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B-physics anomalies

SM ~ respects LFU (Lepton Flavor Universality) = Ry ~ 1

Charged Currents

— B(B"=DF—7Ty) — B(Bf—=(J/y)TTv)
b Ac Row) = gesom(er g | R = BE= G
¢ [Rp: BaBar,Belle; Rp«: BaBar,Belle, LHCb] [LHCb]
%4
v (w/ SM) (w/ SM)
Neutral Currents
R _ B(B=KWutu) BRs and angular obs.
K& = BB=KMete) inb—sutu”
[Rk: BaBar,Belle,LHCb; Ry« : LHCb] [LHCb, Belle, ATLAS, CMS]
(w/ SM) | ~2.2—2.9¢ (w/ SM)

Pattern of deviations w.r.t. the SM —
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Close horizon

year 2012 2020 2024 2030
LHCb L [fb~1] 3 8 22 50
n(bb) 0.3 x 1012 1.1 x 10*2 37 x 1012 87 x 1012
NG 7/8 TeV 13 TeV 14 TeV 14 TeV
Belle (IT) £ [ab™!] 0.7 5 50
n(BB) 0.1x10'°  0.54 x 101 5.4 x 1010
Vs 10.58GeV 10.58 GeV 10.58 GeV

[Albrecht+'17 (and refs. therein)]

@ More data on the already measured channels
o New channels (with different backgrounds) &
new observables = test the consistency of the LFUV picture
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LHCb and Belle Il - FCCC

arXiv:1709.10308: J. Albrecht, F. U. Bernlochner, M. Kenzie, S. Reichert, D. M. Straub, A. Tully
Measurement SM Current World Current Projected Uncertainty’
prediction Average Uncertainty Belle I LHCb
5ab~!  50ab! 8fb~! 22fb~! 50fb!
2020 2024 2019 2024 2030
R(D) (0.299 £0.003)  (0.403 £ 0.040 £ 0.024) 11.6% 56%  3.2% - - -
R(D*) (0.257 £0.003)  (0.310 £ 0.015 £ 0.008) 5.5% 3.2%  22%  3.6%  21% 1.6%
—~ 0.34r ‘
E [ sp \‘\I\:
N’ [
& 032
0.3 i < assuming
F 56 y
028 m/,_ unchanged
c 96— central values
0261 [rHce  [Bellell g
L swm [*]Future WA [*]SM prediction ]
0-24 L L L 1 1
0.3 0.35 0.4 0.45
R(D)

Combined Belle Il and LHCb should be able to establish > 50 in Ry
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LHCb and Belle Il - FCCC

Rp), RDg*), R () RJ/w W/ relative uncertainties below ~ 5%:

A

[P. Owen @ Elba. Theo: Bernlochner+'16, Monahan+'16,'17]

o — 0w A oy 0O

-<R(D¥)
“R(D),
<R(D, )
<-R(A,)
+R(A%)
< RUMp)

it

/

Relative R(X ) uncertainty

phase I upgrade phase 1T

L L =
2025 2030 2035
Time/year

2 [T
(=]

Phase-Il will substantially benefit
R(Xc) measurements of Bs,/Av?,Be

hadrons.

Not accessible by Belle-ll.

For V,, and V,,, see talk by D. Becirevic
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LHCb and Belle Il - FCNC

[Albrecht+'17 (and refs. therein)]

Belle [I
Observable ¢? interval Measurement Extrapolations
0.7ab~! 5ab”!  50ab~!
R(K) 1.0 < ¢ < 6.0GeV? - 11% 3.6%
R(K) ¢% > 14.4GeV? - 12% 3.6%
R(K*) 1.1 < ¢ < 6.0GeV? - 10% 3.2%
R(K*) ¢2 > 14.4GeV? - 9.2% 2.8%
Observable ¢? interval Measurement Extrapolations
3fb! 8fb~! 22fb~! 50 bt
R(¢) 1.0 < g% < 6.0GeV? - 0.159 0.086 0.056
R(¢) 15.0 < g% < 19.0GeV? - 0.137 0.074 0.048
R(K) 1.0 < g% < 6.0GeV? 0.74579:079 40.036 [17] 0.046 0.025 0.016
R(K) 15.0 < g% < 22.0GeV? - 0.043 0.023 0.015
R(K~) 0.045 < g% < 1.1GeV? 0.667( g7 % 0.03 [18] 0.048 0.026 0.017
R(K™) 1.1 < ¢% < 6.0GeV? 0697757 +0.05 [18] 0.053 0.028 0.019
R(K*) 15.0 < g% < 19.0GeV? - 0.061 0.033 0.021
~ 2 % stat.

