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BACKGROUND

Violation of Lepton Flavour Universality! New Physics?

1

▸ LFU is in tension with recent experimental measurements of semileptonic B-meson decays. 

▸ A TeV-scale charge-�  weak-singlet vLQ �  can resolve both �  and �  
anomalies simultaneously. It is a color-triplet vector boson with nonzero lepton and baryon 
numbers.

2/3 U1 ≡ (3, 1,2/3) RD(*) RK(*)

�RD(*) =
ℬ(B → D(*)τν̄)
ℬ(B → D(*) ̂ℓν̄)

�RK(*) =
ℬ(B → K(*)μ+μ−)
ℬ(B → K(*)e+e−)

Marcel Algueró Rencontres de Moriond, QCD & High Energy Interactions, 29th March 2021 2

Great news!

 of tension between SM and Exp for the first time in a single LFUV observable!> 3σ

Exciting new experimental value of RK
LHCb [2103.11769]

RLHCb
K = 0.846+0.042+0.013

−0.039−0.012 3.1σ ❗❗
+ Likelihood
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U �  MODEL1

Bottom-Up Scenarios

2

‣ The interaction Lagrangian 

                                   

‣ �  and �  are �  matrices in flavour space. We assume them to be real. Since we are 
interested in the �  and �  anomalies, we set all  components that do not participate 
directly in these decays to zero. 

‣ �  contribution to the �  transition 

         

        

‣ Nonzero �  and �  would also contribute to other observables like � , � , etc.

xLL
1 ij xRR

1 ij 3 × 3
RD(*) RK(*)

U1 b → cτν̄

𝒞VL
𝒞SL

FL(D*) Pτ(D*)

  OperatorsRD(*)

𝒞U1
VL

=
1

2 2GFVcb

λL
cν (λL

bτ)*

M2
U1

, 𝒞U1
SL

= −
1

2 2GFVcb

2λL
cν (λR

bτ)*

M2
U1

ℒ ⊃ −
4GF

2
Vcb [(1 + 𝒞VL) 𝒪VL

+ 𝒞SL
𝒪SL]

ℒ ⊃ xLL
1 ij Q̄iγμUμ

1 PLLj + xRR
1 ij d̄i

RγμUμ
1 PRℓj

R + H.c.

the x
LL

1 i j
and x

RR

1 i j
matrices by setting all the components that do not participate directly in these

decays to zero. We refer any type of neutrinos simply as n , i.e., without any flavour index as this
would not affect our LHC analysis. As the b ! ctn̄ and b ! sµ+µ� decays involve independent
couplings, we analyse the R

D(⇤)- and R
K(⇤)-anomalies-motivated scenarios separately.2

⌅ R
D(⇤) scenarios: In the SM, the b ! ctn̄ transition is a tree-level charged-current mediated

process and the Lagrangian responsible for it can be written as,

LSM =�4GFp
2

Vcb OVL
=�4GFp

2
Vcb [c̄gµ

PLb]
⇥
t̄gµPLnt

⇤
. (3)

New physics can generate additional contributions to the b ! ctn̄ transition in the form of four-
fermion operators. The most general form of the Lagrangian can be written as [93],

L ��4GFp
2

Vcb [(1+CVL
)OVL

+CVR
OVR

+CSL
OSL

+CSR
OSR

+CTR
OTR

] , (4)

where the Wilson coefficient corresponding to an operator Oi is denoted as Ci. The operators
have three different Lorentz structures:

• Vector:

2

4
OVL

= [c̄gµ
PLb]

⇥
t̄gµPLn

⇤

OVR
= [c̄gµ

PRb]
⇥
t̄gµPLn

⇤

• Scalar:

2

4
OSL

= [c̄PLb] [t̄PLn ]

OSR
= [c̄PRb] [t̄PLn ]

• Tensor: OTL
= [c̄s µn

PLb]
⇥
t̄sµnPLn

⇤
.

From Fig. 1 we see that the c̄nU1 and b̄tU1 couplings have to be nonzero for U1 to contribute
in the b ! ctn̄ process. We make the following flavour ansatz:3

x
LL

1 =

0

@
0 0 0
0 0 l L

23
0 0 l L

33

1

A , x
RR

1 =

0

@
0 0 0
0 0 0
0 0 l R

33

1

A . (5)

Given the ansatz, of the five operators listed above, only OVL
and OSL

can be generated byU1, i.e.,
C

U1
VR

= C
U1
SR

= C
U1
TR

= 0.
The nonzero coefficients, CVL

and CSL
can be written in terms of the c̄nU1 and b̄tU1 couplings,

C
U1
VL

=
1

2
p

2GFVcb

l L

cn
�
l L

bt
�⇤

M
2
U1

C
U1
SL

= � 1
2
p

2GFVcb

2l L

cn
�
l R

bt
�⇤

M
2
U1

9
>>>=

>>>;
. (6)

The actual relationship of l L

cn and l L/R

bt with l L

23 and l L/R

33 , defined in Eq. (5), varies from sce-
nario to scenario. We can express the ratios, r

D(⇤) = R
D(⇤)/R

SM
D(⇤) in terms of the nonzero Wilson

coefficients as [94],

rD ⌘ RD

R
SM
D

⇡
���1+C

U1
VL

���
2
+1.02

���C U1
SL

���
2
+1.49 Re

h
(1+C

U1
VL

)C U1⇤
SL

i
, (7)

rD⇤ ⌘ RD⇤

R
SM
D⇤

⇡
���1+C

U1
VL

���
2
+0.04

���C U1
SL

���
2
�0.11 Re

h
(1+C

U1
VL

)C U1⇤
SL

i
. (8)

2 From here onwards, we refer to the R
D(⇤) - and R

K(⇤) -anomalies-motivated scenarios simply as R
D(⇤) and R

K(⇤) scenarios
for brevity.

