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LQ solutions to the         anomaly RD(⇤)

U1 : [3, 1, 2/3] R2 : [3, 2, 7/6]

S1 : [SU(3)c, SU(2)L, U(1)Y ] = [3̄, 1, 1/3]

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

ReHCS2 L

Im
HC S 2
L

LQ: CS2=-7.8CT

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

ReHCS2 L

Im
HC S 2
L

LQ: CS2=+7.8CT

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

ReHCV1 L

Im
HC V 1
L

V1 scenario

S1
<latexit sha1_base64="KU7cUGmQhIpFx5NcJDQCVwj2mGQ="></latexit><latexit sha1_base64="KU7cUGmQhIpFx5NcJDQCVwj2mGQ="></latexit><latexit sha1_base64="KU7cUGmQhIpFx5NcJDQCVwj2mGQ="></latexit><latexit sha1_base64="KU7cUGmQhIpFx5NcJDQCVwj2mGQ="></latexit>

U1
<latexit sha1_base64="yx+EoOIs9A6Ar3fiSs6vryujmig="></latexit><latexit sha1_base64="yx+EoOIs9A6Ar3fiSs6vryujmig="></latexit><latexit sha1_base64="yx+EoOIs9A6Ar3fiSs6vryujmig="></latexit><latexit sha1_base64="yx+EoOIs9A6Ar3fiSs6vryujmig="></latexit>

R2
<latexit sha1_base64="Sqzdii7r5G4ZJSjmUnDOVkYrBMg="></latexit><latexit sha1_base64="Sqzdii7r5G4ZJSjmUnDOVkYrBMg="></latexit><latexit sha1_base64="Sqzdii7r5G4ZJSjmUnDOVkYrBMg="></latexit><latexit sha1_base64="Sqzdii7r5G4ZJSjmUnDOVkYrBMg="></latexit>

C =

(LQ coupling)

2

M2
LQ

⇥ C�1
SM

⇣
CSM = 2

p
2GFVcb

⌘

<latexit sha1_base64="FgQkp0x46tatHZAexCgoXqvkfag="></latexit><latexit sha1_base64="FgQkp0x46tatHZAexCgoXqvkfag="></latexit><latexit sha1_base64="FgQkp0x46tatHZAexCgoXqvkfag="></latexit><latexit sha1_base64="FgQkp0x46tatHZAexCgoXqvkfag="></latexit>



✔ Singlet scalar leptoquark 

This talk

b

c
⌧

⌫

p p

✔ Collider signals 

　　— 8TeV bound translated  

　　— 14TeV expected in 2016  

　　— Development up to date  



Properties of

8TeV bounds

✔ Interaction
S1

Many possible decays： S1 ! (ui `j), (di ⌫j)
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✔ Condition explaining                     anomaly  B̄ ! D(⇤)⌧ ⌫̄

CSM = 2
p
2GFVcb ： SM contribution 

g3j
L g23⇤

R

2M2
S1

=

(
�0.25CSM (j = 3)

±0.66CSM (j 6= 3)

Solution

✔ Assumption in this talk 

Keep this condition, namely for        ,g23⇤
R

g23⇤
R = �0.25CSM ⇥ 2M2

S1

.
g33
L



(Production at LHC) 

Collider signals

✔ Decay at collider

g33
L : S1 ! b⌫⌧ , t⌧ g23

R : S1 ! c⌧

Pair production by QCD, independent on

QCD 
int.

p

p

S1

S⇤
1

gL,R



Collider signals

✔ Dominant process

pp ! S1S
⇤
1 !

8
>>>>><

>>>>>:

(t⌧ )(t⌧ )

(b⌫)(b⌫)

(c⌧ )(c⌧ )
...

1.  What is the current bound ? 
2.  Potential at high luminosity?



Framework

✔ Setup motivated by the                        anomaly

Pair production by QCDProduction：

Possible decay： S1 ! (t⌧ ), (b⌫⌧ ), (c⌧ )

B̄ ! D(⇤)⌧ ⌫̄

g33
L 6= 0,

g23
R = fixed to explain R(D(⇤)

),

others = 0



Framework

✔ Setup motivated by the                        anomalyB̄ ! D(⇤)⌧ ⌫̄

g33
L 6= 0,

g23
R = fixed to explain R(D(⇤)

),

others = 0

pp ! S1S
⇤
1 !

