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Recent rare B decays results
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Belle(II), LHCD side by side

Belle (I1) LHCb
e'e »>Y(4S)»bb pp~>bbX

production of B*, B", B_, B_, A, ...
but also a lot of other particles in the event

atY(4S): 2 B's (B® or B*) and
nothing else = clean events
(flavour tagging, B tagging, missing energy

o,; ~1nb =1 fb' produces 10° BB
~1/4

= lower reconstruction efficiencies

o,; much higher than at the Y(4S)
5 [GeV] | 0.5 [nb]
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HERA pA

42 GeV

~30

~10°8

Tevatron

2 TeV

5000

~104

LHC

B TeV

~3x10°

~ 5x103

14 Te ~6x10° ~102

bb production cross-section at LHCb ~ 500,000 x BaBar/Belle !!
much lower than at the Y(4S)
= lower trigger efficiencies

O‘bB/O‘total

B mesons live|relativey long

mean decay length fyct~ 200 um mean decay length g yct~ 7 mm

data taking period(s) (displaced vertices)

[1999-2010]=1 ab™" [run 1: 2010-2012]=3 fb™",
(2019-...]= ... [run II: 2015-2018] = 6 fb™!

(near )l future

[Belle II from 2019] > 50 ab™* 3 [LHCD upgrade from 2021 ]



B pp: ultra rare processes...

loop diagram + suppressed in SM + theoretically clean =
an excellent place to look for new physics

B ptu B uty~ higher-order FCNC
7 ut A ut allowed in SM
W+ o 9
W+ 0 I:l: B(B.,~»u"u )=(3.65+0.23)x10
B ¢ Z B ; 1_; B(B,»u' 1 )=(1.06+0.09)x101°
s W S W B [ Bobeth et al,
H PRI 112 (2014) 101801]
By — ptp~ B)— ptp
b pt 1) N | same decay in theories
X+ 10 X7 extending the SM
BY  ti4> X BY ¢ 7 (some of NP scenarios
)ﬁr may boost the B>uu
s - S W= - decay rates)




Leptonic decays

BE{,}, — i~
TaGL M2, sin' Gy,
Sy

BR(Bgy =+ £1¢7) = |C1oVisVog | Fampm; :-:‘ - —

Branching ratio proportional to the lepton mass squared

BR(B) +717) BR(E, +ptw)

BR(BS, —+ p*p~) " ml BR(B), — ete} m3

Helicity suppression, same reason why the pion decays into muon
instead of electron = true only in SM

ER{B:L] —uTuT) _ TeyMps Fﬂ‘g Vig

2
.HRI::B[D.] —]"F+F_ - Tgo M ge FBE' F-h]l

All parameters either measurable or calculable with high precision

valid only in Minimal Flavour Violating Models
(where the flavour structure is described only by CKM)

In a ''general'' NP scenarios, the branching ratio of B leptonic decay
is given by
2 2
BR(B? — p*p™) & (1 - —35)|Cs — C5f* +|(Cr — Cr)? +2_3(C1o — Cio)|?
B B
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B pup: ultra rare processes...

= \ 4

B U T ———

E * >|< A

- v W

L, . S - S

= i u

- * S

§_?~"i’ _____________________________________________________________________________________

= | X CLEO /\ Belle

= % ARGUS [ ] BaBar

— | VV vA1 BB LHCb

= | Yr¥¢ CDF ¢ ¢ cms

E | YV L3 { ATLAS

— | AA DO @®® CMS+LHCb

= 1 1 1 | [ 1 | 1 ] I | 1 | | : s

1985 1990 1995 2000 2005 2010 2015
Year

"'I'm too old for limits,
I want to see signals"'
(Francis Halzen)



