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Lepton Flavour Universality

e Lepton Flavour Universality: gauge interactions of the three

STANDARD MODEL ~Zgenerations of leptons are 1dentical once the mass difference 1s
mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeVi/c? 0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? P accounted for
e @ |- @ |- @ @ . @ d

up charm top electron muon

e Violation of LFU is a clear signal of new physics and hence

oo o p (w2 i 5 Movie: the search for such signals in leading particle physics
Ml NI B o ., Pe Du experiments.
down strange bottom | r?leeuq(tn";gg neutrno nettj?rliJno
0-Massless "’ﬁ/,_\\_g”Gev’C /“ e Semileptonic B decays: an excellent probe for SM precision
Hl&éé @ z measurements (|Ve| and [Vuw|) and an invaluable portal for
lepton flavour universality tests.
photon Z boson
Particle
interactions are Electro

mediated by the . & Magnetic
exchange of
gauge bosons.

Discrepancies with the Standard Model have been observed in multiple LFU tests: R(D)-R(D*) : 3.1¢ R(K)-R(K*) : 3.1c0 etc..
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R(D) and R(D*)

Ve B I | | | | I | 1 | |
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e Measurement has been performed by BaBar, Belle, and
LHCDb and showed a combined 3.10 deviation from the SM.

* Various new physics scenarios predict deviation from the SM.




R(D) and R(D¥*)

e Wide range of measurements at the B-factories and LHCb with hadronic and/or leptonic 7 decays.
* Final state cannot be fully reconstructed due to lepton neutrinos.

BaBar 2012, had. tag

BaBar 2012, had. tag | 5 0332+ 0.024 + 0018 5 L — = — . h d :
D — L 00! ; ; B-tactories: hadronic
' ' 0.293 + 0.038 + 0.015 e —

Belle 2015, had. tag : : Belle 2017, (hadronic tau) ' or SemlleptOnlc B
O——— ————

v e 3 ‘A s @
0.375 =0.064 =0.026 : ' 0.270 + 0.035 + 0.027

Belle 2019, sl. tag ; E tljf_l_?[_\w((.\h;ll"))_(l1'37 + 0.030 E %’ 7 tagging tO eXplOit the

0.307 £0.037 £0.016 & ;

\ ; LHCb 2018. (hadronic tau) E * *
Average o 0.283 £ 0,010+ 0.039 : -— full event kinematics
0.339 £0.030 | o Belle 2019, sl.tag = 5 5 d d f . .

: . D283+ 0018 + 0.01- ) e —
SM Prediction | E A\-'erage E E an 1 entl y m1881ng
0.298 +0.003 » : 0.295 £ 0.014 E i ener combmonents
EPJC 80 (2020) 2, 74 TR T 2y P '

2 3 . 7]
"l" ] - 274 ¢ : : '
0.297 £ 0.00- : : EPJC 80 (2020) 2, 74 -
..... ; ; 0.250 + 0.003 -
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[ ]
0.299 £0.003 : 0.254 £ 0.007

LHCb: excellent
vertexing to suppress
leading backgrounds and
approximate Biig

HFLAV ) kinematics.
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LHCDb

R(D*) muonic with 7 — v, 0,
Phys. Rev. Lett. 115 112001 (2015)

R(D*) hadronic with ™ — 772 7t (n")7,
Phys. Rev. Lett. 120 171802 (2018) Phys. Rev. D 97 072013 (2018)



* Phys. Rev. Lett. 115 112001 (2015)
R(D ) muomc

Measurement performed with 3.0 tb-1 of LHCb data
collected during 2011-2012.

Common reconstruction procedure for both the signal mode {

% — * —
BY - D**1 U, and normahzatlon mode BO - D uy,

MVA algorithm developed to distinguish whether a charged | :
track originated from the Bsig or the rest of event. | P >.< 2

 Based on track separation from PV, track angle, etc .

Separation of signal and normalization using: E * mm, q2

in the B rest frame: * P rest frame determined using:

e the unit vector from the PV to the

= (pg—pp)*and m2, = (pg — pps — p,)°
B~ Pp miss B D H B decay vertex

e p,of B given by
(pB)z — (mB/ mreco)(preca)z



e Maximum likelihood fit of m?*

Candidates / (0.3 GeV/c*")

Candidates / (0.3 GeV'/c™")

Challenging backgrounds:

Phys. Rev. Lett. 115 112001 (2015)

