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Semileptonic decays

Hyperon semileptonic

Nucleon (-decays decays

Ferml 4-body interaction

| ~ 117 x 107°GeV 2
(modern language) W-boson exchange
2
ﬁ __9 5 /. Quark mixing:

V2  8myiy, s Cabibbo 1961

e+, !J’ , 1:+
« Semileptonic decays are clean channels from
theoretical point of view:

M(B — nl7v) = —

 Factorization of the hadronic and
leptonic current: no final state
interactions
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IV ol and |V |

|V.,,| provide crucial

inputs for indirect search o dtiscrepg_r;;:ies t
of New Physics etween direren
determinations:

30 effect
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UT Status (Summer 2018)

* Prediction of FCNC processes X |thvts|2 ~ |Vcb|2[1 T O(AQ)]

[=
« |Vl plays an important role in 1

the determination of UT
~ 4
b EK N:E‘I/Cb‘ _l_-u 0.5

« |Vl is the side opposite to
angle

UTsit

summeris8

y T

m
o |E
o

 Tree level .vs. loops —

e ltis the smallest CKM matrix _g5
element:

« It could be more sensitive to
any small violation of the CKM
paradigm
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Experiments: B-Factories

D
@ Belle Det_ectﬂr

BELLE e 1 Aerogel Cherenkav cnt.
' : n=1.015~1.030

SC solenoid ¢
15T 4 .

CsI(TI) 16X, = N, = .

TOF counter A
8GeV e = i

"> Tracking + dEld
- " Lsmall cell + He/C,H,

SN
f 'f[l p /! K, detection

3 lyr. DSSD 14/15 lyr. RPC+Fe

@ KEK Japan: 1999-2009

Z

I heBABAR Datector BABAR, NFAAATD, | [Z052

1.5 T solenoid ERMC
o 6580 Cel(TI) crystes

DIRC [PIDY)
144 quartz bars  ~—__
11000 PRAT s

Insirumented Flux Refum
iren / RPCe (muanf naulral hodmons)

_ Dritt Chamber
T 4D sterea layers

j' Silicon Vertex Trackar
1 5 layers, doubl g-sided sirips

@ SLAC: 1999-2008

B-Factories: hermetic detectors, low background, access (mainly) at B9+

About (771 + 467)x106°
ete- - BB events in
the Belle+BaBar data
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4 Belle and KEK is being upgraded h

Belle-1l will collect
50ab-! by ~2026

%




W L -0

og(ete” — Y (45)) = 1.06 nb

BF(Y(4S) — BB) ~ 100%

BaBar: 430 fb-"
Belle: 640 fb™"
Belle-ll expected 50 ab™

« Hadron machines: high energy pp (or pp) collision

b-hadrons

o(pp — 55)7 Tev ~ 295 - 10°nb
o(pp — 55)13 Tev & 600 - 103nb

The b-quarks can hadronize in any
kind of b-hadron
By, By N\,.Bs =4 24, Q. By ..

s’ —b’

LHCb: 3 fb-! + 6 fb-"




|Vub
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Measurements of [V |

Understand b
the QCD

o Inclusive decays B — X' v: ﬂ X,

 Need to know QCD corrections to parton level decay rate

« Operator Product Expansion predicts the total rate I,

« EXxclusive decays B — nt'v/ plv

« QCD effects are embedded in the form factors

dB(B — wlv) EG%TB 3B, 212 Leptons are considered
d_qz — |VHE?| 24ﬂ3pwlf—|— (q )| massless: only one FF

B—-n

;



The state of the art at the

BY - a#t¢— o

B~ - 7%

BELLE

B
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|I|I|||lll|ll

dB(B°—> = I v)/dq? [10° GeV?

T T T T T T T T T T T T T T T I

Input Melasurements:
¢ B Belle untagged , Phys. Rev. D83, 071101 (2011)

v B° Belle had. tag, Phys. Rev. D88, 032005 (2013)

A B* Belle had. Tag, Phys. Rev. D88, 032005 (2013)

& B°& B* BaBar untagged, Phys. Rev. D86, 092004 (2012)
O B°& B* BaBar untagged, Phys. Rev. D83, 032007 (2011)
® Likelihood fit average