8
>>>>><

>>>>>:

(t⌧ )(t⌧ )

(b⌫)(b⌫)

(c⌧ )(c⌧ )
...

Process：



Framework

✔ Check on property

e.g. � ⇠ 8 fb

�1

for M = 1 TeV, at 14 TeV
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Present search for
✔ Direct search at CMS

arXiv:1503.09049 (CMS)

18 6 Results
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Figure 6: The expected and observed exclusion limits at 95% CL on the LQ3 pair production
cross section times b2 in category A (upper left), category B (upper right) and the combination
of the two categories (lower left). The theoretical uncertainty in the LQ pair production cross
section includes the PDF and renormalization/factorization scale uncertainties as prescribed in
Ref. [19]. The expected and observed limits on the LQ branching fraction b as a function of the
LQ mass (lower right). The total excluded region (shaded) is obtained by including the results
in Ref. [17], reinterpreted for the LQ3 ! bn scenario.
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Present search for
✔ SUSY (sbottom) searches at CMS & ATLAS 
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Present search for
✔              search at CMS(b⌧ )(b⌧ )

11
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Figure 3: The expected and observed combined upper limits on the third-generation LQ pair
production cross section s times the square of the branching fraction, B2, at 95% CL, as a func-
tion of the LQ mass. These limits also apply to top squarks decaying directly via the coupling
l0

333. The green (darker) and yellow (lighter) uncertainty bands represent 68% and 95% CL
intervals on the expected limit. The dark blue curve and the hatched light blue band represent
the theoretical LQ pair production cross section, assuming B = 100%, and the uncertainties
due to the choice of PDF and renormalization/factorization scales.

arXiv:1408.0806 (CMS)

(c⌧ )(c⌧ )

We can reinterpret the result of                to that of (c⌧ )(c⌧ )

by taking a probability of mis-identifying c-jets as b-jets

(b⌧ )(b⌧ )

Mis-id rate evaluated  
in 1211.4462 (CMS)
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8TeV bound

Present searches provide upper limit of Br’s
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8TeV bound

Combination for 
Gray ：                  (CMS)　 

Blue ：                  (CMS) 

Cyan ：                  (ATLAS) 

Red  ：                  (CMS)

S1 ! t⌧

S1 ! c⌧

S1 ! b⌫

S1 ! b⌫

“Allowed region” also explains the RD anomaly
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14TeV expectation

Target／Availability

(b⌫)(b⌫) (c⌧ )(c⌧ )

Necessary to probe source of the anomaly

SUSY sbottom search 
can be applied

・can follow the same cut analysis 

・adopt ATLAS official b-tag rate

(ATLAS-COM-PHYS-2014-555)

  LQ search by 
can be referred

(b⌧ )(b⌧ )

・follow same tau-tag algorithm  

・must consider c-tag/mistag rate 

・must implement c-tag module  

　in cut analysis (madanalysis5)

(CMS, arXiv:1408.0806) 



Cut analysis：      

✔ We can follow the same cut analysis with SUSY sbottom search

✔ Signal region cut is (mainly) based on           variableMCT

ATLAS-COM-PHYS-2014-555

Analysis for (b⌫)(b⌫)

Signal event：      

✔ [FyenRules] 　　　　　　　　　Model file for S1 leptoquark

　 → [Madgraph5／Pythia6]　　 Event generation

　 → [DelphesMA5tune]　　　　 Detector simulation

　 → [Madanalysis]　　　　　　  Cut analysis

SM background event：      

✔ Relevant processes:  (t-tbar), (single top), (z/w+jets), ...etc.

