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Sensitivity to new physics in rare B decays
M.Ciuchini et al , arXiv :1512.07157
T .Hurth et al , arXiv :1603.00865
S.Descotes-Genon et al , arXiv :1510.04239...

NP changes short -distance Ci

and/or add new long- distance ops O'i
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b→sl+ l−

∘ electromagnetic penguin : C7

∘ vector electroweak : C9

∘ axial - vector electroweak : C10

Amplitudes from may interfere
w / contributions from NP

Many observables:
∘ Branching fractions
∘ Isospin asymmetry (A I) , Lepton forward -backward asymmetry (AFB) , CP asymmetry ...
∘ and much more...

⇒ Exclusive (B→K(* ) l+ l−) , Inclusive (B→Xs l+ l−)

⇒ 2 orders of magnitude smaller than bs but rich NP search potential



   

b→l ls

∘ Start with b→s γ



   

∘ Start with b→s γ , pay a factor αEM=
1

137
→ Decay the γ into 2 leptons

b→l ls



   

∘ Start with b→s γ , pay a factor αEM

→ Decay the γ into 2 leptons
∘ Add an interfering box diagram
→ b→l l s, very rare in the SM
B(B→l lK *

) = (3.3± 1.0) . 10−6

b→l ls



   

∘ Start with b→sγ , pay a factor αEM

→ Decay the γ into 2 leptons
∘ Add an interfering box diagram
→ b→l ls , very rare in the SM
B(B→l lK*

) = (3.3± 1.0) . 10−6

∘ Sensitive to Supersymmetry , Any
2HDM, Fourth generation , Extra

dimensions, Axions...

∘ Ideal place to look for new physics

b→l ls



   

∘ Start with b→s γ , pay a factor αEM

→ Decay the γ into 2 leptons
∘ Add an interfering box diagram
→ b→l l s, very rare in the SM
B(B→l lK *

) = (3.3± 1.0) . 10−6

∘ But beware of LD effects:
∘ Tree b→ccs, (cc)→ll
∘ Can be removed by mass cuts
∘ Interferes elsewhere

b→l ls



   

First observation



   

B→K * l+ l− decays
[arXiv :0904.0770]∘ Channels: K *

→K+
π
− , KS

0
π
+ , K+

π
0 , l= e or μ

SM

C7=−C7
SM

illustration : q2 ∈ [0.0, 2,0] GeV2

hint of NP ?

RK * = 0.83± 0.17± 0.08
RK = 1.03± 0.19± 0.06

`Situation pre-LHCb

q2 =Ml+ l−
2



   

Lepton flavor universality (LFU)



   

Test of LFU with B→K *0
μμ and B→K *0ee, RK *0

Two regions of q2

∘ Low [0.045-1.1] GeV2
/c4

∘ Central [1.1-6.0] GeV2/c4

∘ Measured relative to B0
→K *0 J /ψ(ll) in order to reduce systematics

∘ Challenging :
− due to significant differences in the way μ and e interact with detector
−Bremsstrahlung
− Trigger

Different q2 regions probe
different processes

in the OPE framework
short distance contributions

described by Wilson coefficients



   

Strategy

∘ Measured relative to B0
→K *0 J /ψ(ll) in order to reduce systematics



   

Strategy

∘ Measured relative to B0
→K *0 J /ψ(ll) in order to reduce systematics

∘ High occupancy of calorimeters (compared to muon stations)
⇒ hardware thresholds on electron ET higher than on muon pT

(L0 Muon , pT > 1.5, 1.8 GeV )

3 exclusive triggercategories:

∘ L0 Electron : electron hardware trigger fired
by clusters associated to at least one of the
two electrons (ET >2.5 GeV )

∘ L0 Hadron : hadron hardware trigger fired
by clusters associated to at least one of the
K *0decay products (ET >2.5 GeV )

∘ L0 TIS(*) : any hardware trigger fired by
particles in the event not associated to the
signal candidate

(*) TIS= Trigger Independent of Signal



   

Bremsstrahlung − ee
S.Bifani (LHCb)



   

Fit results−μμ



   

Fit results− ee



   

Yields

Precision of the measurement driven by the statistics of the electron
samples

In total , about 90 and 110 B0
→ee candidates at low - and central-q2 ,

respectively



   

Results

The measured values of RK *0 are found to be in good agreement among

the three trigger categories in both q2 regions



   

