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Introduction

B-physics anomalies

SM ∼ respects LFU (Lepton Flavor Universality) ⇒ RX ' 1

Charged Currents

RD(∗) = B(B0→D(∗)−τ+ν)

B(B0→D(∗)−(e+,µ+)ν)
RJ/ψ = B(B+

c →(J/ψ)τ+ν)

B(B+
c →(J/ψ)µ+ν)

[RD : BaBar,Belle; RD∗ : BaBar,Belle,LHCb] [LHCb]

∼ 2− 3.4σ (w/ SM) ∼ 2σ (w/ SM)

Neutral Currents

RK (∗) = B(B→K (∗)µ+µ−)

B(B→K (∗)e+e−)

BRs and angular obs.

in b → sµ+µ−

[RK : BaBar,Belle,LHCb; RK∗ : LHCb] [LHCb, Belle, ATLAS, CMS]

∼ 2.1− 2.6σ (w/ SM) ∼ 2.2− 2.9σ (w/ SM)

Pattern of deviations w.r.t. the SM → NP sources of LFUV
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Introduction

Close horizon

LHCb and Belle II

[Albrecht+’17 (and refs. therein)]

More data on the already measured channels

New channels (with different backgrounds) &

new observables ⇒ test the consistency of the LFUV picture
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Introduction

LHCb and Belle II - FCCC

← assuming

unchanged

central values

Combined Belle II and LHCb should be able to establish � 5σ in RD(∗)
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Introduction

LHCb and Belle II - FCCC

RD(∗) , R
D

(∗)
s

, R
Λ

(∗)
c

, RJ/ψ w/ relative uncertainties below ∼ 5%:
[P. Owen @ Elba. Theo: Bernlochner+’16, Monahan+’16,’17]

For Vub and Vcb, see talk by D. Bečirević
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Introduction

LHCb and Belle II - FCNC

[Albrecht+’17 (and refs. therein)]

Belle II

LHCb

∼ 2 % stat.

Combined Belle II and LHCb should be able to establish � 5σ in RK (∗)
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Introduction

LHCb and Belle II - FCNC

LFU Violating obs. P
′µ
5 − P

′e
5 by LHCb, and Belle II

Bq → µµ: e.g., discovery of Bd → µµ by CMS (>2030)

b → d`` : e.g., B(B+→π+µµ)
B(B+→π+ee)

by LHCb (300 fb−1)

B0
s − B

0

s mixing [CKMfitter’13: see talk by S. Monteil]

FCCC & FCNC: exciting times ahead w/ Belle II and LHCb
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Flavor physics at the FCC-ee

Future Circular Collider @ CERN

e+e− collider stage:
√
s = 90, 160, 240, 350 GeV

Clean experimental
environment

All species of heavy flavors

Large boosts

Excellent vertexing

Unique opportunities

for Flavor Physics
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In total, 1013 Z bosons

HERE: review of (at least a few) flavor physics cases
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Flavor physics at the FCC-ee

Possible EFT interpretations

C.C. : Lb→c`ν ⊃ −
2GF√

2
Vcb

[
(C SM

CC + ε`L) c̄γρPLb · ¯̀γρ(1− γ5)ν`︸ ︷︷ ︸
SM: tree−level

]
+h.c.

[X.-Q. Li+’16, Alonso+’16, Celis+’17]

N.C. : Lb→s`` ⊃
4GF√

2
VtbV

∗
ts

e2

16π2

[
(CSM

NC + δ`L) s̄γρPLb · ¯̀γρ(1− γ5)`︸ ︷︷ ︸
SM: 1−loop

]
+h.c.

(in fact, cSM9 (µb) ' −cSM10 (µb)) [Altmannshofer+’17, Capdevila+’17, L.-S. Geng+’17]

→ Possibilities other than δµL (µb) and ετL(µb) not excluded!