✔ Cut analysis at 14 TeV is already obtained by ATLAS 

(Skip)



Analysis for (c⌧ )(c⌧ )

✔ No conclusive & reliable value

c jet tagging／mis-tagging rate

✔ Three choices by some studies

Case-1　　(Theorist, arXiv:1505.06689) 

Case-2　　(ATLAS, arXiv:1501.01325) 

Case-3　　(ATLAS-PHYS-PUB-2015-001) 

✏c!c = 50% , ✏b!c = 20% , ✏light!c = 0.5%

✏c!c = 19% , ✏b!c = 13% , ✏light!c = 0.5%

✏c!c = 40% , ✏b!c = 25% , ✏light!c = 10%



Analysis for (c⌧ )(c⌧ ) (Skip)

✔ Signal regions cut is based on       variable

✔ We follow the analysis method for                 given by CMS(b⌧ )(b⌧ )

ST

(CMS, arXiv:1109.6034)

Cut analysis：      

✔ Tau-tagging algorithm (HPS) is implemented

✔ c-jets tagging module is implemented in madanalysis5

(CMS, arXiv:1408.0806)

✔ We consider (t-tbar; dominant), (w+jets; sub.), (z+jets; less.)

✔ We generated 10^7 events for t-tbar, 5*10^6 for w/z+jets

SM background event：      

✔ We utilize the same procedure with the case for

Signal event：      

(b⌫)(b⌫)



14TeV, expected in 2016

Blue ：                   

Red  ：                  

pp ! S1S
⇤
1 ! (b⌫)(b̄⌫̄)

pp ! S1S
⇤
1 ! (c⌧ )(c̄⌧̄ )

✔ c-jet tagging is significant  
   to search S1 leptoquark 
   motivated by R(D(*))

14TeV, 300 fb-1
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Development up to date
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Figure 5: Exclusion limits at 95% CL for direct bottom squark pair production for the decay
mode eb1 ! bec0

1. The regions enclosed by the black curves represent the observed exclusion
and the ±1 standard deviation for the NLO+NLL cross section calculations and their uncer-
tainties [68]. The dashed red lines indicate the expected limits at 95% CL and their ±1 standard
deviation experimental uncertainties.
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Figure 6: The combined 95% CL exclusion limits for top squark pair production assuming 100%
branching fraction to the decayet ! cec0

1. Notations are as in Fig 5.

7 Summary

A search for the pair production of third-generation squarks is performed using data collected
by the CMS experiment, focusing on two-body decays to bottom or charm quarks. For bottom-
squark pair production, the decay mode considered is eb1 ! bec0

1, while for top-squark pair pro-
duction, the decay mode considered iset1 ! cec0

1, a flavor-changing neutral current process. No
statistically significant excess of events is observed above the expected standard model back-
ground, and exclusion limits are set at 95% confidence level in the context of simplified models
of direct top and bottom squark pair production. Bottom squark masses below 1220 GeV are
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Sbottom search at 13TeV 
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✔ Efficiency improved  
　 more than our simulation