B »u pn results

S
CMS and LHCb (LHC run ) 6 most sensitive bins
ocWeET T T T T T T T LU
s F ata ] 0 + =\ _ +0.7 -9
%145— i%ﬁ;ﬂalfr}dhadtymnd _E B(BS-)M M ) - (2.8 _06>>< ].O
S"E — M - | first observation: 6.2¢ significance
g oF Bl Oy, + —)_ +1.6 -10
E a: n ——ﬁeal;n;hhg.hhgl —f B(B _)M 2 ) - (3'9 —1.4)><]‘O
© e * [ 4| first evidence: 3.0 0 significance
N R / \ ‘ +<I_ =
T IV ESNE:
Y R Ut S TN T .
e [arXiv:1703.05747]
.
~ , , SM: heavy state decays to u"u"
o 35 Total ey
= a LHCH Bﬁi - first lifetime measurement:
Q S +  +
s 30F e Bty t(B,»u'u’)=2.04 + 0.44 + 0.05 ps
- g BDT > 0.5 L
\“: s 1 e Combinatorial P08l =G =0 s =n/2
Z ) S I— Boh'l | M)
8 20 mm Bl T W,
_8 BO(H% 120 1t T;: 04l .
o TR 2l ,.
,% 15 = Ay P U, o e =i
I w B IR, Ep et
s, M ol | "II froe; [Pl =1; pp =0 |]
i Y + CNRR NP | \ + I S P | e = 1Pl -110%]
IIIIIIII l ., ‘,_-"'i'l L] = - |P|=1]5|=0 Excluded at 95% C.L.
5000 5500 6000 R =BRay(B, — p*u-)/BReu(Bs — ptu)
mg. [MeV/c2] [De Bruyn et al., PRL 109, 041801 (2012)]
0 - 0.3 -9 « s
B(B,»>p'pn )=(3.0 £0.6 *,,)x10"" (7.8 0 significance)
0 - ~10
B(B’»u'pn)<3.4x10"° @ 90%CL




Constraints on NP models

From D. Straub, arXiv:1205.6094
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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 C;

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

m Model-independent description in effective field theory

4GF oyl
?'I{E- - Vi th {:jﬂf—FE;ﬂ;
7= ——=VaVi Z
Left-handed Right-handed, mﬂb suppressed

m Wilson coefficients C}’:' encode short-distance physics, ﬁ}}:’} corr. operators

b s b—sy B—puu b— séf
i O photon penguin v v

’ L Cﬁg} vector coupling v
x C?E]}' axialvector coupling v v

; f

x CT[;:}'P (pseudo)scalar penguin v

s £ 9



= 2 orders of magnitude smaller than b—sy but rich NP search potential

o electromagnetic penguin: C, _
Amplitudes from - vector electroweak : c, may lnte.rfer.e
o 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

h

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

- 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-2>sy, 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



Vi Vi
b s b | > :
_ AR
Wy
j f
o Start with b=2>svy, pay a factor oy Ve WV

< 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:

T T .2
- _ el = /4 (1S)
o Tree b=ccs, (cc)~»1l *| .
(1) o (25
o Can be removed by mass cuts i
o Interferes elsewhere P eves

4 [ (p))?



First observation
B —K*utu Event
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Lepton flavor universality (LFU)

\ /

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

Universality in neutral current interactions

U'U=V'V =133 = L. = (@"f‘uﬁ+ [yt + ?f:m?‘) (g, A" + gz Z")

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 — Y&:;r E;)
" BR (X o Ye;f Ej_)

N

1F ]

Ry

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



Situation pre-LHCb

B->K'1'1” decays

* — 0 0 1\ *
o Channels: K »K'n ,Kgn',K'n',l=eoru [arXiv:0904.0770]
illustration: g €[0.0, 2,0] GeV*
B
22t
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i 125_ 0 F
¥ QEE @
£ g
= ik
E ;: — ,_a_?\‘--’" 5 .k +,« .5
D-i I-U.ITE -'::.EI-D.I?EI |:I| IU.:EE-I'::E ID.I'JEI 1 I:l-"| -D.?EI-[:.E -':'.IE:-MI |I:| I':'.:':.'ill D!EI':'.El'il-—'|
cosB,. cosf, N
- L1 1 L1 1 L1 1 L1 1 L1 1 | 1 1 | L1 1 | L1 1
n 2 4 6 8 10 12 14 16 18 20
| :-;FL cos? B« + -i{l — F1)(1 —cos® k) ] x e(cos ) q°(GeV?/c?) @ = M
= M2,

| %F;ﬂ[l — cos? O0g) + %{l — Fi)(1 + cos? Ogy)
+A;.‘fg COs H,r;.f ] * E{_{:DH ﬁ'm} :

R..=0.83+0.17 + 0.08
R, =1.03+0.19 + 0.06




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

. 2 =1 =
Two regions of q { (1)
2] & |
o Low [0.045-1.1] GeV?/c* £ ,
o 0@
> Central [1.1-6.0] GeV?/c? ol p(25)
dr,
Different q° regions probe [,F _— .
different processes 7' Cy ‘9" and Uy
in the OPE framework et s
short distance contributions DI opega
described by Wilson coefficients . il
4 [m(p))? fudi

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




Strategy

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

Ry~ =

B(B'— K*¥u*tu™) h(B”% fx *ote )
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 backgrounds
» Multiple candidates randomly rejected (1-2%)

Efficiencies

» Determined using simulation, but tuned using data




Fit results — uu
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Fit results — ee

Fulls Candidates per 34 MeV/c2

m(K xee) [MeVict]
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Results

RS SN ==

B 5M from CDHMV !

