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Lepton Flavor Universality (Violation)

Lepton flavor universality (LFU) demands that charged leptons
have (almost) identical interactions, only differ by their Yukawa
couplings and hence their masses.

However, in both flavor changing neutral current (FCNC) and
flavor changing neutral current (FCCC) processes

RK(∗) ≡
BR(B → K(∗)µ+µ−)

BR(B → K(∗)e+e−)
, (1)

RD(∗) ≡
BR(B → D(∗)τν)

BR(B → D(∗)`ν)
, (2)

RJ/ψ ≡
BR(Bc → J/ψτν)

BR(Bc → J/ψ`ν)
, (3)

LFU is challenged.
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FCCC B Anomalies

[Amhis et al., 2019]
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FCNC Anomalies

RK [Aaij et al., 2019]. RK∗ [Abdesselam et al., 2019].

Deviations in low-q2 bins: robust against cc̄ resonant/loop
contributions (SM prediction ∼ 1).

Lingfeng Li LFU @ CEPC Apr. 15, 2021 4 / 31



FCCC and FCNC B Anomalies

Experimental SM Prediction Comments
RK 0.745+0.090

−0.074 ± 0.036 1.00± 0.01 m`` ∈ [1.0, 6.0] GeV2, via B±.
RK∗ 0.69+0.12

−0.09 0.996± 0.002 m`` ∈ [1.1, 6.0] GeV2, via B0.
RD 0.340± 0.030 0.299± 0.003 B0 and B± combined.
RD∗ 0.295± 0.014 0.258± 0.005 B0 and B± combined.
RJ/ψ 0.71± 0.17± 0.18 0.25-0.28

[Tanabashi et al., 2018][Altmannshofer et al., 2018].

Also evidence for a BR(Bs → φµµ), m2
µµ ∈ [1, 6] GeV2 below

SM by ∼ 3σ [Aaij et al., 2015]
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Muon g − 2?

[Abi et al., 2021]

Such deviation is not observed in ge − 2, a hint of LFUV?
Lorenzo should have explained everything!
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LFUV in BSM: Simplified Models (LO)

Induced by two types of heavy mediators:

b c/s

ℓ/ν ℓ/ν

Colorless Mediators

b c/s

ℓ/ν ℓ/ν

Colored Mediators (Leptoquarks)
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LFUV in BSM: Simplified Models at Tree
Level (II)

Model Spin SM charge b→ cτν operators
Scalars 0 (1, 2)0 Oτ

S, Oτ
P

V ′ 1 (1, 3)0 Oτ
V −Oτ

A

LQ S1 0 (3̄, 1) 1
3

Oτ
V −Oτ

A, Oτ
S −Oτ

P − 4Oτ
T

LQ S3 0 (3̄, 3) 1
3

Oτ
V −Oτ

A

LQ R2 0 (3, 2) 7
6

Oτ
S −Oτ

P + 4Oτ
T

LQ U1 1 (3, 1) 2
3

Oτ
V −Oτ

A, Oτ
S +Oτ

P

LQ U3 1 (3, 3) 2
3

Oτ
V −Oτ

A

LQ V3 1 (3, 2) 5
6

Oτ
S +Oτ

P
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b→ c`ν (FCCC) Operators

Heff
b→c`ν =

4GFVcb√
2

∑
i

CiOi , (4)

Ocb`νV L(R) = [c̄γµb][¯̀γµPL(R)ν] , (5)

Ocb`νAL(R) = [c̄γµγ5b][¯̀γµPL(R)ν] , (6)

Ocb`νSL(R) = [c̄b][¯̀PL(R)ν] , (7)

Ocb`νPL(R) = [c̄γ5b][¯̀PL(R)ν] , (8)

Ocb`νTL(R) = [c̄σµνb][¯̀σµνPL(R)ν] , (9)

Only L operators survive w/o right-handed neutrinos.
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b→ s`` and b→ sνν (FCNC) Operators

b→ sττ :

Heff
b→sττ = HSM

b→sττ +
−4GFVtbV

∗
ts√

2
× (10)

[CNP
9 Oτ9 + CNP

10 O
τ
10 + C9′O

τ
9′ + C10′O

τ
10′ ] .

Oτ9(10) =
α

4π
[s̄γµPLb][τ̄ γµ(γ5)τ ] (11)

Oτ9′(10′) =
α

4π
[s̄γµPRb][τ̄ γµ(γ5)τ ] ,

b→ sνν:

Heff
b→sνiνj =

−αGFVtbV ∗ts
2
√

2π
(C

(ij)
L [s̄γµPLb][ν̄iγµPLνj ]+C

(ij)
R [s̄γµPRb][ν̄iγµPLνj ]) .

