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Test of Lepton Flavor Universality (LFU) 

Gauge symmetry predicts lepton flavor universal (LFU) phenomena:

e
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Only charged-lepton mass violates the LFU within the SM

�/Z/W
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me = 0.5 MeV , mμ = 105 MeV , mτ = 1776 MeV
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LFU observables R(D) and R(D*) 
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 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
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Winter 2019

) = 27%2χP(

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

HFLAV
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New physics, e.g., 
Leptoquark

vs.

R(D(*)) =
BR(B → D(*)τ̄ντ)
BR(B → D(*)ℓ̄νℓ)

SM

B(B ! D`⌫) = 2%, B(B ! D⇤`⌫) = 5%,
<latexit sha1_base64="Quk9r2JfkshPNpHqP76VBAkdjsY=">AAACM3icbVDLSgMxFM34rPU16tJNsBQqSJmpim6EUl2Iqwr2AZ2xZNK0Dc1khiQjlKF+kxt/xIUgLhRx6z+YaWdRWw8EDuecS+49XsioVJb1ZiwsLi2vrGbWsusbm1vb5s5uXQaRwKSGAxaIpockYZSTmqKKkWYoCPI9Rhre4DLxGw9ESBrwOzUMieujHqddipHSUtu8cXyk+hixuDIqVBwVwCvoEMagw6PDC1hy8keP85F7B0k1nTvVubaZs4rWGHCe2CnJgRTVtvnidAIc+YQrzJCULdsKlRsjoShmZJR1IklChAeoR1qacuQT6cbjm0cwr5UO7AZCP67gWJ2eiJEv5dD3dDJZX856ifif14pU99yNKQ8jRTiefNSNGNR3JwXCDhUEKzbUBGFB9a4Q95FAWOmas7oEe/bkeVIvFe3jYun2JFeupHVkwD44AAVggzNQBtegCmoAgyfwCj7Ap/FsvBtfxvckumCkM3vgD4yfX/+3qAo=</latexit>

(ℓ = e , μ)

RSM
D = 0.297 ± 0.003

RSM
D* = 0.250 ± 0.003

New SM

~ 4σ tension 　　 B anomaly

 cf.

[HFLAV 2019, New SM= Iguro, Watanabe, 2004.10208]

https://arxiv.org/abs/2004.10208
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Comment on QED correction within the SM

Long-distance QED correction could violate the lepton flavor universality                                     
[de Boer, TK, Nisandzic, 1803.05881] + [Calí, Klaver, Rotondo, Sciascia, 1905.02702; Isidori, Nabeebaccus, Zwicky, 

2009.00929]

It is found that the QED corrections depend 
on the lepton velocity (=the lepton masses)  
with opposite sign (light lepton vs heavy 
lepton)

Invisible photon energy (MeV)

LFU violation

   Isospin violation

R(D0)
<latexit sha1_base64="Cpi6ogfEPAsZvBLhY08052Y6iTk=">AAAB7XicdVBNTwIxEO3iF+IX6tFLIzHBC2nRCNyIevCIRsAEVtItXah0t5u2a0I2/AcvHjTGq//Hm//GLmCiRl8yyct7M5mZ50WCa4PQh5NZWFxaXsmu5tbWNza38ts7LS1jRVmTSiHVjUc0EzxkTcONYDeRYiTwBGt7o7PUb98zpbkMr804Ym5ABiH3OSXGSq2r4vktOuzlC6iEEMIYw5TgygmypFarlnEV4tSyKIA5Gr38e7cvaRyw0FBBtO5gFBk3IcpwKtgk1401iwgdkQHrWBqSgGk3mV47gQdW6UNfKluhgVP1+0RCAq3HgWc7A2KG+reXin95ndj4VTfhYRQbFtLZIj8W0EiYvg77XDFqxNgSQhW3t0I6JIpQYwPK2RC+PoX/k1a5hI9K5cvjQv10HkcW7IF9UAQYVEAdXIAGaAIK7sADeALPjnQenRfnddaaceYzu+AHnLdPcJiOZQ==</latexit>

[de Boer, TK, Nisandzic, 1803.05881]

https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1905.02702
https://arxiv.org/abs/2009.00929
https://arxiv.org/abs/1803.05881
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General operator basis

General NP for R(D(*)) anomaly can be model-independently described by

 appears dimension-eight at the SMEFT, while others are dimension-six CV2

Light right-handed neutrinos (  ) can also be included, but are constrained from the 

collider bounds 

mνR
< mB

SM

 ↓
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Single new-particle interpretations
W’ : 


Severely constrained from ,   search [Faroughy, Greljo, Kamenik, 1609.07138], and 

 search [Abdullah, Calle, Dutta, Flores, Restrepo, 1805.01869]


Charged Higgs with generic flavor structure : 


Severely constrained from  and  search [Iguro, Tobe, 1708.06176; Iguro, 2201.06565]


Leptoquark : 