3 The simplified assumption of several zeros in the coupling matrices are purely phenomenological. This may not
be valid in some specific models, e.g. in the models in Refs. [66, 71] where the LQ induced flavour structures are
parametrized by Froggatt-Nielsen charges.
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Flavour Ansatz



U �  MODEL1

  ScenariosRD(*)

3

‣ We construct scenarios with one and two nonzero couplings. 

‣ A general Lagrangian for �  transition b → sμ+μ−

TABLE IV. Summary of the coupling combinations that contribute to the R
D(⇤) and R

K(⇤) observables in
different one-, two- and multi-couplings scenarios.

R
D(⇤) scenarios l L

cn l L

bt l R

bt R
K(⇤) scenarios l L

sµ l L

bµ l R
sµ l R

bµ

RD1A l L

23 V
⇤
cb

l L

23 � RK1A V
⇤
csl L

22 V
⇤
cb

l L

22 � �
RD1B Vcbl L

33 l L

33 � RK1B V
⇤

tsl L

32 V
⇤

tb
l L

32 � �
RK1C � � Vcsl R

22 Vcbl R

22

RK1D � � Vtsl R

32 Vtbl R

32

RD2A Vcsl L

23 +Vcbl L

33 l L

33 � RK2A l L

22 l L

32 � �
RD2B Vcsl L

23 � l R

33 RK2B l L

22 � � l R

32

RK2C � l L

32 l R

22 �
RK2D � � l R

22 l R

32

RD3 Vcbl L

33 +Vcsl L

23 l L

33 l R

33 RK4 l L

22 l L

32 l R

22 l R

32

Our selection of scenarios motivated by the R
(⇤)
K

anomalies is not exhaustive. For example, we
do not consider any three-couplings scenario. (One can define RK3X scenarios by taking combi-
nations of three couplings at a time for completeness. We, however, skip the three-couplings-R

K(⇤)

scenarios since they would not add anything significant to our study.) The single-coupling sce-
narios can be thought as templates that can help us read bounds on scenarios where more than
one couplings are nonzero [63, 81]. In Table III, we show the relevant global fits for the one and
two couplings scenarios. We have summarised the couplings that contribute to the R

D(⇤) and R
K(⇤)

observables in different scenarios in Table IV.

As mentioned earlier, one of the reason for considering the R
D(⇤) and R

K(⇤) scenarios is that they
can have different signatures at the LHC. We are now in a position to illustrate that point fur-
ther. Let us consider the first two R

D(⇤)-motivated one-coupling scenarios – Scenario RD1A and
Scenario RD1B. In both cases, CVL

receives nonzero contribution proportional to the square of
an unknown new coupling (either l L

23 or l L

33). Hence, from an effective theory perspective, these
two look almost the same. However, the dominant decay modes of U1 in these two scenarios are
different – in the first one, they are U1 ! cn and U1 ! st, whereas in the second one, they are
U1 ! tn and U1 ! bt.4 As a result, a U1 can produce t + /ET or t + b signatures in the second
scenario, as opposed to the jet+ /ET or t + jet signatures in the first one. Not only that, in the first
scenario, a U1 can be produced via c or s-quark initiated processes, as compared to the b-quark
initiated processes in the second one. Hence, these two scenarios, U1 would have different single
production processes. Moreover, since the b-quark parton distribution function (PDF) is smaller
than the second generation ones, U1 production cross sections would be higher in Scenario RD1A
than those in Scenario RD1B. Hence, one needs to analyse the LHC bounds for the scenarios
differently.

III. PRODUCTION MODES AND DECAYS

We now explore the possible LHC signatures of the minimal scenarios with only one free coupling
and the next-to-minimal scenarios with more than one nonzero couplings we constructed in the
previous section. There are different ways to produce U1 at the LHC (see Fig. 3) – resonantly
(through pair and single productions) and nonresonantly (through t-channel U1 exchange). Be-
low, we briefly discuss various production channels and the subsequent decay modes of U1 that

4 From here on, unless necessary, we shall not distinguish between particles and their antiparticles as it is not impor-
tant for the LHC analysis.
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  OperatorsRK(*)

ℒ ⊃
4GF

2
VtbV*ts ∑

i=9,10,S,P
(𝒞i𝒪i + 𝒞′�i𝒪′�i)

where, once again in the second step we have assumed mixing among the up-type quarks. This
gives the following contribution to CSL

:

C
RD2B

VL
= 0 , C

RD2B

SL
=� Vcsp

2GFVcb

l L

23l R

33
M

2
U1

. (30)

Here, R
D(⇤) , FL(D⇤), Pt(D⇤), and B(B(c) ! tn) would receive contribution from U1. The dominant

decay modes of U1 are U1 ! cn̄ , U1 ! st+, and U1 ! bt+. Note that even though l L

33 = 0 in this
scenario, a small CVL

can be generated from effective l L

33 coupling if, instead of up-type quark
mixing, one assumes mixing in the down sector (like in Scenario RD1A).