Results

∘ The compatibility of the result in the low-q2 with respect to the SM
prediction (s) is of 2.2-2.4 standard deviations

∘ The compatibility of the result in the central-q2 with respect to the SM
prediction (s) is of 2.4-2.5 standard deviations



   

Test of lepton universality using B+
→K+ l+ l− decays

∘ Ratio of branching fractions of B+
→K+e+e− and B+

→K+
μ
+
μ
− sensitive

to lepton universality

∘ SM prediction is RK = 1 with an uncertainty of O(10−3)

∘ Measurement relative to resonant B→ J/ψK modes

arXiv :1406.6482



   

∘ The combination of the various trigger
channels gives:

RK = 0.745 −0.074
+0.090

(stat) ± 0.036(syst)

∘ Most precise measurement to date,
disagreement with SM at 2.6σ level

⇒ B(B+→e+e−K+) = (1.56−0.15
+0.19(stat ) −0.05

+0.06 (syst ))×10−7

compatible with SM predictions

BSM LFNU and effect is in μμ , not ee

RK(SM) = 1

RK : ratio of branching fractions for dilepton invariant mass squared range 1<q2<6GeV2 /c4

Test of lepton universality using B+
→K+ l+ l− decays

[arXiv :1406.6482]



   

Test of lepton universality using B+
→K (*)l+ l− decays

SM prediction very robust : RK (SM) = 1
[up tiny QED and lepton mass effects]

no evidence of New Physics in a series of ' 'clean '' flavor -changing observables ,
such as ΔF=2,but also b→sγ but ...

R
K (*)=

Br (B→K (*)
μμ)

Br (B→K (*)ee)

The ''clean'' Lepton Flavor Universality ratios:



   

B→K+μ+μ−

B→K+ e+e−

[Belle, arXiv :1908.01848]
Test of lepton universality using B+

→K l+ l− decays
B→K+ J/ ψ(μ+μ−)

B→K+ J/ ψ(e+ e−)



   

BSM LFNU and effect is in μμ , not ee

Test of lepton universality using B+
→K(*)l+ l− decays

BSM LFNU and effect is in μμ , not ee ?!

Model candidates

RK(SM) = 1

Lot of those models predict also LFV
b→seμ ,b→se τ ,...

Leptoquarks are color-triplet bosons that
carry both lepton and baryon numbers



   

Differential Branching Fractions
Results consistently lower than SM predictions



   

Sheldon Stone (LHCb)



Model candidates

Lot of those models predict also LFV
b→seμ , b→se τ ,...

Leptoquarks are color-triplet bosons that
carry both lepton and baryon numbers

Test of lepton universality using B+
→K(*)l+ l− decays

G.Isidori , FPCP 2020: correlations among b→s(d) l l ' within the U(2)- based EFT

28



   

q2 range for predictions for B→ H τ+ τ− : from 4 m τ
2 (∼ 12.6 GeV2) to (mB−mH)

2

to avoid contributions from resonant decay
through ψ(2S), B→Hψ(2S) , ψ(2S)→ τ+ τ−

predictions restricted to q2
> 15 GeV2 :

B→K (*) τ τ
[B.Capdevila et al ,
arXiv :1712.01919]

B(B→K τ+ τ−)SM = (1.2± 0.1) 10−7

B(B→K *
τ
+
τ
−
)SM= (1.0± 0.1) 10−7

greatly enhanced in NP models...

29



   

energy threshold
for BB production

b

b
u,d

b

b

u,d

Υ(4S) Bd
0 , B

Bd
0 , B−

B→K (*) τ τ

signal side

B→K τ+ τ− , τ+→μ+ νν , τ−→e− ν ν

B→D(*)
π , D(*)

ρ , D(*)a1 , D(*)D(*) ...

B→D(*)e ν , D(*)
μ ν ...d

d d

νl

l+



   

q2 range for predictions for B→ H τ+ τ− : from 4 m τ
2 (∼ 12.6 GeV2) to (mB−mH)

2

to avoid contributions from resonant decay
through ψ(2S), B→Hψ(2S) , ψ(2S)→ τ+ τ−

predictions restricted to q2
> 15 GeV2 :

B→K (*) τ τ
[B.Capdevila et al ,
arXiv :1712.01919]

B(B→K τ+ τ−)SM = (1.2± 0.1) 10−7

B(B→K *
τ
+
τ
−
)SM= (1.0± 0.1) 10−7

greatly enhanced in NP models...