III4|III|III|III|III|III|III|IF

8 ‘FI.
=
1) Many different experimental measurements: 6 =
Tagged and untagged al-
2) Signal extracted in bins of g2 2_ HFLAV
L I T T T T | T T T T | T T T T I T T T T | T Inkllll lII_II | | 110‘ I | |115] 210] — I25‘
X - - ¢ [GeV?]
© 10—[1v 1=[367 = 0.09 (exp) = 012 (theo) | x 107 | ~*  Average Belle + BaBar
(O) — ub —A— LCSR (Bharucha) —
© B Fit prob.: 47% BCL fit (3 + 1 parameter) ] Results of the HFLAV
c::. 8 ~ Data & LQCD (FLAG) & LCSR_ Combined fit Of the
g B , ‘l’ 1 experimental data
= - 1 and theoretical inputs:
: 6_— + ] P
B 1 + Lattice QCD (HPQCD,
%TD 4 —= 1 FNAL,... ) at high g2
g B 1 ¢ light Cone Sum Rules
2 — at low g?
- 2018 i =
0_ I | | | 1 | | 1 | | | 1 1 | 1 I | | 1 | | 1 1 | 1 I I_
0 5 10 15 20 25
o [GeV]
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Semileptonic decays

Hyperon semileptonic

Nucleon (-decays decays

Fermi 4-body interaction

p . ud u
Gpm~11Tx107°GeV
(modern language) W-boson exchange
" 2
ﬁ __9 5 /. Quark mixing:
u't_ild

V2  8myiy, s Cabibbo 1961

er, ut, v
« Semileptonic decays are clean from
theoretical point of view:

M(B -l V) =—i—Vy - L*H,

» Factorization of the hadronic and
leptonic current: no final state
interactions
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« At LHCDb the key ingredients are:
« Lepton identification

e Trigger threshold to low-pT

» Decay vertex separation from the primary vertex to identify the b-hadron
decays: b-hadron flight length is ~1cm

M.Rotondo '/ 12



Nature Phys.11(2015)743
u

 The b-baryon decays provided
complementary information to B

« A\, Produced copiously

| L I R T —
0.35 ;I" f LHCb =
b T (s=13 TeV E

/- Kinematic constraints allow the h
L determination of the p,, (modulo 2-fold

oosE ™' PRD 100 (2019) 031102 ambiguity)

B, and A, fractions
)
[\)

o
=

L L L L 'l 'l L L L T
5 10 15 20 25

p,(H,) [GeV]

- Large background from A, — A _uv

 LHCDb determines (in the high g2 region)

. p the ratio
~—— R B(Ab N p/l,l/) - Signal
[ exp — B Ab S Ay < Normalization
M.Rotondo Roma 2020 13




Reconstruction of the g°

The knowledge of the A, momentum P, B®(ps) = D™ (pp)* (m)u(p1)

arXiv:1912.09562

Py =PD t Py

is needed to measure ¢°=(P,, - Pp)2

mV:(PAb_PP_PM)QZ(PAI)_PY)ZZO

Primary
Vertex

Hypothesis of just 1-neutrino missing, known masses of the particles, and the well-measured
Nb flight direction gives the momentum with a 2-fold ambiguity

. » Ciezarek et al. JHEP02(2017)021 — A

1071 L

« The g? resolution can be improved exploiting other
information as decay length and angle with respect

to the beam line

1072

Normalised entries

« Important when angular variables will be considered 10

\'/

O:— Improvements foreseen exploiting Machine Learning S0 0 0 50 100 150 200
= Aq*/g? [%]

\ /

M.Rotondo Roma 2020 14



https://arxiv.org/abs/1611.08522
http://arXiv.org/abs/arXiv:1912.09562

'/ Nat Phys.11(2015)743
Ab 3 p}lV r ature Phys.11( )

Signal Background

Excellent PID
— — . allows clean p
Xp o Xp_oo=" identification

-
-
—
L

* Require isolated proton-muon vertex

* A multivariate classifier to distinguish between these two
configurations

» Powerful tool to reduce background from other b-hadrons:
90% rejection & 80% efficiency

 very difficult to isolate against neutral particles: main
backgrounds

M.Rotondo R

oma 2020 15




Ab — PV : corrected masv | Nature Phys.11(2015)743

» Use the corrected mass to discriminate signal from the remaining
background .

H R
2 2 L m PR b
- 2’ |
Mcarr—\/PJ__FMpg_l_pJ— . ............ :P ) ¢
> |
1
|
1

PV SV T e Pl

el 1
4 o

: Calculate uncertainty for each
event and reject candidates with

N
LHCb simulation

— puv low o

0.14
0.12

01 — puvhigh o . \_: .
pogf e O \ M. Uncertainty greater than

0.06

0.04
002

\ 100MeV only (~23% survive).

E The signal peaks even with a
95 . missing particle!