Combined Belle || and LHCb should be able to establish > 50 in Ry
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LHCb and Belle Il - FCNC

o LFU Violating obs. P." — P.* by LHCb, and Belle Il

e B, — pyu: e.g., discovery of By — pp by CMS (>2030)
o b dlil: eg, BB by | HCb (300 fb )

o BS — ES mixing [CKMfitter'13: see talk by S. Monteil]

Sensitivities of modes with v7 in the final state

Observables Belle 0.71 ab=!  Belle Il 5 ab=!  Belle II 50 ab~!
B(Bt — K+uvw) < 450% 30% 11%
B(B? — K*Ouw) < 180% 26% 9.6%
B(BT — K*tvp) < 420% 25% 9.3%
fL (B — K*0up) - - 0.079
fo(BT — K*tup) 0.077
B(BY — vir) x 106 < 14 < 5.0 < 1.5
B2TiP Report (in progress
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LHCb and Belle Il - FCNC

o LFU Violating obs. P." — P. by LHCb, and Belle Il

e B, — pyu: e.g., discovery of By — pp by CMS (>2030)
o b dlil: eg, BB by | HCb (300 fb )

o BSO — ES mixing [CKMfitter'13: see talk by S. Monteil]

Sensitivities of modes with v7 in the final state

Observables Belle 0.71 ab~! Belle IT 5 ab=!  Belle II 50 ab~!
B(Bt — K+uvw) < 450% 30% 11%
B(B? — K*Ouw) < 180% 26% 9.6%
B(BT — K*tvp) < 420% 25% 9.3%
fL (B — K*0up) 0.079
fo(BT — K*tup) 0.077
B(BY — vir) x 106 < 14 < 5.0 < 1.5

FCCC & FCNC: exciting times ahead w/ Belle Il and LHCb
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Outline

© Flavor physics at the FCC-ee
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Future Circular Collider @ CERN

e ete  collider stage:
Vs = 90,160,240,350 GeV 5 N s
e f .
o Clean experimental L 0 i
i g : \msev 28 1eme o @aseine ]
o All species of heavy flavors 5 " U :
@ Large boosts == 1
g 1E v [ |
o Excellent vertexing o 10 & [GeV]
@ Unique opportunities In total, 10’3 Z bosons

for Flavor Physics
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Future Circular Collider @ CERN

e ete  collider stage:
Vs = 90,160,240,350 GeV 5 N s
e f .
o Clean experimental L 0 i
i g : \msev 28 1eme o @aseine ]
o All species of heavy flavors 5 " U :
@ Large boosts == 1
g 1E v [ |
o Excellent vertexing o 10 & [GeV]
@ Unique opportunities In total, 10’3 Z bosons

for Flavor Physics

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.: Ly D =25 Ve [(ng'+€(i) Ev,Pib - "(1 — 75)1/4 +he.

~
SM: tree—level

[X.-Q. Li+'16, Alonso+'16, Celis+'17]

NC.: Ly D 2 Vep Vi1 [ (CR +07) 57, PLb - W(1—75)£]+hc.

SM: 1 loop

(|n faCt, CQSM (/J/b) _C].O (lu/b)) [Altmannshofer+'17, Capdevila+'17, L.-S. Geng+'17]

— Possibilities other than &) (1) and €] () not excluded!
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Flavor physics at the FCC-ee

Possible EFT interpretations

C.C.: Ly D =25 Ve [(ng'+€(i) Ev,Pib - "(1 — 75)1/4 +he.

