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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...
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/ .
Y Y and/or add new long- distance ops O,
Experiment Theory

m Model-independent description in effective field theory
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= 2 orders of magnitude smaller than b—sy but rich NP search potential

o electromagnetic penguin: C, .
Amplitudes from - vector electroweak : c, may mte.rfer.e
- axial-vector electroweak: C,, w/ contributions from NP

Many observables:
o Branching fractions

o Isospin asymmetry (A,), Lepton forward -backward asymmetry (A.;), CP asymmetry ...
o and much more...

= Exclusive (B»K'"1"1), Inclusive (B+X,1'1")
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o Start with b>»sy

b->1ls




b->1ls

b

o Start with b->sy, pay a factor ogy =

- Decay the y into 2 leptons

137



b

o Start with b=>svy, pay a factor oy

- Decay the y into 2 leptons
o Add an interfering box diagram
< b=lls, very rare in the SM

B(B»11K')=(3.3+1.0).10°°



b

b

o Start with b->svy, pay a factor oy
- Decay the y into 2 leptons

o Add an interfering box diagram :—+——»—

- b-=lls, very rare in the SM gy

B(B~»11K)=(3.3+1.0).10°°

o Sensitive to Supersymmetry, Any -
2HDM, Fourth generation, Extra
dimensions, Axions...

o Ideal place to look for new physics



b

o Start with b->sy, pay a factor agy V. We VL
- Decay the y into 2 leptons

o Add an interfering box diagram
< b=lls, very rare in the SM

B(B~»11K')=(3.3+1.0).10°°

o But beware of LD effects:

o Tree b->ccs, (cc)~>1l
o Can be removed by mass cuts T
o Interferes elsewhere t | oo

4 [m(p))?



First observation
B —K*utu Event
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Situation pre-LHCDb

o Channels: K»K'n , Kea", K'n’,l=eoru

B->K'1'1” decays

illustration: g* €[0.0, 2,0] GeV?
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Lepton flavor universality (LFU)

\ /7

How do the SM gauge bosons couple to charged leptons of different flavors?

Universality in neutral current interactions

UIU = VIV =Taxs = Lo = (S8 + Byl + 77,7 (9,4" + 922)

The photon and Z-boson couple - -
with the same strength to the three lepton families I Universality

How do we test this feature of the Standard Model?

B BR (X o Ye;r E;)
" BR (X o Ye;f fjj_)

/ N

L7 ]

Ry

SM expectation Experimental results
m;'; ,
Ry =1+0 < We’'ll see...
my



Test of LFU with B*K’pu and B*K ™ ee, R, ..

Two regions of q° 7 s
2| & |
o Low [0.045-1.1] GeV?/c* = ,
3] oI5 ( 9 @)
o Central [1.1-6.0] GeV?*/c* ol pias)
i
Different q° regions probe [,F T i -
different processes 7' Cy Cg” and Cig
in the OPE framework Aol sl o1
short distance contributions u =
described by Wilson coefficients .
4 [m(p))? B

Measured relative to B’ K™ J/y(11) in order to reduce systematics

Challenging:

— due to significant differences in the way u and e interact with detector
— Bremsstrahlung

— Trigger




Strateqgy

o Measured relative to B’ >K °J/y(1l) in order to reduce systematics

Ry~ =

B(Bﬂ—? K #UJ’J #—} h(BIJ #[] —I— )
B(B— K*Jpp (= ptu~))

Selection as similar as possible between pp and ee

» Pre-selection requirements on trigger and quality of the candidates
» Cuts to remove the peaking backgrounds

» Particle identification to further reduce the background
» Multivariate classifier to reject the combinatorial background

» Kinematic requirements to reduce the p|artially—remﬂ5tructed packgrounds
» Multiple candidates randomly rejected (1-2%)

Efficiencies

» Determined using simulation, but tuned using data




Strategy

o Measured relative to B’ >K °J/y(1l) in order to reduce systematics
B(B'— K*utu) / B(B"— K*ete™)

B(BY— KXJhp(— utu))/ B(BY— K*Ja)(— ete™))

R0 =

o High occupancy of calorimeters (compared to muon stations)
= hardware thresholds on electron E; higher than on muon p;
(LO Muon, p;>1.5, 1.8 GeV)

3 exclusive trigger categories:

o LO Electron: electron hardware trigger fired
by clusters associated to at least one of the
two electrons (E.>2.5 GeV)

o LLO Hadron: hadron hardware trigger fired
by clusters associated to at least one of the

K ’decay products (E,>2.5 GeV)

o 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 (LHCD)
> Electrons emit a large amount of bremsstrahlung that results in

degraded momentum and mass resolutions

> Two types of bremsstrahlung

» Downstream of the magnet

- photon energy in the same
calorimeter cell as the electron
- momentum correctly measured

Upstream - Downstream
» Upstream of the magnet brem -" ~__ brem

- photon energy in different
calorimeter cells than electron

- momentum evaluated after
bremsstrahlung




Fit results — uu
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Fulls Candidates per 34 MeV/c2

Fit results — ee
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Yields

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

e At I TR K Jhp(— £187)
low-q® | central-g2
ptum  |285F 18| 3531 % 274416 + 52
ete” (LOE) | 55+ 2 G 43468 T 322
efe” (LOH) | 13+ 5| 19+ ¢ 3388 + 2
ete= (LOT) | 21+ 58| o5+ I 11505 * 118