δµL and ετL at the level of ∼ O(10%− 20%) of the SM,

with very different meanings: SM loop vs. SM tree
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Flavor physics at the FCC-ee

Common framework

[cf. di Luzio, Nardecchia’17]

ΛNP ∼ O(1− 100) TeV⇒ direct searches, [Allanach, Greljo, Zupan: talks on FCC-hh]

low-energy (precision) observables

At energies ΛNP � vEW ,
and assuming no new light d.o.f. below ∼ ΛNP :

[Glashow+’14,Feruglio+’16,’17]

LNP = 1
Λ2
NP

(
C1 q̄

′
3Lγ

µq′3L · ¯̀′
3Lγµ`

′
3L + C3 q̄

′
3Lγ

µτ aq′3L · ¯̀′
3Lγµτ

a`′3L
)

→ Here, illustrative only!
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Flavor physics at the FCC-ee

Correlations w/ other processes

LNP = 1
Λ2
NP

(
C1(ΛNP) q̄′3Lγ

µq′3L · ¯̀′
3Lγµ`

′
3L + C3(ΛNP) q̄′3Lγ

µτ aq′3L · ¯̀′
3Lγµτ

a`′3L
)

ψ4

ψ2H2D

EW corrections: LNV four-lepton ops., coupling of Z to leptons, etc.
[Feruglio+’17]
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Flavor physics at the FCC-ee

Correlations w/ other processes: Z decays

Vector + axial neutral couplings from Rf = Γhad

Γf f̄
, Af = 2 gv (f ) ga(f )

g2
v (f )+g2

a (f )

[R. Tenchini]

Important also for some concrete models (e.g., involving Z ′ or LQs)
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Flavor physics at the FCC-ee

Correlations w/ other processes: LNV Z decays

• Following study by M. Dam on LNV:
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Flavor physics at the FCC-ee

Bc lifetime (cf. talk by J.M. Camalich)

τOPE
Bc

SM
= 0.52+0.18

−0.12 ps⇒
[Bigi’95,Beneke+’96,C.-H. Chang+’00]

B(B−c → τν) . 30%

Suppressed coupling ετP

BR(Bc→τν)
BR(Bc→τν)SM

=
∣∣1 + ετL +

m2
Bc

mτ (mb+mc )
ετP
∣∣

[Alonso+’16; see also, Akeroyd+’17]
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Flavor physics at the FCC-ee

b → sττ transitions

b → s semileptonic decays involving light leptons:

tension of data with the SM

Processes b → s with taus have not been observed so far:

B(B+ → K+τ+τ−) < 2.25× 10−3 @ 90 %; [BaBar]

expected sensitivity at Belle II of O(10−4) to O(10−5); [S. Wehle]

also, B(Bs → τ+τ−) < 6.8× 10−3
[LHCb]

LFU violation suggested by µ, e (to mention only FCNC),

room for LFU violation in taus
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Flavor physics at the FCC-ee

Reconstruction of B → K ∗τ+τ− events

Challenge: reconstruct events (mB , kinematics) where information
is missing due to the final-state neutrino in τ → H ν

Conservation laws + vertexing:

{mτ ,EH ,
−→p H , SV,TV} ⇒ −→p τ ,

−→p ν

{−→p K∗ = −→p Kπ,PV, SV} ⇒ mB ,
−→p B

See talk by S. Monteil; similar technique for Bs → ττ (ongoing?)