⌅ Scenario RD3: All the three free couplings l L

23, l L

33 and l R

33 are free to vary. Assuming mixing
in the up-type quark sector, the interaction Lagrangian is given by,

L � [l L

23(c̄LgµnL + s̄LgµtL)+l L

33(t̄LgµnL + b̄LgµtL)+l R

33b̄RgµtR]U
µ
1

= [l L

23(VusūLgµnL +Vcsc̄LgµnL +Vtst̄LgµnL + s̄LgµtL)

+l L

33(VubūLgµnL +Vcbc̄LgµnL +Vtbt̄LgµnL + b̄LgµtL)+l R

33b̄RgµtR]U
µ
1 . (31)

This Lagrangian contributes to CVL
and CSL

as,

C
RD3

VL
=

1
2
p

2GFVcb

�
Vcbl L

33 +Vcsl L

23
�

l L

33

M
2
U1

, C
RD3
SL

=� 1p
2GFVcb

�
Vcbl L

33 +Vcsl L

23
�

l R

33

M
2
U1

. (32)

The lepton flavour-universal contribution through the off-shell photon penguin diagram is

C
univ
9 =� 1

VtbV
⇤

ts

l L

23l L

33

3
p

2GFM
2
U1

log(m2
b
/M

2
U1
). (33)

The contribution of U1 to the Bs-B̄s mixing coefficient is given as,

C
U1
box

=

�
l L

23
�2 �l L

33
�2

8p2M
2
U1

. (34)

In this scenario, U1 dominantly decays to cn̄ , st+, tn̄ , and bt+ final states.

⌅ R
K(⇤) scenarios: A general Lagrangian for b ! sµ+µ� transition can be written as [105, 106],

L � 4GFp
2

VtbV
⇤

ts Â
i=9,10,S,P

�
CiOi +C

0
i
O

0
i

�
(35)

where the Wilson coefficients are evaluated at µren = mb. The operators are given by,

O9 =
a
4p

(s̄LgabL)(µ̄ga µ) , O
0
9 =

a
4p

(s̄RgabR)(µ̄ga µ) ,

O10 =
a
4p

(s̄LgabL)(µ̄gag5µ) , O
0
10 =

a
4p

(s̄RgabR)(µ̄gag5µ) ,

OS =
a
4p

(s̄LbR)(µ̄µ) , O
0
S
=

a
4p

(s̄RbL)(µ̄µ) ,

OP =
a
4p

(s̄LbR)(µ̄g5µ) , O
0
P
=

a
4p

(s̄RbL)(µ̄g5µ)

where a is the fine-structure constant. Keeping the R
K(⇤) observables in mind, we make the

following ansatz:

x
LL

1 =

0

@
0 0 0
0 l L

22 0
0 l L

32 0

1

A ; x
RR

1 =

0

@
0 0 0
0 l R

22 0
0 l R

32 0

1

A . (36)
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where, once again in the second step we have assumed mixing among the up-type quarks. This
gives the following contribution to CSL

:

C
RD2B

VL
= 0 , C

RD2B

SL
=� Vcsp

2GFVcb

l L

23l R

33
M

2
U1

. (30)

Here, R
D(⇤) , FL(D⇤), Pt(D⇤), and B(B(c) ! tn) would receive contribution from U1. The dominant

decay modes of U1 are U1 ! cn̄ , U1 ! st+, and U1 ! bt+. Note that even though l L

33 = 0 in this
scenario, a small CVL

can be generated from effective l L

33 coupling if, instead of up-type quark
mixing, one assumes mixing in the down sector (like in Scenario RD1A).

⌅ Scenario RD3: All the three free couplings l L

23, l L

33 and l R

33 are free to vary. Assuming mixing
in the up-type quark sector, the interaction Lagrangian is given by,

L � [l L

23(c̄LgµnL + s̄LgµtL)+l L

33(t̄LgµnL + b̄LgµtL)+l R

33b̄RgµtR]U
µ
1

= [l L

23(VusūLgµnL +Vcsc̄LgµnL +Vtst̄LgµnL + s̄LgµtL)

+l L

33(VubūLgµnL +Vcbc̄LgµnL +Vtbt̄LgµnL + b̄LgµtL)+l R

33b̄RgµtR]U
µ
1 . (31)

This Lagrangian contributes to CVL
and CSL

as,

C
RD3

VL
=

1
2
p

2GFVcb

�
Vcbl L

33 +Vcsl L

23
�

l L

33

M
2
U1

, C
RD3
SL

=� 1p
2GFVcb

�
Vcbl L

33 +Vcsl L

23
�

l R

33

M
2
U1

. (32)

The lepton flavour-universal contribution through the off-shell photon penguin diagram is

C
univ
9 =� 1

VtbV
⇤

ts

l L

23l L

33

3
p

2GFM
2
U1

log(m2
b
/M

2
U1
). (33)

The contribution of U1 to the Bs-B̄s mixing coefficient is given as,

C
U1
box

=

�
l L

23
�2 �l L

33
�2

8p2M
2
U1

. (34)

In this scenario, U1 dominantly decays to cn̄ , st+, tn̄ , and bt+ final states.
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⇤
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�
(35)
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=
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OP =
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0
P
=

a
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where a is the fine-structure constant. Keeping the R
K(⇤) observables in mind, we make the

following ansatz:

x
LL

1 =

0

@
0 0 0
0 l L

22 0
0 l L

32 0

1
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1 =

0

@
0 0 0
0 l R

22 0
0 l R
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A . (36)
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Flavour Ansatz

TABLE III. Global fits of relevant combinations of Wilson coefficients in b ! sµµ observables. [103, 104,
107],

Combinations Best fit 1s 2s Corresponding scenarios

C
U1
9 =�C

U1
10 �0.44 [�0.52,�0.37] [�0.60,�0.29] RK1A, RK1B, RK2A

C
U1
S

=�C
U1
P

�0.0252 [�0.0378,�0.126] [�0.0588,�0.0042] RK2B
C

0 U1
9 = C

0 U1
10 +0.06 [�0.18,+0.30] [�0.42,+0.55] RK1C, RK1D, RK2D

C
0 U1
S

= C
0 U1
P

�0.0252 [�0.0378,�0.126] [�0.0588,�0.0042] RK2C

The U1 contribution to the Wilson coefficients can be written in terms of the b̄µU1 and s̄µU1
couplings in general as,