In total, about 90 and 110 B> ee candidates at low- and central-q°,
respectively



Results

LHCb Preliminary low-g* central-g*®
R g0 0.660 * 3110+ 0.024 | 0.685 * 2113 + 0.047

95% CL [0.517-0.891] 0.530-0.935]

99.7% CL [0.454-1.042 | 0.462-1.100]

8 8
7 7E
6 6F
5 SE
4 4f
3 3E
2 2f
1 1

The measured values of R, .. are found to be in good agreement among
the three trigger categories in both g° regions



Results

B 5M from CDHMV

SM from EOS -
¥ SM fom flav.i I .
LHCb Preliminary # SM fom JEEW i . LHCE Preliminary

IIIIIIIIIIIIIIIIIIIIIII [L[:IIIIIIIIIIIIII
1 2 0 o 10

+ PRD 86 (2012) 032012
« PRI. 103 (2009) 171801

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

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



Test of lepton universality using B'»K"'1'1” decays
arXiv:1406.0482

Ratio of branching fractions of B'»K"e'e” and B"»K"u"u" sensitive
to lepton universality
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Test of lepton universality using B'»>K'1'1” decays

larXiv:1406.6482]
< 300F ﬁ}r LHCb 4 = 40 LHCb -
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R, : ratio of branching fractions for dilepton invariant mass squared range 1<q*<6GeV?/c*

-o-LHCh —g-BaBar - Belle

o The combination of the various triggermg I o e o o

channels gives: 5 LHCD

R, =0.745 2% (stat) + 0.036(syst) F : :

- Most precise measurement to date, — ‘} TEE

disagreement with SM at 2.6¢ level - ‘+ Rx(SM) =11

0.5 [LHOb - PRL 113, 161801 m

= B(B'»e'e K')=(1.56" 12(stat) "o oe(syst))x107" ity
compatible with SM predictions T T oy

BSM LFNU and effect is in up, not ee 7 [GeV*/c']



Test of lepton universality using B'*K”1'1” decays

no evidence of New Physics in a series of ''clean'' flavor-changing observables,
such as AF=2,but also b»sy but ...

- I The ''clean'' Lepton Flavor Universality ratios:

l
Br(B->K®uu
/I/ / RK(*)_ ( )

" Br(B»K%Yee)

_m +:
W W . .
b i : s SM prediction very robust: Ry (SM) =1
t [up tiny QED and lepton mass effects]
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Test of lepton universality u51 gB’ ->Kl 1 decays

= _) [Belle, arXiv: 1908. 018438]
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Test of lepton universality using B'>K"”1'1" decays

—a-LHCh —gBaBar —Belle
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Model candidates
< Model with extended gauge symmetry b ’ b leptoquark s D s
/
v’ Effective operator from Z’ exchange % E
v Extra U(1) symmetry with flavor dependent charge z' - @ ¢
. '
< Models with leptoquarks
H z

v’ Effective operator from LQ exchange
v Yukawa interaction with LQs provide flavor violation Leptoquarks are color-trlplet bosons that

carry both lepton and baryon numbers
< Models with loop induced effective operator

v" With extended Higgs sector and/or vector like quarks/leptons Lot of those models predict also LFV
v' Flavor violation from new Yukawa interactions b-»sepn,b>ser,...



Differential Branching Fractions

Results consistently lower than SM predictions
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Sheldon Stone (LHCD)

=i Should we believe LFU violation?

Yes
R measurements are double

ratio’s to J/y, check with
K*Jhp—ete/utu
=1.043+0.006+0.045
Z(B-—Ke*e") agrees with
SM prediction, puts onus on
muon mode which is well
measured and low

Both Ry & R-. are different
than ~1

Supporting evidence of
effects in angular
distributions

No, not yet
Statistics are marginal in
each measurement

Need confirming evidence
in other experiments for Ry
& Ry

Disturbing that Rg- is not
~1 in lowest g4, which it
should be, because of the
photon pole

Angular distribution
evidence is also
statistically weak

DPF, August, 2017

26



Test of lepton universality using B'>K”1'1” decays

Model candidates

v Effective operator from Z' exchange
v Extra U(1) symmetry with flavor dependent charge

< Models with leptoquarks

v’ Effective operator from LQ exchange
v" Yukawa interaction with LQs provide flavor violation

< Models with loop induced effective operator

v" With extended Higgs sector and/or vector like quarks/leptons

v" Flavor violation from new Yukawa interactions

b s
b, leptoquark s b , 5

X )] )]

"N\

L

ZI

f po
p p

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

Lot of those models predict also LFV
b->seu,b>serx,...

G .Isidori, FPCP 2020: correlations among b-s(d)11' within the U(2)-based EFT

up (ee)
b—s R, Rg= B — K" 11
020%)] [ 100xsM |
b—d | By — uu B —mn1rt
B = muu [ — 100xsMm |
B, — K" uu

[020%) [Ry=R,]
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(*) [ B.Capdevila et al,
B>K" 't< arXiv:1712.01919]

q° range for predictions for B-» Ht"t : from 4 m? (~ 12.6 GeV?) to (m, — m,)?
to avoid contributions from resonant decay
through ¢(2S), B>Hy(2S), ¢(2S)» 1"t

predictions restricted to q°> 15 GeV*:

B(B>Kt 't )y, =(1.2+0.1) 107’

X + — _ -7
B(B2K 't )gy=(1.0+0.1)10 greatly enhanced in NP models...

