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“Direct” search for new particles at colliders

LHC: proton-proton collision at center-of-energy of 7-14TeVHard Interactions of Quarks and Gluons 17
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Resonance decays: correlated with hard subprocess
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Final-state radiation: timelike parton showers
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. . . with its initial- and final-state radiation

Figure 1.6: Sketch of a proton-proton collision at high energies: hard process (top), hard
process with initial- and final-state radiation (center), hard process and sec-
ond scatter, both with initial- and final-state radiation (bottom). Figures taken
from [67].

New particle productions e.g., via pp → χχ (cf. gg → tt)-
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New heavy particles can be produced 
directly by collisions at high energy.

Sensitivity is limited by beam energy.

How to probe BSM in higher energy scale?



Processes with initial and final states composed by SM particles.

Heavy particles can appear indirectly, i.e., through radiative corrections.

Quantum principle allows heavy new particles to contribute as
intermediate (off-shell/virtual) states.
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“Indirect” search at flavor experiments
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Example of decay induced by heavy particle

Muon decay:
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Muon decay proceeds via off-shell exchange of W-boson even though
W boson is much heavier than muon.

Muon lifetime (inverse of total decay rate of muon) has been used to
determine Fermi coupling constant.

SM

Fermi coupling const.
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Introduce new heavy particles (X) in off-shell states. 

Such contributions are observed as deviations from SM predictions.

Sensitivity to BSM is determined by precision rather than beam energy.
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Physics beyond SM (BSM)
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Correction from heavy new particle

Muon decay:
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Which process is sensitive to BSM?

Quark flavor violation
Processes where a quark changes its type = flavor (e.g., bottom to strange), 
violating the conservation of individual quark identity.

High sensitivity to (off-shell) contributions of new particles:

SM contributions are highly suppressed or forbidden at the tree level.

b
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SM BSMExp - SM = BSM



• What is ‘collider’ & ‘flavor’? — Done

• Quark flavor violation

• Hint of physics beyond SM (BSM)

• How to test BSM contributions?

- Test with collider observables

- Test with flavor observables 

• Summary

Outline

Lecture 
& Review

Advanced



Quarks are not isolated (cf. confinement), but dressed by quarks and gluons.

B meson consists of b quark w/. light u,d quark (mb » mu,d).

b quark decays into lighter quarks by exchanging W boson in SM.

Many decay channels — Targets at Belle II, LHCb, future exp, e.g., Z factory

B meson
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LHCb experiment

pp collision at √s=7-14TeV, producing b quarks in forward region.

Target integrated luminosity: 270-300fb-1 (~2041)

→ B0: 3x1013, B±: 3x1013. Moreover, Bs0: 1x1013, Bc±: 1x1011, Λb: 2x1013

Hadron collider: huge statistics, but challenging to reconstruct events.

one of four LHC experiments, 2008-



Belle II experiment

e- (7GeV) e+ (4GeV) → Υ(4S) → BB (also DD, τ+τ-, …)

Target integrated luminosity: 50ab-1 (~2040s)

→ B0: 5.4x1010, B±: 5.7x1010 (also Bs0 via Υ(5S) production)

Lepton collider: clean environment allows us to reconstruct events. 

--
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Projected by SuperKEKB/Belle II

cf. Belle: 1999-2010, Belle II: 2018-



Z factory project

e+e- collision at √s~90GeV (around Z-boson mass)
→ Experiment of Z-boson factory  cf. Higgs factory

5

(i) proposals of future “Higgs Factories”

91 160 240- 
250

350- 
365 550 1000- 

3000
Beam 

Polarization

LCF 0.1 0.5* 3 0.4 8 8 (80%, 30%)

CEPC 100 6.9 21.6 1* (0, 0)

FCC-ee 205 19.2 10.8 3.16 (0, 0)

(+ emerging Muon Colliders, μTristen, HELEN, HALHF, ReLiC, ALEGRO, XCC, etc)

LCF: Linear Collider Facility @ CERN; identical to scenarios proposed 
by LC Vision Team up to 550 GeV; representing ILC, CLIC, C3

s / GeV

∫ L / ab−1



Z factory project

e+e- collision at √s~90GeV (around Z-boson mass)
→ Experiment of Z-boson factory  cf. Higgs factory

→ B-hadron factory  cf. Br(Z→bb)=15.12%

Lepton collider: clean environment allows us to reconstruct events.

All B hadrons are produced.