R(D*) muonic

e Semileptonic decays to excited charm states: B — DU ¢v
 Double charm B decays: B - D"H X, H. — pv, X

llIl]ll]lll]Il]lflI[l

B decays with hadrons misidentified muons

Data

B B - D*tv

B B - D*H_(— vX)X

B B - D"'Iv

B B - D*uv
Combinatorial
Misidentified p

llllllllllllllllll
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E7, and g° to extract relative signal, normalization and background contributions.
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Phys. Rev. Lett. 115 112001 (2015)

R(D*) muonic

Main systematic uncertainties from the limited size of
the MC samples.
Kinematic distribution for events with hadrons

Model uncertainties | | Absolute size (x1072)

misidentified as muons are determined from control  BY = D T (r /i) form factors 06
B — D**H_(— uvX')X shape corrections 0.5

samples. - c )
' %) — 4 4 i B — D*(— D*znr)uv shape corrections 0.4
R(D ) 0.336 & 0.027(St3t) — OO30(SYSt) Corrections to simulation 0.4
B s oo o o A OO Rt o Al A o ooa ot oo i s ansce) Combinatorial backgroun d shape 03

: : B — D**(— D**x)u~ b, form factors 0.3
R.esult is 1.7 sigma over the SM. | | B — D**(D, — )X fraction 0.1
First measurement of R(D*) at a hadronic collider. Total model uncertainty 2.8
Improved modeling of background events can decreas Normalization uncertainties Absolute size (x10~2)
systematl.c uncertainty in future results. Simulated sample size 0.6
Future simultaneous measurement of R(D) and Hardware trigger efficiency 0.6
R(D*) at LHCDb with Runl data and Run 2 data ,i. Particle identification efficiencies 0.3
4 times the available statistics. };,OHP faCt?rf’ o

) 0 _— (= = pu o) < 0.1

Full angular analysis of B - D ~u v, and Total normalization uncertainty 0.9
BO N D*— T+I/T Total systematic uncertainty 3.0




LHCDb

R(D*) muonic with 7 — v, 0,
Phys. Rev. Lett. 115 112001 (2015)

i R(D*) hadronic with 7+ — 7z+7z_7r+(7z0)1/'T
Phys. Rev. Lett. 120 171802 (2018) Phys. Rev. D 97 072013 (2018)



Candidates / 0.1

R(D >X<) hadronic Phys. Rev. Lett. 120 171802 (2018)
1

gg(BO — D_*T_I_DT) Nsig €sig
. Measure k(D*) = - = - — .
BBY —> D 3r) N, €norm Bt = 3n0) + Bt - 3a200,)

BB - D" 3n)
B(BY — D*—,u+1/ﬂ)'

Convert it to R(D*) via R(D*) = k(D7) X

— K+ - e
. Large backgrounds originating from B — D*3zX and B —» DD T ty T B° — D 1tv J
« ~ 100x the signal . ’
» Reduced by requiring Az/c, > 4
1%
10* E T T T T T ] — _ :
= b simulafi = B vertex determined through a D
- N LHCb simulation - fit of all the reconstructed 7
03 :_ Prompt (D* 7w 7X) _: particles in the decay chain. !
- B Double-charm (D*DX) 3
- B Signal (D*7V) 5 N
N — JU
10* E — PV e
= = Tt
10 Momentum of 7 can be determined up to two fold ambiguity using:

e Unit-vector between B vertex and PV
e Unit vector between 37 vertex and B° vertex

Az 10



R(D*) hadronic

. B> DYDOx backgrounds suppressed using MVA :
. Different resonant structures of 7 and D" decays

e Neutral isolation

_|__

. Kinematic properties : m(z 7)), m(D 2zt~ n"),etc..

 Remaining backgrounds from:

+ X, > DUIDHX) o

- X, — DUDH(X)
. X, - DUDYX

« (Combinatorial

e X, = D**tv

Related to the signal yield by a
proportionality factor of:
0.110 £ 0.044
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Main double charm background:

Candidates

Corrections and Relative yields determined from

control sanllp1¢ with DF = D*_.3”F

® Data
- Total model
B’ — D" D}
B B°—> DD/
B’ — D*_DSO*+(2317)
B’ — D*~D,(2460)
B B+ —» D*-0Df X
B! —- D" D; X
1 Comb. bkg.

D — _

4500 5000
m(D~r*n nt) [MeV/c?]

4000

lII|llIllllllll|llIlllllllllllllllllllll

5500

0.1

0.08
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0.04

0.02

Signal region: BDT>-0.075

Phys. Rev. Lett. 120 171802 (2018)

llllllllllllllllllllll

LHCDb simulation

- Signal
# Background *¢ -

-0.2 0 0.2
BDT response

E,
]

llllllllllllllllllllll_

Template shapes, yield, or relative yield of
remaining background contributions also

examined via control mode samples.