C
U1
9 = �C

U1
10 =

pp
2GFVtbV

⇤
tsa

l L

sµ(l L

bµ)
⇤

M
2
U1

C
U1
S

= �C
U1
P

=

p
2p

GFVtbV
⇤

tsa
l L

sµ(l R

bµ)
⇤

M
2
U1

C
0 U1
9 = C

0 U1
10 =

pp
2GFVtbV

⇤
tsa

l R

sµ(l R⇤
bµ )

M
2
U1

C
0 U1
S

= C
0 U1
P

=

p
2p

GFVtbV
⇤

tsa
l R

sµ(l L⇤
bµ )

M
2
U1

9
>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>;

. (37)

Like in the R
D(⇤) scenarios, the relationship between {l L/R

sµ ,l L/R

bµ }with {l L/R

22 ,l L/R

32 }would depend
on the particulars of the scenario we consider. The relevant global fits of the Wilson coefficients
to the b ! sµ+µ� data are taken from Refs. [103, 104, 107] and are listed in Table III.

⌅ Scenario RK1A: In this scenario, only l L

22 is nonzero. This generates the s̄µU1 coupling. The
b̄µU1 coupling is generated via CKM mixing in the down-quark sector (as in Scenario RD1A and
Scenario RD1B). The interaction Lagrangian can be written as

L � l L

22[c̄LgµnL +(V ⇤
cd

d̄L +V
⇤
cs

s̄L +V
⇤
cb

b̄L)gµ µL)]U
µ
1 . (38)

This Lagrangian contributes to the following coefficients,

C
RK1A

9 =�C
RK1A

10 =
pVcbV

⇤
csp

2GFVtbV
⇤

tsa
(l L

22)
2

M
2
U1

. (39)

The contribution to the Bs-B̄s mixing coefficient is

C
U1
box

=
|Vcb|2|Vcs|2(l L

22)
4

8p2M
2
U1

. (40)

The dominant decay modes of U1 in this case are U1 ! cn̄ and U1 ! sµ+ with almost 50% BR
each.

⌅ Scenario RK1B: Only l L

32 is nonzero. The interaction Lagrangian is given by,

L � l L

32[t̄LgµnL +(V ⇤
td

d̄L +V
⇤

ts
s̄L +V

⇤
tb

b̄L)gµ µL)]U
µ
1 . (41)
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  ScenariosRK(*)

4

‣ We construct scenarios with one and two nonzero couplings. 

‣ In these scenarios, the production modes and the dominant decay modes of �  would vary. 
Hence, an �  might lead to different signatures in different scenarios.

U1
U1

TABLE IV. Summary of the coupling combinations that contribute to the R
D(⇤) and R

K(⇤) observables in
different one-, two- and multi-couplings scenarios.

R
D(⇤) scenarios l L

cn l L

bt l R

bt R
K(⇤) scenarios l L

sµ l L

bµ l R
sµ l R

bµ

RD1A l L

23 V
⇤
cb

l L

23 � RK1A V
⇤
csl L

22 V
⇤
cb

l L

22 � �
RD1B Vcbl L

33 l L

33 � RK1B V
⇤

tsl L

32 V
⇤

tb
l L

32 � �
RK1C � � Vcsl R

22 Vcbl R

22

RK1D � � Vtsl R

32 Vtbl R

32

RD2A Vcsl L

23 +Vcbl L

33 l L

33 � RK2A l L

22 l L

32 � �
RD2B Vcsl L

23 � l R

33 RK2B l L

22 � � l R

32

RK2C � l L

32 l R

22 �
RK2D � � l R

22 l R

32

RD3 Vcbl L

33 +Vcsl L

23 l L

33 l R

33 RK4 l L

22 l L

32 l R

22 l R

32

Our selection of scenarios motivated by the R
(⇤)
K

anomalies is not exhaustive. For example, we
do not consider any three-couplings scenario. (One can define RK3X scenarios by taking combi-
nations of three couplings at a time for completeness. We, however, skip the three-couplings-R

K(⇤)

scenarios since they would not add anything significant to our study.) The single-coupling sce-
narios can be thought as templates that can help us read bounds on scenarios where more than
one couplings are nonzero [63, 81]. In Table III, we show the relevant global fits for the one and
two couplings scenarios. We have summarised the couplings that contribute to the R

D(⇤) and R
K(⇤)

observables in different scenarios in Table IV.

As mentioned earlier, one of the reason for considering the R
D(⇤) and R

K(⇤) scenarios is that they
can have different signatures at the LHC. We are now in a position to illustrate that point fur-
ther. Let us consider the first two R

D(⇤)-motivated one-coupling scenarios – Scenario RD1A and
Scenario RD1B. In both cases, CVL

receives nonzero contribution proportional to the square of
an unknown new coupling (either l L

23 or l L

33). Hence, from an effective theory perspective, these
two look almost the same. However, the dominant decay modes of U1 in these two scenarios are
different – in the first one, they are U1 ! cn and U1 ! st, whereas in the second one, they are
U1 ! tn and U1 ! bt.4 As a result, a U1 can produce t + /ET or t + b signatures in the second
scenario, as opposed to the jet+ /ET or t + jet signatures in the first one. Not only that, in the first
scenario, a U1 can be produced via c or s-quark initiated processes, as compared to the b-quark
initiated processes in the second one. Hence, these two scenarios, U1 would have different single
production processes. Moreover, since the b-quark parton distribution function (PDF) is smaller
than the second generation ones, U1 production cross sections would be higher in Scenario RD1A
than those in Scenario RD1B. Hence, one needs to analyse the LHC bounds for the scenarios
differently.