(12)

Strongly constrained by BR(B → K(∗)νν)
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Match with SMEFT

These operators are then closely related in SMEFT via gauge gauge
invariance. Eg. dim-6 four-fermion
operators [Grzadkowski et al., 2010, Azatov et al., 2018]:

Ldim6 ⊃ 1

Λ2

∑(
[C

(1)
q` ][O

(1)
q` ] + [C

(3)
q` ][O

(3)
q` ] + [Cde][Ode] (13)

+ [Cqe][Oqe] + [Cd`][Od`] + [Cdq`e][Odq`e] + ...

)
+ h.c. ,

[O
(1)
q` ]ijkl = [Q̄iγ

µQj ][L̄kγµLl], [O
(3)
q` ]ijkl = [Q̄iγ

µσaQj ][L̄kγµσ
aLl]

contribute to b→ cτν, b→ sττ(``) and b→ sνν.

[Ode]ijkl = [d̄iγ
µdj ][¯̀kγµ`l] , [Oqe]ijkl = [Q̄iγ

µQj ][¯̀kγµ`l]⇒ b→ sττ(``)

[Od`]ijkl = [d̄iγ
µdj ][L̄kγµLl]⇒ b→ sττ(``) and b→ sνν

[Odq`e]ijkl = [d̄iQ
I
j ][L̄Ik`l]⇒ b→ cτν and b→ sττ(``)

...
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Unique Opportunities at Z pole

Giga-Z, Tera-Z and 10×Tera-Z: a phase of future linear/circular lepton

colliders. [Fujii et al., 2019, Dong et al., 2018, Abada et al., 2019]

Flavor physics “for free”!

CEPC ∼ Tera-Z (CDR, still
moving forward)

FCC-ee ∼ 10× Tera-Z

Lingfeng Li LFU @ CEPC Apr. 15, 2021 12 / 31



Vs. B Factories and Hadron Colliders

Z factories are also b(c/τ) factories:

Channel Belle II LHCb Giga-Z Tera-Z 10×Tera-Z
B0, B̄0 5.3× 1010 ∼ 6× 1013 1.2× 108 1.2× 1011 1.2× 1012

B± 5.6× 1010 ∼ 6× 1013 1.2× 108 1.2× 1011 1.2× 1012

Bs, B̄s 5.7× 108 ∼ 2× 1013 3.2× 107 3.2× 1010 3.2× 1011

B±c - ∼ 4× 1011 2.2× 105 2.2× 108 2.2× 109

Λb, Λ̄b - ∼ 2× 1013 1.0× 107 1.0× 1010 1.0× 1011

VS. B Factories

I Much higher b quark boost
(by O(10))

I Better track momentum
measurements

I Larger displacements with
smaller uncertainty

I Abundant heavy b hadron

VS. Hadron Colliders

I Fixed Ecm
I Clean environment

I Direct missing momenta
measurement

I Larger detector acceptance

I Better flavor tagging
efficiency
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Improvement of Detector Systems

We are going to invest heavily in detector systems (& 10% of the
overall budget.)

What shall we expect from them?
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Improvement of Detector Systems (II)

Naively dream about/ask for: (Aggressive, more realistic with
Ndetector > 1?)

I π/K & 4σ, p/K & 2σ @50 GeV

I π/K & 5σ, p/K & 3σ @. 2 GeV

I µ/π & 1(2)σ @< (>)4GeV (in jets?)

I e/π & 3σ, e/µ & 5σ (in jets?)

I σpT ,track/p
2
T . 2× 10−5 GeV−1

I σIP . 5
⊕

10/pT µm

I σE,ECAL/E . 5%/
√
E
⊕

0.5%

I σθ,ECAL . 5 mrad

I σE,HCAL/E . 50%/
√
E @ 50 GeV

I γ/K0/n discrimination?
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Key Detector Features for Flavor Physics
Materials from Zhijun, Chengdong, and Yunlong’s talks

Tracking sys, grants O(10) fs sensitivity.

I High time precision for CPV measurements.

I Authentic c/τ reconstruction inside a jet.

I Greater acceptance for displaced signals.

Advanced PID coming from the combination of
dE(N)/dx method, time resolution and calorimetry:

I Flavor tagging for everything.

I Suppressing backgrounds in general.

I Clean leptonic/baryonic modes.

I ...

Calorimetry gives neutral energy and angular resolution.

I Better /p measurement for neutrinos.

I Excited states such as D∗s and radiative decays.