~
SM: tree—level

[X.-Q. Li+'16, Alonso+'16, Celis+'17]

N.C.: Ly g0 D \f = Vi Vi 1§,rz {(C5M+5[) §y,PLb- 0yP(1 — 75)6] +he.
SM:1—loop
(In faCtr C(_)SM (/J/b) _C].O (lu/b)) [Altmannshofer+'17, Capdevila+'17, L.-S. Geng+'17]

— Possibilities other than &) (1) and €] () not excluded!

o) and €] 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]
/\NP ~ O(l — 100) TeV = direct searches, [Allanach, Greljo, Zupan: talks on FCC-hh]
low-energy (precision) observables
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Flavor physics at the FCC-ee

Common framework

[cf. di Luzio, Nardecchia'17]
/\NP ~ O(]. — 100) TeV = direct searches, [Allanach, Greljo, Zupan: talks on FCC-hh]
low-energy (precision) observables

At energies Ayp > vew,
and assuming no new light d.o.f. below ~ App:

[Glashow-+'14,Feruglio+'16,'17]

Lnp = /\T,l\,P (Cl G3.7" 931 - ZQL’YM%L + G G375, Z%LVMT‘?E%L)

— Here, illustrative only!
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Correlations w/ other processes

Lp = W%F (CL(Awp) Ga " ahy - Oy vl + Ca(Anp) Gy v gl - By vuTly,)

¢4

o/
Je
Ry

W Ry and R

W LFV 7 decays

® Z-pole observables
™1 R:/“

m Al

L
W LFV 7 decays
Z-pole observables
m R/

W2H2D

120 110 145 120 125 130 135 140

7/t /e
Ry Ry

EW corrections: LNV four-lepton ops., coupling of Z to leptons, etc.
[Feruglio4'17]
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Correlations w/ other processes: Z decays

Vector + axial neutral couplings from Ry = rh‘"‘d L A = 28d0ell)

g2 (f+e3(f)
[R. Tenchini]

fermion type Ga o

¢ 1.5x107* 25x 107*
y 25x107° 2.x107*
T 0.5x107* 35x 1074
b 1.5x 1073 1 x 1072
c 2x 1073 1x 1072

[
| Relative precisions

Improvements 1 — 2 orders of magnitudes with respect to LEP,
depending on the fermion

Important also for some concrete models (e.g., involving Z’ or LQs)
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Correlations w/ other processes: LNV Z decays

* Lepton Flavour-Violating Z decays in the SM with lepton mixing are
typically

B(Z — euT) ~B(Z — eF1T) ~ 1075 and B(Z — pF7T) ~ 4.1079°

* Current limits at the level of ~10-¢ (from LEP and more recently Atlas,
e.g. [DELPHI, Z. Phys. C73 (1997) 243] [ATLAS, CERN-PH-EP-2014-195 (2014)] )

« Following study by M. Dam on LNV:
B(Z = m*uF) <107 — 10710
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Flavor physics at the FCC-ee

BC lifetime (cf. talk by JM. Camalich)

b < BR(B:.—1v) m?
_ DR\ DBc—=TV) T Bc T
t BR(B.—Tv)SM T 1+ €+ mr(mp+mc) €p
ut 1.0
EXCLUSION REGION
08
SM —
T9PE =0 0. 52+8 18 ps = %06 oPE
T)
[B\gl 95,Beneke+'96,C.-H. Chang-+'00] = 04
m
_ 0 02
B(B: — mv) < 30% s
0.0

022 024 026 028 030 032 034

. Rp

- b

Suppressed coupling ¢p
[Alonso+'16; see also, Akeroyd+'17]

TH.input
FCC—ee Belle & BaBar =

_—_ —t— ]
BRey = BR(B — 7v) + £ BR(B: — 7v)
u
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b — sT7 transitions

@ b — s semileptonic decays involving
tension of data with the SM

@ Processes b — s with have not been observed so far:
B(BT — Ktrt77) <2.25 x 1073 @ 90 %:; [BaBar]
expected sensitivity at Belle [l of O(107%) to O(107°); s wen
also, B(B; — 7t77) < 6.8 x 1073 [LHCt]

@ LFU violation suggested by 1, e (to mention only FCNC),
room for LFU violation in taus
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Reconstruction of B — K*777~ events

Challenge: reconstruct events (mg, kinematics) where information
is missing due to the final-state neutrino in 7 — Hv

Conservation laws + :

{mT’ EH’?H’ ) } = ?T? ?u
{?K* - ?Kﬂ7 s } = mg, ?B

See talk by S. Monteil; similar technique for B — 77 (ongoing?)