Particle BESIII Belle II (50 ab→1 on !(4S)) LHCb (300 fb→1) CEPC (4→Tera-Z)

B0, B̄0 - 5.4 → 1010 3 → 1013 4.8 → 1011

B± - 5.7 → 1010 3 → 1013 4.8 → 1011

B0
s , B̄0

s - 6.0 → 108 (5 ab→1 on !(5S)) 1 → 1013 1.2 → 1011

B±
c - - 1 → 1011 7.2 → 108

”0
b
, ”̄0

b
- - 2 → 1013 1 → 1011

D0, D̄0 1.2 → 108 4.8 → 1010 1.4 → 1015 8.3 → 1011

D± 1.2 → 108 4.8 → 1010 6 → 1014 4.9 → 1011

D±
s 1 → 107 1.6 → 1010 2 → 1014 1.8 → 1011

”±
c 0.3 → 107 1.6 → 1010 2 → 1014 6.2 → 1010

ω+ω→ 3.6 → 108 4.5 → 1010 1.2 → 1011

Table 2: Expected yields of b-hadrons, c-hadrons, and ω leptons at BESIII, Belle II,

LHCb Upgrade II, and CEPC (4→Tera-Z, namely 4 → 1012 Z bosons). For b- and c-

hadrons, their yields include both charge conjugates, while the yield of ω leptons refers

to the ω→ω+ events, namely the number of ω pairs. We take the cross sections for bb̄

and cc̄ productions at center-of-mass energies corresponding to !(4S) and !(5S) from

Ref. [7], and of the b quark productions within LHCb detectors’ acceptance from Ref. [8].

To estimate the production fractions of B0 and B± at LHCb, we utilize the B0
s and ”0

b

production fractions in Ref. [9] and assume fu + fd + fs + fbaryon = 1, with fu = fd, and

f!0

b
= fbaryon. For Z decays, the production fractions of B0, B±, B0

s , and ”0
b

are presented

in Ref. [10]. The Bc meson production fraction at LHCb is taken from Ref. [11], while its

production fraction at the Z pole (including the contribution from B↑
c decays) is taken from

Ref. [12]. For inclusive charm meson productions at the Z pole, including the contribution

from b-hadron decays, see Refs. [13–17]. The yields of ω leptons at the CEPC are rescaled

from Ref. [2].

developments on the instrumentation frontier, demanding enhanced detector performance

in vertexing, tracking, particle identification (PID), and calorimetry.

The successful realization of the flavor physics program at the CEPC relies on a number

of key factors:

• An abundant luminosity of the data at the CEPC Z pole, which yields substantial

heavy flavor statistics. With a high integrated luminosity and the large cross section

ε(e→e+ ↑ Z ↑ bb̄, cc̄, ω→ω+), the Tera-Z will generate extensive statistics of heavy-

flavored hadrons and ω leptons [2], rivaling other proposed flavor physics experiments.

This is demonstrated by the expected yields of b-hadrons in Belle II, LHCb and a

representative future Z factory, as listed in Table 2. The Tera-Z yields approximately

4.8 → 1011 B0/B̄0 or B± mesons, which is one order of magnitude larger than that

expected at Belle II [7]. Even though this yield is roughly two orders of magnitude

lower compared to that of LHCb, studies at the Tera-Z can benefit significantly from

the clean experimental environment and the precisely known center-of-mass energy.

– 4 –

“Tera-Z”=1012 Z

Ai et.al, Flavor Physics at CEPC: a General Perspective, 2412.19743 FCC-ee: ~5x“Tera-Z”

* LCF also proposes Giga-Z projects

https://inspirehep.net/literature/2863363


Semileptonic decay of b quark

Electron, muon, and tau lepton have same gauge charges.
In SM, quark decay rates into leptons become same (but mass effects).

1 2 3

— lepton-flavor universality
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 0.004±R(D) = 0.296 
 0.005±R(D*) = 0.254 

 0.0054±R(D) = 0.2938 
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68% CL contours
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Current status:

BSM contributions to 
B→D(*)lν are limited. 

Imply BSM in                 .