III. PRODUCTION MODES AND DECAYS

We now explore the possible LHC signatures of the minimal scenarios with only one free coupling
and the next-to-minimal scenarios with more than one nonzero couplings we constructed in the
previous section. There are different ways to produce U1 at the LHC (see Fig. 3) – resonantly
(through pair and single productions) and nonresonantly (through t-channel U1 exchange). Be-
low, we briefly discuss various production channels and the subsequent decay modes of U1 that

4 From here on, unless necessary, we shall not distinguish between particles and their antiparticles as it is not impor-
tant for the LHC analysis.
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FIG. 3. Representative Feynman diagrams for various U1 production processes: (a) gluon-initiated pair
production, (b) quark-initiated pair production, (c) single production, and (d) t-channel (nonresonant)
production. The q`U1 vertices (l) are marked with red colour.

can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.

⌅ Pair production: We have classified the R
D(⇤)-scenarios with the three free couplings, l L

23, l L

33
and l R

33. In Scenario RD1A (where only l L

23 is nonzero), U1 ! st and U1 ! cn are the main decay
modes of U1 with roughly equal (about 50%) BRs. In this case the pair production of U1 leads to
the following final states (we ignore the CKM-suppressed effective couplings in the discussions
on the LHC phenomenology of U1 as they do not play any important role):

pp !

8
<

:

U1U1 ! sµ sµ ⌘ µµ +2 j

U1U1 ! sµ cn ⌘ µ + /ET +2 j

U1U1 ! cn cn ⌘ /ET +2 j

9
=

; (61)

where j denotes a light jet or a b-jet. Among the three channels, the second one (i.e., t + /ET +2 j)
has almost two times the cross section of the first or the third (a factor of 2 comes from combi-
natorics) but, due to the presence of missing energy, it is not fully reconstructable (or, is difficult
to reconstruct). As a result, both the first and second channels have comparable sensitivities.
However, the sensitivity of the third channel, /ET +2 j is very poor because of the two neutrinos
in the final state. So far, these channels with cross-generation couplings have not been used in
any LQ search at the LHC.

In Scenario RD1B (where only l L

33 is nonzero), the pair production of U1 mostly leads to the
following final states:

pp !

8
<

:

U1U1 ! bt bt ⌘ tt +2 j

U1U1 ! bt tn ⌘ t + /ET + jt + j

U1U1 ! tn tn ⌘ /ET +2 jt

9
=

; . (62)

Here, jt represents a fat-jet originating from a top quark decaying hadronically (one can also
consider the top quark’s leptonic decay modes with lower cross section). It is possible to tag the
(boosted) top-jets with sophisticated jet-substructure techniques and thus improve the second
and third channels’ prospects. The symmetric /ET +2 jt channel has been considered in Refs. [58,
108]. The asymmetric channel, the one with single t, one top-jet and missing-energy (t + /ET +
jt +b), has started receiving attention only very recently [88]. Due to the factor of 2 coming from
combinatorics, this channel has bigger cross section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenarios (i.e., ones with non-negligible l L

33).
If only l R

33 is nonzero, U1 cannot resolve the R
D(⇤) anomalies anymore as it is not possible to

generate the necessary couplings in that case. Here,U1 entirely decays through theU1 ! bt mode
and contributes to the bt bt ⌘ tt +2 j final state [85].

When two or more couplings are nonzero simultaneously (Scenario RD2A, Scenario RD2B
and Scenario RD3) with comparable strengths, numerous possibilities arise (Ref. [63] discusses
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FIG. 3. Representative Feynman diagrams for various U1 production processes: (a) gluon-initiated pair
production, (b) quark-initiated pair production, (c) single production, and (d) t-channel (nonresonant)
production. The q`U1 vertices (l) are marked with red colour.

can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.

⌅ Pair production: We have classified the R
D(⇤)-scenarios with the three free couplings, l L

23, l L

33
and l R

33. In Scenario RD1A (where only l L

23 is nonzero), U1 ! st and U1 ! cn are the main decay
modes of U1 with roughly equal (about 50%) BRs. In this case the pair production of U1 leads to
the following final states (we ignore the CKM-suppressed effective couplings in the discussions
on the LHC phenomenology of U1 as they do not play any important role):

pp !

8
<

:

U1U1 ! sµ sµ ⌘ µµ +2 j

U1U1 ! sµ cn ⌘ µ + /ET +2 j

U1U1 ! cn cn ⌘ /ET +2 j

9
=

; (61)

where j denotes a light jet or a b-jet. Among the three channels, the second one (i.e., t + /ET +2 j)
has almost two times the cross section of the first or the third (a factor of 2 comes from combi-
natorics) but, due to the presence of missing energy, it is not fully reconstructable (or, is difficult
to reconstruct). As a result, both the first and second channels have comparable sensitivities.
However, the sensitivity of the third channel, /ET +2 j is very poor because of the two neutrinos
in the final state. So far, these channels with cross-generation couplings have not been used in
any LQ search at the LHC.

In Scenario RD1B (where only l L

33 is nonzero), the pair production of U1 mostly leads to the
following final states:

pp !

8
<

:

U1U1 ! bµ bµ ⌘ µµ +2 j

U1U1 ! bµ tn ⌘ µ + /ET + jt + j

U1U1 ! tn tn ⌘ /ET +2 jt

9
=

; . (62)

Here, jt represents a fat-jet originating from a top quark decaying hadronically (one can also
consider the top quark’s leptonic decay modes with lower cross section). It is possible to tag the
(boosted) top-jets with sophisticated jet-substructure techniques and thus improve the second
and third channels’ prospects. The symmetric /ET +2 jt channel has been considered in Refs. [58,
108]. The asymmetric channel, the one with single t, one top-jet and missing-energy (t + /ET +
jt +b), has started receiving attention only very recently [88]. Due to the factor of 2 coming from
combinatorics, this channel has bigger cross section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenarios (i.e., ones with non-negligible l L

33).
If only l R

33 is nonzero, U1 cannot resolve the R
D(⇤) anomalies anymore as it is not possible to

generate the necessary couplings in that case. Here,U1 entirely decays through theU1 ! bt mode
and contributes to the bt bt ⌘ tt +2 j final state [85].