R(D >X<) hadronic ™™

Signal yield extracted via a 3 dimensional fit to z, decay time and g in 4 bins of the BDT output.

.120 171802 (2018)

1800 0L
A

LHCb

400 |

300

Signal yield increases with
BDT output.

B —» DUODH(X)
background decreases

-0.18

0 0.5 1.0 1.5 2.0 0

0.5 1.0 1.5 2.0 0 2 4 6 8 10 .
t. [ps]

t. [ps] q? [GeV?/c*]

Nsig

N

norm

= 1296 + 86 _". 97 + 0.13(stat syst
= 17660 * 158 L el A

Limited knowledge of the external branching

15 fraction

—— Data

—— Total model

BB ->D v,
B - D1t v,
B - D" D(X)

BB - D D(X)
B - D" 3nX

BB - DD X)
0 Comb. bkg

2 4 6 8 10
g% [GeV?*/ 4]

—— Data

—— Total model

BB >D TtV
B> D"t"v,
B — D*"D*(X)

BB — D" D*(X)
B > D" 3rX

BB — D D(X)

P Comb. bkg |



R(D*) hadronic

Source

Leading systematic uncertainties:

e Simulated sample size.

e Knowledge of the D" decay model.

e Difference 1n trigger efficiency for signal and normalization
modes.

First result on R(D*) with hadronic tau at the LHC, 1.10 above
the SM expectation.

Combined with R(D*) muonic from the LHC:
R(D*) = 0.31 £ 0.0160(stat) = 0.021(sys)

2.20 above the SM.

External measurements of the double charm decays can decrease
the systematic uncertainty.

Future R(D*) measurement using Run 2 data, increased statistics
will allow for higher statistics 1n the control samples.

Planned measurement of longitudinal D* polarisation in
B - D" rtu_
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Phys. Rev. Lett. 120 171802 (2018)

O YR TR

Empty bins in templates 1.3

Signal decay model 1.8

D**7v and D?*tv feeddowns 2.7
B — D*~D"X backgrounds

Combinatorial background 0.7

B — D* 3zX background 2.8

Efficiency ratio 3.9

Normalization channel efficiency 2.0
(modeling of B — D*~3r)

Total uncertainty 9.1



More LFU tests: R(J/y) and R(A\)

BB, - Jlytv)
LHCD has also measured R(J/y) = . with 7 — ;ﬁvﬂv

» First observation of (B, — J/wrv,) with 3.10 significance.

 The result is 20 above the SM.
» Large uncertainty from unknown form factors of B, decay.

Candidates / ( 0.6 GeV?/c*)

5 10
m?_ . [GeV?/c']

—— Data B B, —Jyutv,
Mis-ID bkg. B J/y +u comb. bkg.
0 J/y comb. bkg. B B, = JyH,
B; = x (IP)'v, M B. — y(25)"v,
B Ty,

14 PRL 120, 121801 (2018)



More LFU tests: R(J/yw) and R(A )

BB, — Jlytv)
LHCD has also measured R(J/y) = , With 7 — p v v,
BB, — Iy,

R(J/y) = 0.71 £ 0.17(stat) = 0.18(sys)

1400

LHCb ——

W
S

e First observation of B(B. — J/wr v,) with 3.10 significance.

e The resultis 20 above the SM.
e Large uncertainty from unknown form factors of B, decay.

Candidates / (1.83 GeV?/c%)
2 S B
() () (@)

i~ o0
S S
- -
| I L L 11 | L L
I I I | I I |

NEW: 200

R(AY) =
. KA BNy = Ayt

e First observation of %(A, — A_t%v)) with 6.1 significance.

,Witht = 77n~ "L,
350
300

250

- Total model

Candidates / (1.83 GeV?/c?)

rrerfrrerrrfrerryrrrrerypyrrrerfrrreyrrrrprd
I | | | ! | I

200 B A - A,
agrees with the SM prediction of R(A]) = 0.324 £+ 0.004. Ay—AID(X)
150 W A—AD(X)
e Largest systematic uncertainty from the template shapes of 100 L A‘;—>/I:5" (?f)
background modes. Combinatorial
e Additional systematic uncertainty from external branching 50
fractions. et |
0 5 10

e Constrains NP models that predicts high values of R(A)) 7 [GeVZ/c4]

15 Phys. Rev. Lett. 128, 191803 (2022)



R(D) and R(D*) at Belle

Hadronic tagging with leptonic tau decays
Phys. Rev. D 92, 072014 (2015)

Hadronic tagging with hadronic tau decays
Phys. Rev. Lett. 118, 211801 (2017)

Semileptonic tagging with leptonic tau decays
Phys. Rev. Lett. 124, 161803, 2020
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R(D) and R(D*) at Belle

Hadronic tagging with leptonic tau decays
Phys. Rev. D 92, 072014 (2015)

Hadronic tagging with hadronic tau decays
Phys. Rev. Lett. 118, 211801 (2017)

Semileptonic tagging with leptonic tau decays
Phys. Rev. Lett. 124, 161803, 2020

17



R(D) and R(D*) at B-factories

e The B-factories employ B-tagging to measure R(D) and R(D¥).
e Y (4S) produced almost at rest, and instantly decays into a pair of B mesons.
e Exclusive reconstruction of one of the B mesons, Big, using hadronic and semi-leptonic modes.