SM
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ω = e, µ

3.8σ tension 
from SM

Lepton-flavor universality violation

<latexit sha1_base64="TF/XoDEKSECBsjDuqMr3fC3yILY="></latexit>

b → cω ε̄

Making ratios benefits from cancellations of experimental 
and theoretical uncertainties (hadrons and Vcb).
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B,D : JP = 0→

D↑ : JP = 1→

Heavy flavor averaging group
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!(B → D(→)ω↑ε̄ω )

!(B → D(→)ϑ↑ε̄ε)

https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/html/RDsDsstar/RDRDs.html
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In SM, b quark decay proceeds via W boson exchange.

b quark is not isolated, but is dressed by quark and gluons:

Transition amplitude:

Introduce hadron matrix elements including form factors.
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2)(pB + pD)µ + f→(q

2)(pB ↓ pD)µ

→D|c̄ωµω5b|B̄↑ = 0

Theoretical prediction
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→D|c̄ωµb|B̄↑ : pµB , p
µ
D ↓ (pB + pD)µ, (pB ↔ pD)µ

→D|c̄ωµω5b|B̄↑ = 0

1. List all dynamical variables, e.g., momentum, polarization vector
  

2. Matrix elem. consists of all possible linear combinations of variables in ‘1’
   which match the Lorentz structures and symmetries (e.g., C, P, T)

3. Form factors are Lorentz scalar (                   )

4. Determine form factors by using lattice, experimental inputs, etc.
   → Literature search

Hadron matrix element parametrization

because of Parity
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D, pB · pD (→ q2)
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Form factor from lattice

B → D (Nf = 2 + 1)

ain Central Values Correlation Matrix

a+0 0.896 (10) 1 0.423 ↑0.231 0.958 0.596

a+1 ↑7.94 (20) 0.423 1 0.325 0.498 0.919

a+2 51.4 (3.2) ↑0.231 0.325 1 ↑0.146 0.317

a00 0.7821 (81) 0.958 0.498 ↑0.146 1 0.593

a01 ↑3.28 (20) 0.596 0.919 0.317 0.593 1

Table 45: Coe!cients and correlation matrix for the N+ = N0 = 3 z-expansion of the
B → D form factors f+ and f0. The chi-square per degree of freedom is ω2/dof = 4.6/6 =
0.77. The lattice calculations that enter this fit are taken from FNAL/MILC 15C [132] and
HPQCD 15 [133]. The form factors can be reconstructed using parameterization and inputs
given in Appendix B.3.5.
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Figure 28: The form factors f+(q2) and f0(q2) for B → Dεϑ plotted versus z (left panel)
and q2 (right panel). See text for a discussion of the data sets. The grey and salmon bands
display our preferred N+ = N0 = 3 BCL fit (five parameters).

tistical uncertainties are 100% correlated. The FNAL/MILC 15C (HPQCD 15) statis-
tical error is 58% (31%) of the total error for every f+ value, and 64% (49%) for every
f0 one. Using this information we can easily build the o”-diagonal block of the over-
all covariance matrix (e.g., the covariance between [f+(q21)]FNAL and [f0(q22)]HPQCD is
(ϖ[f+(q21)]FNAL ↓ 0.58) (ϖ[f0(q22)]HPQCD ↓ 0.49), where ϖf is the total error).

For our central value, we choose an N+ = N0 = 3 BCL fit, shown in Tab. 45.
The coe!cient a+3 can be obtained from the values for a+0 –a

+
2 using Eq. (526). We find

ω2/dof = 4.6/6 = 0.77. The fit, which is dominated by the FNAL/MILC 15C calculation,
is illustrated in Fig. 28.

Let us finally discuss the most recent results for Bs → Ds form factors, obtained by the
HPQCD collaboration using MILC’s Nf = 2+1+1 ensembles in Ref. [134] (HPQCD 19).
Three values of the lattice spacing are used, including a very fine ensemble at a ↔ 0.044 fm;
the pion mass is kept fixed at around 300 MeV, and in addition at the coarser a ↔ 0.09 fm
lattice an ensemble with the physical pion mass is included. The scalar current needs
no renormalization because of the Partial Conservation of the Vector Current (PCVC)
relation, while the vector current is nonperturbatively normalized by imposing a condition
based on the PCVC relation at zero recoil. Heavy quarks are treated in a fully relativistic

154

fit: BCL param.
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2)(pB + pD)µ + f→(q

2)qµ

= f+(q
2)(pB + pD)µ +

[
f0(q

2)↓ f+(q
2)
] m2

B ↓m2
D

q2
qµ

Flavor Lattice Averaging Group

f+

f0

https://inspirehep.net/literature/2846474


Form factor for BSM

Scalar operator:

  Here, Dirac equation in momentum space representation:
  Also,

Tensor operator:  new form factor fT(q2)
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D
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Decay rate

Integration of 3-body phase space (mτ is neglected)

Including mτ (w/o derivation → Let’s try!)