Collider bound comes from , and broad parameter regions are still allowed

CV1

ΔMs Z′￼ → ττ

W′￼ → τν

CS1
, CS2

Bc → τν H± → τν

CV1
, CV2

, CS1
, CS2

, CT

gg → LQ LQ*

We will focus on heavy LQ scenarios, then there is no direct bound from LHC

https://arxiv.org/abs/1609.07138
https://arxiv.org/abs/1805.01869
https://arxiv.org/abs/1708.06176
https://arxiv.org/abs/2201.06565
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Leptoquark catalogue

Leptoquarks that do not lead to proton decay and can contribute precision measurements 

Label Spin Charge R(D(*)) R(K(*)) muon g-2 MW

S1 LQ 0 (3, 1, 1/3) Loop With S3

U1 LQ 1 (3, 1, 2/3) ❌ ❌

R2 LQ 0 (3, 2, 7/6 [1/6]) Loop Small

V2 LQ 1 (3, 2, 5/6) Small Electron Small

S3 LQ 0 (3, 3, 1/3) ❌ ❌ With S1

U3 LQ 1 (3, 3, 2/3) ❌ ❌ ?

—

—

[cf. Angelescu, Bečirević, Faroughy, Jaffredo, Sumensari, 2103.12504; 

Athron, Balazs , Jacob , Kotlarski, Stockinger , Stockinger-Kim, 2104.03691]

—

https://arxiv.org/abs/2103.12504
https://arxiv.org/abs/2104.03691
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Thanks Hirose-san

[Cornella, Faroughy, 
Fuentes-Martin, Isidori, 
Neubert, 2103.16558; 

ATLAS, 2002.12223]

Unfortunately, the LHC 
sensitivity depends on the 
flavor structure of the 
leptoquark, significantly

LQ

Recast the ATLAS 
data of τ+τ- resonant 
search

The CMS data of

τ+τ- non-resonant 
search

[CMS, CMS PAS 
HIG-21-001]

p

p

ATLAS
B anomaly

← different model points →

https://arxiv.org/abs/2103.16558
https://arxiv.org/abs/2002.12223
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b

c
B

D

τ

ν b

c τ

νp

p
B anomaly LHC event

Crossing symmetry

Direct connection
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Collider search for pp → τν

The direct collider bound comes from high-  tails in mono-τ searchespT

2σ upper bound from data (36fb-1)

[Greljo, Camalich, Ruiz-Alvarez, 1811.07920; Marzocca, Min, Son, 2008.07541; Iguro, Takeuchi, Watanabe, 2011.02486]

��

�
⇠

Lcb̄+bc̄ ⇥ |Vcb|2 ⇥
⇣

m2
W
ŝ � CV1

⌘2

Lud̄+dū ⇥ |Vud|2 ⇥
⇣

m2
W
ŝ

⌘2

<latexit sha1_base64="3d87vnMVRbMJ3ecMB+X7Zd5Cr04="></latexit>

LQ signal over Bkg is amplified at large  :  hard  with large missing transverse energy (= )̂s τ ντ

��CV1/2

�� < 0.32,
��CS1/2

�� < 0.57, |CT | < 0.16
<latexit sha1_base64="Gd9HoLRwyDbg6qGZCo/Pia7EL6c="></latexit>

[Greljo, Camalich, Ruiz-
Alvarez, 1811.07920]

Assuming EFT limit,

namely MLQ → ∞

∝ ̂s2 × C2
V1

NP signal

SM Bkg   
B anomaly LHC

https://arxiv.org/abs/1811.07920
https://arxiv.org/abs/2008.07541
https://arxiv.org/abs/2011.02486
https://arxiv.org/abs/1811.07920
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Leptoquark mass dependence

We investigate LQ mass effects, which relax the collider bound

LQ

b

 c 

 τ 

 ν 

/ 1

t�M2
LQ

<latexit sha1_base64="pxM397gxWXeu+HxnqpXFM1zuxVY="></latexit>

hard 

large MET

To amplify the LQ signal over Bkg ratio,  is expected.

Now, the LQ mass receives additional effective mass via the large negative t

t ∼ − 𝒪(1)TeV2

Collider bound should be relaxed 
when LQ mass is light

[Iguro, Takeuchi, Watanabe, 2011.02486]

B anomaly LHC with t < 0

https://arxiv.org/abs/2011.02486
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Additional b-jet in the final state

Furthermore, a requirement of an additional b-jet is powerful [Marzocca, Min, Son, 2008.07541]

Bkg LQ signal

b-jet
b-jet

Additional b-jet tagging suppresses 
the Bkg by several of powers

LQ signal suppresses only by a 
several factors

Signal over Bkg ratio can be 
amplified by the additional 
b-jet tagging

b

 c 

 τ 

 ν 

 c  ν 

 τ 

q

q

 τ 

 ν 

q/c 

https://arxiv.org/abs/2008.07541


MC simulation (MadGraph5 + Pythia8 + Delphes)

of both SM Bkg and leptoquark signal 

SM Bkg (that mimics τ b + missing)  Examples of LQs [U1  LQ scenarios]