O Ry« &R 20
1 & Rpym&Rpp 1o
B Br[B.=T11]
B Br[B-=K"11]
B Br[B-=Kri]
O Br[B:=g¢11]

Br = 10¢

11 1.2 1.3 14 15
RylREM



B->oK®tx
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(*) [ B.Capdevila et al,
B>K" 't< arXiv:1712.01919]

q° range for predictions for B-» Ht"t : from 4 m? (~ 12.6 GeV?) to (m, — m,)?

to avoid contributions from resonant decay greatly enhanced in NP models...
through (2S), BHy(2S), ¢(2S)>t't” - . . . .

predictions restricted to q°> 15 GeV*:

B(B>Kt 't )y, =(1.2+0.1) 107’
* 4 _ _ -7 O Ry« &R 20

B(B»K t't )g,=(1.0+0.1) 10 | Rakon 1

8 Br[Bs—11]

| W BrlB=+K"11]

B BrlB-+Krr]

O BrBs=¢11]

Br = 10¢

strategy used: [BaBar, arXiv:1605.09637 |
B fully reconstructed (had tag), t" 21" v,v,

ol backgroind :
zmi mostly B~ D(*)I\Ti, D(*)')Kll Vi

150F

04

Entries/().

100F

[(]]‘ el ANAD RN - -
04 02 0 0z 04 06 08 | 1.2 14 16
MLP output

BaBar's result with had tag: B(B*"»K"'t't )< 2.25 x 10° at 90% CL

[Belle II, arXiv:1808.10567]
Observables Belle 0.71ab™" (0.12ab™") Belle Il 5ab™"  Belle Jladgh™’

Br(Bt — Kt7r+t7—) - 107 < 32 < B.5 ‘ < 2.0 ,
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Test of lepton universality using B'>K”1'1” decays

Model candidates

v Effective operator from Z' exchange

v Extra U(1) symmetry with flavor dependent charge

< Models with leptoquarks

v’ Effective operator from LQ exchange

v" Yukawa interaction with LQs provide flavor violation

< Models with loop induced effective operator

v" With extended Higgs sector and/or vector like quarks/leptons

v" Flavor violation from new Yukawa interactions

G .Isidori, FPCP 2020: correlations among b-s(d)11' within thé

b S

b_  leptoquark s b 8

7! X ()] 1)

"N\

p p

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

Lot of those models predict also LFV
b->seu,b>serx,...

2)-based EFT

up (ee) T WV
b—s Rk, Rgs B—-K"1r | B—K®wy
(oo
b—d | By— uu B — 11T B—mvv i
B—mpp [ — 100xsM | :
B, — K™ up :

[020%) [Ry=R,]
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LFV b->sll'decays

Glashow, Guadagnoli and Lane, 1411.0565, LUV = LFV, such as B»Kue, Kut
are also generated...

0.5

- =
- -

= Dbest current results:

A .Crivellin et al, 1706.08511

05 ' 00 ' 05 10
ClF=—Ckp nu
1 Cg

M Br{u—ey]<5.7 - 10773 with @y
M Br{i—ey]<5.7 - 1073 with V{
B Briu—ey]<5.7 - 107" with V{

W bosufu (10)

b o st (20)

----- Br[B = Kife®] - 10° with y = 1/2

e Br[B = Kpite™] - 108 with y = 1

- - - Br[Bo Kite™] - 108 with y = 2

- BaBar: BF(B»Ku“e")<3.8x10 ®at 90%CL (arXiv:hep-ex/0604007)
> Belle: BF(B»K™ u"e")<1.8x10 " at 90%CL (arXiv:1807.03267)



LFV B->K'11' decays
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S.Sandilya (UC), KT (LAL)

[Belle, arXiv:1807.03267]

E N._. P'JTTTL BUL
Mode e e
(%) (10°7)
B K*ute 88 —-1577 52 1.2
B K*'u—e* 93 04073% 74 16
B"— K*"u*e™ (combined)| 9.0 —1.18785 80 1.8

B(B°»K™ u'e )<1.2x 10" at 90%CL

B(B°»K u'e )<1.6 x 10" at 90%CL

Belle II can get 90% UL at 10° level with 50 ab™'
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R(D) and bspup

L .Calibbi et al, arXiv:1709.00692
BriB—K r u]x105 AHDBLEL al, abaly
HIx10°

0.7

0.6

0.5

R(D") 2er
5 m RDY) 1o
| Cy'=-Clp 2¢
m C§'=—Cif1c

0.4
T o
Ly

0.3

0.2

0.1

0.0 05 2

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
o 1
S =5; 5 o
BF(B>Ktu)<4.8x107° @ 90% CL

BaBar, arXiv:1204.2852

hadronic tag



LFV B>K<tl(l=e, p) decays

focus on K (K" or K2), t=2evv, uvv, av, pv " [Belle & Belle II]

