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Anomalies & B-physics

® Standard Model (SM) predictions greatly confirmed by
a variety of tflavour and non-flavour measurements

Hints for anomalies from indirect searches of New
Physics (NP) effects: some are gone, some are persisting

e \Will focus on Belle Il NP searches in :

® [FU testsin b—=clv

e Br—oK+yy

R

|

- ® nearly 41t detector

® constraints from well-known initial state kinematics

® clean environment compared to hadron collider

— ——

L
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Belle Il is an ideal playground for the study of B finals states with missing nergy:

e = — — —

details on
Bellell and
SuperKEKB
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https://indico.bnl.gov/event/20430/contributions/81082/
https://indico.bnl.gov/event/20430/contributions/81082/

R(D*) and R(X) measurements
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LFU tests with b—c@v: overview

® Four searches with 189 fb- . o
Inclusive Exclusive (X=any decay)
tand 2 (L= e, w): R(D")
"l _
e, M AArp = App — App u
accepted by PRL

® Common key element: hadronic tag

® fully reconstruct one Bl(tg) in a variety of hadronic

modes through a machine-learning-based algorithm
[Keck, T. et al. Comput Softw Big Sci 3, 6 (2019)]

® search for the signal signature in its recoil

® sub-% tagging efficiency, allow to reduce background
contamination and infer signal side kinematics

Elisa Manoni, INFN Perugia 4 10/03/2023


https://link.springer.com/article/10.1007/s41781-019-0021-8
https://arxiv.org/abs/2308.02023

R(D*) measurement

O i : B(B — D*Tuv;
® Ratio in exclusive searches: R(D*) ( zy

B(B — D*lvy)

® B—-D*rv and B—2D*{v measured by two-dimensional
binned likelihood fit to

® missing mass of undetected neutrinos
® total energy from extra photons (Eec|)

® Result: | 0.041 0.028
R(D*) = 0.267 Ty gzq(stat.) Too33(syst.)

® Main systematic uncertainty from size of simulated
samples and Egc. modelling

® Consistent with SM and previous measurements

Elisa Manoni, INFN Perugia 5

Candidates

Pull

R(D*)

D*tv enhanced region
L L BN AL AL BN L NLL B B N AL LR BN A R
OF Belle ll Preliminary " Data
35 E—’D*I-V B D*rv —
: D*0—>DO.7[0 [ D*lv -
30 :_ - D**’(T)V —:
o5 F [0 Hadronic B -
: I Fake D" :
20 f [] Other BG =
; [ ] Fitting error

15 §

10

A NVONSAE O (6]
Lol
-

|

l 1 l L

0 02 04 06 08 1

E . [GeV]

12 14 16

0.4 B 1 I 1 1 I 1 1 I 1 LIL I LI L L I LI L I 1 _
- Ax* = 1.0 contours -
035 —
" Bellell _
03 .
025 -
— World Average -
0.2 = $HFLAV SM Prediction R(D) =0.357 0.029,,, —
— R(D) = 0.298 = 0.004 R(D*) =0.284 = 0.012,,,, -
- R(D*) = 0.254 = 0.005 p=-0.37 -
_ P(x2) = 33% -
L1 1 I | I . | I | I | I | I | I | I . | I | I | I | I - | I | I . | I L1
0.2 0.25 0.3 0.35 04 0.45 0.5 0.55
R(D)
10/03/2023




R(X./s) measurement (1)

B(B — XT1v,)

® Goinginclusive: R(X, ;) = BB — Xlu,)
Vg

t=e,p

® alternative to R(D®™) measurements:
theoretically more clean, potentially more
precise from the experimental point of view

® First measurement at B factories
® Variables for yield extraction:

® missing mass of undetected neutrinos
(Mzmiss)

® [epton momentum in B rest frame (pBy)