SM simulation: parameters from ILD detector, for H* = 7¥r— 7+
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Signal and background fits

(Most relevant background comes from D mesons in b — ¢)
Results for baseline luminosity (10** Z bosons)

3\ .
0(10 ) signal events Op, = (Preconstructed - Ptrue)

= r — 100

5 qa0F S

> _F s [

& 120F G 8o
S oo g

> 100 [

s Tk € w

F < sop

© 60f S 4

o f wor

40F [

r 20

20F b

ok ob

4. -2

7 kin.: 2 50% events w/ a precision better than 0.2 GeV
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Set of b — s77 transitions

Ry = Rfé{e) and B — up
BaBar, Belle, LHC

FCC-ee:

¢

3 Rk )
Plane R, and B, — 77

[L.-S. Geng+'17]
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Set of b — s77 transitions

Ry = Rfé{e) and B — up
BaBar, Belle, LHC

' FCC-ee:
¢ Bx T/l
Plane R, and B, — 77

1 - ]
g é y Also:
vy y

0 —

Angular observables

-1 B py ] for b — s771
-2 ] and 7 polarizations
S s 2 T o0 1 2 3
6Ch
[L.-S. Geng+'17]
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Outline

© Ex. of a new class of observables
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Asymmetries in the 7 polarization

Decay products in 7 — Hv act as a self-analyzer

[Tsai '71, T. Hagiwara et al. '77, Kiihn et al. "84, Aurenche et al. '85, K. Hagiwara et al. '90, Rougé '90, Davier et al. '93]

Rest frame of the 7~

T Longitudinal: e =p-
T\ KxP
B Normal: ey = =——
T N xp ]
Transverse: er =eny X €.
-
[Hewett '95, Kriiger and Sehgal '96]

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

P dl(7* w/ spin along +ex)—dl (7= w/ spin along —ex)

~ dl(7% w/ spin along +ex)+dl (7= w/ spin along —ex)

m, — 0%: P reduce to 7% Left/Right chirality asymmetries,
while P7ﬂ57N vanish
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SM predictions for B — kK7t~ ameniomonteisemvysi

qmax (e ) ( eX)
Binned obs. :  (PE(K™)) = 1016 Gev2 & <dq2 )

s ceve 90° (d(ex) + %(—ex))

B(K*) x 107 = 1.30 (09) (22) (10) B

(Ars(K*)) = 0.203(15) (25) (04) B(K) X&W (—K1)->61:(87) (12) (09)
I )| = 0.560 (07) (28) (12) k Fﬁ: 0.246 (4) (6) (2)
[{PF (K*))| = 0.533 (18) (39) (02) + 0,

(PE(K )] = 0.03 (04) (11) (01) o (0 (60
|<7>i(K*)> 0.013 (01) (12) (00) N -

Uncertainties: form factors, OPE @& charm resons., Wilson coefs.
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SM predictions for B — kK7t~ ameniomonteisemvysi

o 2
1418 Gev? 99 (dq2(e ) - ( ex))

fhax dr
1415 Gey? 99° (qu(ex) + qu(—ex)>

Binned obs. : <P§(K(*))> =

B(K*) x 107 = 1.30 (09) (22) (10) =

) 0D ) (o8] B(K) de? (_K1).>61: (87) (12) (09)
I )| = 0.560 (07) (28) (12) I Fﬁ =0.246 (4) (6) (2)
[(PF (K*))| = 0.533 (18) (39) (02) * — o7

[(PF(K*))| = 0.03 (04) (11) (01) T e
|<pi(;<*)>\ = 0.013 (01) (12) (00) ! -

Uncertainties: form factors, OPE @& charm resons., Wilson coefs.