A transverse mass defined as:
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R2 Leptoquark scenario
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139fb-1 sensitivity

139fb-1 sensitivity

3000fb-1 sensitivity

3000fb-1 sensitivity

36fb-1 exclusion
τ+MET search

τ+MET search

τ+MET search

τ+MET+b search

τ+MET+b search

[Endo, Iguro, TK, Takeuchi, Watanabe, 2111.04748] 

Light LQ Heavy LQ

https://arxiv.org/abs/2111.04748
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U1 Leptoquark scenario
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[Endo, Iguro, TK, Takeuchi, Watanabe, 2111.04748] 

139fb-1 sensitivity

139fb-1 sensitivity

3000fb-1 sensitivity

3000fb-1 sensitivity

36fb-1 exclusion
τ+MET search

τ+MET search

τ+MET search

τ+MET+b search

τ+MET+b search

https://arxiv.org/abs/2111.04748
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7

MLQ [TeV]

h b
τ
h c

ν

U1 LQ: CS1=-2 e
i ϕR CV1

ϕRfit = 0.42, Rs/b → 0

[Endo, Iguro, TK, Takeuchi, Watanabe, 2111.04748] 

139fb-1 sensitivity
τ+MET+b search

[CMS, CMS PAS HIG-21-001]

τ b + missing sensitivity (139 fb−1) ττ + excluded region (138 fb−1)

https://arxiv.org/abs/2111.04748
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Conclusion

Several leptoquark can easily explain both R(D) and R(D*) 4σ levels anomalies


We simulate the (HL-)LHC sensitivity of the leptoquark indirect search via 


  as well as  


We show that additional b-jet tagging significantly improves the LHC sensitivity by ≈40%


We show the EFT breakdown behavior in light leptoquark region (see paper)


We investigate the angular correlations to discriminate the LQ scenarios (see paper)

pp → τ ν + b pp → τ ν



Backup
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Latest SM predictions of R(D) and R(D*)

+ All  corrections in the heavy quark effective theory in all form factors𝒪(Λ2/m2
c )

[Iguro Watanabe ’20]

 combine:             3.1          → 3.9, 4.2 σ

 : 1.4 [HFLAV2019] → 1.4 [BJvD], 1.7 σ [IW] R(D)
 :                2.5          → 3.2, 3.4 σ R(D*)

+ Angular distributions from Belle data 

R(D)SM = 0.289 ± 0.004 R(D*)SM = 0.248 ± 0.001

R(D)SM = 0.297 ± 0.003 R(D*)SM = 0.250 ± 0.003 [BJvD]

[IW]

[Gubernari, Kokulu, van Dyk ’18] + All lattice data, QCD sum rule, and the latest LCSR result 
@q2 = q2max

<latexit sha1_base64="+PdRWuLWIyyMXsEEu3CFvw5fhxk=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq6EUoevFYwX5AG8Nmu22X7iZxdyMtIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC2LOlHacb2tldW19Y7OwVdze2d3btw9KTRUlktAGiXgk2wFWlLOQNjTTnLZjSbEIOG0Fo5up33qiUrEovNeTmHoCD0LWZwRrI/l2qfb4UL0y5addKZDA48y3y07FmQEtEzcnZchR9+2vbi8iiaChJhwr1XGdWHsplpoRTrNiN1E0xmSEB7RjaIgFVV46uz1DJ0bpoX4kTYUazdTfEykWSk1EYDoF1kO16E3F/7xOovuXXsrCONE0JPNF/YQjHaFpEKjHJCWaTwzBRDJzKyJDLDHRJq6iCcFdfHmZNKsV96xSvTsv167zOApwBMdwCi5cQA1uoQ4NIDCGZ3iFNyuzXqx362PeumLlM4fwB9bnDx5+k9o=</latexit>

@q2  0
<latexit sha1_base64="cNoBr0jQ0a+NMajyqUU7EM5oIrg=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FLx4r2A/YriWbZtvQbLJNZoWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCoZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4ej25nffmLacCUfYJKwICYDySNOCVjJr48fa7gr2Bi7vXLFrbpz4FXi5aSCcjR65a9uX9E0ZhKoIMb4nptAkBENnAo2LXVTwxJCR2TAfEsliZkJsvnJU3xmlT6OlLYlAc/V3xMZiY2ZxKHtjAkMzbI3E//z/BSi6yDjMkmBSbpYFKUCg8Kz/3Gfa0ZBTCwhVHN7K6ZDogkFm1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEV0gk7ROfLQFaqjO9RATUSRQs/oFb054Lw4787HorXg5DPH6A+czx+4M5A7</latexit>

R(D)SM = 0.299 ± 0.003 R(D*)SM = 0.258 ± 0.005HFLAV theory average2019

N
ew

 analyses

+ Momentum distributions from Belle data 

[Available Belle data 

1510.03657; 

1702.01521; 

1809.03290]

[Jung, Straub ’18]
[Bordone, Jung, van Dyk ’19]