BaBar 's result with had tag : B(B+
→K+

τ
+
τ
−
) < 2.25× 10−3 at 90%CL

[Belle II , arXiv :1808.10567 ]

strategy used:
B fully reconstructed (had tag) , τ+→ l+ νlν τ

background:
mostly B→D(*) lνl , D(*)

→K l' νl '

[BaBar , arXiv :1605.09637 ]
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Model candidates

Lot of those models predict also LFV
b→seμ , b→se τ ,...

Leptoquarks are color-triplet bosons that
carry both lepton and baryon numbers

Test of lepton universality using B+
→K(*)l+ l− decays

G.Isidori , FPCP 2020: correlations among b→s(d) l l ' within the U(2)- based EFT

32



LFV b→sl l 'decays

A .Crivellin et al , 1706.08511
c9

ee

c9
μμ

⇒ best current results :
∘ BaBar : BF(B→Kμ±e∓) < 3.8×10−8 at 90%CL (arXiv :hep-ex /0604007)
∘ Belle: BF(B→K*0

μ
±e∓) < 1.8×10−7 at 90%CL (arXiv :1807.03267)

Glashow, Guadagnoli and Lane , 1411.0565, LUV ⇒ LFV , such as B→Kμe, Kμ τ
are also generated...



   

LFV B→K * l l ' decays

[Belle , arXiv :1807.03267 ]

B(B0
→K *0

μ
+e−) < 1.2× 10−7 at 90%CL

B(B0
→K*0

μ
+e−) < 1.6× 10−7 at 90%CL

Belle II can get 90% UL at 10−8 level with 50 ab−1

34
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R (D*) and b→sμμ

BF(B→K τμ) < 4.8×10−5 @ 90% CL
BaBar , arXiv:1204.2852

hadronic tag

L.Calibbi et al , arXiv :1709.00692



LFV B→K τ l (l = e, μ) decays
focus on K (K+ or KS

0
), τ → e ν ν , μ ν ν , π ν , ρν [Belle & Belle II]

dominant BG is B+
→D( *)0

μ ν (e.g. (K πX)Dμ ν in τ→πν case)

36



   

[Belle II , arXiv :1808.10567 ]

[BaBar , arXiv :1204.2852]
strategy used: B fully reconstructed (had tag), τ+→l+ νl ντ , (nπ

0)π ν , with n≥0
using momenta of K , l and B, can fully determine the τ four -momentum
unique system: no other neutrino than the ones from one tau (≠ B→τ ν , D(*)

τ ν ...)

B(B+
→K+

τ
−
μ
+
) < 4.5× 10−5 at 90%CL , B(B+

→K+
τ
+
μ
−
) < 2.8× 10−5 at 90%CL

(also results for B→K+
τ
±e∓ , B→π+ τ±μ∓ , B→π+ τ±e∓ modes)

⇒ can we do better ? combining hadronic tag with an more inclusive tag...
⇒ can do K*

τe , K*
τ μ with similar sensitivity ...

37

LFV B→K τ l (l = e, μ) decays



   

anything else ?



   

Bsig→D(*) τ ν

τ→eν ν , μ ν ν ,
τ→πν , ππ0ν , 3π ν

Btag

hadronic tag
B→D(*)

π , D(* )
ρ ...

ϵ ∼ 0.2%

semileptonic tag
B→D(*)l ν X

Event reconstruction in B→D(*)
τ ν at B factories

Require no particle and no energy left
after removing Btag and visible particles of Bsig

main signal-background discriminator
mmiss

2 = (pee − ptag − pD(*) − pl)
2

(70 % of all τ decays)

2HDM (type II): B(B→D τ+ ν)=GF
2
τB | Vcb |2f (FV , FS ,

mB
2

mH+
2 tan2

β)

uncertainties from form factors FV and FS can be studied

with B→Dl ν (more form factors in B→D*
τ ν)

D(*)

39
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B→D(* ) τ ν [PRL 109, 101802 (2012)]

1,768 decay chains

⇒ D τ ν and D*
τ ν clearly observed

∘ 2D unbinned fit to mmiss
2 and pl

*

∘ fitted samples
− 4 D(*) l samples (D0 l , D*0 l , D+ l and D*+ l)

− 4 D(*)
π

0 l control samples (D**
(l / τ)ν)
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B→D(* ) τ ν