Corrected mass [MeV/c2
M.Rotondo Roma 2020 /
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Nature Phys.11(2015)743

Signal N=17687 £ 733 Normalization N=34255 = 571
2S 2 2>7 GeV?
E‘T 18000 T T T T | T T g T ?5|G|ev_| ?4-000 T T T T T T |q T T T T T
= ¢ Il Combinatorial LLHCb F = . LHCb
> 15000 B8 Mis-identified 3 = o
L B D’puv o A
> ool AT = 00 A
& - Il A:'-‘” v B Combinatorial
= i Nuv % - . t
£ 9000 WEpuV, 2000
= - L
B 4]
= 60000 S
= 5 =2 1000
i = I
O 3000 & :
! —= i
000 4000 5000 4000 4500 5000 5500
Corrected pu~ mass [MeV/c?] Corrected pK a*u mass [MeV/c?]

Systematics dominated by

[ Rexp = 0-92 + 0.04(stat) + 0.07(syst) x 10'2] BF(A, — pK), trigger and

tracking efficiency

M.Rotondo Roma 2020/ 17




Z
,/’ Id et al PRD92(2015)034503

7

Theory input

- —=.. | * Most recent calculation based on
' 2-1 L-QCD calculation using RBC
& UKQCD configurations

| * The most reliable theory
* F predictions of the ratio of FF are
T T T obtained for:

« N,—> A pv g?2>7 GeV?

« N\,—ppv g?2>15GeV?

*9 Iz IL tl3 I é lI[] R
2 (GeV?) [’ ub exrp

Veb Rrp

Nature Phys.11(2015)743
4l ' First measurement of A, — p v

o First IV | in hadronic Vo = 0.079 £ 0.004£4p. £ 0.004F
gyt %

environments

M.Rotondo Roma 2020 18
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Measurements of [V 5| S

« Inclusive decays B — X_{' v:

 HQE is the successful tool to include perturbative and non-perturbative
QCD corrections

« Exclusive decays B — D{v/D*{v

e QCD effects are embedded in the form factors

Exclusive Inclusive

HFLAYV 2019
Input from:
BaBar, Belle,
CDF, CLEO, DELPHI

HFLAV 2016 T *

Input from:
HFLAV 2013 * . BaBar, Belle,
CLEO, OPAL,
ALEPH, DELPHI
HFLAYV 2002 | | * | ‘l | |
0.038 0.039 0.04 0.041 0.042 0.043 0.044

IV 1
=y

M.Rotondo Roma 2020 /



« B—Dfvand B — D*fv provide clean way to extract |V_,|

2 2 2 + .
o _mptmh g " laBo ) G (- mVER -
dg? 243 ¢'m%

'”1% 2 (2 y 212

[ (1 T 2_-*;3) mg(Ep —mp)|f+(q°)

3Im? :
+ S~ PP
for £=c and (= LB B
B—D: for =e and =y, only f,(q?) plays a role e » e ¢

B—D*: three form factors

- FF computed from Lattice-QCD 0" = Gmaz Q" = Gmin =M

- Lattice-QCD reliable close to zero-recoil regime

Roma 2020 21
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V.| and Form

Events/1070.05

 Phase space is reduced to O in
the zero-recoil region

 Need an extrapolation to w=1
which has to rely on a form
factor parameterization

Form Factor x IVcbI X ]03

« BGL Boyd, Grinstein, Lebed Phys.Rev.Lett 74, 4603 (1995)

N .

1 fw+1 -2 Coefficient a, , free parameters

fi(z) = ain",  2(w) = The unitarity and analyticity of the FF
i P'(Z)¢£(z)z i\n (w) NTESEW,) e unitarity and analyticity of the

' n=0 assure bounds on the sum of the a, 2

 CLN Caprini, Lellouch, Neubert Nucl.Phys.B530, 153 (1998)

B — D*fv
B — Dfv ha,(w) = ha,(1)[1 —8p%z + (53p? — 15)22
G(2) = G(1)(1 - 8p*z + (51p* = 10)2* — (252p° - 84)2") — (231p% — 91)2%]

Ri(w) = Ry(1) —0.12(w — 1) 4 0.05(w — 1)?
Ry(w) = Ry(1) +0.11(w — 1) — 0.06(w — 1)?

Roma 2020

Higher order coefficient connected with the slope p?