Clean differential quantities:

2
e (@) = B F(mer @) = 1o = 0.330(05) (10) (00)
2 _ 2 Al - I{ o
PR (@) = Xict a * fi(meke r: 4°) = [y = 0-68(3) (1) (0)
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Back to the B anomalies

° : bounds on B(B — K®vi) imply [BaBar, Belle]

|(5C9 |, |Cé |, |5C]_0 |, ’C{0| 5 O(].O) [Buras+ '14, Alonso+ '15; cf. Bobeth and Haisch '11]

@ New dim=6 operators much beyond the EW scale:

Ex. Of) = [0 QL L], Of) = [Qrue* QILir* o L]
2XC([CL%bL][TW“VT] + [ScyubddlTyt i)

1
For C2(3%3 ~ C2(3%3 =C=

Correlate Ry, Ry anomalies to b — sTHT: [BaBar, Belle, LHC]

enhance b — s7T7~ rates to O(10™%) [Buttazzo+'17]
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Case of real dcg = Onp: B — K*71

Branching ratio, K* (1077)
3.0,

Longitudinal -, K*
AN 2.5) ,/’I eemTIIIER 0.6
20} / 0.4
5' g 0.2
1,
v &
I e -8 -6 -2 2 "
-~ 1op -02)
et 0| VN -0ap -
o [ a1
[
-8 -6 -4 -2 0 2 W
Forward-Backward asymmetry, K*
.03
0.2 \‘\{
= — &
7 0.1 - -8 2 "
Vi
// &
-8 - 2 "
-0.1
- -0.2 I ]
- -03

o Ranges chosen for ~ SM-like B (SM: ¢§T ~ 4)
@ SM-like asyms. exclude a large set of dxp values
@ The double asyms. give a complementary picture
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Outline

@ Conclusions
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Conclusions

Overview

° will verify/rule out the B-anomalies
@ Direct searches: a case for FCC-hh

° . a case for FCC-ee

@ Associated effects are likely in to leptons

@ Channels accessible only to FCC-ee include B, — v
° : angular observables;

in tau polarizations
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Conclusions

Thanks!

(and apologies for any omission)
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Constraints on (EFS)(T*F'T*)

Indirect information from g/l = B(Bs — 7777) < 0.03,
B — X,7777 mimicking b — ulp, { = e, p,
Direct bounds from B — K*rt7r:

constraints |cs ag, ¢v.ag, cT.ag| S 10° (A, B =L, R)

©

©

(4]

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

With the direct bound, B(Bs — 7777) < 6.8 x 1073: [LHCH]

|cs.aB, cv ag| bounds roughly improved by a factor ~ 2

(4]

o SU(2), symmetry: exploit B — KMvi = ¢y 4 < O(10)
[Buras et al. '14, Alonso et al. '15]
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Background

Most relevant background comes from D mesons in b — ¢:

B® — DFK*9rty,., BY — D7 DFK*

St Feedi 358
& s0of 4 §%9 8 250
S S 300 S
3 o 4 g0 3
@ 400r q W ysof 00
200 9 100 sl
Ch annels my, GeVic? My, GeV/
D — 7'+7/T, Ei g
s T
B000F- g
+ +r—nrt KO : Te
Df = nrr T K/, ot -
n L0 o e o
— T o' © c ¢
s o feeed{ 5T
Sao00f- 4 Yo & 509
S 3 S S
§ F § 0o § 300
i Wznn W?ﬂu
S0 E| 100} 100f
m, GeVic? my, GeV/ my, GeV/c?
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SM operators and Wilson coefficients

Below EW scale, Hueak: bss = —455 Vi, Vi 3, i) Oi(110)

e

0; = my(5.0" br)F ., by(r
"7 1672 o(S0" br)F br N TL(R)
e? o 0y 10, O
Oy = (§L’Y#bL)7_"YuT 9,100 Y910
1672 TR
O = 16,2 (5.9 bL)TyusT

In the SM, P, depend on c¢;, T, cio, where “eff” includes

_____ [Buchalla et al. '95, Beneke et al. '01, Seidel '04]

MUOH data 5C(_l;, 5C:ﬁ), C”gl , C//llo [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(*) ¢,
or high (p.+ + p,—)? = ¢

[Horgan et al. '13'15: B — K*, B — ¢]

[Bailey et al. "15: B — K]