∘ combined 3.4σ away from SM
∘ doesn' t fit 2HDM Type II
∘ Belle will show its new result this winter



Summary for B→D(*) τ ν

R (D) = 0.440 ± 0.058± 0.042
R (D*

) = 0.332± 0.024 ± 0.018

R (D) = 0.375± 0.064 ± 0.026
R (D*

) = 0.293± 0.038± 0.015

R (D*) = 0.336± 0.027 ± 0.030

R (D) = 0.397 ± 0.040 ± 0.028
R (D*

) = 0.316 ± 0.016± 0.010

average

difference with SM predictions
is at 4.0σ level

BaBar

Belle

LHCb

R (D*
) = 0.302± 0.030± 0.011

⇒ R (D(*)
) =

BF(B→D(*)
τ ντ)

BF(B→D(*) l νl)

in 2016



   

B→D*+
τ ν at LHCb [LHCb-PAPER -2017-017]τ→3π(π0 )

need a strong background suppression:
B(B0→D*3π+X)/B (B0→D* τ ν; τ→3π)SM ∼ 100

⇒ detached vertex method

components of 3D fit (q2 , 3π decay time, BDT):

τ→π
−
π
+
π
−
ντ , π

−
π
+
π
−
π

0
ντ

Xb→D**
τ ντ

B→DDs( J)X
Xb→DD X

B(B0
→D*

τ ν)/B(B0
→D*3π) = (1.93± 0.13±0.17)

⇒ R (D*
) = 0.285± 0.019 ± 0.025± 0.014

(relative) yields constrained
from control samples

R (D) , R (D*) still at 4σ away from SM

anti -Ds



R (D) = 0.440 ± 0.058± 0.042
R (D*

) = 0.332± 0.024 ± 0.018

R (D) = 0.375± 0.064 ± 0.026
R (D*

) = 0.293± 0.038± 0.015

R (D*) = 0.336± 0.027 ± 0.030

R (D) = 0.340 ± 0.027 ± 0.013
R (D*

) = 0.295 ± 0.011 ± 0.008

average

difference with SM predictions
is at 3σ level

BaBar

Belle

LHCb

R (D) = 0.307± 0.037 ± 0.016
R (D*

) = 0.283± 0.018± 0.014

R (D(*)
) =

BF(B→D(*)
τ ντ)

BF(B→D(*) l νl)

R (D*
) = 0.270± 0.035 −0.025

+0.028

R (D*) = 0.280 ± 0.018± 0.029

Summary for B→D(*) τ ν
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∘ More modes used for tag-side hadronic B
than Belle , multiple classifiers

∘ Good performances on Belle II predicted
beam background conditions:

Hadronic full reconstruction at Belle II

45



   

Projections for Belle II R (D(*))

projection for 50 ab−1

Predictions of uncertainty using
hadronic full reconstruction:

Systematic uncertainty dominated
by D** and missed soft pions:

∘ Studies of D** l ν and D** τ ν planned
∘ Branching ratios and decay modes from data

46



   

Other observables from B→D(*) τ ν
Additional observables as Pτ(D

*
) (FL(D

*
)) and q2 distribution can help

discriminate between New Physics models

P τ (D
*
) = −0.38 ± 0.51 −0.16

+0.21

[Belle , arXiv :1612.00529]
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R (D(*)) =
B(B→D(*) τ ν)

B(B→D(*) l ν)
, in red

Rps =
τ

B0

τ
B-

B(B→τ-
ν)

B(B→π+ l-ν)
, in blue

R (π) =
B(B→π τ ν)
B(B→π l ν)

, in grey

Dashed: Belle II

B→D(*) τ ν and other observables

[Details in Watanabe et al , B2 TiP theory ]

where the four -Fermi operators:

48



   



   

cLFV : beyond the Standard Model

50

40

long -standing, and well motivated (particularly since the discovery
of neutrino oscillations) programme of searches for charged Lepton Flavour Violation
less stringent limits in 3rd generation , but here BSM effects may be higher



cLFV : beyond the Standard Model
τ LFV searches at Belle II will be extremely clean with very little background (if any ),
thanks to pair production and double-tag analysis technique.

Most improvement in coming decade is expected from Belle II , which can reach
1×10−9

[arXiv :1011.0352] and will do even better if can achieve∼ zero bckgd

In contrast , hadron collider experiments must contend
with larger combinatorial and specific backgrounds

[Belle , PLB 687:139−143,2010]

τ−→e−e+e− τ
−
→μ

−
μ
+
μ
− how to improve further ?