SM from EOS -

¥ SM from £lav. i = .. i

LHCb Preliminary ® Mbam IO [ LHCb Preliminary e ]

I A TN T A T N O [T I B N ﬂ.ﬂ""lllllllll ]
1 2 0 b 10

=
L

=
o

15 20
« PRD 86 (2012) 032012 qz [Gevzfc‘l]

» 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'2K'1'1” decays

[arXiv:1406.6482]
Za00f g LHCh 4 = 40 LHCb -
- + Bt s putp-K+ A - . Bt — ete— K+]
: | | 2 a0 :
~; 2001 I _ Full £t 1 = I ~ Full Bt .
; - II % B Comb. background - "u'" ED; + + I|I B Coanb. background —: - - —
oA i 4‘ | ] o = : Part. reco. J|q° & [], G E:i.'“"r'l__."[f'1
l:-; 100} [ II 7 '_"E B ]
E I i = 10 4| Electron Trigger
3 &&M I ° :
2200 2400 ablo 2000 5200 2400 2600
m{KTun) [MeVic] m(K*ete) [MeV/c]

R, : ratio of branching fractions for dilepton invariant mass squared range 1<q*<6GeV?/c*

—e-LHCh —gBaBar —aBelle
o The combination of the various trlgger R AR o

channels gives: LHCb ;

R, =0.745 0% (stat) + 0.036(syst) F : )

- Most precise measurement to date, It } I

disagreement with SM at 2.6 level n ; b RK<SM) - 1_

L B(B're’e K') = (156721 stat) 9% (syst))x 107 | e e o
compatible with SM predictions T T TR

BSM LFNU and effect is in up, not ee g [GeVic]



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 ...

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

l
Br(B-)K(*)p.u.)
/I/ / RK(*) -

" Br(B»K%Yee)

_m +:
Wi W . .
b i © s SM prediction very robust: Ry (SM) =1
t [up tiny QED and lepton mass effects]
516— ¢ 1g[ Belle 2019
OC - Belle 2019 o [ Preliminary
. Preliminary B
1.4 T 1.4
12T 12F
1 1
- [l | 5 ?’
0.8 i = 08—
B - —— Belle 2019 B = —e— Belle 2019
06 B 1 LHCb2019 0_6 B LHCb2017 .......................................................
- BaBar 2012 -1 BaBar 2012
0.4 sz GV 0.4 ==="8M JHEP 07,093 (2018)
0 | | | 5 | | | |10 | | | |15 | | | I20 | | | I25 O 5 10 15 20

? (GeV?/c? R (GeV?/c?



Test of lepton umversalltv u51 gB’ -)Kl 1 decays

s _) [Belle, arXiv: 1908. 018438]
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SN rrojections 1orhir 0.5 Projections-for R(K")
B RS . L : :
- NS, a2l 2 Fo f Y
0.2- s‘_;.:" -I- ¢ € (0.1,4.0) GegV : 0.4 3 ' __ i € (0.045,1.1) fGQV
8 RS o €(4.0,8.12) GeV C = of €(1.1,6.0) GeV2
0150 B, - ¢ € (1.0,6.0) GeV? BRI - € (15.0,19.0) GeV?
UL e, 0.3 N = E0045 GEVA
0.1F 0.2k BT
~ C Y Py, . ‘.r'u,.’
: C L .... . ’t,‘h. :. "c,.
0.05F 0.1F
B - 5 : il T """""“'-m-....J:J::::":'f’;';,'.‘t
0 1 1 — - ""?
1 10 L 4 0 1 10
Integrated Luminosity (ab") Integrated Luminosity (ab™)



Test of lepton universality using B'* K11 decays

—a-LHCh —gBaBar —Belle

- ﬁ:\l.\__f E_ 1 1 T T I T T 1 1 I 1 1 1 1 I T T T I 1 1 |
K : LHCb -
i 1-5:_ . _:
; K + Ry(SM] =1
3 _ T M4
N @ LHCb E ;- i
- _ M BaBar - = .
- LHCb Preliminary Belle ] 0.5 LH YR 113 | —
1 . —— i BaBar - PRD 84 {201%) 032012 ]
0 5 10 15 20 _ alle . PILL 109 reoee 1rienll A
= PRD 86 (2012) 032012 q2 [Gevgfc‘i] R | _ o ' "I' -
. PRL ]['3 {;["]9_] ]T]-S']]- I:Il:J 1 1 1 1 5 1 1 1 1 II:I 1 1 1 1 15 1 1 1 1 EI:I 1 1
¢ [GeVi A
Model candidates
< Model with extended gauge symmetry b ’ b leptoquark s D s
/
v’ Effective operator from Z’ exchange % !
v Extra U(1) symmetry with flavor dependent charge z' - ¢ ¢
- [f
< Models with leptoquarks \
H H