(b⌫)(b⌫) search :
<latexit sha1_base64="gaZDn7CIEChcamIP8D0Dk5x+30s=">AAACknichVG7SgNBFD2u7/WR+CgEm2BUFFQmIiipImksLDSaKLgSdtdJsmRf7E6CGvwBWwsLKwUR8QtsTeMPWPgJYhnBxsKbTVBU1Lvs3DNn7rlzZkZzTcMXjD22SK1t7R2dXd1yT29ffyg8MJjxnZKn87TumI63rak+Nw2bp4UhTL7tely1NJNvacVkfX2rzD3fcOxNceDyXUvN20bO0FVBVDY8q2iOuWepoiArgu8LLVeRx6 c0xS5NRxppPOJz1dMLykz8KBuOsjkWROQDxL6DKJqx5oSvoGAPDnSUYIHDhiBsQoVP3w5iYHCJ20WFOI+QEaxzHEEmbYmqOFWoxBZpzNNsp8naNK/39AO1TruY9HukjGCCPbBrVmP37IY9sbdfe1WCHnUvB5S1hpa72dDxyMbrvyqLskDhU/WnZ4EclgKvBnl3A6Z+Cr2hLx+e1jbiqYnKJLtgz+T/nD2yKp3ALr/ol+s8dQaZHuDHdf8Emfm5GOH1hWhiqfkUXRjFGKbovheRwArWkKZ9T3CLO1SlYSkuLUvJRqnU0tQM4UtIq++6MJmh</latexit><latexit sha1_base64="gaZDn7CIEChcamIP8D0Dk5x+30s=">AAACknichVG7SgNBFD2u7/WR+CgEm2BUFFQmIiipImksLDSaKLgSdtdJsmRf7E6CGvwBWwsLKwUR8QtsTeMPWPgJYhnBxsKbTVBU1Lvs3DNn7rlzZkZzTcMXjD22SK1t7R2dXd1yT29ffyg8MJjxnZKn87TumI63rak+Nw2bp4UhTL7tely1NJNvacVkfX2rzD3fcOxNceDyXUvN20bO0FVBVDY8q2iOuWepoiArgu8LLVeRx6 c0xS5NRxppPOJz1dMLykz8KBuOsjkWROQDxL6DKJqx5oSvoGAPDnSUYIHDhiBsQoVP3w5iYHCJ20WFOI+QEaxzHEEmbYmqOFWoxBZpzNNsp8naNK/39AO1TruY9HukjGCCPbBrVmP37IY9sbdfe1WCHnUvB5S1hpa72dDxyMbrvyqLskDhU/WnZ4EclgKvBnl3A6Z+Cr2hLx+e1jbiqYnKJLtgz+T/nD2yKp3ALr/ol+s8dQaZHuDHdf8Emfm5GOH1hWhiqfkUXRjFGKbovheRwArWkKZ9T3CLO1SlYSkuLUvJRqnU0tQM4UtIq++6MJmh</latexit><latexit sha1_base64="gaZDn7CIEChcamIP8D0Dk5x+30s=">AAACknichVG7SgNBFD2u7/WR+CgEm2BUFFQmIiipImksLDSaKLgSdtdJsmRf7E6CGvwBWwsLKwUR8QtsTeMPWPgJYhnBxsKbTVBU1Lvs3DNn7rlzZkZzTcMXjD22SK1t7R2dXd1yT29ffyg8MJjxnZKn87TumI63rak+Nw2bp4UhTL7tely1NJNvacVkfX2rzD3fcOxNceDyXUvN20bO0FVBVDY8q2iOuWepoiArgu8LLVeRx6 c0xS5NRxppPOJz1dMLykz8KBuOsjkWROQDxL6DKJqx5oSvoGAPDnSUYIHDhiBsQoVP3w5iYHCJ20WFOI+QEaxzHEEmbYmqOFWoxBZpzNNsp8naNK/39AO1TruY9HukjGCCPbBrVmP37IY9sbdfe1WCHnUvB5S1hpa72dDxyMbrvyqLskDhU/WnZ4EclgKvBnl3A6Z+Cr2hLx+e1jbiqYnKJLtgz+T/nD2yKp3ALr/ol+s8dQaZHuDHdf8Emfm5GOH1hWhiqfkUXRjFGKbovheRwArWkKZ9T3CLO1SlYSkuLUvJRqnU0tQM4UtIq++6MJmh</latexit><latexit sha1_base64="gaZDn7CIEChcamIP8D0Dk5x+30s=">AAACknichVG7SgNBFD2u7/WR+CgEm2BUFFQmIiipImksLDSaKLgSdtdJsmRf7E6CGvwBWwsLKwUR8QtsTeMPWPgJYhnBxsKbTVBU1Lvs3DNn7rlzZkZzTcMXjD22SK1t7R2dXd1yT29ffyg8MJjxnZKn87TumI63rak+Nw2bp4UhTL7tely1NJNvacVkfX2rzD3fcOxNceDyXUvN20bO0FVBVDY8q2iOuWepoiArgu8LLVeRx6 c0xS5NRxppPOJz1dMLykz8KBuOsjkWROQDxL6DKJqx5oSvoGAPDnSUYIHDhiBsQoVP3w5iYHCJ20WFOI+QEaxzHEEmbYmqOFWoxBZpzNNsp8naNK/39AO1TruY9HukjGCCPbBrVmP37IY9sbdfe1WCHnUvB5S1hpa72dDxyMbrvyqLskDhU/WnZ4EclgKvBnl3A6Z+Cr2hLx+e1jbiqYnKJLtgz+T/nD2yKp3ALr/ol+s8dQaZHuDHdf8Emfm5GOH1hWhiqfkUXRjFGKbovheRwArWkKZ9T3CLO1SlYSkuLUvJRqnU0tQM4UtIq++6MJmh</latexit>