M.Rotondo
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| | 1 1 11 I 11 1 1 l 1 | | | I 1 1 1 | I 1 1 1 1 I 1 11 1 I 1 1 1

-h—lllllllllllll|III|III|III|III|III|III|III|III

37 38 39 40 41 42 43 ]
V| [10°]

M.Rotondo Roma 2020 /

4

S



B, semileptonic decays

« Complementary measurements to those from B® and B*

 Advantages:

1.3

1.2}

1.1

1.0}

0.9

0.8}

0.7¢

0.6

LY
~ rd
rd ~

Golden modes

for Lattice-QCD }

» Lattice calculations easier due to heavier spectator quark, so predictions are more precise

« Forthe B, — D *: the zero-width approximation of the D_* should work better than the B case (no

D= pollution)

HPQCD, arXiv 1906.00701
FF in the full g2 range

19

HPQCD, PRD 99 (2019) 114512

B - D*—

B = D*

1, (1) (HISQHPQCD) NoN
k(1) (NRQCD.HPQCD) — ——OG——
> hy (1) (HPQCD) —o—
ha,(1) (NRQCD, HPQCD) ——
h4,(1) (Fermilab,Fermilab/MILC) S
0.5 080 085 090 095
24
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B, semileptonic decays

« Complementary measurements to those from B® and B*

« Advantages:

for Lattice-QCD

L
:O’_ Golden modes

« Lattice calculations easier due to heavier spectator quark, so predictions are more precise

« Forthe B, — D_*: the zero-width approximation of the D_* is more valid than the B case (no Dn

pollution)

« Experimental point: different background composition from excited D_ states than in the B—D*

case

2.8

2.6

2.4

2.2

2.0

1.8

TTTT T T[T T T T[T T T T[T T TTTTTTT]

~  S-wave
P-wave
D-—wave

mass [GeV/c?]

3.4

3.2 1

3.0 1

2.8

2.6 1

2.4 1

2.2 1

2.0

1.8

D_(2317) — D_T1° >90%
D_,(2460) — D_* T1° ~50%
DX ~50%

L=0 L=1 L=1  L=2

js=1/2 | js=1/2 | js=3/2 | js=5/2
| . e

: : ; D(3040)
:D,(2860) DZ3(2860)
_._E H . : :
D;,(2700) D5(2573)
—— @ Da(2536) . DK
' Ds(2460) '
K : DK
‘D5(2317)
D, : :
Ds : i —— theory
- : :
® measurement
0- 1~ 0+ 1* 1* 2+  3- 77
jP
25
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LHCb Measurement Qf

 Extract |V | from B decays B,.—D_uv and B.—D_*uv

« Normalized to B® — Duv and B® — D* v

- The BF(B° — D™ruv) are known well from B-Factories

~ - The D" and the D_ are reconstructed A

in the same final state D ) — KKn RS,

>

 Decrease the systematic é’
uncertainties: same particles and ~
similar kinematic in the final state 5

=

O

« Only the D" and the D_ are constructed
=

. The D, and the D_*(and D- and D*) are "2
separated kinematically (withm__ ) 8

M.Rotondo Roma '/,

_ N OO W oW B A
NnN O NS h & O &

5o

ArXiv:2001.03225

50

B(BY — D,
B(B" — D p
B(BY |
B(B’ — D* utv,)
-
x10”.
_DataL
E SS: K
86 18510| I190E)I .19510 IZOOI(; I2IO
My [MeV/c?]
26



LHCb Measurement of |VCbI, 4 ArXiv:2001.03225

External inputs

B(Bs — Dguv) | Ny €| fa B(D” — KKm) | fs/id from

R = —
5 - PRD(2019) 031102
B(B® = D~uv) |[Ng €| fs B(Ds = KKT) | gesfiom PDG
Signal yields and normalization yields from fit Analo*gous_e_xpression .
Efficiencies evaluated from simulation, adjusted for for R* (additional BF of the D%)

Data/MC differences based on control samples

M.Rotondo Roma 2020 7 4l



ArXiv:2001.03225

LHCb Measurement of [Vicb|.

External inputs
B(Bs — Dsuv) |Ns €q|| fa B(D™ = KKm) | fs/fd from

— = ' ' PRD(2019) 031102
B(BY - D-w) |Ni el fs B(Ds— KKnr)| LEo2019)08

R

Analogous expression

Signal yields and normalization yields from fit ©
for R* (additional BF of the D*)

Efficiencies evaluated from simulation, adjusted for
Data/MC differences based on control samples
N, can be written in terms of |V | and the form factors: also the form factors can be

determined by a proper fit of the signal candidates

LHCb Simulation .
 The transverse momentum of the D is i 1.5 09
correlated with w = 0.8

0.6
0.5
04
0.3
0.2
0.1

:p (D) '__.-J' 13

-

-=" 1.2

-~
L
L
-
~
-~
-
-
-

PV v s 1 15 2 25
D J_(DE ) [GeV/c]

M.Rotondo Roma 2020 28
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ArXiv:2001.03225