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-se u, b>sex Jooe



Differential Branching Fractions

Results consistently lower than SM predictions

dB/dg? [10°® x ¢%GeV?

nﬂllll
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Sheldon Stone (LHCD)

. Should we believe LFU violation?

Yes
R measurements are double

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

Both R & Rg- 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 g2, which it
should be, because of the
photon pole

Angular distribution
evidence is also
statistically weak

DPF, August, 2017

26
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+ PRED 86 (2012) 032012
+ PEL 103 (2009) 171801

7 [GeV?/<f]

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

anything else ?
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Event reconstruction in B>D' 'tv at B factories

B

Btag —tag

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

K
wk e ~0.2%
+

semileptonic tag

b B-»D"1v X
B ;2D ‘tv
TEeVV, uvy, T+
tnv, na’v, 3wV
(70 % of all v 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, iss = (pee - ptag — Ppo — pl)2

ol
c O

2
m
2HDM (type I1): B(B»Dt"v) = Gy 15 | Vo |°f(Fy, Fg, —-tan’p)
M
uncertainties from form factors F,, and F, can be studied

with B->Dlv (more fog?l factors in B»D tv)



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

Entries/ (0.5 MeV)

Events/(0.25 GeV?)

Events/(0.25 GeV?)

s

:

= Purity: 75%

1,768 decay chains

Eff.: 0.40%

-----

5.28 5.29
mps (GeV)

-
e -” -

> 2D unbinned fit to m?,_
o fitted samples
— 4 DY1 samples (D°1, D1, D1 and D™*1)
— 4 D"x"1 control samples (D" (1/t)v)

= D<v and D tv clearly observed

and p,

E [ § [ 10sm2 <120GeV*

50 § 100
5 [ = i

T R
p* (Gev)
9

2 > 1 10sm?_ <120GeV’, D'
E i lm- i
: g | ;
g ¥ a
: g

m2, (Gev)

- T T i
B (Gev)



B->D"tv

SM  Aver.
BaBar 2008 ! il S
042z 013 i |
Belle 2009 il ; .
059z 0.16 i !
Belle 2010 il it
135« (.11 .
BaBar 2012
0440 = 0.072 il
! ) b 1 L 5 1 il
D2 0.4 (1.6 0.8

M Aver.
D4 0.12 —i 535M BB
030- 008 | H—e— 232M BB
0472 010 . | e57M BB
043+ 008 . 657M BB
03332 0,030 —— (471M BB )

o combined 3.4 0 away from SM
o doesn't fit 2HDM Type II
o Belle will show its new result this winter

03 04 05 06
R(D¥)

0 02 04 06 08 1
tan8/my . (GeV™)



R(D*)

Summary for B»D%tv

in 2016
(*)
* BF(B->D TV
- R(D") = ( 5 3 BaBar
BF(B~>D"1v,) R(D) = 0.440 = 0.058 + 0.042
0.5 ———————————T—T—T—T————1— R(D)=0.332+0.024 + 0.018
- —— BaBar, PRL109,101802(2012) 5 .
- = Belle, PRD92,072014(2015) Ay =1.0 1 Belle
045 LHCb, PRL115,111803(2015) 71 |R(D)=0.375+ 0.064 + 0.026
= Belle, arXiv:1603.06711 - ¥
U 4 B = HFAG Avcrage, P(xz) =67% 7 R(D ) - 0.293 + 0.038 + 0.015
B SMprediction 1  R(D)=0.302+ 0.030 + 0.011
0.35— —
0.3= =
- 1 average
025 L ) PRDO 545102015, m R(D)=0.397 + 0.040 + 0.028
R(D*‘), PRDS‘S,D94[]25(2[]12) Fral, Wintar 2018 R(D*) =0.316 £+ 0.016 =+ 0.010
0. 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 . . . .
%_2 0.3 0.4 0.5 0.6 difference with SM predictions

is at 4.00 level

R(D)