Leptonic
Multiple tracks remained
event is rejected. 108% <

* Hadronic tag

tag side : signal side

- H o Hadronic I
adronic tag ~
BN1167
255 %
ﬂ.15‘__IIIIIIIIIIIIIIIIIIIIIIIIIIII__' a 183&
' T Mass —sig
“1%F observable cf E * For t>mv, pv channel, kinematic cut is useful to
0.12F gen suppress BG.
a1 —jpsi * TV
a.08E ] e — Monochromatic momentum of mtin 1 rest frame
0.06 | | E * 1>pv->nnly
0.04 — l — — Monochromatic momentum of p in 1 rest frame
ll[ — Invariant mass of tr’
= z Pd b i i 5 i i} — L . L .
1 15 I > Y. 06 07 08 08 1 11 1z
M:  mass p_chg_ta
. . *)0 . e RANABEAERABA AR RAARE REARARRARE R AN RAREE R
dominant BG is B*>D'"%uv (e.g. (KnX),uv in tonv case) oz cig 3
02F J
h . o 0.18F cf 3
y 1, T 0ieE - 3
1 / o : cont
Tag side ‘% {ﬁ? ===l [Slgnal] 0.14F _gen 3
decay eV 012 E
1=(290.3+0.5) fs fl 01 E
cr 87.03um v“ 0.08F E

e W, T, p {ZI.EIEE ;
Tag side % - "’ [Dﬂj..l,\" BG] EE:E_ =

decay 0
—A101Z15)1s 0 010203 040506070808 ;
ct=122.9um 36 ' eec

L9/6




LFV B»K=zl(l1=e, p) decays

[BaBar, arXiv:1204.2852]
strategy used: B fully reconstructed (had tag), t* 21" v,v,, (nx’)xv, with n>0

using momenta of K, 1 and B, can fully determine the t four-momentum
unique system: no other neutrino than the ones from one tau (# B>tv, D7 tv...)

=i

B'— K'ty* B"™— K't'u
o g s, e
u 2 94 =2 F 1
= F . = 2E E
v - = = =]
= wkz=z 4 = s= ]
g8 Piz 8 B2 ]
= ogf=2 4 Z gD E
o o — =
# = 14F =
5 o 5 12 .
= = B
e HoE 3
4= + 5 E

|

iJ.\_
-
LN

1]” .5 II.ll I Ilﬁl - 2 25 3 2 25 3
m, (GeV/c) m, (GeV/ic’)

B(B*'»K't u")<4.5x10°at 90%CL, B(B*'»K't'u )<2.8x10° at 90%CL
(also results for B»K"'t"e”, B3x"t"u", B2xn't"e” modes)
[Belle II, arXiv:1808.10567]

Observables Belle 0.71ab~! (0.12ab~!) Belle Il 5ab~' Relle I1 50 ab~?
Br(Bt — K+t7%eF) - 108
Br(Bt — K+t7Eu¥) - 106
Br(BY — 7+&¥F) - 105
Br(BY — 7% u¥F) . 108

= can we do better ? combining hadronic tag with an more inclusive tag...
= can do K'te, K tp with similar sensitivity ...
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. anything else ?

0.5

. LHCb Preliminary

ool v v b L
0 b 10
+ PRD 86 (2012) 032012 o [Ge‘l."zjc‘I]
= PRI 103 {(2009) 171801

b-s
anomalies

Found by LHCDb (and perhaps
hinted by Belle)

Many observables: global pattern
Neutral current

1-loop (and CKM-suppressed)
in the SM

The New Physics can be heavy




Event reconstruction in B> D"t v at B factories
B

Btag —tag

* hadronic tag
D B B->D"x, D(*)p...

K
wk e ~0.2%
+

semileptonic tag

p. B->D"1v X
B ;2D 'tv
T2EeVV, uvy, T+
tnv, na’y, 3wV
(70 % of all © decays)
+
W ,
H

Require no particle and no energy left
after removing B,  and visible particles of B,

main signal-background discriminator u
2

m, s = (pee - ptag - pD(*) - pl)2

il
c O

2

m
2HDM (type II): B(B»D+t'v) =G 15 |V, | f(Fy, Fy, —tan’p)
m

2
H+

uncertainties from form factors F,, and F, can be studied
with B»Dlv (more fog‘én factors in B»D tv)



B> D(*)‘IS v [PRL 109, 101802 (2012)] t

Entries/ (0.5 MeV)

s
=
Ql

Events/(0.25 GeV?)

Events/(0.25 GeV?)

g

s

= Purity: 75%

Eff.: 0.40%

1,768 decay chains

5.28

5.29

V., Ve -
. w

.."..-..‘ T_‘ '-._. ‘_-.‘ t_
Bsig R a2 o
AN
et o

and p,

Vr

.~
K* K° "l
X,
> 2D unbinned fit to m?,_
o fitted samples

— 4 D”1 samples (D°1, D1, D1 and D™*1)
— 4 DYx"1 control samples (D" (1/t)v)

i .
i = D~tv and D tv clearly observed
E 1(!05— 10sm?_ <120GeV?, D"”‘ é g 10sm2, <120GeV
% ; U Dy % g
5 50:_ .Dw g E] :

I e :

P 03 1 15 3 BD*v o5 1T 15

¢ lDlv B (Gev)

m2,. (Gev)

Events/(100 McV)

10sml_ <120GeV’, D

+

100-

Events/(100 MeV)

—

05 1 15 2
m,, (Gev) B (Gev)