Inclusive Tag

e = 0(100)% .

Consistency of B, tag
-

Semileptonic Tag = -
e = 0(1)% _B"/\\e =
Knowledge of By, . <

Infer momentum and direction of signal B candidate:

Efficiency e

Hadl'OniC Tag / PBsig = (EBsigaﬁBsig) — (mT2(4S)7 ﬁBtag)
e = 0(0.1)% —B/<

Exact knowledge of B

\< .‘: Ideal for decays with neutrinos, missing energy signatures!
tag ‘

18



Phys. Rev. D 92, 072014 (2015)

R(D) and R(D*) with Hadronic Tagging

Measured using 711 fb-1 of Belle data
Reconstruct first B exclusively via 1149 hadronic

modes in a hierarchal approach.
e Efficiency of 0.3% for B+ and 0.2% for BO.

Remaining information, tracks and cluster, are used
for signal and normalisation reconstruction.
Reconstruct DO, D+ D*0, D™+ via multiple modes.

Combine with lepton and determine m,%l.ss.

) 2
'Tn’;)niss — (pe*“ e~ meg — Pp* — 1)[)
%) ~
- - B— D*tv
D B D*_|_ —
u>.|300__ ++ 4 B— D*lv
2503_ Other BG
- + B B D**ly
200
1501 i
100 1
-4
o0 +
+ i
- | I | | | | L | L Wmfwm
-0.2 0 0.2 0.4 0.6 0.8

« Exact determination of q2 and m
 Region below

M. (GeV?/c?)
2

miss -

m?. <0.85 GeV2/c4is dominated by

MILSS

normalisation mode.
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Phys. Rev. D 92, 072014 (2015)

R(D) and R(D*) with Hadronic Tagging

Large crossfeed from D*Z to D¢ samples, added to the total signal and normalisation yields.

Challenging B — D¢y with the same signature in

the higher mnz,l region as the signal.

1SS

Train BDT O,y for 4 samples D¢, D¢, D¢, D/, with main discriminating variable is EgcL.

2 I 4 I B— D*tv
2 T 160 B—> Dt
g | 7 B— D*tv =160 DY -B—> Doy
S 25 Bl B— Dtv —
wr B—> D*lv ; el
s B B— Dlv 120 =](;t—>er[)**1\,
20 T I other BG 1005
+- B B— D**]v i

0 0.2 04 0.6 0.8 1 1.2
Ec. (GeV)

ErcL the sum energy of all neutral clusters 1n the event
after the full signal selection is applied: Bsigt Btag.

80 + +
605_ +1‘151L»m B $
401 T ﬁlr ﬁ%i%i |

N
=

-0.2 0 0.2 0.4 0.6 0.8
M2 (GeV?/c?)

miss
Simultaneous fit to:
2 : 2
mmiss Inzmmiss

/ "
Oypginm,.

20

Events

700

60
500

40"
30
20
10

<0.85 GeV2/c4to extract normalisation yield
>0.85 GeV2/c4 to extract signal and background yields.



Phys. Rev. D 92, 072014 (2015)

R(D) and R(D*) with Hadronic Tagging

Leading systematic uncertainties: o o _R(D)[%] R(D”)[%] Correlation
e Shape of the BDT output Fake D yield 0.5 0.3 0.13
e Fixed factors 1n the fit, determined from simulation. Fake ¢ yield 0.5 0.6 -0.66
D yield 0.1 0.1 -0.85
Rest yie'.d 0.1 0.0 -0.70
R(D) = 0.375 + 0.064 = 0.026 L e
R(D*) — 0.293 - 00038 - 0.015 | Efﬁ(31ency ratio f
g 0HF SM ."5 ficiency ratio
r L B BaBar | Efficiency ath P15 TR Y SRRIURRNE ¥ SOR - - S
- CF double ratio g° 1.7 1.0 -1.00
0.5 Efﬁciency ratio fuwc 0.0 0.0 0.84
~ . 3
0.4 :—I‘ : . . . 3
- Lepton’ PID e.crlency- 05 05 100
o ° Total 7.1 5.2 —0.32
0.2—
- 1 Compared with previous BaBar measurement using
0.1 hadronic tagging and leptonic tau decays.
- PRL 100, 101802 (2012), PRD 88, 072012 (2013)
O"__I L1 1 I 11 1 1 l | I R | l 1 1 | I L1 1 1 l L1 1 | l 1 1 1 1 I 1 O
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
R(D)
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Phys. Rev. D 92, 072014 (2015)