* Instead of q2, w is also used in literature:
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• What is ‘collider’ & ‘flavor’? — Done

• Quark flavor violation

• Hint of physics beyond SM (BSM)

• How to test BSM contributions?

- Test with collider observables

- Test with flavor observables 
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Current status:

BSM contributions to 
B→D(*)lν are limited. 
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Standard Model New heavy particle

SM contribution is obtained by integrating out heavy W-boson propagation,
leading to effective interaction (→ low-energy effective theory).

Similarly, by integrating out new heavy particles, BSM contributions
are expressed by effective interactions.
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BSM contributes only to tau channel.

Fit to RD and RD* results

Constraints/correlations depend on UV models.
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BSM models in UV scale

W’ is ruled out by flavor constraints on Z’ and colliders.

Charged Higgs boson in Type-II two-Higgs doublet model (2HDM)
cannot explain RD and RD* excesses simultaneously.

Two major scenarios: charged Higgs boson (non Type-II) & leptoquark.

Leptoquark (LQ): spin 0 or 1 boson, carry both lepton & baryon #,
couple to lepton and quark simultaneously.

R2, S1, U1 can explain both RD, RD* excesses.
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(3,1, 1/3) 0 S1 LL (SL

0 ), RR (SR

0 ), RR (SR

0 ) �2

(3,1,�2/3) 0 S̄1 RR (S̄R

0 ) �2

(3,3, 2/3) 1 U3 LL (V L

1 ) 0
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(3,1, 2/3) 1 U1 LL (V L

0 ), RR (V R

0 ), RR (V R

0 ) 0

(3,1,�1/3) 1 Ū1 RR (V̄ R

0 ) 0

Table 1: List of scalar and vector LQs. See text for details.

under the SM gauge group as the classification criterion. In the first column
of Table 1 we explicitly specify the SM transformation properties that can be
easily understood on purely group theoretical grounds as follows.

All quarks (leptons) are triplets (singlets) with regard to SU(3). This means
that all LQs should transform as 3-dimensional representations of SU(3) in
order for quark–lepton–LQ contraction(s) to be invariant under the SU(3) group
transformations. In group theoretical terms one uses a singlet (1) of SU(3) in
decomposition of the direct product 3 ⌦ 1 ⌦ 3 ⌘ 8 � 1 that corresponds to
quark–lepton–LQ contraction(s). The dimensionality of SU(3) representation
is thus the same for all LQs. They are all triplets of SU(3). One consequence
of this property is that some LQs can couple to a quark-quark pair while not a
single LQ can couple to a lepton–lepton pair.

The LQ dimensionality assignment under SU(2) is less trivial if compared
with the SU(3) case since both quarks and leptons are either singlets (1) or
doublets (2) of SU(2). Quark–lepton contractions can then be of triplet, dou-
blet, and singlet nature in SU(2) space since 2 ⌦ 2 ⌘ 3 � 1, 2 ⌦ 1 ⌘ 2, and
1 ⌦ 1 ⌘ 1. These representations need to be contracted with LQs that have
the same SU(2) dimensionality in order to create gauge invariant terms. LQs
can thus be triplets, doublets, and singlets of SU(2). The dimensionality under
SU(2) can accordingly be used to distinguish between different LQs. This cor-
responds to a subscript of the LQ symbol in the third column of Table 1. If LQ
multiplets have the same dimensionality under SU(2) but differ in hyper-charge
U(1) one needs to introduce additional markings — a tilde or a bar — above
the LQ symbol. For example, there are three scalar multiplets that are singlets
under SU(2). We accordingly denote them as S1, S̃1, and S̄1. This particular
notation was introduced in Ref. [9] for all LQs except for S̄1 and Ū1 states. The
only leptons that S̄1 and Ū1 can couple to are right-chiral neutrinos that are not
part of the SM field content. This is the reason why S̄1 and Ū1 were omitted
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LQ contribution after LQ decoupling:

Include QCD corrections, and then, fit to RD and RD* exp. data

All are consistent with experimental constraints such as LHC.