« Template fitto m
simultaneous measurement of the ratios R(*) and the form factors

and p,(D,) identify the signal yields and provides a

corr

R R

1071 [107Y] . x.10,3....,.. N N x|1(|)3ll”l —
fo/fax B(Dy = K*K=n)(x7) 04 04 O sk - _3 < ME e E
B0 S K 0 o S 3 B0, LHCH > 2 LHCD:
B(D*‘0—> D—XJ)r - 0.2 8 30F BY-D, uw, 3 (‘B 18 ]
B(B =D uty,) - - C ] E
B( B00—>D*‘uu+5p) _ _ ~ 25E_Phys.bkg. ; 16 -
;”(Bs)’ m(D"7) - © [l Comb.bkg. ] - 145 J L .
EW - - C 4 ]
i) - 5 Y z Tl ‘;
External inputs (ext) 0.5 0.5 2“ 15F - 8_‘ lg E
D, — K*K ™7 model 05 04 Q ] % E
Be(mc)kg“round 04 06 § 10F E % 6 E
Fit bias 0.0 0.0 . B - ] o] 4 r
Corrections to simulation 0.0 0.0 T 5 r = ;-a ) E
Form-factor parametrization 0.0 0.1 g 0: O Wttt ] % () b b s ) :
Experimental (syst) (‘ 0.6 07 ) O 4 45 5 55 @) 05 | 1.5 2 2.5
Statistical (stat) 0.5 0.5 More [GCV/CZ] pl(D;) [GeV/C]

% % N R =1.09+ 0-05stat + 0-06syst t 0'05893t
5 o 0]

> 8 R* = 1.0+ 0.0551at & 0.075yst & 005
g & o

g g 4 First measurements of these SL branching
% = ratios

O ol=mms 55 9 0% 2 25

T g, [GeVie?] ' P liD-) [GeV/c] oma ZOQW 29



Results on |V_ |

ArXiv:2001.03225

| Voplop n = (41.4 £ 0.6(stat) = 0.9(syst) = 1.2(ext)) x 1072
| Vo laer = (42.3 £ 0.8(stat) + 0.9(syst) + 1.2(ext)) X 107

/'« First measurement of V| using B,

1+ First measurement of [V_ | in an
hadronic environment

* The results are consistent between
CLN and BGL

* Results compatible with world
average for both inclusive and
exclusive determinations

/- Uncertainty not competitive with b- N

factories: limited by knowledge of fs/fd

:6: The approach can be applied also to

'~ BYdecays!

\ /
M.Rotondo Ro
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ALEPH [PLB 395,373 (1997)] *— |
CLEO [PRL 82, 3746 (1999)] — -
Belle [PRD 93, 032006 (2016)] oLy e

BaBar [PRD 79, 012002 (2009)]

BaBar [PRL 104, 011802 (2010)] -|-°—‘-

ALEPH [PLB 395, 373 (1997)] H—— |

CLEO [PRL 89, 081803 (2002)] I

OPAL [PLB 482, 15 (2000)] e

OPAL [PLB 482, 15 (2000)] o

DELPHI [PLB 510, 55 (2001)] ———
bttt

DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77,032002 (2008)] R |
BaBar [PRL 100, 231803 (2008)]

BaBar [PRD 79, 012002 (2009)]

Belle [PRD 100, 052007 (2019)] el
BaBar [PRL 123, 091801 (2019)] ey
LHCb [LHCb-PAPER-2019-041]

—Exclusive average (HFLAV 2019) |
------- Inclusive average (HFLAYV 2019) |

IIIIIIIIIIIIIIIIIIlI F 1 L1

10 20 30 40
V,1[107]



* LHCb-PAPER-2019-046
Study of BS 7 DS w = R.V.Gomez CERN Seminar 12/2/20

« Determination of the differential decay rate dI'/dg?

 Measure more precisely the form factors in the CLN and BGL parametrisations

. . o 9\ 2
dU(B¢— Dy ptv) _ Gi Vol new * P19 (| _ M
dq? 96 73 M, q>

2

, m 3m?
x |(|Hy P+ |H_|? + |Ho|*) [ 1+ —& — 21 H,|?
(HoP + [H-P o+ 1) (14 7% ) + 52

Analysis Strategy

- Extract the production rate of B, — D_*uv as a function of w (2016 data)
« Fully reconstruct D.,* — Dy

« Use templates from simulation, properly correctly for data/MC differences from
control samples

 Corrected the raw yields for detector resolution (unfolding) and
selection/reconstructed efficiencies
« Fit the unfolded and efficiency corrected spectrum with different parameterisations

« CLN: fit only ha1(w) and slope the single parameter

« BGL: fir the leading form factor f(w) with two parameters

* In both cases: the other functions taken from external sources

M.Rotondo i/!/ 31




Candidate selection

. Fully reconstruct the D_.* — D_y

* Requires the selection of soft photons within a cone Dfetem (67 +1.6)x 10

around the DS direction

ﬁ_» D, direction

x10°

~ B I I | I i
D 100p -
> = LHCb Preliminary
2 80 -_ ......... —
e) L T i
s T ]
o s« . —
- i i
~ i ]
7]

Q 40 -
s [ ]
g i i
| 20~ 0 T —
= i i
5 _ . i
O e T .

| as*" | | l ............. 1

2100 2150 2200
m(D?y) MeV/c?)