SM simulation: parameters from ILD detector, for H± = π±π−π+
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Flavor physics at the FCC-ee

Signal and background fits

(Most relevant background comes from D mesons in b → c)
Results for baseline luminosity (1013 Z bosons)

O(103) signal events σpτ = (preconstructed − ptrue)

τ kin.: & 50% events w/ a precision better than 0.2 GeV
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Flavor physics at the FCC-ee

Set of b → sττ transitions

RK (∗) ≡ R
µ/e

K (∗) and Bs → µµ

BaBar, Belle, LHC

[L.-S. Geng+’17]

FCC-ee:

Plane R
τ/`

K (∗) and Bq → ττ

Also:

Angular observables
for b → sττ

and τ polarizations
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Ex. of a new class of observables

Asymmetries in the τ polarization

Decay products in τ → Hν act as a self-analyzer
[Tsai ’71, T. Hagiwara et al. ’77, Kühn et al. ’84, Aurenche et al. ’85, K. Hagiwara et al. ’90, Rougé ’90, Davier et al. ’93]

Rest frame of the τ−

Longitudinal: eL = p̂−

Normal: eN =
−→
k ×−→p −
|
−→
k ×−→p −|

Transverse: eT = eN × eL

[Hewett ’95, Krüger and Sehgal ’96]

[Aliev et al., Bensalam et al. ’02, P. Colangelo et al. ’06 ’14]

P±X =
dΓ(τ± w/ spin along +eX )−dΓ(τ± w/ spin along −eX )

dΓ(τ± w/ spin along +eX )+dΓ(τ± w/ spin along −eX )

mτ → 0+: P±L reduce to τ± Left/Right chirality asymmetries,
while P±T ,N vanish
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Ex. of a new class of observables

SM predictions for B → K (∗)τ+τ− [Kamenik,Monteil,Semkiv,VS’17]

Binned obs. : 〈P±X (K (∗))〉 =

∫ q2
max

14.18 GeV2 dq
2
(

dΓ
dq2 (eX )− dΓ

dq2 (−eX )
)

∫ q2
max

14.18 GeV2 dq2
(

dΓ
dq2 (eX ) + dΓ

dq2 (−eX )
)

B(K∗)× 107 = 1.30 (09) (22) (10)
〈AFB(K∗)〉 = 0.203 (15) (25) (04)
|〈P±L (K∗)〉| = 0.560 (07) (28) (12)

|〈P−T (K∗)〉| = 0.533 (18) (39) (02)

|〈P+
T (K∗)〉| = 0.03 (04) (11) (01)

|〈P±N (K∗)〉| = 0.013 (01) (12) (00)

B(K )× 107 = 1.61 (07) (12) (09)
〈AFB(K)〉 = 0

|〈P±L (K )〉| = 0.246 (4) (6) (2)

|〈P±T (K )〉| = 0.744 (00) (17) (06)

〈P±N (K )〉 = 0

Uncertainties: form factors, OPE ⊕ charm resons., Wilson coefs.

Clean differential quantities:
P±

L (K )

P±
T (K )

(q2) = F1(q2)
F0(q2) × f (mB,K ,τ , q

2) ⇒ |〈P±
L (K )〉|

|〈P±
T (K )〉| = 0.330 (05) (10) (00)

P±
L (K∗

long.)

P±
T (K∗

long.)
(q2) =

∑2
i=1

Ai (q
2)

A0(q2) × fi (mB,K∗,τ , q
2)⇒ |〈P±

L (K∗
long.)〉|

|〈P±
T (K∗

long.)〉|
= 0.68 (3) (1) (0)
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Ex. of a new class of observables

Back to the B anomalies

Generally: bounds on B(B → K (∗)νν̄) imply [BaBar, Belle]

|δc9|, |c ′9|, |δc10|, |c ′10| . O(10) [Buras+ ’14, Alonso+ ’15; cf. Bobeth and Haisch ’11]

New dim=6 operators much beyond the EW scale:

Ex. O(1)
ijkl = [Q̄iγµQj ][L̄kγ

µLl ], O
(3)
ijkl = [Q̄iγµσ

AQj ][L̄kγ
µσALl ]

For C
(1)
2333 ≈ C

(3)
2333 ≡ C ⇒ 2×C

Λ2
NP

([c̄LγµbL][τ̄Lγ
µντ ] + [s̄LγµbL][τ̄Lγ

µτL])