Fit to RD and RD* in LQ models

Iguro, Kitahara, Watanabe, PRD 110 (2024) 075005

[UV: U(2)-flavored model]
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Direct search for new particle at colliders

Direct (on-shell) productions of new particle → LQ mass >~1.8TeV
2
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Figure 1: Example Feynman diagrams of signal processes at leading order: single (left) and
pair (center) LQ production, as well as nonresonant production of two τ leptons via t-channel
LQ exchange (right).

(targeting resonant LQ production) or absent (targeting nonresonant ττ production). If high-
pT jets are present, two subcategories are defined according to whether or not at least one is
identified as being initiated by a b quark. The LQ signal is extracted from a simultaneous fit
to the observed distribution of the scalar sum of transverse momenta in the categories with a
high-pT jet, and the distribution of an angular distribution in the category without a high-pT
jet.

This paper is organized as follows: a brief description of the CMS detector is given in Sec-
tion 2. The simulated samples used in this analysis are discussed in Section 3, followed by an
overview of the event and object reconstruction in Section 4. In Section 5, the event selection
and the observables for signal extraction are described, after which the background estimation
is described in Section 6. The systematic uncertainties are discussed in Section 7. The results
and their statistical interpretation are presented in Section 8. The paper closes with a summary
in Section 9.

Tabulated results are provided in the HEPData record for this analysis [83].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [84].

Events of interest are selected using a two-tiered trigger system [85]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of about 4 µs [86]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
about 1 kHz before data storage [85].

During the 2016 and 2017 data taking, a gradual shift in the timing of the inputs of the ECAL
first-level trigger in the region at |η| > 2.0 caused a specific trigger inefficiency. For events
containing an electron (a jet) with transverse momentum pT larger than →50 GeV (→100 GeV),
in the region 2.5 < |η| < 3.0 the efficiency loss is →10–20%, depending on pT, η, and time.
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Figure 7: Observed and expected upper limit at the 95% CL on the coupling strength λ of a
scalar LQ under the assumption of exclusive LQ couplings to b quarks and τ leptons. The
limits derived for the single (green), pair (red), nonresonant (orange), and total LQ production
(black) are shown. The shaded bands around the expected limit lines correspond to the regions
containing 68% of the distribution of limits expected under the background-only hypothesis.
The hatches indicate the excluded side of the parameter space with respect to the combined
observed limit.
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Figure 8: Observed and expected upper limit at the 95% CL on the coupling strength λ of
a vector LQ model with ε = 0 (left) and ε = 1 (right) under the assumption of exclusive
LQ couplings to b quarks and τ leptons. The limits derived for the single (green), pair (red),
nonresonant (orange), and total LQ production (black) are shown. The shaded bands around
the expected limit lines correspond to the regions containing 68% of the distribution of limits
expected under the background-only hypothesis. The hatches indicate the excluded side of the
parameter space with respect to the combined observed limit. The region with blue shading
shows the parameter space preferred by one of the models proposed to explain the B physics
anomalies [61].
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Figure 1: Example Feynman diagrams of signal processes at leading order: single (left) and
pair (center) LQ production, as well as nonresonant production of two τ leptons via t-channel
LQ exchange (right).

(targeting resonant LQ production) or absent (targeting nonresonant ττ production). If high-
pT jets are present, two subcategories are defined according to whether or not at least one is
identified as being initiated by a b quark. The LQ signal is extracted from a simultaneous fit
to the observed distribution of the scalar sum of transverse momenta in the categories with a
high-pT jet, and the distribution of an angular distribution in the category without a high-pT
jet.

This paper is organized as follows: a brief description of the CMS detector is given in Sec-
tion 2. The simulated samples used in this analysis are discussed in Section 3, followed by an
overview of the event and object reconstruction in Section 4. In Section 5, the event selection
and the observables for signal extraction are described, after which the background estimation
is described in Section 6. The systematic uncertainties are discussed in Section 7. The results
and their statistical interpretation are presented in Section 8. The paper closes with a summary
in Section 9.

Tabulated results are provided in the HEPData record for this analysis [83].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [84].

Events of interest are selected using a two-tiered trigger system [85]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of about 4 µs [86]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
about 1 kHz before data storage [85].

During the 2016 and 2017 data taking, a gradual shift in the timing of the inputs of the ECAL
first-level trigger in the region at |η| > 2.0 caused a specific trigger inefficiency. For events
containing an electron (a jet) with transverse momentum pT larger than →50 GeV (→100 GeV),
in the region 2.5 < |η| < 3.0 the efficiency loss is →10–20%, depending on pT, η, and time.
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Figure 1: Example Feynman diagrams of signal processes at leading order: single (left) and
pair (center) LQ production, as well as nonresonant production of two τ leptons via t-channel
LQ exchange (right).