- LHCb-PAPER-2019-046
/ R.V.Gomez CERN Seminar 12/2/20

Dfy  (935+£07)%
Dz (5.8+0.7)%

R 3 10
L 22F o E
> 20F - LHCD Preliminary 3
O = =
O 18F 3
—~ 16F — E
Z M4E 3
~ 12F E
[72] - 3
L 10F —_ 3
S 8F E
o 6F - E
8 4F — E
© 2 - E
F 1 1 L 1 1 1 1 1 1 _u_u_.—' 3
00 0.5 1 15

y pr[GeV/c]

Most important backgrounds

Bs — Dstv (T — 1)
BS — Dsllﬂ/ (Dsl — D:X)
Hb — D:Xc (Xc — FL)

Isolation of the muon candidate

Required a minimum muon p..
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Signal yields

LHCDb Preliminary
1.0<w=1.11

Mo [Mer CZ]

LHCb Preliminary
1.22<w= 1.27
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w 5 @ 8 B 3
8 8 8 8 8 8
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i i 1 i
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g
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7
A

500

LHCb Preliminary
1.11<w=1.17

LHCb Preliminary
127<w=1.32

data

B~ D,
B! = D't
Hb - D:+Xc
comb.

Bg - :1iu_vp
B! = Ditv,

35

/X/’,/// :

0-PAPER-2019-046
.Gomez CERN Seminar 12/2/20

2
w
2

3000 LHCDb Preliminary
2500 1.17<w= 1.22

Candidates/(233 MeV/c

L

LHCb Preliminary
1.32<w= 1.38

g g

4

Candidates/(233 MeV/ch)
g ¢ 8

g

Extremely pure signal samples
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* -~ LHCb-PAPER-2019-046
BS _ DS uv spectrum ~ RV.Gomez CERN Seminar 12/2/20
Migrati tri ded f §3°S' ]
igration matrix needed for - . .
the unfolding % 3 LHCb Preliminary ]
Bs F :
2 25E =
~ N .
25 2f .
E — -
o B -
N 15 — data —_
) 10 E BGL parametrisation E
T [GeV') 1 :_ CLN parametrisation _:
] ] O 5 - AR N TR TR TR TN N T T TN SN SN SN NN SN T N S .:
 For CLN parametrisation ~1 1.1 1.2 1.3 14

w

p? =1.16 £0.05(stat) £ 0.07(syst) ~ massive leptons

Parameters in agreement with the results
p? = 1.17 £0.05(stat) £ 0.07(syst)  massless leptons on B—D*fv from b-Factories

No significant SU(3) breaking!

 For BGL parametrisation

f = — 0.002 + 0.034(stat) + 0.046(svst These results and techniques are paving
“ (stat) (syst) the road for ongoing tests of LFU in the
al = 0.93+0.95 (stat) +0.94 (syst) B, sector
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Lepton Universality

/

A&

« Lepton Universality is a key feature of the Standard Model

* The only difference between electrons, muons and taus is the mass

* Once corrected for the lepton masses, the decays with electrons, muons and

taus should be identical!
 LFU Violation would be a clear signature of BSM Physics

/

* 1) Deviations with expectations observed in b—s transitions

B(B— Kp*u) o BB—=K'utu)
RK) B(B — Kete™) (K) B(B — K*ete™)
» 2) Deviations with expectations observed in b—c transitions
B(B — Drv. B(B = D*1v,
R(D) — ( TV ) R(D*) — ( TV )
B(B — Dilvy) B(B — D*{vy)

( « The SM predictions have reduced unknown hadronic contributions!
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Lepton Identification is Not U

e Muons:
« Stable within LHCb
* No radiation
 Electrons:

* Bremssthrahlung emission in the
detector: partially recovered from a
detected y

e Contamination from y conversions

e Taus:

e Short lifetime: we see only the products

* Neutrinos in the final state: t —puvv, 1

— TV, T —TTV y
« Large contamination from other heavy L;
meson decays

M.Rotondo Roma 2020



B—D®v: measureme'

» Experiment can access directly R(D) and R(D*) ratios

/ 4\ Slgna|
R(D) = 1B — Drvr) T H Yl
['(B — Dlve)g =2,

Normalization

(largest background)
I'(B — D*tv;)

['(B — D*tvy), _

R(D*) =
"