B->D "tv at LHChb

T-)?)TC(TEO) |[LHCb-PAPER-2017-017]

need a strong background suppression: . \ & ’
* * \ Ve N\
B(B°»D 3x+X)/B(B°»D tv; 13w, ~ 100] . B
= detached vertex method e .‘ o " :
22000 - . . ) - ": PV Azz40y; b \'::‘f T ;'T
i LHCD o . E x :
% ; Prelimimary ?ﬁlﬁﬂﬂ ’
‘El]ﬂﬂ -1 = :
= i ~ 0T ' ' =
glm :—_:llilﬂﬂ = B LHCb simulation
- g < gL N
,:! ? u -D"'C\" ]
z +,1000 107 3 3
E - »
El 10E
:_g 500 - 1
& 10 0 10 20

L
=]
=]

Candidates / { 0.00025ns |
by
=
=)

3

-y
b=

]
[=]

Candidates | { 000025 ns |

Condidates /| 1.375GeV" /¢* ) Candidates /{ 1.375GeV? /¢ Candidaes/ ( 13750V

=" -

qE [chﬁ I:4J'

AZ/Gp
components of 3D fit (q°, 3x decay time, BDT):
9 B v, T T T V.
Xb->D**rvt

B->DD, X } (relative) yields constrained

anti-D,

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>D%tv

R(D*)

0.35

0.3

0.25

0.2

7_+

_ BF(B->D"tv.)
BF(B->D"1v,)

R(D(*))

>3
N

gl
S O

[ HFLAV average Ax® = 1.0 contours

LHCb13S

BaBar12

3o

LHCb18

_/ Bellel5

III|IIII|IIII|IIII|III

i Belle19
Bellel7
-+ Average of SM predictions HFLAV
R(D) =0.299 +0.003 |_Spring 2019 |
R(D*)=0.258 £ 0.005 P(xz) =27% N
1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0.2 0.3 0.4 0.5
R(D)
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BaBar

R(D) = 0.440 + 0.058 + 0.042
R(D')=0.332+ 0.024 + 0.018

Belle

R(D)=0.375+ 0.064 = 0.026
R(D') =0.293 + 0.038 = 0.015

R(D")=0.270 + 0.035 9928
R(D)=0.307 + 0.037 + 0.016
R(D )= 0.283+ 0.018 + 0.014

LHCDb
R(D*) = 0.336 + 0.027 + 0.030

R(D")=0.280 = 0.018 = 0.029

average

R(D) = 0.340 = 0.027 + 0.013
R(D")=0.295 + 0.011 + 0.008

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

ST 2:30-7;—  BelelimC 1

5 1__ e without background | E 0.62— e without background E

% 08f ¢ with background - % 050 ¢ with background ]

0.6; ] 04 E

: 0.3F 3

0.4 5 - 1

i 0.2F .

0'2} ] 01; _E

ot 2|0 3‘0 4‘ 5'0 Blo 7b 8‘0 : 20 '3|0' B l4l0i a ‘5J0‘ B 'GIO' B ITXOl B ‘8‘0‘ B ’9;)

3;7 purity (%) purity (%)



Projections for Belle II R(D")

\ /7

projection for 50 ab™*

—~ 05
Q 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 0.7ab! 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 1 | 11 1 | | 11 1 | I 11 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

e

1 0 contours

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 q” distribution can help
discriminate between New Physics models
Projections for P_(D") at Belle Il

Belle, arXiv:1612.00529]

¥\ _ +0.21 . Stat. Sys.
PT(D )_ 0.38 £0.51 36 P(D) uncertainty uncertainty

at 5 ab 0.18 0.08

at 50 ab™! 0.06 0.04

1 T T T T | T T T T I

Belle Il Projection

Belle Combination

SM prediction: PRD85 094025 (2012), PRD87 034028 (2013)
Scalar

Vector } PRD87 034028 (2013)
Tensor

P(D*)

q? spectrum B -»D" v
50ab-' projection

0.5

IIl|IIII

| 1T 1T 1 | T T T 1

0.5 = _\_:/

al
N[ T T T T
o
oyl
()]
©
w
o
w
(8)
=]
~

9 10 11 12
39 R(D*) qE {GE"U'IQ.I'IGE}



B~ D(*)‘CV and other observables

R(D*)

0.5
B Belle Il Projection . _ ( D( )’CV) .
~  —— Belle Combination ICHEF 2016 Preliminary . R(D ) ” , in red
0.45— _— pabar i (B_)D( )
— LHCD N
B — Wor inati ] - .
04 - gml?m{;?c'::’nmgzmmﬂmm, PRDB5 094025 (2012) — Rps — 1: (B ‘C+V) in blue
n . B B(B->rc I'v)
- ] B(B>ntv) .
0.35— — R(m)= , In gre
: 3 %)= B(Bonly) T I
L - Dashed: Belle II
0.25F s 1 ——
B 1 o contours ] N
0 2 _I 1 1 | 11 1 1 | 111 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 I_ - [
) 025 03 035 04 045 05 055 06 -