B-)D(*)'cv

SM Aver. M Aver.
Ddde 02 —— 535M BB
R —t— A B 232M BB
059 016 | | 020 ~+—e—— | 657M BB
0szoal | " Dz —— 657M BB
0440 - 0,072 | e i ot (411M BB )
02 04 06 08 ' ' | '

o combined 3.4 0 away from SM : B B |
o doesn't fit 2HDM Type II 0 02 04 06 08 1

o Belle will show its new result this winter Dy (G



R(D*)

Summary for B»D%tv

in 2016
(*)
% BF(B>D 'tv
= R(D")= ( o) o BaBar
BF(B~>D"1v,) R(D) = 0.440 + 0.058 = 0.042
9.5 —— —————r—r—————1————1—— R(D)=0.332+ 0.024 + 0.018
" = BaBar, PRL109,101802(2012) : u
~ = Belle, PRD92,072014(2015) Ax*=1.0 1 Belle
045 LHCb, PRL115,111803(2015) 71 |R(D)=0.375+ 0.064 + 0.026
= Belle, arXiv:1603.06711 - ¥
U 4 : = HFAG ﬂ\-’ﬂl‘ﬂgﬂ, P(xZ) =67% : R(D ) - 0.293 + 0.038 + 0.015
TE T SMprediction 4 R(D')=0.302+ 0.030 = 0.011
0.35— —
0.3= =
- 4 average
025 L ) PRDOT 545102015, R(D)=0.397 + 0.040 + 0.028
R(D*‘), PRDS‘ﬁ,ng-UZﬁ(ZUIE) P Wintar 2016 R(D*) =0.316 + 0.016 =+ 0.010
U. 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 . . . .
%.2 0.3 0.4 05 0.6 difference with SM predictions

is at 4.00 level

R(D)



B->D *tv at LHCD

need a strong background suppression:
B(B°»D 3n+X)/B(B°»D tv; 123y, ~ 100
= detached vertex method

: v B o

b - - 3

2000 LHCD &

E i Preliminary =l

Z1500 n -

= =

o =1000

5 1000 —

¢ E

8 500 % 00
E

L}
ot
[
=
=)

1
1

I

—t

Ln

=

=]
1
1

Candidates / ( 0.00025 ns

3

-
b=

[
(=]

Candidawes | { 000025 ns |

Candidates /| 1.375GeV* / ¢* ) Candidates /{ 1.375GeV®/ ¢* ] Candidates/ { 1.375GeV®

=" -

q'.! (chﬁ C4}

0 [LHCb-PAPER-2017-017]
123 n(n")
K= e K: -
&\: » /,1 T oD 8 . o
\ » \ . \
\\’\. Dn. 5 $ 5 O
v 4 o v
1 B . e S —
p N. :Z;ZZ}; N \‘,j_'f'\i;; : E
SR = ' ' E
= B LHCb simulation J
I L DX _:
Z 10 = D*DX 3
P M
48] ]{j2 = =

—
[}
L

—10 0 10 20
QZ'HGAZ

components of 3D fit (q°, 3= decay time, BDT):

g 400
= -+ - - + -0
= T2 T T V., T T T V, anti-D
é 200 Xb-)D TV, ®
-
B=>DD,;X (relative) yields constrained
X,»DDX from control samples

B(B°»D"tv)/B(B°»D 3x)=(1.93+0.13+0.17)
= R(D)=0.285 + 0.019 + 0.025 + 0.014

R(D), R(D) still at 40 away from SM




Summary for B>DVtv

R(D*)

Ll

0.35

0.3

0.25

0.2

44

(*)
R(D(*))_ BF(B_)D TVT)
- *
7 BF(B->D"1v,)
W' 1) BaBar
H ¢ R(D) = 0.440 = 0.058 + 0.042
R(D)=0.332+ 0.024 + 0.018
u u
Belle

I B | ] R(D)=0.375+ 0.064 + 0.026
[ [ HFLAV average Ay’ =1.0 contours ] R(D’) =0.293 + 0.038 + 0.015
- Licels 1 R(D)=0.270+ 0.035 '5.528
B BaBar12 |
= - = R(D)=0.307 + 0.037 = 0.016
- e - R(D)=0.283+ 0.018 + 0.014
— — LHCDb
N 5 R(D")=0.336 + 0.027 = 0.030
. ":I.E' Belle19 " Bellel5 ]
B ] R(D") =0.280 + 0.018 + 0.029
B Bellel7 7]
. + Average of SM predictions HFLAV & average
B R(D) = 0.299 +0.003 |_Spring 2019 |+
- R(D*) = 0.258 £0.005 po-2% 1 | R(D)=0.340 = 0.027 +=0.013

T Y Y R(D")=0.295 + 0.011 + 0.008

R(D)

difference with SM predictions
is at 3o level




Hadronic full reconstruction at Belle 11

# channels # channels
(Belle) (Belle 1)

D*/D**/Dg* 18 26 o More modes used for tag-side hadronic B
DO/ D* 12 17 than Belle, multiple classifiers
B* 17 29
RO 14 26

Belle v1 (2004) Cut based (Vcb)

Belle v3 (2007) Cut based 0.1 0.25
Belle NB (2011) Heurobayes 0.2 0.25
Belle Il FEI

(2017) Fast BDT / 0.5 0.25

o Good performances on Belle II predicted

Improvement to tagging efficiency in Belle || beam background conditions:
Hadronic charged B Hadronic neutral B

g T Thaenwe 1 €07k o BdlleliMe

g 1? ¢ without background é 0.6;— e without background E

% 08 e with background - % 05F e with background ]

0.6; ] 04f :

i 0.3F .