® Experimentally challenging due to background contamination from many modes —> extensive
use of control samples to correct and validate fit templates and background expectation
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Bernr  MuUoONs [ dt=189fb~!
R(X./2) measurement (ll) S e e TRl
< | [ e: Background
.E 16 20k : - e: Continuum
® Results: g | '} Data
"(g 12 Mr%‘nisse(6’8] Mziss>8
, S 2F gk 2r
® separating electrons and muons: 3 °
R
R(X, ) = 0.232 + 0.020 (stat) % 0.037 (syst) 2 4 0 =t
= E ° * .
e * o o ° < M - -~ o o ° s -
R(X,,,) = 0.222 +0.027 (stat) £ 0.050 (syst) G20F W MR IO RS MR
8% s T YTTTIIRARS
OO0 - m-+N peB[GeV/C] OO0 - ~N
® combining lepton-flavours
Bale 1  Electrons JCdr=189fb!
R(XT/E) = 0.228 = 0.016 (Stat) £ 0.036 (SySt) | M2 <1 el M2 e(1,23]] M2 € (23,41 M2, €(4.6) Xle = e
L — e e 11%

u: Background
u: Continuum
w2 MC tot. unc.

¢ Data

€(6,8]] M2. . >38

miss

N
-

=
(@)

® Main systematic uncertainties from
knowledge ot BF and form factors for signal

M2

miss

10° events per bin
(-
N

and normalisation mode, PDF shape, size of 8
simulated sample - L
0 8 ”
. - . S 2 o ..
® |n agreement with SM prediction and R(D") o R B o o L
o
measurements SRS ETETE
pf [GeV/c]
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[PhysRevl ett.131.051804]

R(X./.) measurement

B(B — Xev)
® \While warming up for R(X:), measure R(X./,) = BB > Xu)
LV
® Similar analysis wrt ratio with 's
Belle 1I L dr=189fb™!
15000:- XoD X
® ReSU‘t: [ e: Background u: Background [
c 12500 B ¢: Continuum u: Continuum [N
o 100002_ MC tot. unc. ‘MC tot. unc.
R(X./,,) = 1.007 £ 0.009 (stat) & 0.019 (syst) > -t Data eseitin  Data 4
O b
0 7500
o 5000
>
L
2500
® Dominant systematic uncertainty from lepton = . 0
. o (o . " © I T ® o ° .
identification S 3 00f vttt e -
S %-2.0'0 lllllll T .. .
= = 1.4 1.6 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2

® Consistent with SM expectation, most precise B [GeVic] PP [GeVic]
measurement to date
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051804

Search for Bf=K*vv
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Motivation and experimental status

Theory:
_ o v
® b—s transition prohibited at tree level in the SM 0 g / o+ /
W d N < T
® branching fraction: (5.6 = 0.4) x 10-¢[PRD_107, 119903 (2023)] 5,51 W .31 f
) —= < <4—35 ) —< < <
Uu > U Uu >
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.119903

Motivation and experimental status

Theory:
® b—stransition prohibited at tree level in the SM ¥ %
S 7/
j vV
® branching fraction: (5.6 = 0.4) x 10-¢[PRD 107, 119903 (2023)] W3 £ W3
b —» > > S b —» > > S
® (Can receive contributions from NP U, Cy ¢ U, ¢,
® new mediators, new invisible particles in the final state (e.g. [PRD 102, 015023 (2020)], [PL B 821 (2021) 136607])
Elisa Manoni, INFN Perugia 11 10/03/2023


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.119903
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.015023
https://www.sciencedirect.com/science/article/pii/S0370269321005475?via=ihub

Motivation and experimental status

Theory:

® b—stransition prohibited at tree level in the SM

® branching fraction: (5.6 = 0.4) x 10-¢[PRD 107, 119903 (2023)]

p —= S
® (Can receive contribution from NP u u
® new mediators, new invisible particles in the final state (e.g. [PRD 102, 015023 (2020)], [PL B 821 (2021) 136607])
Experiment:
P Average
!','O‘l,,,l,,,l,,,l,,,
® (hallenges: : . Belle 11 (63 fb", Inclusive)
: : : _._: Belle (711 fb~%, SL)
® |ow branching fraction with large background | L00.6 PRDO6, 091101
| . Belle (711 fb!, Had)
: 3.0+1.6 PRD87,111103
® no peak — two neutrinos leads to no good kinematic constraint . Babar (429 fb-! Had+SL)
[ | | | | | | ().?,\’lf().Tl PRID87I, 112.005. | | | |
0 2 4 §) 3 10

® Signal not observed from previous measurements

10° x Br(BT—K * vi)

Unique to Belle Il
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.119903
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.015023
https://www.sciencedirect.com/science/article/pii/S0370269321005475?via=ihub

Belle || measurement analysis techniques

® Updated search for B+—=K*» with full pre-LS1 dataset (362 fb-') using two methods:

Ad v

Hadronic Tag analysis (HTA) Inclusive Tag analysis (ITA)

B B

— hadrons,e.g B — D'")nx

ETOT ~ 0.4%

— anything

tag tag

eToT ~ 8%

e b e .
U< SN — B~ v+— Bt «— Y(4S) — B~ —
g \D(*) . \:‘,:'.:""'
K+
More conventional —fifidency Most sensiti
—

Purity

Separate signal from background by exploiting properties of signal kaon, event topology, particles
not associated to signal B (nor to Biag, in HTA).
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Background suppression and signal extraction strategy

® Background suppression: Inclusive analysis
e |TA: 2 BDTs in cascade, BDT1 as basic filter and BDT2 as main 8000t,‘_ Belle T prlimiry | o 0
tool for background suppression —> x3 sensitivity increase wrt | ——
BDT1 g 6000 -
. ,_g -
e HTA: Single BDT = 1000 [ B oK x 0
S
2000

® Measure signal strength u = signal branching fraction in units of SM*
0

rate, by fitting: 0.92 0.94 0.96 0.98 1.0
Final Classifier output

® |TA: classifier output and mass squared of the neutrino pair (g2 ) m—

* SM rate: 4.97x10-¢ , no
B+ —1(K+v)» considered

e HTA: classifier output

-

Analysis strategy validation using a vari

!

_ _ I
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Signal efficiency Validation

® Use B*—=J/P(uu)K+ control channel

® remove muons from reconstructed objects
to mimic neutrinos and replace K+
kinematics from simulated signal events to

match signal topology (both in data ana
MC)

® Data/MC efficiency ratio: 1.00 = 0.03 —
good agreement

® 3% is included as signal shape systematic
uncertainty

Elisa Manoni, INFN Perugia 15
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x 10%

1.50
. . Belle II preliminary EEE B with DK X
Backgro uhd validation Mo B DD
5_ Bl Continuum
g 1.00 ¢ Data
Some examp‘esz % - 777, Sim. stat. unc.
©
’C% 0.50
® off-resonance data to validate modelling of gg S
background
=]
D-' E | | ; | ] | | | | ! | | \ | !
0.2 0.94 0.96 0.98 1.00
: : : : : Final Classifier output
® Pion-enriched sideband to validate modelling of/ — i
> XA KLT i
B XC( KL X) 50 | Belle II preliminary I B'—K'"KJ)K?
: [ £dt=362fb" b Data
40 — /7777, Sim. stat. unc.

o B+—K+KiKs used to model B+—=K+K K| (signal-like, with
BF one order of magnitude larger than SM signal rate)

v

sPlot weights/(1 GeV?/c?)