’ f q R(D)
_"I'r‘:liff ZEEE(;‘IIQJ} |:':_ E-" oy + [“__‘IE'I i)y E:}u 2y )

Va,51,52,T

~( g ) syl )

+ Z C O ]
XN=

where the four-Fermi operators:

O™ = (qv" Pub) (71, Prre)
O™ = (gy"Prb) (7. PLwn)
Giﬁ.w] = (gPrb)(7Priy) ,
GEW ) _ (gPLb)(7Ppuy) ,
@T?"”‘ ) (qo"" PLb) (7o, Prig)

[Details in Watanabe et al, B2 TiPgfjeory ]



| LHCh Preliminary

u_u||||||||||||||||||
] o 10 15 20

+ PRED 86 (2012) 032012 q2 [Gﬂvz,f{:d‘]
+ PEL 103 (2009) 171801

Belle ]

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
BaBar, PRL109,101802(2012)

r ) i
C Belle, PRD92,072014(2015) Ay~ = 1.0 contours .
C LHCb, PRL115,111803(2015) - 3
C Belle, PRD94,072007(2016) e=== SM Predictions ]
n Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) .
- LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)
[ [ Average R(D*)=0.252(3) 8. Fajfer et al. (2012) __]
C o h .
— A l 20 —
C B T 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




Test of lepton universality usin

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> K"”1'l” decays

b S
b, leptoquark s b ’ 5

X 4] )]

Zf

lf
" z

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

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

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

L (ee)
b—s Rg, Rg» B — K"t
020%)]  |( - 100xsM |
b—d | By — uu B—m1tt
B=muu [ — 100xsMm |
B, — K" uu

[D{E{]%} [Re=R ]
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) [ B.Capdevila et al,
B>K "t1 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)>1t" 1~

predictions restricted to g > 15 GeV*:

B(B>Kt 't )y, =(1.2+0.1) 107’

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

O Ry« &R 20
1 & Rpym&Rp 1o
B Br[B.=T11]

B Br[B-=K"11]

B Br[B=Kri]

O Br[Bs=gt1]

Brx= 10*

1.1 1.2 1.3 1.4 1.5
RylREM



B>K%" 1t

25
= .
Tl N Y(1S)
2 [ i
Easf 4! energy threshold -
= b0 1@s) for BB production |
T 10F ~ Y(39)
oL F Y N
KO t R 2 T(4S)}/
© ! ey LA !!4’b-. m-%-n—."-l--*"'"t-.o -
8.4.’-'1 | 91’-16 ‘IO.IO;DIIIO.IOIZI I I]I0.|3‘<4I | I1I0.|3I7I I1I0.15I4I | 10.58 I]I0.|6I2

< |

Mass (GeV/cz)

i

o N
<

<
<
[—
+

o O

v

-

(*) (*) (*) M T\™®
B->D"x, D”p, D”a,, D'D"...

B-)D(*)ev, D(*)uv...

Efficiency

signal side

-

B->Kt't ,t™2u'vv, 1 2e vv

\

—

e,

Hadronic Tag

e — 0(0.3)%) 4
.y

Auang

4 .
| Semileptonic Tag € = O(1)%|
M /
4 . B

Inclusive Tag € = f)(l[}[})% |
o b




) [ B.Capdevila et al,
B>K "t1 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), B*Hy(2S), ¢(2S)>t"t" - . . . .

predictions restricted to g > 15 GeV*:

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

B(B»K t't )g,=(1.0+0.1) 10 | RsRm 10

B Br[Bs—=11]

| W Br[B=+K"11]

B Br[B-+Kri]

O Br[Bs=gtT]

Br = 107

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

o background :
lﬂ(li mostly B~ D(*)I\Ti, D(*)-)Kll W

150F

04

Entries/().