I Distinguishing π0/η..., allowing h0X modes.

I ...
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Vs. Proposed Experiments: How do
Golden Modes Look Like?

Multiple charged tracks Vs. Belle II, low track energy
Multiple time scale O(10) fs Vs. Belle II, low track displacement

h0 or γ (but no more than 1-2) Vs. LHCb, large QCD noise
e instead of µ ? Vs. LHCb, relying on MS

ν or other invisible fellas Vs. LHCb, no sensitivity in principle
Λ or KS → h+h− Vs. LHCb, low acceptance

Baryonic modes (p or Σ±?) Vs. both, advanced PID
Heavy hadrons (Bs, Bc, Λb ,Ξb, ...) Vs. Belle II, imited

√
s

Double heavy flavor (Bc, exotics...) Vs. both, unique @ the Z pole
... ...

Sounds like ideal for LFU tests.

Other examples include: τ physics (Z → ττ or τX, see
Lorenzo’s talk), Bd,s → π0π0 (see Yuexin’s talk)...
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LFU Test with b→ sττ Measurements

Current b→ cτν anomalies indicate large enhancement of
b→ sττ rates. [Capdevila et al., 2018]

Current experiment constraint on BR ∼ 10−2.5

From SM (O(10−7)) to O(10−4)

δCτ
9 = −δCτ

10

=
−2πVcb
αVtbV ∗ts

(√
RX

RSM
X

−1

)
∼ O(10)× CSM

9/10

Oτ9(10) =
α

4π
[s̄γµPLb][τ̄γµ(γ5)τ ] ,

O′τ9(10) =
α

4π
[s̄γµPRb][τ̄γµ(γ5)τ ] .

Lingfeng Li LFU @ CEPC Apr. 15, 2021 18 / 31



LFU Test with b→ sττ Measurements

More details in the published work (arXiv:2012.00665)
[Li and Liu, 2020]

Use τ → π±π±π∓ν

decay to locate each
vertex

Dominant background from
inclusive D±(s) hadronic decays:

Properties Decay Mode BR

τ±
m = 1.777 GeV
cτ = 87.0 µm

π±π±π∓ν 9.3%
π±π±π∓π0ν 4.6%

D±s
m = 1.968 GeV
cτ = 151 µm

τ±ν 5.5%
π±π±π∓π0 0.6%
π±π±π∓2π0 4.6%
π±π±π∓K0

S 0.3%
π±π±π∓φ 1.2%

D±
m = 1.870 GeV
cτ = 311 µm

τ±ν < 0.12%
π±π±π∓π0 1.1%
π±π±π∓K0

S 3.0%
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Overwhelmingly Large SM Backgrounds

Background overwhelming (O(105) larger before cuts) rather
than background free!

Example Typical BR
b→ cc̄s Type

e.g. Bs → K∗0D
(∗)+
s D(∗)− O(10−2 − 10−3)

b→ cτν Type

e.g. B0 → K∗0D
(∗)−
s τ+ν O(10−3 − 10−5)

b→ cūd Type
e.g. B0 → D(∗)−π+π+π− O(10−2 − 10−3)

No relevant background studies before!
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Efforts to Remove Backgrounds

b → sττ

b → cτν

b → ccs
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Good calorimetry saves the day!

Quite environment at the Z pole,
using isolation variables to veto
extra neutral particles (e.g. from
Ds → π±π±π∓ + nπ0) and
displaced K0

S.

More advanced calorimetry: even
better (e.g. π0 reconstruction)?
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Reconstructed Signals and Backgrounds

b → sττ

b → cτν

b → ccs

4.6 4.8 5.0 5.2 5.4 5.6
0.0

0.2

0.4

0.6

0.8

m
B

0

~ [GeV]

N
o

rm
a

li
z
e

d
D

is
tr

ib
u

ti
o

n b → sττ

b → cτν

b → ccs

4.6 4.8 5.0 5.2 5.4 5.6
0.0

0.2

0.4

0.6

0.8

m
B

~

s

[GeV]

N
o

rm
a

li
z
e

d
D

is
tr

ib
u

ti
o

n

b → sττ

b → cτν

b → ccs
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Projected Limits

More details in the published work (arXiv:2012.00665)
[Li and Liu, 2020]

Belle II

LHCb

Giga-Z

Tera-Z

10×Tera-Z

B
0→K

*0τ+τ- Bs→ϕτ+τ- B
+→K

+τ+τ- Bs→τ+τ-

10-7

10-6

10-5

10-4

0.001

0.010
S

e
n

s
it
iv

it
y

o
n

B
R

Traditional cut-based analysis: O(10−5 − 10−7) precision.
Still affected by limited detector spacial resolution ( “∇”
symbols): Motivation for detector R&D!
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Constraints on EFT

Tera–Z

10×Tera–Z

δC
9

τ
δC

10

τ
C

9

' τ
C

10

' τ
-20

-10

0

10

20

Marginalized 1σ constraints on EFT operators. Current
experimental constraint ∼ 103.
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LFU Test with FCCC (Prelim.)