(targeting resonant LQ production) or absent (targeting nonresonant ττ production). If high-
pT jets are present, two subcategories are defined according to whether or not at least one is
identified as being initiated by a b quark. The LQ signal is extracted from a simultaneous fit
to the observed distribution of the scalar sum of transverse momenta in the categories with a
high-pT jet, and the distribution of an angular distribution in the category without a high-pT
jet.

This paper is organized as follows: a brief description of the CMS detector is given in Sec-
tion 2. The simulated samples used in this analysis are discussed in Section 3, followed by an
overview of the event and object reconstruction in Section 4. In Section 5, the event selection
and the observables for signal extraction are described, after which the background estimation
is described in Section 6. The systematic uncertainties are discussed in Section 7. The results
and their statistical interpretation are presented in Section 8. The paper closes with a summary
in Section 9.

Tabulated results are provided in the HEPData record for this analysis [83].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [84].

Events of interest are selected using a two-tiered trigger system [85]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of about 4 µs [86]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
about 1 kHz before data storage [85].

During the 2016 and 2017 data taking, a gradual shift in the timing of the inputs of the ECAL
first-level trigger in the region at |η| > 2.0 caused a specific trigger inefficiency. For events
containing an electron (a jet) with transverse momentum pT larger than →50 GeV (→100 GeV),
in the region 2.5 < |η| < 3.0 the efficiency loss is →10–20%, depending on pT, η, and time.
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Fig. 3. The 95% CL upper bounds on Cql
X (⇤LHC) obtained from the `⌫ and ⌧⌫ search data by ATLAS [17] and CMS [9],

respectively, where we fix ⇤LHC = 1TeV.

One also finds that the EFT results (MLQ > 10 TeV)
are independent of the chirality of the fermions, and only
sensitive to the Lorentz structure. However, this does not
hold when the EFT limit is not valid. This is because that
the angular and energy dependence in the propagator Ĉt,u

of Eqs. (20) – (23) a↵ects the mT distribution.

One may be interested in the LQ scenario with respect
to the single eR2 (eS1) LQ particle that generates the rela-
tion CS2 = +4CT (CS2 = �4CT ) at the LQ scale in the
EFT limit. Indeed, the di↵erential cross section for the eR2

(eS1) scenario is easily derived from Eq. (23) by replacing
Ĉu(Ĉt) ! 0. Then, we can see that the expression coin-
cides with Eq. (21) of the V2 operator (Eq. (20) of V1) by
scaling the factor 1 (4) at the EFT limit. Thus, the LHC
bounds of these two scenarios, for the e and µ modes, can
be read o↵ from those of CV1 and CV2 in Fig. 3. For the
⌧ mode, on the other hand, the ⌧L/⌧R di↵erence in the
e↵ective operators for CV1,2 and CS2 = ±4CT a↵ects the
analysis due to the ⌧ decay property at the LHC [37]. We
will see this point in Sec. 5.

4.3 Future prospects

In turn, we discuss future sensitivities for the NP searches
from pp ! l± +missing at the high luminosity (HL)-LHC
with 3 ab�1 data. Re-scaling the BG information which
is used to derive the current bounds including the BG
uncertainties, we can obtain the prospect of the HL-LHC
bounds on the WCs in Table 2 denoted as “(w/sys)”. In
the table, the results for the (2TeV – 100 TeV) mass of the
LQ particle are summarized. Since the BG uncertainty in
the tail region is significant, we also show the optimistic
cases that only the statistic error is taken and the theory
uncertainty is controlled (negligible) in future, which is
given in “(no sys)” rows.

Furthermore, since the SM background at the tail of
the mT distribution is dominated by the W±-contribution
[9,17], we test S/B improvement by selecting l� events
as explained below. Since the luminosity functions for ud̄
and dū are not identical but the ratio is L(ud̄)/L(dū) & 4
above 2 TeV, the l+ events are more observed than l�

in the SM. Thus, the ratio for the l+/l� events would

LHC search
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LQ

Search for events with energetic (“hard”) τ
with large missing transverse energy (“MET”).

In LQ models, effective interactions are generated
by t-channel exchange of LQ. 