100F

[(]]_ LN ANAD AN o = -
04 -0.2 0 0z 04 06 08 | 1.2 1.4 |6
MLP output

BaBar's result with had tag: B(B"»K* 1"t )<2.25 x 10°% at 90%CL

[Belle II, arXiv:1808.10567]
Ohbservables Belle 0.71ab~! (0.12ab~!) Belle IT 5ab~ Belle )'—5‘94{']

Br(Bt = K*trtr—) - 109 < 32 < B.5 ‘ < 2.0 ,
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Test of lepton universality usin

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> K"”1'l” decays

b S
b leptoquark 5

X 4] )]

Zf

lf

p L

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

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

2)-based EFT

L (ee) T WV
b—s Rg. Rgs B—K"tt | B— K"y
o)
b—d | By — uu B — 11t B—aw i
B—mpp [ — 100xsM |
By — K™ pp '

[0(2{1%) [Re=R ]
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R(D) and b>spp

L..Calibbi et al, arXiv:1709.00692
Br|B—K r u|x10° :
. =

0.7 y0. 1

0.6
0.5
0.4 HIID“:']IE”'
EAS 3 m RD") e
0.3 | C =—Cyp 2
| mCi=—Ciplc
0.2 ! 0 1C
0.1
0.0 g, B e St ok
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Q_ ol
85 =85

BF(B»>Ktu)<4.8x10™° @ 90% CL
BaBar, arXiv:1204.2852
hadronic tag



LFV B»>K=zl(l=e, p)

decavs

focus on K (K" or K2), t>evv, uvv, av, pv

* Hadronic tag

Hadronic tap
BN1167

A Lk Y s S | il s Al s B B
L )

tag side

[Belle & Belle II]

Leptonic
Multiple tracks remained
event is rejected.

Hadronic

T PR R AL
1}.155—,‘T mass _sig f
014 - observable cf E * For t>mv, pv channel, kinematic cut is useful to
0.12F gen 7 suppress BG.
o1 —jpsi s TV
olGH ] _ — Monochromatic momentum of i in 1 rest frame
0.06 | E * 1>pv=>nnly
— Monochromatic momentum of p in 1 rest frame
- — Invariant mass of ntrt”
: ; i il i l] i i i i i
| : 08 0.7 08 03 1 11 1z
1 1.5 m., 2 masg‘ o chg ta
. . *)0 . T T
dominant BG is B'»>D'"%uv (e.g. (KaX),uv in t>xv case) oz T g
02F -
. & iy 5 0.18 F cf 3
, g / S . 0.16F —cont -
Tag side ‘% {,:l? R, [Signal] 3 —gen
decay 2 0.12F g 3
E 1=(290.3+0.5) fs H 01 E
c1=87.03um 2Vu 0.08F E
/’ DD eLunTmp 0.06 F :
d 0.04 E =
Tag side B{::l:fﬂ = o "’< [Duv BG] 002k -
wRETH FRTTH AT REETI AET N1 AN TR FRTRE FRETE FRNTH I N
decay s PETTTERE ) K % 010203 040506070809 1
L9/6 ct=122.9um 48 eecl




LFV B»>K=zl (1=e, n) decays

[BaBar, arXiv:1204.2852]
strategy used: B fully reconstructed (had tag), t*»1"v,v,, (nn’)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 (# B2>tv, D”tv...)

B'— K'tut B'— K't'n
—— —

12— -]

T,

I
Arte, Lnins

&%
I

£ 20 MevEs

£ 20 MeVES

Arte, Uiz

Events / 120 MeVic?
Events / 120 MeV/ic?

=L R

| | T

_+_
_+_

1

B = B

AR Rk LA LA R LA B

LT 0.5 ] s 2 i35 3 E]

m, [G-cwﬁ ) - ny[c,-cwﬁ
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”, Bo>an't"u", B>x't"e” modes)

[Belle II, arXiv:1808.10567]
Ohservahles Belle 0.71ab~! (0.12ab~!) Belle IT 5ab~! Belle II 50ab~?
Br(B+ — K+t7¥e¥) - 108
Br(Bt — Kt7Eu¥). 108
Br{ B® — 7£&¥) - 105
Br(BY — 7% ,¥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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B(B — Kurt)

Nice complementarity

14 L
E////////////

LHCb, BaBar

105 §

10~ E

10" |

Belle
||'|I L LLill LLL LN
10°* 107°

my, 1.8 TeV Belle — 11

-I{_]—(] I AERTTI TRER R ART1T | AN ENATTIT
1918 104

| AN N N T VN

|

|

i |

1078 |
2 |

|

1 IIIIIJ Ll iiimn 1 IIIIII| L1
1012 2

B(t — uo)