Pull

|

2.9

5 N l 1 1 L l l L L 1 l l l 1 L l 1 L L l I

1.0 1.5 2.0 3.0 3.5 4.0
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Closure test: measuring a known and rare mode

® Minimally adapt ITA B*—=K*»¥ to measure 00 T
Q A6 elle reliminar = BB
BF(B"'—WZ""KO) C;\]> 6000 e ’ uj'IEI(,Il)t:IZS()‘Qﬂ)-}l: BTB~
8 I B Continuum
= _I_,"L-,‘ ¢ Data
. . . . . = 4000 F /7, Sim. stat. unc.
® similar branching fraction to SM B+—=K+yp | -
= _
= 2000 - .
= .
O
® Measured BF(Bt—7*tK0) = (2.5 £ 0.5) x 10- .
) L R ——
consistent with PDG [ (2.38 £ 0.08) x 10-5 ] A T T
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Systematic uncertainties

® Dominant sources of systematic uncertainties for ITA :

® BB background normalisation

® [imited size of simulation sample for the fit model

® knowledge of B*—=K+K K| decay rate and modelling of B*—=D"{v decays

® For the HTA, use similar set of systematic uncertainties. Dominant are
background normalisation, simulation statistics, and systematic on mis-
modelling of extra-photon multiplicity.

Elisa Manoni, INFN Perugia 18 10/03/2023



Inclusive tag analysis

Results

Hadronic tag analysis

(u = measured BF in units of SM rate)

| Final Classifier output
‘ 0.92 0.94 0.96 0.98 1.0 125
. | . . | | — .
| : : _ : ' Belle II preliminary [l B —K wvv
3000 bt . — 100 | + J £dt=362fb"" BB
[ Belle 11 preiiminary g
: [Ldt=(362+42)fb! mEE B —K v on
& : : — <75
§ 2000 @ B'B- <
— Bl Continuum ’g 50
% ¢ Data —g
@, : av!
1000 S 95
O ‘
0
Dr . . — 5
— : | = 0
Q? 0 ?“““““"“;""‘m""f'""""" -_-\.__g """ E aw 5 L | | | | | |
! i ’ 04 05 06 07 08 09 1.0
R e s S Final Classifier output
B [GeV2 /] "
— 2.2 + 2.3(stat Syst
1= 5.6+ 1.1(stat) L] (syst) Z (stat) o7 (syst)

Tem‘ at 1.20

10/03/2023
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(u = measured BF in units of SM rate)

Results

Combination: w© = 4.7+ 1.0(stat) £ 0.9(syst)

B(BT — K*vi) = [2.4 +0.5(stat) "2 (syst)] x 1075

 epe . Ny ]
® significance wrt null hypothesis: 3.6c0

® significance wrt SM: 2.80
|

First evidence of B*—=K*vv
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Conclusions

® B decays with missing energy in the final state as probe for NP searches in the
flavour sector

® Belle Il is an ideal playground for the study of B finals states with missing
energy

® Several test of LFU on 189 tb-1:

® first Belle || measurement of R(D*)

® unique measurement of R(X:), first of a kind at B—factories; most precise
measurement of R(Xe/u)

® [irst evidence for B+—=K*vv on 362 b1, 2.80 above SM prediction.
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Extra-slides
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Comparison with previous measurements

Privately produced comparison

on oM ﬁ;\:{)_eﬂ}”age e [TA result h.as some tension with previous
: i Belle 11 (362 fb !, Combined) semileptonic tag measurements:
2.440.7 This analysis, preliminary
Belle II (362 fb"!, Hadronic) ® 240 tension with BaBar

1.1+1.1 This analysis, preliminary

Belle II (362 fb!, Inclusive)

2.840.7 This analysis, preliminary

Belle IT (63 fb!, Inclusive)

1.9+ 1.5 PRL127, 181802

Belle (711 fb!, Semileptonic)

1.04£0.6 PRDY96, 091101

| . .
o
: 3.04+1.6 PRDS87, 111103 previous measu rements

Babar (418 fb'!, Combined)

0.8£0.6 PRD&7, 112005

Babar (418 fb'!, Semileptonic)

0.2+£0.8 PRDS&87, 112005

Babar (429 fb!, Hadronic) Overall compatibility is good: x/ndf =

1.5+ 1.3 PRDS7, 112005

i 1 43/4
4 6 3 10

10° x Br(BT™—K " vp)

(*) Belle reports upper limits only; branching fractions are estimated using published number of events and efficiency

® 1.90 tension with Belle
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Selection efficiency

Inclusive tag analysis

0O 2 4 o & 10 12 14 10 18 20 22 24
q* [GeV?/c?]