0.4 ] - 1

i 0.2F r

0'2; ] 01; _E

0 o030 aa 50 60 70 B0 2073040 50 60 70 80 90

45 purity (%) purity (%)



Projections for Belle II R(D")

projection for 50 ab™*

—~ 0.5
é Belle Il Projection
@ —— Belle Combination
—— Babar
0.45 LHCb
. . . . —— World Combination
Predictions of uncertamty using - SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)
hadronic full reconstruction: 0.4

AR(D) [%] AR(D*) [%]
Stat Sys Total Stat Sys Total 039
Belle 0.7abt 14 6 16 6 3 7
Bellell5abl 5 3 6 2 2 3 0.3
Bellell50 abt 2 3 3 1 2 2

U

02 11 1 | 11 1 | I 11 1 | I 11 1 | | 11 1 | | 11 1 | I 1 1 1 1 | 11 1 1
' 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

R(D)

I|IIII|IIII|IIII|IIII

ST

1 ¢ contours

IIII|II

Systematic uncertainty dominated
by D" and missed soft pions:

> Studies of D" 1v and D" tv planned
o Branching ratios and decay modes from data
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Other observables from B->D"tv

Additional observables as P,(D") (F, (D")) and g* distribution can help
discriminate between New Physics models
Projections for P_(D") at Belle |l

[Belle, arXiv:1612.00529]

* +0.21 Stat. Sys.
= — =+ w
P‘(D ) 0.38 £0.51 o6 P(D%) uncertainty uncertainty
at 5 ab 0.18 0.08
at 50 ab™! 0.06 0.04
g L B ——
~ : elle rojection : 2 *
D_'_ | :e::e I(|::ml:ina:tion | q S p e Ct ru m B _} D TU
05 ; zzla:;r:ditlon: PRD85 094025 (2012), PRD87 034028 (2013) ; 5 Oab_‘l p rD] e{:t] Dn
= Vector PRD87 034028 (2013) T
- Tensor - n B
i 1 81200 1 .| *
T
0 — o 1000}
| i 800F
0.5 — ; ] 600
| _— \/ i 400
! N i 200
02 0.25 0.3 0.35 0.4

9 10 11 12
47 R(D*) o (GeVeic)



B-» D" tv and other observables

~ OS5 g
=) u - . *)
T T el e rroieston. ICHEP 2016 Preliminary . R(D") = B(B-»D “’) _in red
0450  poter = B(B>D']
- LHCDh _
0 4: _:r:rmm{;??m::?mmm{ﬂmm PRDS5 094025 (2012) . R .= b B(B-)r V) in blue
e | E s Tp B(Baatlv)’
u ] B(B>ntv) .
0.35— — R(m)= , 1n gre
- : %)= B (Banly) - 97V
0'3;_ _; Dashed: Belle II
0.25F = 3 e
B 1 o contours i o
0-2_| 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 111 1 | 11 1 1 | 11 1 1 | 111 I_ |.

025 03 035 04 045 05 05 06

" q R(D)
—Leff =?‘+"ﬁﬂ?I-'1",?,l}[{ T = (_"”-' )y C:,.H )

Vo, 51,52 T
o g8 ) oy (G108 )
+ Y. cEgrog],
X=

where the four-Fermi operators:

Di-ri-w ) _ (qy" PLb) (Fyu Prve)
OV = (" Prb) (7 PLve) .
OF™) = (qPrb)(7PLwx) .
Dgw ) _ (GPLb) (TP,
Ol — (qo PLb) (70 PLik)

[Details in Watanabe et al, B2 TiP48eory]



. LHCb Preliminary
B 1 1 I 1 1 1 1 I 1 1 1 1

Belle ]

0 5 10 15 20
= PRD 86 (2012) 032012 qz [Gevz,n’cﬂ

« PRI 103 (2009) 171801

b-s
anomalies

Found by LHCDb (and perhaps
hinted by Belle)

Many observables: global pattern

Neutral current

1-loop (and CKM-suppressed)
in the SM

The New Physics can be heavy

0.35

0.3

0.25

0.2

T T T T T T T T I
BaBar, PRL109,101802(2012)

C - -
- Belle, PRD92,072014(2015) Ay” = 1.0 contours .
E LHCb, PRL115,111803(2015) . 3
r Belle, PRD94,072007(2016) e=== SM Predictions i
C Belle, PRL118,211801(2017) R(D)=0.300{8) HPQCD (2015) E
L LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)
[ [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) __]
C = h ]
2| l 20 =
C B o HFLAY B
C FPCP 2017 |
— P() = 71.6% —]
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I
0.2 0.3 0.4 0.5 0.6
R(D)

b-c
anomalies

Found by several experiments
(LHCb, BaBar and Belle)

Two observables: R(D) and R(D*)
Charged current

Tree-level in the SM

The New Physics must be light




cLFV:

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 hi

bevond the Standard Model

2 Cc®
5! . &TH%,{; L=Lsm+ o)
Busm(m — wy) = UZiUpi—5—=
32w miy
T3 Topy Tountr T pKK ot pn T — unp®
Model Reference Ty Toupp  4lepton —4 e v - - - — -
SM+ v oscillations EPJ C8 (1999) 513 1040 1040 dipole — Ob v v v v - -
: Oy — - - v (I=1) v (1=0,1) - -
SM+ heavy Maj vr PRD 66 (2002) 034008 10-® 10-10 ol - B v/ (1=0) /(1=0.1) B B
Non-universal Z' PLB 547 (2002) 252 109 108 spton-gluon —»O¢ S = v v = -
SUSY SO(10) PRD 68 (2003) 033012 10+ 10-10 ‘ s AUEDIC A
Of— - = = = v (I=1) v (I=0)
mMSUGRA+seesaw PRD 66 (2002) 115013 107 10° b O _ _ _ _ _ v
SUSY Higgs PLB 566 (2003) 217 1010 107 — lepton-quark Celis, Cirigliano, Passemar (2014) ‘
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cLFV: beyond the Standard Model

1t LFV searches at Belle II will be extremely clean with very little background (if any),
thanks to pair production and double-tag analysis technique.

S 0ol @t ve ete

o . S
< ' Ll ieaant

AEUEE R

I./f
ook R T So
b
1.7 [.8

m_.. ( GeV/¢ )

AE (GeV)

[Belle PLB 687 139 143 2010]

lat 90%CL

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

how to improve further ?

..considering t»>n/eh*h”
in function of one prong
tag categories
...for 13 muons,
improve u-ID at low mom
(ECL info)

Background modes normalised
to Dg—n(uuy)uv (BR ~ 107

Deca Relative
[LHCb, JHEP02(2015)121] channel abundance
T IF |'-1"| b tgs ....... {['[J a[]]}u 3 5 ]
= . {p1p € [0.75, 1.0 3 — v
> LHCb ] s—N(uuy)u
B b ' Dy —@(uuv 0.87
£ Dy—n' (ppy)uv 0.13
5 Ji D—n(upyuv 0.13
e o (O
. o ]fr{)?r_u ) If{[f".-ﬂ"fﬁl D Ld{p}i}}h 0.06
= 5%10%at 90%CL  D—pr(mw 0.05

Most improvement in coming decade is expected from Belle II, which can reach
1x107° [arXiv:1011.0352] and will do even better if can achieve ~ zero bckgd



more observables...

C.Hati et al, arXiv:1806.10146
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A .Datta et al, arXiv:1609.09078:

interesting modes are t>3u, and Y(3S)>ut



Total integrated Weekly luminosity [fo~1]

Belle I1's first steps...

Belle Il Online luminosity Exp: 7-8-10-12 - All runs

Integrated luminosity

mmm Recorded Weekly
| = [Lrecordeadt =74.101fb71]

/

Plot on 2020/07/04 05:36 ST

I 80
F 70
I 60
”-50
“--40
30

20

Total integrated luminosity [fb~!]

long way to go for 50 ab™'...

Publication opportunities with 75-200 fb™

» FEI performance;

A.Gaz @ BPAC

> |Vch| from hadronic g moments, inclusive |Vuh| from lepton endpoint;

» Inclusive and FEI tagged b — s y;

» Inclusive B" — K'v v;

» FlavorTagger performance;

» B lifetime and mixing;

s First combined Belle + Belle II analysis on BPGGSZ D

> DD, (D, A_)lifetimes;
> B A+ invisible;

* 1 Imass measurement;
* 1 - lao;

Consider also “non competitive”
physics channels that display
good Belle IT performance

+ 7’ — visible and invisible, Dark Higgsstrahlung;
= ALPs — yy(y), Dark Photon, ... ;



Conclusion

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

but much more in B decays: LFV searches, BoK"”vv, B> tv, uv...
also in charm, charmonium, bottomonium, light Higgs, t, DS, kaon sectors...

o Definitely not only complementary, but stimulating competition
between (super) B-factory and LHCD (upgrade):

— for the expected: results on B »uu, B-»>K uu, yangle...
— for the less expected: results on |V |, D tv...

HL-LHC era

Rumn 1 Rumn 2 Rumn 3 Run 4 Runm 5+
(2010-12) (2015-18) (2020-22) (2025-28) (2030+)
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Lepton flavor universality
in the Standard Model

Fermion masses

In the SM, fermions get their masses via Yukawa couplings with the Higgs doublet ¢

For example, for the leptons:

_ 1 0
¢ ; F = = |
Ly =Y A Peg + hoe. = E (v+h)Y. ( UV € )L ( ) ) er + h.c.
M.
= M. erep + i heérer + h.c.
)
where
M, = v Y. 3x3 charged lepton
V2 mass matrix

Similarly, one obtains

My =—7=Y;

I:f; = M. erep + M urug + ﬁ/fngLdR + h.c. ; )
= e, u,d



Fermion masses

« |t is remarkable that the same mechanism that gives mass to the gauge
bosons (SSB), also gives a mass to the fermions

« Neutrinos do not get a mass. This can be traced back to the absence of
right-handed neutrinos.