A. Angelescu et al., arXiv:2103.12504v2 (21 Apr 2021)
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(o)

\

Y (4S) B-factory

= ~
T 1 Y(1S)
= [ Ik
R EISE 1 energy threshold
<R S (S for BB production
T 10} + 4 s Y(3S)
SR F A .
I S VRN L RS l r(4s/
o : ey .t 7 PP, ATl st g
314 | 9I16 IIOjObIIIO.IOIQI I I]IO.IBI"II | ‘1I0.|3I7’ I1IOTSI/II | .
Mass (GeV;’cz)
11 11 °
on resonance'' production

e'e” > Y(4S)» BB, B'B"
ole'e >BB)~1.1nb

‘' continuum ' production (qq=uu, dd, ss

bhabha: c(e*e” » e"e”) ~ 100 nb (luminosity)

51

o(e'e »cc)=1.3nb
o(e'e »s5)=0.4nb
o(e'e” »uu)=1.6 nb
o(e'e >dd)=0.4nb
o(lee 21"t )~1nb
o(e*e » u*p~)~ 1 nb (calibration)

-

E+

Spherical BB events

Jet-like qq events




cLFV : bevond the Standard Model

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

2 c®
3& " ATH%i L=Lgpy+ O(‘))
Busn (T — py) = 39 UriUpi—5—
L1 ﬂ_ Tn;'[{v : = —
T334 Topy Tumtw r=pKK rtopr 1 — g
Model Reference Topy  T—ppp  4lepon 0, v _ _ _ _ _
SM+ v oscillations EPJ C8(1999) 513 1040 0% dipole — " 03 v v v f - -
: Olemy - - v (I=1) /(1=0,1) — -
SM+ heavy Maj vr PRD 66 (2002) 034008 109 10-19 ofe - B v/ (1=0) /(1=0.1) B B
Non-universal Z’ PLB 547 (2002) 252 109 108 spton-gluon 4+Og = - v v - -
SUSY SO(10) PRD 68 (2003) 033012 10 10-10 Uy USRS,
0%+ -— - - - v/ (I=1) v (I=0)
MSUGRA +seesaw PRD 66 (2002) 115013 107 10° O _ _ _ _ _ 7
SUSY Higgs PLB 566 (2003) 217 1010 107 — lepton-quark Celis, Cirigliano, Passemar (2014) ‘
% [ by IP® 1S” v 1] Ihh Ah 7
|
% 1D5§_ a ¥ -...... o E .- L - _E
g B mm m n 3
::, (= . I...... .I.l. -
10°g " e E
L E 3
- - v -
— [~ v y v Ty y Y ow M ]
S qorbr T " " : T
s ELe v v4,T ’ vv, "3
E " I, : ' P S, i CLEO
- B ] =
EJ_ 107E ER Eaﬁar
e . elle
= el e . e ] - Belle
- 109 — + Belle
_! 10 § L " ..- . 8 S Ili-. . - -l-n ‘.----"'g
O S * e « * " . ]
= - ]
‘5510-1G||||||| I L L T T I O A M A I I A
g -;:?ﬂ?ﬁ:-;:_:qxuxwﬁsfaﬂtxi E:Eﬂ&i" 22 veaseakky BrePU R R ide <le<lc
B e = e L mm:::mrrrrﬂ!ffﬂﬂm:m:mzi‘mx

:m:ﬂﬂﬂm:m:m:m- RE R Ry



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.

[Belle, PLB 687 139 143 2010]

% ool Wt e ete % s ROEAE YRS how to improve further ?
o . R o S R . . B
a iy S L ...considering t>u/eh™h
O gt oL e ] in function of one prong
------- ::::;:F:::::/:f’::--. . s tag categories
0o it e iyt ] SRR R (P RN o
Vi T R T 1 ...for t»>3muons,
R R RS E A o improve u-ID at low mom
Il 020 o . .
U ] A . L Lty -8 ECL info
U'Ll-:":::_'_': SRS ' _i--_5i552=i>55512.><.10 _atQO%CL ( )
17 I "'ﬂ?""i.'?_%”"'“[:-,' EEN
m,,. (GeV/C) M (GeV/ L )

Background modes normalised

In contrast, hadron collider experiments must contend <
to Ds—n(upyuv (BR ~ 107)

with larger combinatorial and specific backgrounds

Decay Relative

— [LHCb .JH].EPOZ(2015)121.1 channel abundance
= ?E— rm t:z {[xtm[]];uu—E 5 () 1
= E A ]]]-r LD ] = — AV
z G_ LHCh 3 s— Ny
=N ' D— (v 0.87
£ 2_ Ds—n' (upy)pv 0.13
5 o D—n(uuyy 0.13

oo "0 ' ; ., ,

" i ]fr{)?r_u ) I%‘E{[:D".-']"fﬁl D M{HH}}‘H 0.06
= 5x10°%at 90%CL  D—pluw 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
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