® Hadronic tag analysis has much lower efficiency w.r.t. inclusive one, but a

smaller variation in o

Elisa Manoni, INFN Perugia
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Hadronic tag analysis

|  Statistical uncertainty
i i Belle II preliminary
- simulation
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Post fit distributions (ITA)

° 2000:
Examp‘es° 5000 Belle I preliminary [l BY 5K Tww :‘U\ i bt Belle II preliminary N B~ —K vy
[Ldt=362¢! 3 B°B° >~ - [Cdt=3620p1 [ B°B°
S 4000 mm BtB- = 1500 F ‘ mm B B-
o Bl Continuum 8 i Bl Continuum
Signal region £ 3000 b D = o
o 2000 =
uw(BDT,) > 0.92 2
2 © 1000 =
S
0 0
o 5
= - — E
= H——— R W =
A 0: Ay 0:
sbE 0w s
0.92 0.94 0.96 0.98 1.00 0 5) 10 15 20
#(BDT?) g2 [GeV?/cf]
Belle I preliminary M BY K *w % 200 ¢ I Belle [l preliminary ~ HEE B~ K 7w
i 250 [Cdt=3626b) =3 BB — [Ldt=362fb! [ B+B°_
a3 - > B BB
. e o o . g 200 B Continuum @ 1 I()Iontmuum
High sensitivity bins of = e ° b
- i
the signal region = 100 5 |
= o 50
«* E
O 50 6
u(BDT,) > 0.98 : :
5 S
= P S ——— = :
& O &
SN R S E - I S W WU N S R S S N S S T _5 C
0.980 0.985 0.990 0.995 1.000

©(BDT?)
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Post fit distributions (HTA)

Examples:

HTA Signal region u(BDT,) > 0.4

50 [ 100
+ +1,37 - —
. Belle II preliminary B__)K i . Belle I1 prelimina.ry [ 1] Bi—>K+UV
40 JLdt=362fb"" BB 0l - [ Ldt=362fb" — BB
‘ Z T : o e
3 qa 3 B
301 data 60 |- b data

/777, Stat. unc

7 Stat. unc

40 |

DO
-
LI I L

(-
-
I l LI

Candidates / (2 GeV?/c?)
Candidates / (0.05 GeV)

20 |
O N i, i . I O i

0 5 10 15 20 25
B —— . 5¢
c 0 S 0f
Y e et i s s =k
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More on BBbar background composition

B+ = D*(2007)% *v,.(y)

B* = D"(2007)n*vu(y)

B+ — K*KIK?
B+ - DOK* \
B* - 1')*(2007)01(\
Bt - ]jon+
= . \
B+ -»DOK*RO
B+ - D%(770)* —

Bt - D0u+vp(Y)

-

\ e
B* - Dl*v.(y)

Belle II preliminary
simulation

others

B? - D*eve(y)
B? - Dt (y) B =D pvu(y)
: A \ / B0 - DK+
B? - D*(2010)"K*K©° N
0_p* -+
B®—D"(2010)'K . N
B - Dp(770)* e
~-B%-D"(2010)*pv,(y)
\BO - D"(2010)*eve(y)
othersJ Belle II preliminary
simulation

Elisa Manoni, INFN Perugia
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Validation of particle identification

® Kaon candidate should satisty particle ID criteria

® kaonlD efficiency ~ 68%

70
® Hinn. L _ o - Belle II preliminary — Total
pion-Kaon Mis-ID rate ~ 1.2% 60F [ o362 P
® PID Data/MC correction factors obtained from % 50 o] —— Bt DIK ™
D*+—=D*zD(Kz) control sample = 40k ¢ Data
O i
. . = f
® Associated errors are propagated as systematic = S0F ' ¢
uncertainties © o0k |
: '\ 4
10 | ' \’/
e 1 e
e Validation with B—=D(Kz)h (h = K, 7) control samples, —0.100 —0.075 —0.050 —0.025 0.000 0.025  0.050
where : AE [GeV]

