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Outline

• 𝑅"(∗) in rare 𝐵 decays
• Leptoquark explanations of 𝑅"(∗)
• SU(2) singlet: 𝑆(, 𝑈(

• Implications on top FCNC
• Tree level
• 1-loop level

• Collider prospects
• Summary
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𝑅"(∗) in rare 𝐵 decays, lepton Non-universality
G. Caria
Moriond 2019

2019 exp. world average ~ 3.1 σ deviation from SM

2019 Belle semi-lep. tau ~ 1.2 σ consistent with SM

see more in talks of
N. Serra & J. Zupan



Low-energy EFT, 𝑅"(∗)



LQ contributions

5

Dumont et al, 1603.05248



LQ contributions
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Angelescu et al, 1808.08179

𝑅"(∗)focus of this talk:



Numerical fit
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𝑚,- = 1 TeV Dumont et al, 1603.05248



Numerical fit
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Top quark at LHC
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Single top-quark production
November 2018
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LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
228 (2016) PLB 756
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ATLAS+CMS Preliminary Sept 2018

* Preliminary

)-1 8.8 fb£Tevatron combined 1.96 TeV (L 
)-1CMS dilepton,l+jets 5.02 TeV (L = 27.4 pb

)-1 7 TeV (L = 4.6 fbµATLAS e
)-1 7 TeV (L = 5 fbµCMS e

)-1 8 TeV (L = 20.2 fbµATLAS e
)-1 8 TeV (L = 19.7 fbµCMS e

)-1 8 TeV (L = 5.3-20.3 fbµLHC combined e
)-1 13 TeV (L = 3.2 fbµATLAS e

)-1 13 TeV (L = 2.2 fbµCMS e
)-1* 13 TeV (L = 35.6 fbµCMS e

)-1* 13 TeV (L = 85 pbµµATLAS ee/
)-1ATLAS l+jets* 13 TeV (L = 85 pb

)-1CMS l+jets 13 TeV (L = 2.2 fb
)-1CMS all-jets* 13 TeV (L = 2.53 fb

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 0.001±) = 0.118 

Z
(Msa = 172.5 GeV, topNNPDF3.0, m

 [TeV]s13

700

800

900

𝑡 ̅𝑡 cross section (pb) single 𝑡 cross section (pb)

Sept. 2018 LHCTopWG Summary

• fairly good agreements for cross section
• within theoretical uncertainties: scales of Ren. & Fact., PDF, 𝛼D

see more in talk of A. Gritsan



Top quark at LHC

 [GeV]topm
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ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm
WGtopLHC

November 2018

World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 

ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 

ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 

ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 

CMS, l+jets 7 TeV  [9] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [10] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [11] 1.23)± 1.41 (0.69 ±173.49 

CMS, l+jets 8 TeV  [12] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [12] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [12] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [13] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [12] 0.47)± 0.48 (0.13 ±172.44 

CMS, l+jets 13 TeV  [14] 0.62)± 0.63 (0.08 ±172.25 

CMS, dilepton 13 TeV  [15] 0.69)± 0.70 (0.14 ±172.33 

CMS, all jets 13 TeV  [16] 0.76)± 0.79 (0.20 ±172.34 
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[8] arXiv:1810.01772
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[9] JHEP 07 (2017) 003

from arXiv:1311.2028
Theory predictions

ATLAS+CMS Preliminary
LHCtopWG

September 2018

all other processes are zero
Each limit assumes that

𝑚E = 172.69 ± 0.48 GeV 𝐵𝑟 𝑡 → 𝑞𝑉

𝑞 = 𝑐
𝑉 = 𝑔, 𝑍, 𝛾, 𝐻 ~ {10VW, 10VW, 10V8, 10V8}

𝑞 = 𝑢,  slightly stronger limits, but same order

Sept. 2018 LHCTopWG Summary



LQ limits at LHC

11

Angelescu et al, 1808.08179

• to set limits, specific LQ decay modes are assumed
• currently, LQ mass bounds are 1 ~ 2 TeV, stronger for Vector LQ



Top FCNC at tree-level, 3-body
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scalar 𝑆( vector 𝑈(

Tree



Top FCNC at one-loop, 2-body

13
+ external leg diagrams

1-loop

scalar 𝑆( vector 𝑈(

• we only consider loop for scalar 𝑆(
• loop of vector 𝑈( needs UV-completion of 𝑚Z[ generation

• SM-GIM-like mechanism needed to cancel divergence
• more complete flavor structure needed

𝑡 → 𝑐V



Tree-level:
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𝑅"(∗) fit of  \]\^
_]`
a naturally implies 𝐵𝑟Ebcdc

vector 𝑈(scalar 𝑆(



Loop-level:
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Given the coupling chirality we choose,
only left-handed part appears in dipole

+ external leg corrections



Loop-level:

16

+ external leg corrections

for 𝑚e = 0 (𝛾, 𝑔)
• we kept O(𝑚E

() in loop function expansions 
• unlike 𝑏 → 𝑠𝛾, 𝜇 → 𝑒𝛾 with 𝑚k,𝑚l being ignored

for 𝑚e ≠ 0 (𝑍)
• we keep the full expressions



Loop-level:
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𝑔(,88𝑔(>?8∗ = 1

𝐵𝑟 𝑡 → 𝑐𝑔 ~10V((
𝐵𝑟 𝑡 → 𝑐𝛾 ~10V(n

𝐵𝑟 𝑡 → 𝑐𝑍 ~10V[((,(?]

For 𝑀D[ = [1, 2] TeV

EFT fitting
suggestion

decoupling
to SM



𝑆( collider prospects via 𝑡 ̅𝑡 production
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Top pair

(step-2) N ~ 2,500 @𝐵𝑟rstut~10Vv

(step-3) N ~ 500 @ leptonic top

(step-1) N ~ 2.5×10y @ 3 abV( LHC-13



Cut-and-count analysis
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1 ℓ, ≥ 3 𝑗 ∋ 1 𝑏, 2 𝜏

2 ℓ ∋ 𝜇, ℓ , ≥ 2 𝑗 ∋ {1 𝑏, 1 𝜏}

1 ℓ, ≥ 2 𝑗 ∋ 1 𝑏

@ 3 abV( LHC-13 
one leptonic top

• simple cuts give signal/BG ~ 10V�
• advanced techniques needed



Multi-variate analysis of BDT method

• Machine learning techniques based on
• kinematic variables of the final objects
• angle distances b.w. {leptons, MET}
• ...
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Multi-variate analysis of BDT method

• Increase of signal significance by O(30%) after using shape of final 
BDT distribution

• To further increase sensitivity
• much larger event samples
• more sophisticated statistical tools

to perform shape analysis 
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Summary

• Anomalies in rare 𝐵 decays have stimulated active discussions.

• LeptoQuark 𝑆(, 𝑈( interpretations of 𝑅"(∗) naturally imply top FCNC
• tree-level: ~10Vv
• loop-level: ~10V(n

• Collider searches, 𝑡 ̅𝑡 events as an example
• challenging for simple cut-and-count method
• Multi-variate-analysis using BDT can improve the sensitivity
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Thank you for listening



Back up
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𝑅�(∗) in rare 𝐵 decays, lepton Non-universality

~ 2.5 σ deviation from SM

Moriond, 2019

SM ~ 1