E.g. RJψ measurement with

τ → µνν, J/ψ → µµ

Improved reconstruction quality, also

expecting lower combinatoric bkg and

mis-ID.
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RJ/ψ Measurement at Tera-Z (Prelim.)

More details on signal reconstruction (including vertex
uncertainties):

Reconstruction quality is satisfying.
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RJ/ψ Measurement at Tera-Z (II) (Prelim.)

Cut flow and expected yields targeting B+
c → J/ψ τ ντ mode at

Tera-Z:

Preliminary! # of B+
c at Tera-Z ε3µ εpre εBDT Tera-Z yield

B+
c → J/ψ τ ντ ∼ 2.2× 108 5.5× 10−5 0.34 6.6× 10−1 ∼ 2.7× 103

B+
c → J/ψ µ νµ ∼ 2.2× 108 1.3× 10−3 0.35 2.7× 10−3 ∼ 2.7× 102

B+
c → χc(1P ) l+ νl ∼ 2.2× 108 − − 2.1× 10−2 ∼ 8.1× 101

J/ψ + µ comb. bkg. − − 0.069 1.6× 10−2 ∼ 1.4× 103

Mis-ID bkg. − − − 6.3× 10−3 ∼ εµπ × 6.0× 103

Fake-J/ψ bkg. − − − − < rh × 9.6× 100

The expected precision is O(30)
better, limited by the signal size.

Better result with luminosity+ and
using e instead of µ!
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Further LFU Tests with FCCC (Prelim).

RDs and RD∗s :

R
D

(∗)
s
≡

BR(Bs → D
(∗)−
s τν)

BR(Bs → D
(∗)−
s `ν)

. (14)

The key is to separate Ds and D∗s .
Challenging as BR(D∗−s → D−s + soft γ)' 94%.

RΛc :

RΛc ≡
BR(Λb → Λcτν)

BR(Λb → Λc`ν)
. (15)

using the Λc → pKπ decay, clean vertex
w/ low bkg.

4 2 0 2 4
m2

miss
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Expecting . O(10−2) uncertainty for all channels with S/B
& O(1).
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Further LFU Tests with FCCC (II) (Prelim).

Angles between theoretical sensitivity ∂CiΓ(b→ cτν) in the 5-D
theory space:

Vector (from RJ/ψ and RD∗
(s)

), pseudoscalar (from RD(s)
), baryonic (from

RΛc
) and annihilation (from Bc → τν, see also [Zheng et al., 2020]) decays

are all necessary.
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Rare FCNC Decays: Bs → φνν (Prelim.)

b→ sνν transitions also important for B anomalies. Related
with b→ cτ(`)ν and b→ sττ(``) via gauge invariance.

Experimental SM Prediction
BR(B0 → K0νν̄) < 2.6× 10−5 (2.17± 0.30)× 10−6

BR(B0 → K∗0νν̄) < 1.8× 10−5 (9.48± 1.10)× 10−6

BR(B± → K±νν̄) < 1.6× 10−5 (4.68± 0.64)× 10−6

BR(B± → K∗±νν̄) < 4.0× 10−5 (10.22± 1.19)× 10−6

BR(Bs → φνν̄) < 5.4× 10−3 (11.84± 0.19)× 10−6

[Tanabashi et al., 2018, Straub, 2015, Geng and Liu, 2003]

Current limit of this channel still led by LEP: (limited production
at B factories, ~pν not achievable at hadron colliders).

Update of theoretical result (∼ 16% smaller BR).

See Yudong’s talk to get a more complete picture!
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Summary

I Flavor physics is related to BSM, SM precision tests, pQCD,
lattice, ... everything! Tera-Z is the bridge.

I Flavor studies at CEPC benefit from:
1 Large luminosity (from accelerator physics)
2 Clean environment and moderate energy (from mZ)
3 Good or even revolutionary detectors (from detector R&D)

I New collider/detector at the precision era: new challenges!
1 LFUV, LFV, LNV, BNV...
2 CKM and CPV measurements...
3 Precision (τ) physics...
4 Exotics, spectroscopy, double heavy flavor...
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