Development up to date

“Direct searches at LHC are becoming more and more 
useful to test the LQ solutions to the RD anomaly”

c-jet tag :
<latexit sha1_base64="UmPaLQ5YVyVQyJl7mNT/819yCbI="></latexit><latexit sha1_base64="UmPaLQ5YVyVQyJl7mNT/819yCbI="></latexit><latexit sha1_base64="UmPaLQ5YVyVQyJl7mNT/819yCbI="></latexit><latexit sha1_base64="UmPaLQ5YVyVQyJl7mNT/819yCbI="></latexit>

Stop/Scharm search  (ATLAS 1805.01649)

“For Scalar LQ, please try to look at              ”(c⌧ )(c⌧ )
<latexit sha1_base64="eJKvsrh6P/ZEgIbUJ9wucM4u8BE="></latexit><latexit sha1_base64="eJKvsrh6P/ZEgIbUJ9wucM4u8BE="></latexit><latexit sha1_base64="eJKvsrh6P/ZEgIbUJ9wucM4u8BE="></latexit><latexit sha1_base64="eJKvsrh6P/ZEgIbUJ9wucM4u8BE="></latexit>

(b⌧ )(b⌧ ) search :
<latexit sha1_base64="34GaTco+vFwCAT5Sku2Qtx92zRc="></latexit><latexit sha1_base64="34GaTco+vFwCAT5Sku2Qtx92zRc="></latexit><latexit sha1_base64="34GaTco+vFwCAT5Sku2Qtx92zRc="></latexit><latexit sha1_base64="34GaTco+vFwCAT5Sku2Qtx92zRc="></latexit>

LQ search  (CMS 1806.03472)  

(c⌫)(c⌫) search :
<latexit sha1_base64="nGCZiA4fN/VExnOiiG0bDBiRm4c="></latexit><latexit sha1_base64="nGCZiA4fN/VExnOiiG0bDBiRm4c="></latexit><latexit sha1_base64="nGCZiA4fN/VExnOiiG0bDBiRm4c="></latexit><latexit sha1_base64="nGCZiA4fN/VExnOiiG0bDBiRm4c="></latexit>

?

U1, R2
<latexit sha1_base64="GlRQvOPNgq/LZ4XatWZLrfbwxH4="></latexit><latexit sha1_base64="GlRQvOPNgq/LZ4XatWZLrfbwxH4="></latexit><latexit sha1_base64="GlRQvOPNgq/LZ4XatWZLrfbwxH4="></latexit><latexit sha1_base64="GlRQvOPNgq/LZ4XatWZLrfbwxH4="></latexit>}

<latexit sha1_base64="he19UiReaElZHJg3DhhQtnsv0Eg="></latexit><latexit sha1_base64="he19UiReaElZHJg3DhhQtnsv0Eg="></latexit><latexit sha1_base64="he19UiReaElZHJg3DhhQtnsv0Eg="></latexit><latexit sha1_base64="he19UiReaElZHJg3DhhQtnsv0Eg="></latexit>



Back up



Summary

S1 Leptoquark can explain                   anomalyB̄ ! D(⇤)⌧ ⌫̄

Present search／prospect at the LHC

We can confirm the flavor anomaly  
by the search at the LHC

MS1 < 400GeV is already excluded

(14 TeV, 300 fb�1)