R(D) and R(D*) with Hadronic Tagging

~ 1 \
* |eading systematic uncertainties: ‘E s
° Fina| result: Eo_g ............................................................................ R(D) ...................................................
. modelling and composition of the B — D¢y 0 |TtheorRO) | )
background. | - measured R(D)

« Shape of the BDT output

 Fixed factors in the fit, determined from simulation. |7~ theor.RD*) | ] N

- measured R(D™) | N AN O

R(D) = 0.375 + 0.064 = 0.026

rrrrrryprrreprererrprrtrprrr
| | | | |

© o1 02 03 04 05 06 07 08
SM tanB/mH+(02/GeV)

Compatible with type II1 2HDM in the region
tan B/my, 0.45(c*/GeV)

O
N

o
—

0.5 .......................................................................................................................................................
R(D*) = 0.293 + 0.038 + 0.015
0.4
s SM
1 075 u BaBar K] SN b S8
061 ® Belle —4
E _______ 0-2_ .............................
0.5— T -
b N N
032_ 0:llll|llll|Illlllllllllll|llll|llll|llll
0

o
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R(D) and R(D*) at Belle

Hadronic tagging with leptonic tau decays
Phys. Rev. D 92, 072014 (2015)

Hadronic tagging with hadronic tau decays
Phys. Rev. Lett. 118, 211801 (2017)

Semileptonic tagging with leptonic tau decays
Phys. Rev. Lett. 124, 161803, 2020
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R(D*) & Tau Polarization

Measure 7 polarisation with 7~ — z7v_and 7~ — p~v_using Employ a hadronic tag analysis to determine the Bsig
the full Belle dataset. 4-vector and the Tv_ frame
. IO =T : .
 p ey - TR0 T *> | D*, D
S (2 = W 2 . K*, K
Sensitive to new physms contributions.
- Btag Bsig
SM predicts: \/
» P(D)=0.325=%=0.009 e Y(4S)
« P(D*)=-0.497+0.013
Can be measured via: Angle between the 7

() daughter and the W

1 dI

[ dcosby
» a=lfort” - 77y,
e a=045fort” = pTu,

=1+ aP,cosb,

TS 2mZM?
> COS T) =1 My, '
6hel( ) (M2, —m2)(m2 —m2)

T rest frame

24



R(D*) & Tau Polarization™ =

Divide signal sample into 2 regions: B signal
« Cc0S6,>0 forward ¥

e C0S0,.<0 backward

B->D*Iv, * Fake D*and q@
7t cross feed | o D v and 4 Data

<100
Extract signal and background yields in a simultaneous fit to EecL in%: -
8 samples: O i
S 80
(B~,B% x (n7v,, pv,) X (backward, forward) o [
PE’ 60
o) F__ a7B : QO .
P (D*) _ [ (stg stg) and R(D*) _ €n0rmNSlg Lﬁ ” /
[a( Sig Ngg] ‘% €SlgNn0rm 4'O/ -
20

 R(D*) = 0.270 + 0.035(stat) T0:023 (Syst)

P-(D* ): —0.38 0. 51(stat)+8 %é(syst), % 02 04 06 08 1 12 14

25



R(D*) & Tau Polarlzatlo”‘” o e B2IOL GO
L
B

Leading systematic uncertainties:

 Hadronic B decay decomposition
e Limited size of MC sample
e Fake D* component shape and yield 0

 R(D*) = 0.270 + 0.035(stat) " 023 (syst) |

| Pr(D") = ~0.38 % 0.51 stat) S (syst).