Correlate RD(∗) ,RJ/ψ anomalies to b → sτ+τ−: [BaBar, Belle, LHCb]

enhance b → sτ+τ− rates to O(10−4) [Buttazzo+’17]
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Ex. of a new class of observables

Case of real δc9 ≡ δNP: B → K ∗ττ

-8 -6 -4 -2 0 2
δNP
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2.0

2.5

3.0

Branching ratio, K* (10-7)

-8 -6 -4 -2 2
δNP
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0.4

0.6

Longitudinal τ-, K*

-8 -6 -4 -2 2
δNP
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Forward-Backward asymmetry, K*

-8 -6 -4 -2 2
δNP

-0.6

-0.4

-0.2

0.2

Transverse τ-, K*

Ranges chosen for ≈ SM-like B (SM: ceff
9 ' 4)

SM-like asyms. exclude a large set of δNP values
The double asyms. give a complementary picture
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Conclusions

Overview

LHCb and Belle II will verify/rule out the B-anomalies

Direct searches: a case for FCC-hh

Low-energy observables: a case for FCC-ee

Associated effects are likely in Z decays to leptons

Channels accessible only to FCC-ee include Bc → τν

Much to explore in b → sττ : angular observables;

clear NP signatures in tau polarizations
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Conclusions

Thanks!

(and apologies for any omission)
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Spare

Constraints on (b̄Γs)(τ+Γ′τ−)

Indirect information from Γd/Γs ⇒ B(Bs → τ+τ−) < 0.03,

B → Xsτ
+τ− mimicking b → u`ν̄, ` = e, µ,

Direct bounds from B+ → K+τ+τ−:

constraints |cS ,AB , cV ,AB , cT ,AB | . 103 (A,B = L,R)

[Bobeth and Haisch ’11; cf. Grossman et al. ’96]

With the direct bound, B(Bs → τ+τ−) < 6.8× 10−3: [LHCb]

|cS,AB , cV ,AB | bounds roughly improved by a factor ∼ 2

SU(2)L symmetry: exploit B → K (∗)νν̄ ⇒ cV ,AL . O(10)

[Buras et al. ’14, Alonso et al. ’15]
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Spare

Background

Most relevant background comes from D mesons in b → c :

B0 → D+
s K

∗0τ+ντ , B̄0
s → D−s D

+
s K

∗0

Channels:

D+
s → τ+ντ ,

D+
s → π+π−π+K 0

L ,

D+
s → π+π−π+π0
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Spare

SM operators and Wilson coefficients

Below EW scale, Hweak: b→s = −4GF√
2
VtbV

∗
ts

∑
i ci(µb)Oi(µb)

O7 =
e

16π2
mb(s̄Lσ

µνbR)Fµν

O9 =
e2

16π2
(s̄Lγ

µbL)τ̄ γµτ

O10 =
e2

16π2
(s̄Lγ

µbL)τ̄ γµγ5τ

In the SM, P±L,T ,N depend on ceff
7 , ceff

9 , c10, where “eff” includes
loop contributions from O1,2,3,4,5,6,8 [Buchalla et al. ’95, Beneke et al. ’01, Seidel ’04]

Muon data: δcµ9 , δcµ10, c ′µ9 , c ′µ10 [Altmannshofer et al., Descotes-G. et al., Hurth et al.]
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Sources of uncertainty

Lattice extraction of the
Form Factors (FF)

→ low recoil of the K (∗), φ,
or high (pτ+ + pτ−)2 = q2

[Horgan et al. ’13 ’15: B → K∗, B → φ]

[Bailey et al. ’15: B → K ]

Correction for τ̄ γµτ : ops. of higher dimension & charm resonances⇒
for quantities defined over large bins, ∼ 10 %× ceff

9

[Grinstein et al. ’04, Beylich et al. ’11]

Uncertainty of ceff
7 , ceff

9 , c10 (ren. scale, αs value, etc.): O(2 %)
[e.g., QED: Bobeth et al. ’03]
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Double polarizations