...considering τ→μ /eh+h−

in function of one prong
tag categories
...for τ→3muons ,
improve μ - ID at low mom
(ECL info)

⇒ 2×10−8 at 90%CL

[LHCb, JHEP02 (2015)121]

⇒ 5×10−8 at 90%CL



more observables...
C.Hati et al , arXiv :1806.10146

A .Datta et al , arXiv :1609.09078: interesting modes are τ→3μ , and Υ(3S)→μ τ



Belle II's first steps...

long way to go for 50 ab−1...

A .Gaz @ BPAC



PXD 
Exc.

RF Power up
& QCS upgrade

Fill pattern 
change

(1576->2500) ~50 ab-1

y
*0.5mm

y
*0.3mm

8×1035 cm−2s−1

Conclusion
∘ Few tantalizing results on rare decays in B sector covered in this talk ...

but much more in B decays: LFV searches, B→K (*)
ν ν , B → τ ν , μ ν ...

also in charm , charmonium , bottomonium, light Higgs, τ , DS, kaon sectors...
∘ Definitely not only complementary , but stimulating competition

between (super ) B- factory and LHCb (upgrade):
− for the expected: results on B(s)→μμ , B→K*

μμ , γangle...

− for the less expected: results on |Vub | , D*
τ ν ...

Conclusion



   



   

Lepton flavor universality
in the Standard Model

Fermion masses



   

Fermion masses



   

The electroweak currents



   

The neutral current



   

Angular analysis of Bd
0
→K * l+ l− decays

∘ Final state described by q2
=ml l

2 and three angles Ω= (θl , θK , ϕ)

∘ FL , AFB , Si sensitive to C7
(') , C9

(') , C10
(')



   

Angular analysis of Bd
0→K *μ+μ− decays

[arXiv :1512.04442]

Selection:

BDT to reject combinatorial background
Veto of resonant modes (control modes)

∘ Channel : B→K*0
(→K+

π
−
)μμ

∼ 2400 evts in the full q2 range



   

Angular analysis of Bd
0
→K *

μ
+
μ
− decays

∘ Projections of fit results for q2
∈ [1.1, 6.0] GeV2

∘ Good agreement of PDF projections with data in every bin of q2

[arXiv :1512.04442]



   

Angular analysis of Bd
0→K *μ+μ− decays

[arXiv :1512.04442]



   

Angular analysis of Bd
0→K *μ+μ− decays

data points systematically lower than SM [arXiv :1512.04442]



   

Angular analysis of Bd
0→K *μ+μ− decays

∘ Tension in P5
' seen with 1 fb−1 is confirmed

∘ Local deviations of 2.9σ and 3.0σ for q2
∈ [4.0, 6.0 ] and [6.0, 8.0] GeV2

∘ Naive combination of the two gives local significance of 3.7σ

[LHCb, arXiv :1512.04442 ]

∘ Form-factor less dependent observables P5
'
=

S5

√FL(1−FL)



   

Angular analysis of Bd
0→K *μ+μ− decays

∘ Tension in P5
' seen with 1 fb−1 is confirmed

∘ Local deviations of 2.9σ and 3.0σ for q2
∈ [4.0, 6.0 ] and [6.0, 8.0] GeV2

∘ Naive combination of the two gives local significance of 3.7σ

[LHCb, arXiv :1512.04442 ]

∘ Form-factor less dependent observables P5
'
=

S5

√FL(1−FL)

∘ LHCb, Belle and ATLAS show deviations in 4 < q2 < 8 GeV2 /c4

∘ CMS shows better agreement



   



NP or hadronic effect ?
Possible explanations for shift in C9 :
a potential new physics contribution C9

NP enters amplitudes always with

a charm -loop contribution C9
cc i
(q2
)

⇒ spoiling an unambiguous interpretation of the fit result in terms of NP

NP e.g. Z ', leptoquarks hadronic charm loop contributions



NP or hadronic effect ?

[W.Altmannshofer et al ,
arXiv :1503.06199]

[S.Descotes -Genon et al ,
arXiv :1510.04239]

Bin-by -bin fit of the one-parameter scenario with a single coefficient C9
NP

C9
NP doesn 't depend on q2 ,

C9
cc i
(q2

) expected to exhibit a non-trivial q2 dependence

⇒ definitely need more stat .


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69