[ R N N N TN TR NN U N TN N TN A N NN NN MENN M R R AT T T N T R R N A

0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0

Result agrees with the SM and with previous Belle measurements. R(D%)
First measurement of tau polarlzatmn

“ P (D*) > +0.5 at 90% CL |




R(D) and R(D*) at Belle

Hadronic tagging with leptonic tau decays
Phys. Rev. D 92, 072014 (2015)

Hadronic tagging with hadronic tau decays
Phys. Rev. Lett. 118, 211801 (2017)

Semileptonic tagging with leptonic tau decays
Phys. Rev. Lett. 124, 161803, 2020
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Phys. Rev. Lett. 124, 161803, 2020

R(D) and R(D*) with Semileptonic Tagging

. Based on a data sample with 772 x 106 BB pairs

\'
3 DU 2
BB—->D "tUr) ' y V
. Measure R(D*) = = - — with R{ S Y
%(B — DI +)f_1/f) / —_—— =)
T > U o 274 /
* Use semileptonic tagging with a hierarchical based on D*
a BDT classifier that reconstructs D"V#1, and D£v,. Y ( 4 S) e’
T =T
e i I?I ([;ort\tinuum
'« 3000 o MCunc. ] 2 2
b i ] . . 2F E e — Mp — MpEye
3 ; - . Separate well reconstructed Biag candidates with cosOy p«, = peam D ¢ B D
& 3000 | | 2| pplPpeel
f e Reconstruct signal side D*# using a list of DY and D' modes
u o .
20001 e Suppress background events using Egcr<1.2 GeV.
oo e Develop MVA to separate between signal and normalization from backgrounds based on
' variables such as m?._and E, .

miss
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R(D) and R(D*) with Semileptonic Tagging

Extra signal and normalization yields from a fit Ocis and Eedl
in four samples: D¢, D¢, DY¢, D¢

lllllllle
—
OOD

N
o

—
(&)
L |

Feed down from D*| to DI sample is large and left free in the
fit .

Events / (0.12 GeV)
o

Events / (0.12 GeV)

N WA O

Background yield from B — DUz is left free in the fit.
Other backgrounds are fixed to their MC expectation.

—A
1

Fake D*: yield of fake or misreconstructed D* mesons,
determined using sideband data.

w

TR

N

OsDT

Events / (0.12 GeV)
Events / (0.12 GeV)

D*ty

D**fv

D*fv

Egcr
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R(D) and R(D*) with Semileptonic Tagging

e [eading uncertainties

e Limited MC sample size:
e PDF shapes in the final fit

Source AR(D) (%) AR(D") (%) Correlation

B eed/ down factors T - ‘ - ‘ N *{’

o Efficiency ratio of signal to normalization events | Efficiency factors
e Reconstruction efficiency of feed down yield.
e Limited knowledge of B — D#v branching fractions

Fake D( ) callbratlon 0.19 0.11 —0.76
B., calibration 0.07 0.05 —0.76
Lepton efficiency 0.36 0.33 —0.83
and fake rate

Slow pion efficiency 0.08 0.08 —0.98
B decay form factors 0.55 0.28 —0.60

Luminosity, £, f° 0.10 0.04 —0.58
and B(Y(4S))

R(D*) — 0.283 % 0.018 % 0. 014 '

¢ Most precise measurement performed to date!
¢ In agreement with the SM within 0.2 and 1.10.
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B(B — D™ )
B(D)
B(D")
B(T— — e—ﬁgl/.,.)

0.05
0.35
0.04

0.15

0.02
0.13
0.02

0.14

Total

2.21

4.94
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Belle 11 experiment

e Luminosity projected to be 30 x larger than that of Belle.
e 20x smaller vertical beam size.

e 1.5 x beam current.

Super-KekB

Improvements the Belle II detector :

Central beam pipe: decreased diameter from
3cm to 2cm (Beryllium)

Vertexing: new 2 layers of pixels, upgraded 4
double-sided layers of silicon strips

Tracking: drift chamber with smaller cells,
longer lever arm, faster electronics

PID: new time-of-flight (barrel) and proximity
focusing aerogel (endcap) Cherenkov detectors

EM calorimetry: upgrade of electronics and
processing with legacy CsI(Tl) crystals

K, and u: scintillators replace RPCs (endcap

and inner two layers of barrel)

KL and muon detector:

Resistive Plate Counter (barrel)
=S€intillator + WLSF + MPPC (end-caps)

N &
v-...“‘ ol St

——

EM Calorimeter:
CslI(TIl), waveform sampg
Pure Csl + waveform sa

\\\\\\\\\\\\\i\:‘\ S—

electron

7
Beryllium beam pipe
2cm diameter

Vertex Detector
k2 layers DEPFET + 4 |z

positron (4GeV)

~ . e
Central Drift Cham :
He(50%):C2He(50%), Small cells,

\Iever arm, fast electronics
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Belle II dataset

Int. Lumi (Delivered)

[fo-']
e Belle II started data-taking in March 2019 and has 5000 . o
now collected ~380 fb-1. - 2021c 2022ab
4m0 Targot
Belle Il Online luminosity Exp: 7-26 - All runs
mam Recorded Weekly 3000 a1 |
15.0 - sosssasssss IERecordeddt =383.04 [fb—1] ................................................................................ L 350 . Base
VIL 2010 VU0 AN 22/6/1 22/84%
17 OSSOSO I8 l........ - 300 2000
- 250

Total integrated luminosity [fb™!]