Also possible to define the correlated τ± polarization:

PAB(q2) =

[
dΓ
dq2 (e−A ,e

+
B )− dΓ

dq2 (−e−A ,e
+
B )

]
−
[

dΓ
dq2 (e−A ,−e

+
B )− dΓ

dq2 (−e−A ,−e
+
B )

]
dΓ
dq2 (e−A ,e

+
B )+ dΓ

dq2 (−e−A ,e
+
B )+ dΓ

dq2 (e−A ,−e
+
B )+ dΓ

dq2 (−e−A ,−e
+
B )

|〈PLL(K∗)〉| = 0.35 (1.7) (2) (0.7)

|〈PTT (K∗)〉| = 0.05 (3) (9) (1)

|〈PNN(K∗)〉| = 0.09 (2) (8) (1)

|〈PLT (K∗)〉| = 0.00 (2) (3) (0.7)

|〈PTL(K∗)〉| = 0.28 (0.9) (3) (1)

|〈PLN,NL(K∗)〉| = 0.05 (0.2) (2) (0.1)

|〈PTN,NT (K∗)〉| = 0.00 (0.2) (3) (0)

|〈PLL(K )〉| = 0.30 (1) (6) (2)

|〈PTT (K )〉| = 0.68 (0.5) (2) (0.7)

|〈PNN(K )〉| = 0.20 (1) (9) (4)

|〈PLT ,TL(K )〉| = 0.33 (0) (3) (1)

|〈PLN,NL(K )〉| = 0.11 (0) (7) (0.2)

|〈PTN,NT (K )〉| = 0.03 (0) (3) (0)
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Distinction of NP models
δc9 ≡ δNP,

δc9 = −c ′9 ≡ δNP, and

δc9 = −c ′9 = −δc10 = −c ′10 ≡ δNP
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Clean differential quantities

P±
L (K )

P±
T (K )

(q2) = F1(q2)
F0(q2) × f (mB,K ,τ , q

2) ⇒ |〈P±
L (K )〉|

|〈P±
T (K )〉| = 0.330 (05) (10) (00)

P±
L (K∗

long.)

P±
T (K∗

long.)
(q2) =

∑2
i=1

Ai (q
2)

A0(q2) × fi (mB,K∗,τ , q
2)⇒ |〈P±

L (K∗
long.)〉|

|〈P±
T (K∗

long.)〉|
= 0.68 (3) (1) (0)

(Polarizations for B → Xsτ
+τ−) [Kruger and Sehgal ’96]
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Case of real δc9 ≡ δNP: B → Kττ
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Enhancement of LL,NN asymmetries to values & 0.8

T vanishes in the untagged case (B0 → K 0, B̄0 → K̄ 0)
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Pure imaginary δC9 ≡ i δNP

In the SM, Im{ceff
7 }, Im{ceff

9 } come at higher orders ⇒ P±N � P
±
L,T

[cf. Krüger and Sehgal ’96]
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Similar modulations are also found for δC10 ≡ i δNP
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τ -lepton polarization in B̄0 → D∗τ−ν̄τ

First meas. of the τ longitudinal polarization in B̄0 → D∗τ−ν̄

through τ− → π−ντ , τ− → ρ−ντ [Belle’16,’17]

The distribution of cos(θτd) gives the polarization

SD information carried out by the polarizations of the τ -lepton

[Ivanov+’17]
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τ -lepton polarization in B → Dτν

Final-state τ → dντ (ν̄`), d = {π, ρ, `}: self-analyzer [Alonso+’17]

Γd(τ → d)⇒ PL, and Ad(q2) = F d
AAτ (q2) + F d

⊥P⊥(q2)

Aτ : FB asym.; P⊥: perpendicular pol. (e.g. in the plane πντ )

Belle II (full operation): τ → πντ , uncertainties . O(10 %)

sd = Ed/
√
q2 (in the τ ν̄τ rest-frame)
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