

192⇡m2
R2


x+ 2

x(1 + x)
� 2 log(1 + x)

x2

�
,

[F. Jaffredo,2112.14604]

<latexit sha1_base64="WoYtvnsGvbwE83m3rny5lIxkry8=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFchUSsunBRFMWFi4p9QRvCZDpph04ezEyEkmblxl9x40IRt36DO//GSZuFth64cDjnXu69x40YFdI0v7W5+YXFpeXCSnF1bX1jU9/abogw5pjUcchC3nKRIIwGpC6pZKQVcYJ8l5GmO7jM/OYD4YKGQU0OI2L7qBdQj2IkleToe6Oek9w7t+nI6fhI9rmfXF3XUngOTaNsOXrJNMwx4CyxclICOaqO/tXphjj2SSAxQ0K0LTOSdoK4pJiRtNiJBYkQHqAeaSsaIJ8IOxm/kcIDpXShF3JVgYRj9fdEgnwhhr6rOrNTxbSXif957Vh6Z3ZCgyiWJMCTRV7MoAxhlgnsUk6wZENFEOZU3QpxH3GEpUquqEKwpl+eJY0jwzoxynfHpcpFHkcB7IJ9cAgscAoq4AZUQR1g8AiewSt40560F+1d+5i0zmn5zA74A+3zB5fpl+Y=</latexit>

|gSL |EFT < 0.51

<latexit sha1_base64="Tsef5tLYKjxDwhKH3VKYOx2QhIg=">AAACB3icbVC7TsMwFHXKq5RXgBEJWVRITFGCeHRgqGBhYCiCPqQ2ihzXba3aSWQ7SFWajYVfYWEAIVZ+gY2/wWkzQMuRLB2dc698z/EjRqWy7W+jsLC4tLxSXC2trW9sbpnbOw0ZxgKTOg5ZKFo+koTRgNQVVYy0IkEQ9xlp+sOrzG8+ECFpGNyrUURcjvoB7VGMlJY8c3/c95I77yYdex2O1EDwpBczlsILaFuVimeWbcueAM4TJydlkKPmmV+dbohjTgKFGZKy7diRchMkFMWMpKVOLEmE8BD1SVvTAHEi3WSSI4WHWunCXij0CxScqL83EsSlHHFfT2a3ylkvE//z2rHqVdyEBlGsSICnH+mYUIUwKwV2qSBYsZEmCAuqb4V4gATCSldX0iU4s5HnSePYcs6s09uTcvUyr6MI9sABOAIOOAdVcA1qoA4weATP4BW8GU/Gi/FufExHC0a+swv+wPj8AR2ImM4=</latexit>

|gSL |full < 0.88

based on [ATLAS-CONF-2021-025]
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HIGH-PT SEARCHES FOR R2

‣Mono-  constraints and di-  
constraints effectively probe  
leptoquark

τ τ
R2
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<latexit sha1_base64="+Hk97RRp+FkYW0VD1Qnm0mVU/N8=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCKgxVgniNFTAwFkQfUhsix3Fbq44T2Q5SFTLwKywMIMTKb7DxN7hpBmg50pWOzrnX1/d4EaNSWda3UZibX1hcKi6XVlbX1jfMza2mDGOBSQOHLBRtD0nCKCcNRRUj7UgQFHiMtLzh5dhvPRAhacjv1CgiToD6nPYoRkpLrrnTzd5IBPHT5Na9uk8qhwdp6pplq2plgLPEzkkZ5Ki75lfXD3EcEK4wQ1J2bCtSToKEopiRtNSNJYkQHqI+6WjKUUCkk2S7U7ivFR/2QqGLK5ipvycSFEg5CjzdGSA1kNPeWPzP68Sqd+4klEexIhxPFvViBlUIx2FAnwqCFRtpgrCg+q8QD5BAWOnISjoEe/rkWdI8qtqn1ZOb43LtIo+jCHbBHqgAG5yBGrgGddAAGDyCZ/AK3own48V4Nz4mrQUjn9kGf2B8/gDWaJX9</latexit>

R
(⇤
)

D

‣What about large CPV?

arg yeff ≈ π/4

based on [ATLAS-CONF-2021-025]
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‣How to test large CPV phase ?
Charm quark electric dipole moment induces neutron EDM

Angular spectra of  

CPV OBSERVABLES

14

(neutron charm tensor charge)

[Dekens, de Vries, Jung, Vos, 
1809.09114]

[C. Alexandrou, et al, 1909.00485]

<latexit sha1_base64="TDBnHA6GwEmAky8TGHXJ/7KQpbU="></latexit>

dn < 1.8⇥ 10�26 e cm [PSI, 2001.11966]
<latexit sha1_base64="0ebKf/sRc+2fz/odZkkR6GCGdJw="></latexit>

=) |=(gSL)| < 0.76

Improving precision of the lattice result could probe relevant range 
<latexit sha1_base64="K2PIs8mFD4UYbZPOFCvDiqYxbAo="></latexit>

|=(gSL)| ⇡ 0.5

<latexit sha1_base64="fZ0kdfMlkLacMZzBFcTHEy9Xw2M="></latexit>

⇤b ! ⇤c(! ⇤⇡)⌧⌫

[Becirevic et al, 2206.09717]

<latexit sha1_base64="dQk8KyjSND3+YEX/ZKsHmmd3RXQ="></latexit>

Ldipole = � idf
2

c̄�µ⌫�5c Fµ⌫

‣ That is in contrast to 
 LQ, where these 

features are absent.
U1

https://arxiv.org/abs/2206.09717
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Leptoquarks are most suitable candidates to address 
the LFU anomalies observed in  transitions

Among  states  leptoquark stands out since it lives in the 
non-interfering CPV region of parameters

Large couplings are sitting in  and  flavours and do not show in 
down-quark FCNCs

LQ pair production constraints sets the lower bound  
whereas LEP  studies require  

Mono-  and di-  measurements in the future (HL)LHC will efficiently 
probe the relevant parameter space. Future high-pT searches have  
discriminating power between LQ states.

CPV effects are dominated by neutron electric dipole moment. 

b → cℓν

S1, U1, R2 R2

bτ, tτ cτ

mR2
> 1.3 TeV

Z → ℓℓ mR2
≲ 4 TeV

τ τ

SUMMARY
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Thanks for your attention!