Total integrated Weekly luminosity [fb~!]

pandemic! L 200
S| (W » 0
 ; ............................................... o 20/4/1 21/4/1 22/4/1 23/4/1 24/4/1 25/4/1 26/4/1
ol — ‘ ......... o Belle llwill collect up 0 510 fo before it fir
0.0 | I | | I I 0 shutdown .
R R \&\W%%‘g%% e Plan to confirm the current B-anomalies, R(D) and
wmmm R(D¥*), and to present first novel results R(X).

Date

Updated on 2022/05/18 22:24 |ST 3



Preparing the toolkat
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B-tagging at Belle 11

e Exclusive reconstruction of B mesons using e Qutputs a signal probability which separates correctly reconstructed B

hadronic and semi-leptonic modes. mesons.
e Achieved using the Full Eyent Interpretation ., x10°____Belle Il preliminary
(FEI)a d multlvarlate algorlthm based on a g R - IY('4'5)I_,IBI§' | j x10% Belle Il preliminary
hlel’arChal approaCh. S 1.0} fﬁ dt=34.6fb™" B Continuum L0 Clorrectlylreconstrlucted | | fﬁldt= 34.6fb1 |
~ [ Bég "/ / MC stat. unc. ] _ (B Continuum & mis-reconstructed ‘
- § 0sl § Data N& ogl 1 Data
» : W N/ ) wiel 3 Tt 2 Ng:, =38545 + 1161
Tracks 1 VO objects KLMClusters ECLClusters \ g; o 2 el 2 o Prog > 0.5 .
——— —_ a )23 S =
/\ — g =
e e ) (m]) [ 2
- | | - ' - //f' '.\“ - .\I |“c" . "l' g
' 0 ," = § T ] 9550 5.255 5.260 5.265 5270 5.275 5280 5.285
i ‘ — \ ™ ," 5 LE) 03 . Mpce (GeV/c?)
\ 1', ,___:.-f’fl "i :3. = :"'."...‘.'..""."33000..‘:
/ _f,f”-_ l| ‘a' FDJ © _1 L :
[ ><< | | = aQ -14 -12 -10 -08 -06 -04 -02 0.0
N/ | | % 109(Ptag)
‘ " ) . ° . °
D" D, \/ < e 30-50% mmprovement in efficiency compared to Full Reconstruction at
N =
[ T p Belle.
D D Ds] '
: — BE B° B B
B . Hadronic . .
Semileptonic
FEI with FR channels 0.53 % 0.33 %
FEI 0.76 % 0.46 % ﬁI (l)g(l) g’ (2)32 Z’
e Employs over 200 Boosted Decision Trees to FR 028 % 0.18 % o) er
SER 04% 02% SER 03% 0.6 %

reconstruct ~10000 B decay chains.

35 Comp. Softw. Big. Sci. 3 (2019)
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Belle II

Lepton Identification

e Belle II has global particle 1dentification based on almost all
detector subsystem inputs.
e PID performance and fake rate evaluated in bins of the polar

e Fake rates improved for low momenta using Boosted Decision Tree
PID with ECL shower shape variables to separate between lepton
and hadrons.

angle using standard candle processes. > W77 ——T— r =
% E e - Likelihood Belle II Simulation ;
S 10 ....... m - Likelihood < €> = 95 %

1.13 <=6 < 1.57 rad, electronID > 0.9 S B e - BDT 0.56 < 5 5 =

- 1.2 8. E n-BDT ' - cluster <e. E

= [ Belle Il (Preliminary), [Ldt= 34.6 fb~ & e T TR

e : 2 = 3

8 1.0 [ . :’_:Q: | i 10—1 L —

N e : - -

30.8— 18 10-2:? o —;

= —— +  Jly—ee-¢€(e) 0 + RPN { =

N i ) s .+ -

2 el ee » eey - £(e) 10° - * —m

-} 4 ee-eeee - ¢(e) = =

? ; K_c;—>rm . mis-ID(ijr—>e) X3 10~ :? E:

o 04r - D" - D%Kn)m - mis-ID(m - e) x3 = -

O i : [ ]
= _ T(1lp)T(3p) - Mmis-ID(m—e) X3 1075 L

O 0.2} -v- D" - D%Kn)m - mis-ID(K—-e) x3 ) -80p ' =

i f‘___‘__ o~ B

;/j:_:i:_---i---=#==a= = o 9. -9 oo E

O O ! | s L U T IR AP AR TP | T | | (£ -10 -_1_--1--_1--1-7‘

0) 1 2 3 4 5 6 7 = N 3

p [GeV/c] © p [GeV/c]

e.g. electron efficiency of 94% and pion misID at 2% for & > 0.9
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At p<l GeV/c, elecron fake rates reduced by a factor of 10.