Not always the case for MLQ~1TeV because S/B
is large in the region with hard τ and large MET.
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Fig. 95% upper limit on Wilson coefficient
Iguro, Takeuchi, Watanabe, EPJC 81 (2021) 5, 406
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Additional b-jet in final state
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Assign b quark in the final state.

Advantage: parton distribution function & SM background events.
Disadvantage: three-body final state.

→ Better sensitivity to BSM.

Most of RD(*)-favored parameter regions
are accessible at HL-LHC.

(a) MR2 LQ = 1.5 TeV
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Figure 2. The R2 LQ scenario with MLQ = 1.5 and 2.5 TeV. The regions outside the blue and red lines
are probed by the t±n and t±n + b searches, respectively, where the solid (dashed) lines correspond toR
Ldt = 139 fb�1 (3000 fb�1). The magenta line shows the current bound from the experimental data withR
Ldt = 36 fb�1 [34]. The (lighter) gray shaded regions are constrained by BR(Bc ! tn) > 0.6 (> 0.3).

The RD and RD⇤ anomalies are explained at 1s in the blue and green shaded regions, respectively, while the
combined fit at 1/2s is shown in orange/yellow.

where the measured values of RD and RD⇤ are fitted. Note that ± does not mean an uncertainty but
represents two solutions. Since the LHC study is almost insensitive to the phase of WCs, it is set
to be zero in the collider analysis.

Such large WCs are expected to be probed at the LHC.#7 In the single-R2(CV2) scenario, by
comparing Tables 7 and 8 with the background results in Fig. 1, it is found that the LHC sensitivity
of the t±n search is marginal at

R
Ldt = 139 fb�1 to test the RD(⇤) explanation depending on the

LQ mass, whereas that of the t±n +b search is enough to probe the parameter region in all ranges
of the LQ mass. We would like to stress that the scenario can be probed with use of the current data
samples at the LHC (139 fb�1) for t±n +b. On the other hand, in the single-R2(CS2) scenario, it is
also shown that the RD(⇤)-favored value of |CS2(LLHC)|⇡ 0.36 can be fully probed by the t±n +b
search at 139 fb�1, but not by t±n . Therefore, it is concluded that requiring an additional b-jet is
significant to test the LQ scenarios in light of the the RD(⇤) anomaly.

The combined summary plot for the LHC sensitivity and the allowed region from the flavor
observables is shown in Fig. 2 for the case of the single-R2(CS2) scenario with MLQ = 1.5 TeV and
2.5 TeV. The sensitivity at

R
Ldt = 139 fb�1 from the t±n and t±n +b channels are denoted by

solid blue and red lines, respectively. Their HL-LHC prospects at
R
Ldt = 3000 fb�1 are shown

#7Interference with the SM part is preferred to be small by a fit for the RD(⇤) anomaly in the R2 LQ model. Therefore,
resultant WCs have large imaginary components, and their absolute values tend to be large enough to be able to probed
at the LHC.
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of the LQ mass. We would like to stress that the scenario can be probed with use of the current data
samples at the LHC (139 fb�1) for t±n +b. On the other hand, in the single-R2(CS2) scenario, it is
also shown that the RD(⇤)-favored value of |CS2(LLHC)|⇡ 0.36 can be fully probed by the t±n +b
search at 139 fb�1, but not by t±n . Therefore, it is concluded that requiring an additional b-jet is
significant to test the LQ scenarios in light of the the RD(⇤) anomaly.

The combined summary plot for the LHC sensitivity and the allowed region from the flavor
observables is shown in Fig. 2 for the case of the single-R2(CS2) scenario with MLQ = 1.5 TeV and
2.5 TeV. The sensitivity at

R
Ldt = 139 fb�1 from the t±n and t±n +b channels are denoted by

solid blue and red lines, respectively. Their HL-LHC prospects at
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Ldt = 3000 fb�1 are shown

#7Interference with the SM part is preferred to be small by a fit for the RD(⇤) anomaly in the R2 LQ model. Therefore,
resultant WCs have large imaginary components, and their absolute values tend to be large enough to be able to probed
at the LHC.
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Endo, Iguro, Kitahara, Takeuchi, Watanabe, JHEP 02 (2022) 106
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• What is ‘collider’ & ‘flavor’? — Done

• Quark flavor violation

• Hint of physics beyond SM (BSM)

• How to test BSM contributions?