Correction for 77, 7: ops. of higher dimension & charm resonances =
for quantities defined over large bins, ~ 10 % x ¢S
@
Uncertainty of ¢S, c§, cio (ren. scale, s value, etc.): O(2 %)
[e.g., QED: Bobeth et al. '03]

[Grinstein et al. '04, Beylich et al. '11]
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Double polarizations

Also possible to define the correlated 7+ polarization:

() = |2 (65 )25 (—exe5)]— [ Lalen, )752(7; )]
a (eA7 )+%(—e;, )+i7r2(eAv )%( )

(PLL(K*))] = 0.35 (1.7) (2) (0.7)
(PL(K))| = 0.30 (1) (6) (2)

(Prr(K*)| = 0.05 (3) (9) (1)
(Prr(K))| = 0.68 (0.5) (2) (0.7)

[(Pun(K*))| = 0.09 (2) (8) (1)

[(Pur(K*))| = 0.00(2) (3) (0.7)

[{Pnnv(K))| = 0.20 (1) (9) (4)
[(Pr,7e(K))| = 0.33 (0) (3) (1)

[(Pru(K*))| = 0.28(0.9) (3) (1)
[(Puv,nc(K))| = 0.11 (0) (7) (0.2)

[{Prn,ne(K*))| = 0.05 (0.2) (2) (0.1)
[{(Prn,nT(K))| = 0.03 (0) (3) (0)
[{Prv,n7(K*))| = 0.00 (0.2) (3) (0)
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Distinction of NP models

@ )¢y = Onp,

@ dcg = —cy = dnp, and
o 5C9 = —Cé = —(5C10 = —Cio = 6Np
Transverse 1-, K Transverse 7-, K
056, 0.6
0.4, 04

Transverse 1-, K*

Longitudinal r-/Longitudinal +, K

Longitudinal r-/Longitudinal 7+, K

08 03|
06 08
-5 -4 -3 -2 -1 1 G d
-0.2 /7 =02
-0.4 -0.4
-0.6 -0.6 ~-08
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Clean differential quantities

P (K _ PEK)
P () =BG x F(mewr @) = L= = 0-330(05) (10) (00)

L \MMong i PL lon
e () = Shy 44T x fi(me k7, %) = [ = 0.68(3) (1) (0)

Pr (Kiong. HPF (Kiong. )|

08
05506 065 07 075 08 085 09

0s 03 o7 ] 0

(POlarlzatlonS fOI’ B — XSTJFTi) [Kruger and Sehgal '96]
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Case of real dcg = Onp: B — K77

Branching ratio, K (1077)
3.0 Transverse 7-, K

-2 -10 -8 -6 -4 -2 0 2

-2 -10 -8 -6 -4 -2 0 2

@ Enhancement of LL, NN asymmetries to values 2 0.8
@ T vanishes in the untagged case (B° — K° B° — K©°)

Luiz Vale Silva (University of Sussex) Review of LFUV studies 01 Fev 2018 8 /11



Pure imaginary 6 Gy = i dxp

In the SM, Im{c;"}, Im{c;"} come at higher orders = Py < P/ 1

Normal 7-, K*

0.2

[cf. Kriiger and Sehgal '96]

Longitudinal -/Normal 7+, K*
0.3,

0.2 mmmmmmm

[

-2

- 1

Similar modulations are also found for 6 C;o = i dnp
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7-lepton polarization in B® — D*r~ i,

o First meas. of the 7 longitudinal polarization in B® — D*7~

through 7= = 717w, 77 — p v, [Belle’16,'17]
™y
e/
B
e

@ The distribution of cos(f,,) gives the polarization
@ SD information carried out by the polarizations of the 7-lepton
[lvanov+'17]
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T-lepton polarization in B — D71v

e Final-state 7 — dv. (), d = {m, p,(}: self-analyzer (aoncoi17)
Fa(7 — d) = P, and Ay(q°) = FEA(9°) + FIP (4°)

A.: FB asym.; P,: perpendicular pol. (e.g. in the plane 7v,)

o Belle Il (full operation): 7 — 7v;, uncertainties < O(10 %)

d?Iyldg*dsy

dAdl'de

-

s¢ = Eq/+/g? (in the 7, rest-frame)
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