® D daughters are removed to mimic signal topology

® Apply selection of signal channel Data consistent with MC within 9%:

e Fit difference between reconstructed and expected total No further corrections applied

energy (AE) to obtain yields and calculate fake rate

Elisa Manoni, INFN Perugia 28 10/03/2023



BBbar backgrounds (I)

Semileptonic BT decays with K coming from a D decay are checked in:
O Invariant mass of the signal kaon and a ROE charged particle

(most probable mass hypothesis from PID info X = z, K, p)
O Resonances well reproduced

DY - Ktn™
x10° 4
2.0 B e Belle II preliminary E MC
/ﬁdt:362fb'1 } Data

/77 Stat. unc.

(-
oy
I I I I I I

Bt — K1vp after

BDT, selection

Candidates
=

&
&)

Data
Pred.

> = =9
ot O OO
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BBbar backgrounds (I)

Hadronic decays involving K and D mesons B’ - K*D™~ and B* — KTD™ are critical because D decays to Kg

are poorly known:
¢ Modelling checked with pion enriched sample (pion ID instead of kaon ID: B — 7X)

® 3-components fit to g-,. yields the scale for the contributions with D — K; X of 1.3
® method validated in electron and muon-enriched samples: results consistent at 10% level

4 x10%

10 1.0

B B B with D-KJX ! - B B with DoKX

| Belle II preliminary B B without DK X - Belle II preliminary B B without D—>KLX
0.8F  [rdt=362fb" L 0.8F  [Ldt=3621b! _

§ Bl Continuum F B Continuum

E ° } Data b } Data
0.6 e //7/7 Sim. stat. unc. 0.6 /777 Sim. stat. unc.

B — nX with

i
N
=
N

u(BDT,) > 0.92

*

0.2

Candidates/(1 GeV?/c?)
Candidates/(1 GeV?/c?)

0.2
0.0 0.0
1.5 B
§ £ 10 ---- ----- ~-e2 .-a,:--:”:ﬁmﬁoﬁ,!,e‘}/,y% 'QE_:I 1] g N -
0 5 | ST VSRR (CAVSIIA FRESt IATSl (SRt LRI BRSNS AR SN [EAMIE (RAICE (RATILY CEAte] KEAR ARt WO ANt WA _5 l l | l
0 5 10 15 0 5 10 15
Grec [GeV?/c] @2, [GeV?/cd]

1.3 normalisationto BT = #*D and D — KgX corresponds to good agreement
— Use as 30% as a correction + 10% systematic uncertainty
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Example of stability check

® Stability checks by splitting the sample into pairs of statistically independent
datasets, according to various features

Inclusive tag analysis Hadronic tag analysis
Belle I preliminary | £dt=(362+ 42) fb! | I Belle II preliminary [ £dt=362fb' | |
- DataSet = July 2"2]/ < July 2021 -‘_ l :
L * ~ - ) |
~ Omiss I'J/ > 1.5 | - DataSet = J/ub 2021/ < Juty 2021 |
B e lr C;(_‘\"' fc — — | 1
Proe = "7/ > 15Gev/e . | |
. . < 1.5 U —
B (‘0/ > 6 - Omiss / >1.5 .
L N >0 L | I
vap(.uus / =) 0. <0 .).)/ |
& < 6 = [T COS(Up) ™"/ >0.22 :
Ntracks )/ = b ] = l .
— COS (GA) e 0'22/ = ().22 ] + ' |
~ I\’('lmrgc L /— | i 'K('ll'dl'}.’,f’ /_ ' '
o gy b o st e i e . -
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