When two or more couplings are nonzero simultaneously (Scenario RD2A, Scenario RD2B
and Scenario RD3) with comparable strengths, numerous possibilities arise (Ref. [63] discusses
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Pair Production

5

‣ Possible final states. A simple parametrisation to show the relative strengths. 

TABLE V. Effect of branching ratios on different final states generated from the pp ! U1U1 process in
various one and two-couplings scenarios. Here, we show the possible final states and the fraction of U1
pairs producing them. One multiplies the pair production cross section with the fractions shown in the
table to estimate its contribution to various channels in the narrow width approximation. Here, 0  x  1

2
is a free parameter. We have ignored the mass differences among the daughter particles.

Nonzero couplings Signatures

tt +2 j t + /ET +2 j /ET +2 j t + /ET + jt + j /ET +2 jt /ET + jt + j

l L

23 (Scenario RD1A) 0.25 0.50 0.25 � � �

l L

33 (Scenario RD1B) 0.25 � � 0.50 0.25 �

l R

33 1.00 � � � � �

l L

23,l L

33 (Scenario RD2A) 0.25 x x 2 1
2 �x

� 1
2 �x

�2 2x
� 1

2 �x
�

l L

23,l R

33 (Scenario RD2B)
� 1

2 +x
�2 2

� 1
4 �x 2� � 1

2 �x
�2 � � �

µµ +2 j µ + /ET +2 j /ET +2 j µ + /ET + jt + j /ET +2 jt /ET + jt + j

l L

22 (Scenario RK1A) 0.25 0.50 0.25 � � �

l L

32 (Scenario RK1B) 0.25 � � 0.50 0.25 �

l R

22 (Scenario RK1C) 1.00 � � � � �

l R

32 (Scenario RK1D) 1.00 � � � � �

l L

22,l L

32 (Scenario RK2A) 0.25 x x 2 1
2 �x

� 1
2 �x

�2 2x
� 1

2 �x
�

l L

22,l R

32 (Scenario RK2B)
� 1

2 +x
�2 2

� 1
4 �x 2� � 1

2 �x
�2 � � �

l R

22,l L

32 (Scenario RK2C)
� 1

2 +x
�2 � � 2

� 1
4 �x 2� � 1

2 �x
�2 �

l R

22,l R

32 (Scenario RK2D) 1.00 � � � � �

this in the context of scalar LQ searches). It is then possible to have all the final states shown in
Eqs. (61) and (62). One can have more asymmetric channels like pp ! U1U1 ! stbt etc. The
strength of any particular channel would depend on the couplings involved in production (if we
do not ignore the small t-channel lepton exchange) as well as the BRs involved (the dependence
of the pair production signal on multiple couplings is made explicit in Appendix A).

The R
K(⇤) scenarios have similar signatures with muons in the final states. When only l22

is nonzero (Scenario RK1A), we can easily obtain the possible final states by replacing t ! µ
in Eq. (61). In Scenario RK1B, the possible final states are obtained by replacing t ! µ in
Eq. (62). In Scenario RK1C, the BR of the U1 ! sµ decay is 100% leading to the process, U1U1 !
sµ sµ ⌘ µµ + 2 j. Similarly, in Scenario RK1D, the BR of the U1 ! bµ decay is 100% leading
to the same two-muon+two-jet final states through the U1U1 ! bµ bµ ⌘ µµ + 2 j process. Like
the R

D(⇤) scenarios with more than one nonzero couplings, these scenarios also lead to numerous
interesting possibilities [63]. The LHC is yet to perform searches for LQs inmost of the asymmetric
channels and some of the symmetric channels.

In Table V, we have summarized the possible final states fromU1 pair production and the frac-
tion of U1 pairs producing the final states in the one and two-couplings scenarios. The fractions
depend on combinatorics and the relevant U1 BRs. (Here, we have ignored the possible minor
correction due the the mass differences between different final states, i.e., assumed all final state
particles are much lighter than U1.) For example, in Scenario RD1A, since b (U1 ! st)⇡ b (U1 !
cn)⇡ 50%, only 25% of the produced U1 pairs would decay to either tt +2 j or /ET +2 j, whereas,
as explained above, 50% of them would decay to the t + /ET +2 j final state. Interestingly, we see
that even in some two-couplings scenarios the fractions corresponding to the tt/µµ + 2 j final
states are constant irrespective of the relative magnitudes of the couplings – for example, it is
25% in Scenario RD2A or 100% in Scenario RK2D. This is interesting, because in presence of two
nonzero couplings, one normally expects the fraction corresponding to a particular final state to
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‣ �-dependent single productions and �-channel 
LQ exchange. 

‣ If � is not small and/or the �  is heavy, they are 
the dominant processes.  

‣ Non-resonant production does not depend on 
branching ratios.
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FIG. 3. Representative Feynman diagrams for various U1 production processes: (a) gluon-initiated pair
production, (b) quark-initiated pair production, (c) single production, and (d) t-channel (nonresonant)
production. The q`U1 vertices (l) are marked with red colour.

can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.

⌅ Pair production: We have classified the R
D(⇤)-scenarios with the three free couplings, l L

23, l L

33
and l R

33. In Scenario RD1A (where only l L

23 is nonzero), U1 ! st and U1 ! cn are the main decay
modes of U1 with roughly equal (about 50%) BRs. In this case the pair production of U1 leads to
the following final states (we ignore the CKM-suppressed effective couplings in the discussions
on the LHC phenomenology of U1 as they do not play any important role):

pp !