MS1 < (0.7 - 1)TeV can be excluded

g33
L g23⇤

R

2M2
S1

= �0.25 ⇥ 2
p
2GFVcb LLQ =

⇣
gij
L Q

c,i

L (i�2)L
j
L + gij

R uc,i`jR

⌘
S1

400 600 800 1000 1200 1400
0.0

0.5

1.0

1.5

2.0

MS1 HGeVL

g 1
L
33

300 fb-1, 95%CL exclusion

g
3
3

L

case:1:2:3

8T
eV

 r
es

ul
t

8TeV

Blue ：                   

Red  ：                  

pp ! S1S
⇤
1 ! (b⌫)(b̄⌫̄)

pp ! S1S
⇤
1 ! (c⌧ )(c̄⌧̄ )



Bound on S1 leptoquark

Result for (g3i
1L , MS1) i 6= 3

・       is fixed as wellg23
1R

・　　　　　 is not relevantS1 ! t⌧

is still allowed！MS1 ⇠ 400GeV
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・       is fixed  

　so that the condition is satisfied

g23
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・all of the other couplings  

　are set to be zero 



Cut details

(b nu)(b nu) (c tau)(c tau)
Category Cut condition (in SRA)

Lepton veto no e/µ after the isolation

Emiss
T > 150 GeV

Leading jet pT (j1) > 130 GeV

Second jet pT (j2) > 50 GeV

Third jet pT (j3) veto if > 50 GeV

b-tagging
for leading two jets, nb-jets = 2

(pT > 20 GeV, |⌘| < 2.5)

��min > 0.4

Emiss
T /me↵(k) > 0.25 for k = 2

mbb > 200 GeV

mCT > 300, 350, 450, 550, 650, 750 GeV

TABLE III: Summary of the event selection cuts (in SRA) after the physics object reconstruction [37, 43].

with the leptoquark case, we reproduce the 14TeV prospects for the sbottom search reported in

Ref. [43], in order to verify our methodology and confirm our result to be robust.

1. Procedure of our analysis

At first, we describe procedure of our event simulation and cut analysis. Later, we apply this

procedure to the SUSY and S1 leptoquark cases.

The final state of our targeting process is categorized as two b-jets with missing particles.

Trigger cuts for reconstructed objects are required to be pT > 20 GeV, |⌘| < 2.8 for jets; pT >

7 GeV, |⌘| < 2.47 for electrons; and pT > 6 GeV, |⌘| < 2.4 for muons [37], where pT and ⌘ are

a transverse momentum and a pseudorapidity, respectively. After that, the isolation cut with use

of the distance between two objects, defined as �R =
p

(�⌘)2 + (��)2, is imposed on each pair

of objects. The isolation �R > 0.2 is required between jet and light lepton candidates to remove

jet candidates, and then �R > 0.4 is required afterward to remove light lepton candidates [37].

Finally we also require a lepton veto.

The above step is followed by event selection cuts for our analysis. We summarize it in Table III.

We require Emiss
T > 150 GeV for a missing transverse energy and pT (j1(2)) > 150(130)GeV for a

leading (second) jet transverse momentum. The two leading jets are then required to be b-tagged.

Events are discarded if any other additional jets are hard enough (pT > 50 GeV). For rejecting

13

Category Cut and selection rule

Leptons
(A-1) one ⌧h and one ` = µ

(A-2) one ⌧h and one ` = µ or e

Electric charge opposite sign between ⌧h and `±

Jet objects more than three (including ⌧h)

c-tagged jet
(B-1) at least two

(B-2) at least one

M(⌧h-jet, c-jet) > 250 GeV

ST > 100 - 1000 GeV for each 100GeV bin

TABLE V: Summary of the event selection cuts after the physics object reconstruction, which is mainly

based on the choices in [40]. Details of each cut are found in the main text.

event can have two such invariant masses that satisfy the selection cut, since two leading jets can

be c-tagged. In such a case, we adopt the selection cut (> 250 GeV) to only one of the invariant

masses which minimize the di↵erence between M(⌧h-jet, j1) and M(µ, j2). This procedure is based

on Ref. [40] for the b-tagged jets case. The kinetic variable ST is defined as the scalar sum of the pT

of `, ⌧h-jet, and two c-jets. The selection cut of ST is highly e�cient for rejecting the irreducible tt̄

background [40]. In our study, we prepare the cut region from 100GeV to 1000GeV every 100GeV

step in advance and then choose an appropriate region to maximize the signal significance for each

model parameter region.