« In general, these mass mass matrices are not diagonal: they must be
diagonalized to get the mass eigenstates and eigenvalues

Biunitary transformations

]

— .t -
Jo=Usjn My = UM, V;

fr=Vifr
? f For example, for the charged leptons:
gauge mass -

gigenstates eigenstates ME — UJJMEI’IE — diag ('I'TLE._, T”;u T”'TJ



The electroweak currents

In order to find the fermionic currents we must expand the fermion Kkinetic
Lagrangian:

_ 1‘_-’ . g_.f F . gf
Lyin D €1, (ﬁfﬁ“ﬂx — EBH) YL 4+ 4, (ﬁfﬁ"{’ru T EB.M) ar.

2 -1
— / L f ,
_Efi‘.g B;r.’".,fﬂﬁﬁ-_ + Ur § _g' B“f':r'“-u R — dﬁ E (}’ B“"}fﬁdﬁf

— g*}i I_.if_flfl _I_ ﬂJEH’IE” _l_ y’}ﬁ I"]i"raﬁ _I_ g-' L}j" Elr:.
—_—— —_—

' ¢

Charged Neutral
current current



The neutral current

Loc = gJ W +¢'JY B"

1

3 — I ‘ = - ETE e —_ g i
'-'F;J. - 5 (L’LF}';LVL — ELYuEL + Uy, VUL d!x’}fﬁ.d}:)

1 . _ . _
J: = § (_3 YL — SELFTM.EL +urypur + dL’f,u-dL
—6€rVuer +4UrVuur — 2drYudR)

After some basic algebra:

; g 3 . 2 em L
. Fem qp _ . /
Lo = eJ), AP+ cos O (Jﬂ sin® Oy J), ) A
ith  J™ = .J3 4 JY = 1A = gsinfy = g’ cos b
wit p = Jp Ty =) arfwt e = gsinfy = g’ cos Oy
F

An observation about the neutral current:

UTDT — VTV — ]ISXS = ?X"fp.fX - ?X(T#ifx
(X=LorR)

The neutral currents are diagonal (and universal) in flavor space
There are no flavor changing neutral currents (FCNC) at tree-level

7 4 e in contrastto 1" — Su

Fundamentally this is caused by the fact that fermion families are exact replicas.
This was the original motivation that led Glashow, lliopoulos and Maiani (GIM) to
postulate the existence of the charm quark.



Angular analysis of B) > K 1'1” decays

- Final state described by q° = m; and three angles Q = (0,, 6., ¢ )

d d
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o F,, Agg, S; sensitive to C,/, Cy', Cy,



Angular analysis of B, >K n'u~ decays

S _ .
o Channel: B»K O(—)KJ'JE )MM A0 [aTXIV:1512.0444:2]
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Angular analysis of B, > K pn*p~ decays
larXiv:1512.04442|

- Projections of fit results for q° €[1.1, 6.0] GeV”
> Good agreement of PDF projections with data in every bin of q°
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Angular analysis of B, >K n'u~ decays
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Angular analysis of B) > K p'n~ decays

"ql ]

data points systematically lower than SM larXiv:1512.04442
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Angular analysis of B, >K n'u~ decays

. S
o Form-factor less dependent observables P, = -

_ 1 \/FL( 1- FL)
Q. g : | I I :
| SM from DHMV ]
O.SZTL ® LHCb Run 1 analysis ]
- _+_' 0 Belle arXiv:1604.04042 ]
= ﬁ
i + :
- _F 1{' i
_1_ [l | 1 I I | | 1 1 I 1 1 1 1 I 1 ]

0 5 10 15
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[LHCb, arXiv:1512.04442]

- Tension in P, seen with 1fb ™' is confirmed

> Local deviations of 2.9¢ and 3.00 for g° € [4.0, 6.0] and [6.0, 8.0] GeV~
o Naive combination of the two gives local significance of 3.7 0




Angular analysis of B, >K n'u~ decays

. S
o Form-factor less dependent observables P, = >
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[LHCD, arXiv:1512.04442]

- Tension in P, seen with 1fb ™' is confirmed

> Local deviations of 2.9¢ and 3.00 for g° € [4.0, 6.0] and [6.0, 8.0] GeV~
o Naive combination of the two gives local significance of 3.7 0

o LHCD, Belle and ATLAS show deviations in 4 < g* < 8 GeV?*/c*
o CMS shows better agreement



= Belle dﬂes bo’[h e’'s & u 'S (PRL 118, 111801, 2017)
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NP or hadronic effect ?

Possible explanations for shift in C,:
a potential new physics contribution C;' enters amplitudes always with

a charm-loop contribution C:°'(q?)

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

New physics

b

NP e.g. Z', leptoquarks

cc loop I

hadronic charm loop contributions



NP or hadronic effect ?

Bin-by-bin fit of the one-parameter scenario with a single coefficient Cy"

[ W AItmannshofer et al, [ S.Descotes-Genon et al,
arXiv:1503.06199] arXiv:1510.04239]
o L 0s
| 0.0
X -1 %}—O.SJ ffffffffffffffffffffffffffffffffffffffffffffffffffffff
O _2j I I -1.0 Il',,,____ ___________Glclbalj“____,',_,,_f,—,,_,_,,_f,_,,_,_,
15 ___I" ! rry -1 """""">">"">">">"">"7/"">""7/"7/ "
_3 i
| 20 - f
4 0 5 10 15 20
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C;' doesn't depend on q?,
C:°'(q’) expected to exhibit a non-trivial q° dependence

= definitely need more stat.
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