8
<

:

U1U1 ! sµ sµ ⌘ µµ +2 j

U1U1 ! sµ cn ⌘ µ + /ET +2 j

U1U1 ! cn cn ⌘ /ET +2 j

9
=

; (61)

where j denotes a light jet or a b-jet. Among the three channels, the second one (i.e., t + /ET +2 j)
has almost two times the cross section of the first or the third (a factor of 2 comes from combi-
natorics) but, due to the presence of missing energy, it is not fully reconstructable (or, is difficult
to reconstruct). As a result, both the first and second channels have comparable sensitivities.
However, the sensitivity of the third channel, /ET +2 j is very poor because of the two neutrinos
in the final state. So far, these channels with cross-generation couplings have not been used in
any LQ search at the LHC.

In Scenario RD1B (where only l L

33 is nonzero), the pair production of U1 mostly leads to the
following final states:

pp !

8
<

:

U1U1 ! bµ bµ ⌘ µµ +2 j

U1U1 ! bµ tn ⌘ µ + /ET + jt + j

U1U1 ! tn tn ⌘ /ET +2 jt

9
=

; . (62)

Here, jt represents a fat-jet originating from a top quark decaying hadronically (one can also
consider the top quark’s leptonic decay modes with lower cross section). It is possible to tag the
(boosted) top-jets with sophisticated jet-substructure techniques and thus improve the second
and third channels’ prospects. The symmetric /ET +2 jt channel has been considered in Refs. [58,
108]. The asymmetric channel, the one with single t, one top-jet and missing-energy (t + /ET +
jt +b), has started receiving attention only very recently [88]. Due to the factor of 2 coming from
combinatorics, this channel has bigger cross section. Hence, its unique final state might act as a
smoking-gun signature for this type of scenarios (i.e., ones with non-negligible l L

33).
If only l R

33 is nonzero, U1 cannot resolve the R
D(⇤) anomalies anymore as it is not possible to

generate the necessary couplings in that case. Here,U1 entirely decays through theU1 ! bt mode
and contributes to the bt bt ⌘ tt +2 j final state [85].

When two or more couplings are nonzero simultaneously (Scenario RD2A, Scenario RD2B
and Scenario RD3) with comparable strengths, numerous possibilities arise (Ref. [63] discusses
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FIG. 3. Representative Feynman diagrams for various U1 production processes: (a) gluon-initiated pair
production, (b) quark-initiated pair production, (c) single production, and (d) t-channel (nonresonant)
production. The q`U1 vertices (l) are marked with red colour.

can arise in the flavour-motivated scenarios. We also discuss how different production modes
with similar final states can contribute to the exclusion limits.
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FIG. 4. Parton-level cross sections of various production modes of U1 LQ as functions of MU1 . These cross
sections are computed at the 13 TeV LHC for benchmark couplings, l L

23 = 1 (left) and l L

22 = 1 (right) with
k = 0. Here, j stands for all light jets including the b-jet. A basic generation-level cut, pT > 20 GeV is
applied on the jets and leptons.

rise to both dilepton and lepton+missing-energy final states [see e.g., Fig. 3(d)]. As the cross sec-
tions of the nonresonant production grows as l 4, this channel becomes important for large values
of the new couplings. Especially when the mass of the U1 is large, the nonresonant production
contributemore than the resonant pair and single productions. There is a possibility of large inter-
ference of the nonresonant processes with the SM backgrounds like pp ! g/Z(W )! `` (`+ /ET ).
The interference contribution grows as l 2 but the contribution can be significant due to the large
SM background. For U1, the interference is destructive in nature.

In Fig. 4, we show the parton-level cross sections of various production modes of U1 as a function
of MU1 . In Figs. 4(a) and 4(b) the cross sections have been obtained by setting k=0 and the new
couplings, l L

23 = 1 and l L

22 = 1 respectively. The pair production cross section is the same in both
figures as it is insensitive to the l couplings. As expected, the single production cross sections
are more significant at higher mass values. Processes like U1t j, U1µ j, U1n j are generated after
ensuring that no more than one onshell LQ contributes to the cross section to avoid contamina-
tion from the pair production process. The nonresonant LQ production cross section does not
depend very strongly on the LQ mass. With nonzero l L

23 and l L

22, we now have the possibility
of producing U1 (that couples to the third generation fermions) through charm and/or strange
initiated processes at the LHC.

There are some phenomenological consequences of having more than one couplings. The
presence of multiple couplings affects the BRs. For example, we see from Table V that BRs for
one-coupling scenarios are different from those in two coupling ones. Then, different single
and nonresonant production (including its interference with the SM background) processes may
or may not become significant depending on the strength of various couplings. All these can
significantly affect the exclusion limits.

IV. RECAST OF DILEPTON DATA

From the different production mechanisms of U1 discussed in the previous section, it is evident
that pair, single and nonresonant productions can give rise to dilepton (``+ jets) and/or monolep-
ton plus missing-energy, `+ /ET + jets signatures. However, as pointed out in Ref. [81] for S1 LQ,
the bounds on the LQ model parameter space from the dilepton resonance search data is more
stringent. Therefore, apart from the direct search bounds, we rely only on the resonant dilepton
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TABLE VI. The table displays the cross section (s) in fb, efficiency (e) in % and number of events (N )
surviving the cuts applied in the dilepton searches from various production processes. The superscripts
are explained in Appendix A. The negative signs in the interference contributions signify destructive in-
terference.