- Test with collider observables

- Test with flavor observables 

• Summary

Outline

Lecture 
& Review

Advanced



Other decays proceed via b→cτν.  [cf., ΛQ baryon made of (udQ)]

Consistent with SM prediction (↔︎ RD, RD*).

BSM structure or shortcomings in experimental results/SM values?

Q. How to test RD and RD* excess?

LHCb: PRL 128 (2022) 19, 191803 + Bernlochnrer, Ligeti, Papucci, Robinson, PRD 107 (2023) 1,L011502
SM: Bernlochnrer, Ligeti, Robinson, Sutchliffe, PRL 121 (2018) 20,202001
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B(!b → !cϑε̄)
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B Λb

total spin of
light quark=0

https://inspirehep.net/literature/2006977
https://inspirehep.net/literature/2100020
https://inspirehep.net/literature/1691946


BSM contribution

For any CX, sum rule is satisfied,

• Test of RD and RD* anomaly: If experimental results violate sum rule,
there are potential problems in experimental results/SM values.

• Once B→Dτν and B→D*τν are measured precisely, Λb→Λcτν does 
not provide additional information about BSM.

Sum rule for b→c semileptonic decays
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RSM
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RD→

RSM
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exp (incl. BSM)

SM

B→Dτν B→D*τνΛb→Λcτν
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He! =
4GF
→
2
Vcb

[
(1 + CVL)OVL + CSLOSL + CSROSR + CTOT

]
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!(Hb → Hcω ε̄ω )

!(Hb → Hcϑε̄ε)
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ω = e, µ

ME, Iguro, Mishima, Watanabe, JHEP 05 (2025) 112

* Proposed initially based on empirical observations, i.e., without clarifying background.
  cf. Blanke, Crivellin, de Boer, Kitahara, Moscati, Nierste, Nišandžić, PRD 99 (2019) 7, 075006
      Amano, Jido, Leupold, PRD 105 (2022) 5, L051504

https://inspirehep.net/literature/2869667
https://inspirehep.net/literature/1704733
https://inspirehep.net/literature/1985613


Heavy quark limit and zero recoil limit

Hadron wave functions are factorized in the heavy quark limit (mb,c→∞).

Form factor dependencies are reduced in the zero-recoil limit (mc→mb).

Consequently, the following sum rule holds exactly in these limits:

Clebsch-Gordan

light sector: form factor (Isgur-Wise ftn)heavy-quark transition
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∑

X

CX↓Hc| c̄!Xb |Hb↔↓ω ε̄| ω̄!Xε |0↔

=
∑

spin

↓sc,ϑc; Jωc ,ϑ|JHc ,ϑHc↔↓sb,ϑb; Jωb ,ϑ|JHb ,ϑHb↔

↗Mεc,εb ↓ϖc(Jωc ,ϑ)|ϖb(Jωb ,ϑ)↔
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Corrections arising from violating the limits are negligible.

Compared with experimental results:

Conclusion: 

Current experimental results satisfy
the sum rule.

RΛc prediction will become more
precise by Belle II (→ form factor).

RD and RD* excess can be tested
by LHCb and Tera-Z.

Sum rule prediction for RΛc

RΛc

current

Belle II

RD, RD*

Sum rule with experimental results
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BGL

ME, Iguro, Mishima, Watanabe, JHEP 01 (2026) 143
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Summary

Flavor (and CP) violations are key probes for BSM at high energy scales.

Sensitivity to BSM can reach above ~1TeV.

We reviewed the semileptonic decays of B mesons. 

Currently, potential BSM signals have been reported in B→D(*)τν.

We provided an overview of BSM interpretations.

Could be tested in the near future through interplay of flavor & collider.



Backup



Form factor for anti-quark

In the previous slides,                   is                      or                     ,
where the spectator quark is ‘d’ or ‘u’.  

Interchange of d↔︎u makes no difference because of isospin symmetry.
                                                                        (→ isospin violation)

Sign depends on operators for quarks↔︎anti-quarks (→ next slide)

for                                                            under CP transformation.
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p = (E, ωp), p̃ = (E,→ωp)Four momentum:
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Form factor for anti-quark: derivation

CP transformation (see, e.g., QFT textbook by Peskin&Schroeder)

Vector:
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∣∣
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∣∣
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]

= ↓
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Form factor for anti-quark: derivation

Scalar:  CP transformation or apply equation of motion:

Dirac equation for anti-quark in momentum space repr.:

Tensor:  CP transformation

cf. Relative sign between operators is independent of phase convention.
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