Belle II

EECL

e EgcL 1s a key variable for many semi-leptonic and missing energy analyses, specifically B — D * tv._.

Belle II Simulation D*¢v
o0 - ‘ Belle Il imi Jrdt=34.6fb" Belle II imi Jrdt=34.6fb71
BOtoXInu | ellie Preliminary Ldt= 34, | Preliminary Ldt= 34.
mm D(*)mtv " No beam background suppression = g"kD*"V ; 40 [ Beam background BDT applied = g-’kD*fV ;
250 = D**iv — 25 ' - Conti?\ujm — (| ContignULllJm
Em D* *Tv % : ’/:/ 'l‘j":t:tat- unc. %) 35 V/:A I\D/I;Zt:tat. unc.
s D*tv O 20 F O 30
N mm DTy ; ; s
Q 200f B other < 15l =
= o | B 20
I &
L Properly reconstructed 5 | 5.
B 10! events 2 | 2
© o 10
- O 5 - @)
O ' ;
100 ] 0 ' ' 0
o 2°F * * | 25F
S : = ;
2 [ |1 1 l g s
e O'O;'H_HH{** t +T - ol 00
50 L L *.* - * ............ Pl 25
0.0 0.5 1.0 1.5 2.0 2.5 0.0
EecL [GeV]
0 0 1 2 3 EE— 3 5
EECL (GeV) Develop a multi-variate algorithm (BDT) to suppress beam background and

, L fake photon or hadronic shower split-off contributions.
e Different contributions to Egcr :

e Mis-reconstructed candidates
e Hadronic split-offs

e Beam background contributions
37



R(D) and R(D*)

* One of the high priority analyses for Belle II.

RB(B DYt B BB — D*+T_I/_T)
(B—D"t70) and  RD*) = Sz

s —————— Measure branching fraction of normalization mode to test Belle
—_— + —
BB — D+-1)) HBE > D)

II data and analysis’s chain.

R(D) =

3 ongoing measurements planned before the long shut down of Belle II planned in 2022-2023:

Hadronic Tagging Hadronic Tagging Semi-leptonic Tagging

Leptonic tau: 7 — ey, v, and 7 —> v v, Hadronic tau: 7 — p, 7v Leptonic tau: 7 — ev,1, and 7 — uv,v,

D*, D

K*, K
; B .
- tag\/leg

Y(4S)

e

Initial plan: confirm anomaly with ~0.5 ab-! of Belle 11 data.
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D

= Tagged Exclusive BY — D™ ¢ Uy

2
7”"1‘1’1iss - (1)6,+ e~ meg o I)D* o pf)

Belle Il Preliminary fﬁdt = 34.6 fb~!

_ B B-D7 (v
. 80 i B Background
l - vy, MC Uncertainty
3 ' Data
2 60} '
w _
~ |
s |
= 40}
5 |
C !
BB - D™ v,) = (451 £0.41,,,£0.27,,,+0.45 )% > 20f
O - A
In agreement with world average!
BB — D) = (5.05 +0.14) % o 20 { *

Data — Fit
OData
=
o

—2.5'.|....|....|....|....||...1...1|....*.+..|.
-1.0 -05 00 05 10 15 20 25 3.0
39 m2 ... [GeV?/c?] arXiv:2008.10299




Belle 11 Agenda

e
Q0

_ =
-N -Ih. @l

Total uncertainty [%]
e
=

(X) (had FEI lep T)
(w) (had FEI)

(D) (had FEI, lep 7)
(D) (SL FEI, lep 7)
( *
(
(

D*) (had FEI, lep )%=
D*) (SL FEL lep 7)
D*) (had FEI had 7)

N “ S &

Data sample in ab™!
40

First results

planned by
Summer 2022.



Conclusion

R(D) and R(D*) 1s a stringent test of Lepton Flavour Universality and a valuable portal for
what lies beyond the SM.
Future measurements planned:

e LHCb: R(D), R(D*), R(J/w), R(A,)

e Belle II: R(D), R(D*), R(X)

e BaBar: R(D) and R(D*) with semileptonic tagging (Talk by Yinxuan Li)

Combined with angular analyses measurements of B — D*Zv and B — D*tv decays, we
should be zooming 1n on the New Physics if 1t 1s there.

D>
<O

Belle II
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