Pair production Single production t-channel LQ InterferenceMass
(Tev) s p e p

N
p s s es

N
s snr4 enr4

N
nr4 snr2 enr2

N
nr2

Contribution to tt signal [82]
l L

23 = 1 (Scenario RD1A)
1.0 40.87 2.33 8.59 58.80 3.30 35.07 70.57 7.22 183.33 -232.63 3.17 -266.21
1.5 1.39 1.50 0.19 3.91 2.74 1.93 14.94 7.00 37.77 -104.31 3.34 -125.62
2.0 0.08 1.01 0.01 0.44 2.50 0.20 5.04 7.25 13.19 -58.79 3.28 -69.57
l L

33 = 1 (Scenario RD1B)
1.0 35.67 1.69 5.43 29.00 2.57 13.46 20.20 6.21 45.26 -75.02 3.08 -83.41
1.5 1.17 1.09 0.11 1.72 2.16 0.67 4.31 6.22 9.68 -33.62 2.88 -33.01
2.0 0.06 0.81 0.00 0.17 1.98 0.06 1.39 6.27 3.15 -18.97 2.88 -19.71
l R

33 = 1

1.0 35.67 1.74 22.45 29.18 2.43 25.62 20.17 6.45 46.97 -27.4 3.32 -32.83
1.5 1.17 1.10 0.46 1.69 1.88 1.15 4.31 6.47 10.06 -12.31 3.27 -14.54
2.0 0.06 0.84 0.02 0.17 1.57 0.10 1.39 6.33 3.18 -6.94 3.26 -8.17

Contribution to µµ signal [83]
l L

22 = 1 (Scenario RK1A)
1.0 40.89 71.88 265.27 58.68 72.66 769.52 70.40 62.77 1595.21 -233.00 42.73 -3594.15
1.5 1.39 64.44 8.10 3.91 71.35 50.30 15.20 64.33 352.97 -105.00 42.59 -1614.37
2.0 0.08 52.62 0.36 0.44 70.15 5.60 5.00 64.22 115.92 -58.80 43.08 -914.54
l R

22 = 1 (Scenario RK1B)
1.0 38.91 71.74 1007.69 58.29 72.36 1522.36 70.43 62.69 1593.99 -82.52 49.17 -1464.79
1.5 1.32 64.18 30.64 3.81 68.62 94.40 15.21 64.20 352.57 -37.33 49.09 -661.52
2.0 0.07 52.50 1.36 0.42 63.79 9.78 5.00 64.53 116.48 -21.0 48.62 -368.53
l L

32 = 1 (Scenario RK1C)
1.0 35.67 71.59 230.45 28.93 72.74 379.76 20.00 63.49 458.17 -75.30 39.10 -1062.87
1.5 1.17 64.46 6.78 1.72 72.33 22.44 4.29 64.58 100.49 -33.70 39.82 -484.39
2.0 0.06 52.47 0.29 0.17 71.77 2.22 1.41 64.90 33.04 -19.00 40.12 -275.17
l R

32 = 1 (Scenario RK1D)
1.0 35.67 71.75 923.90 29.04 72.37 758.73 20.05 63.73 461.36 -26.29 45.77 -434.43
1.5 1.17 64.60 27.19 1.69 69.28 42.27 4.29 64.43 99.74 -11.84 46.32 -197.94
2.0 0.06 52.00 1.14 0.17 65.35 3.95 1.41 65.37 33.25 -6.69 46.64 -112.60

• In the dimuon channel, the requirement is that both of the muons must have |h |< 2.4 and
pT > 53 GeV. The invariant mass of the muon pair mµµ > 150 GeV.

We use the distribution of the observed and the SM events with respect to the invariant mass of
the muon pair, mµµ to extract bounds.

We implement the above cuts in our analysis codes and validate them with the cut efficien-
cies given there. In Table VI, we show the production cross sections, cut efficiencies and number
of events surviving the cuts for different signal contributions for the R

D(⇤)-motivated and R
K(⇤)-

motivated one-coupling scenarios, respectively. We obtain these numbers by setting the con-
cerned coupling to unity. There are a few points to note here. Pair production is, in general, in-
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Table 3: Systematic uncertainties considered in the search for nonresonant signals. The rela-
tive impact of the uncertainties on the background yield estimates is shown for two dilepton
invariant mass thresholds, 1 and 3 TeV. The uncertainty in the jet misidentification background
has a negligible effect on the overall background estimate and is not listed.

Uncertainty source
Impact on background [%]
m`` > 1 TeV m`` > 3 TeV
ee µµ ee µµ

Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon trigger efficiency — 0.9 — 0.9
Mass scale 7.0 2.7 15.4 2.4
Dimuon mass resolution — 0.1 — 0.6
Pileup reweighting 0.3 — 0.5 —
Trigger prefiring 0.5 — 0.2 —
PDF 3.7 3.0 9.4 10.2
Cross section for other simulated backgrounds 0.6 0.8 0.2 0.4
Z peak normalization 2.3 5.0 2.0 5.0
Simulated sample size 0.4 0.4 1.3 1.6
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Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.

‣ All three production modes 
would lead to �  final 
states. 

‣ The signal to the dilepton 
searches would be a 
combination of these three 
processes + the interference 
of �-channel process with the 
SM�  process. 

‣ The interference is 
destructive, leading to a 
reduction of events.

ℓℓ + jets

t
pp → Z /γ → ℓℓ
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‣ For each distribution, we define the test statistic as 

‣ �  = theory events and �  = the number of observed events in the �  bin.  

‣ For the error � , we use                                                                                                                             

    where � and we assume a uniform 10% systematic error 

‣ In every scenario, for some benchmark masses � , we compute the minimum of �  
by varying the couplings. In one-coupling scenarios, we obtain the �  and �  CL upper limit 
on the coupling at �  from the values of � for which �  
equals 1 and 4, respectively.  

‣ The limits on multi-coupling scenarios can be obtained similarly.
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ATLAS 2006.05872 Recast ATLAS 2006.05872 Recast

Recast of ATLAS Scalar LQ Search Data Rules out  Below ~2 TeVU1
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A 1.5 TeV  Can Explain Both the AnomaliesU1
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