2. Event data for signal and background

For our simulation, we generated 5⇥104 signal events for each mass of S1 every 50 GeV bin from

200 GeV to 1600 GeV, which are produced by MadGraph5 aMC@NLO via the process pp ! S1S
⇤
1 !

c⌧c⌧ accompanying up to two additional jets. As for backgrounds, 107 events of tt̄ along with up to

three jets and 5(3)⇥ 106 events of W ! `⌫` (Z ! `¯̀) along with up to four jets were generated for

each ` = µ and e, as well. The tt̄ events are dominant backgrounds since it includes two possible

miss-tagged c-jets, one ⌧h-jet, and one ⌧ decaying into `. The W+jets and Z+jets events give

rather small contributions to the backgrounds, but are not negligible due to possible miss-tagged

c-jets and ⌧h-jet.

As well as the analysis for the process pp ! S1S
⇤
1 ! b⌫b̄⌫̄, the parton-showering, hadroniza-

tion, and jet merging are done via pythia-pds. Also, the detector simulations are performed by

DelphesMA5tune and the reconstructed event data are stored in the root file.
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Discovery potential at 3000fb^-1

g3i1L and the massMS1 from both the ðbνÞðb νÞ and ðcτÞðc τÞ
channels. The blue curve shows the 95% exclusion limit
from the ðbνÞðb νÞ channel, while the red curves describe
the ones from the ðcτÞðc τÞ channel with three different
c-tagging or mistagging probabilities, (cases 1, 2, 3) as
defined in Eqs. (30)–(32) with solid, dashed, dotted curves,
respectively. For the ðcτÞðc τÞ analysis, (A-1) l ¼ μ, (B-1)
at least two c jets, and σbkg ¼ 30% are required in this
figure. The background uncertainty for the ðbνÞðb νÞ
channel is given as in Ref. [62] (∼30% in high mCT signal
regions), the same as before in this paper. We also show the
constraints from the 8 and 13 TeV LHC data which we
discussed before. The black regions represent the areas with
ΓS1=MS1 ≥ 20%, where the narrow-width approximation is
not reliable. The dark-yellow parts should be discarded as
theoretically unacceptable since perturbativity is violated
for g231R ≥ 4π.

Note that, in our setup, the couplings (g3i1L, g
23
1R) and the

mass (MS1) are related by the condition in Eq. (22) to
explain the B → Dð$Þτν anomaly. Hence, g231R is determined
with the condition in the figure. From Eq. (22), we
recognize that the resultant g231R tends to be larger in the
case of i ¼ 1 or 2 than in i ¼ 3 when we compare the two
cases with the common MS1 and values of g331L and g3i1L
(i ¼ 1 or 2) being identical. Then, the following relations
are expected,

BðS$1 → bνÞji¼3 > BðS$1 → bνÞji¼1 or 2;

BðS$1 → cτÞji¼3 < BðS$1 → cτÞji¼1 or 2: ð34Þ

Thus, the coverage of the 95% exclusion contour from the
ðcτÞðc τÞ channel tends to be broader in i ¼ 1 or 2
compared with i ¼ 3, while the opposite trend is found

14TeV, 300 fb 1
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FIG. 10. Future prospects at the 14 TeV LHC with L ¼ 300 and 3000 fb−1 for 95% exclusion and 5σ discovery potentials of the S1
leptoquark boson on the plane of ðMS1 ; g

3i
1LÞ. The background uncertainty is taken as σbkg ¼ 30% and 15%, respectively. The solid and

dot-dashed curves correspond to the 95% exclusion and 5σ discovery reaches, respectively. The blue and red colors indicate the results
from the ðbνÞðb̄ ν̄Þ and ðcτÞðc̄ τ̄Þ channels, respectively. For the ðcτÞðc̄ τ̄Þ case, the (A-1), (B-1), and (case 2) choices are adopted in the
analysis.
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