Nsi norm
R(D™) = 9y ©

N, norm €sig

Hu’/

Several experimental and theoretical uncertainties cancel in ratio
- D®) reconstruction / Particle ID /tracking eff.
- |V,| & Form Factors (partially)

Very precise  R(D) =0.299 + 0.004 ©=10%
SMprediction  R(p*) = 0.258 + 0.005 o=20%

"



Tagging at BFactories

- Many neutrinos in the final state

- Lack of kinematics constraints in the final
state

Weak signal signature

* Tag B determines charge and momentum of signal B
 All remaining particles must come from signal B: Little activity
In the Calorimeter

M.Rotondo Roma 2020
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PRL109,101802(2012)

PRD88,072012(2013)
Signal signature: Meiss2= (Pese. = Prag = Ppey = Pe)?
— Softer muon from Tau decays .
B ; i 2
% 2 100_1) 10<m?. <120 GeV? o —
< i v [ L0sms  <120GeV
q S é ! -
S 3] S o DO+D*
E 5 50 B
& @ §
% Ll
0 05 1 15 2
p* (Gev)
> 60 > Wb D 10<m2, <120 GeV?
8 i E 405 . / \
q S 0f B—D**1v WDty |
o ~ B
5 0 %‘ oF HmD*tv
5 s 7F mDly - Free
a7 - 10F ,_ | HmD*1v yields
: WA EmD**lv
’ T T s 2 --Bkg. Fixed
m2. (Gev?) P*l (Gev) \_ J
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R(D*) at LHCb

Signal (BY— D**7—7,)

« Trigger on the charm component (to not bias the signal extraction)

« Selection exploiting excellent LHCb performances of the VELO and the
particle identification

« Full selection efficiency ratio €, / €, = (77.6 £ 1.4) %

- Lower p; and worst vertex in the tau decay

M.Rotondo Roma 2020
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B rest-frame determinatio

B momentum unknown in production
from pp collision in LHCb

« B mainly from gg — bb

* Transverse missing momentum is know
but no way of measuring longitudinal

Arbitrary units

=
—

0.05

—
[
LN

component

B boost >> energy released in the decay

« ~18% resolution on pg

-
1B”—)D*g.,w

B D*tv
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f%f Ly
%” =

=
A

10
m2,__ (GeV/c2)?

ry units

Arbitra
o
=
m I I

=
=)
I m

I *,._

TR

500 1000 1500 2000 2500
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p.(B%)=

boost-approximation

mﬂu

m(D"u)

p.(Du

)
/

Arbitrary units /

=
)
]

=
T *T T T

NN
\\\\\\\\\
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-

(=]

0000F  -040<q?<285GeVic* LHCbh

e

Binned 3-D fitinm__._ 2 Eu and

miss ’

g2 (40 x 30 x 4 bins)

Candidates / (75 MeV)

Candidates / (0.3 GeV'/c

% R RS [R(D*) =0.336 + 0.027 + 0.030}
> A : .

ﬁzoooo— 3 S o0k .

% 10, 14 « |n agreement with BaBar and
i 3 Belle measurements

S ) S S S e L :

e 2.10 higher than SM

610<q><935GeVe* | LHCb ]

" 3 15000

2 > r

5 = 10000] [ Data N
= 5 C

3 ; Bl B - D'

g E (Ol e e E - B — D“H{:(—} IVX!)X

.................

B0t B B - D"

4000 " 935 <g? < 12.60 GeVP/c* LHCb
s00] ) BB Dw
200 Combinatorial

100 K.. Misidentified p

Candidates / (75 MeV)

/
20 PRL115,111803(2015) 43
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36604300
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%* - . PRL120(2018)171802 ch
B - D*tv witht — 3313(3'50/)‘% PRD97(;O18)3)72013 %‘]
« Compared to leptonic T decay, the largest source of contamination comes
from B—D*3nX decays: completely different backgrounds, and new

opportunities to control them!

« Signal normalized to B—D*3n

Br(B-D*"ttv;)  Nprgy, « Ep'ar 1
Br(B9-D*3m)  Npesp  epry.  Br(t+-3m(n0)vy)

K(D*) =

e Signal and normalization share the same visible final state

« Cancel most of the systematics: PID, trigger, tracking efficiency

4% precision

/ from PDG2017

BY (B ’ =D . u t V [,L) ~— 2%precision
from HFLAV2018

R(D") = K(D')x 20
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PRL120(2018)171802
PRD97(2018)072013

« Decay topology exploited to suppress the abundant background from

H, — D*3nX (BR ~ 100 x Signal)

« Minimum distance between H, and t required: reduce these background by a

factor 1000

 Remaining backgrounds contains two charm
hadrons:

« uses informations from additional energy
around the t direction, and the resonant
structure in the D*3r system (BDT)

—-D*DX: ~10x signal
D*D*X: ~1xsignal

—D"DYX: ~0.2xsignal



Fit results

2 ol ]
* Normalization mode S wof  BO—D*TrtTTCt E
. 8 om0 E
« Signal extracted from 3D : b N~17000 events E
fit on 8 2o 3
. g2 (8 bins) ok :
« 31 decay time (8 bins) 1: . A
+ BDT (4 bins) o el
~ L 2500F
Eiﬁﬂﬂ js _
" 2000f
g 5 Ny, =1300£85
3 1 ™
] m - -
< 2000 S
2 150 ~ looof
500 0
0 0 5 10
0 0.0005 0.001 0.0015 0.002 0 .
? [nseq] ¢ [GEVZ et 0 0.1 0.2 0.3

BDT

R(D*)=0.283 £ 0.019 £ 0.025 = 0.013 (from external inputs)
p
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Status of R(D)-R(D*) it

504 —
-~ B . Ay* =10 contours =
= [ LHCb15 X =1 i %
g plens 1 | R(D*) =0.29540.011 + 0.008
035 -_ __4_(§ """"""""""""" S ]
PEEE e R(D) =0.340 + 0.027 £ 0.013
-  LHChIE
03 = AN . = : ”
E 1 * The uncertainty on the additional
C T T Doetert form factors needed for massive
025 = o B — leptons (Ht) is the dominant source
S —— {1  of uncertainty
B Bellel7  SM predictions: 7]
[ HFLAV HFLAV Average — ¢ How reliabl re th redictions?
02 BaBar PRI123(2019)091801 Eggg:):_ogigs¢+0(.]0£1¢+0(.)0588 ~ ow reliable are these predictions
: Gambino PLB759(2019)386 ST - : _ : )
L : Bord(lane 1908.09398| : | | - QED corrections”
0-15 1 1 1 1 1 [ 1 1 [ 1 1 [ 1 1 1 1 1 1 1 1 1 [ 1 1 [ .
02 025 0.3 0.35 04 045 - Form-Factors from Lattice?
N
R(D)
R(D) R(D¥) RD-RD* RD* only

#o from SM  #o from SM
Bernlochner et al. PRD95(2017)115008  0.299+0.003  0.257 + 0.003

Bigi et al. JHEP1711(2017)061 0.260 + 0.008
Jaiswal el al. JHEP1712(2017)060 0.299+0.004 0.257 £ 0.005

HFLAV 0.2991+0.004 0.258 + 0.005 3.08 2.5
BaBar PRL123(2019),091801 0.253 £ 0.005 3.43 2.8
Gambino et al. PLB795(2019)386 0.254 + 0.007 3.16 2.6
Bordone et al. ArXiv:1908.09398 (no exp.) 0.298+0.003  0.247 + 0.006 3.77 3.2
Bordone el al. ArXiv:1908.09398 0.297+0.003  0.250 £ 0.003 3.87 3.2
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Hov QED impacts R(D) measurements
EPJC79(2019)744
o I I I I I I L] I I I L] I I | L] | | I I | | I I | I I L] I I I L]
%@, 04 :_LH(‘h 15 Ay” = 1.0 contours _: ¥
A 1 | R(D*) =0.29540.011 + 0.008
B o ]
035 Lemmm T
F T R(D) =0.340 + 0.027 £ 0.013
-  LHChIE
03 = A = _ .
C 1 ¢ The uncertainty on the additional
i T Doetert form factors needed for massive
025 = o i~ R = _— leptons (Ht) is the dominant source
I E—————— {  of uncertainty
B Bellel7  SM predictions: ]
L HFLAV HFLAV Average — | e cs:
021 Bl PRLI232019)091501 RD) =040 £0.27 +0013 ™ Common systematics:
B Gambino PL.B759(2019)386 R - 7]
C Bordone 1908.09398 ] - B-D"/B— D*Xc
0-15 1 1 I 1 1 1 [l I 1 1 [l 1 I 1 [l 1 1 I 1 1 1 1 I 1 1 1 [l I 1 1 [l
0.2 0.25 0.3 0.35 0.4 0.45 RD) QED correction: PHOTOS
R(D) R(D¥) RD-RD* RD* only

#o from SM  #o from SM
Bernlochner et al. PRD95(2017)115008  0.299+0.003  0.257 + 0.003

Bigi et al. JHEP1711(2017)061 0.260 + 0.008
Jaiswal el al. JHEP1712(2017)060 0.299+0.004 0.257 £ 0.005

HFLAV 0.2991+0.004 0.258 + 0.005 3.08 2.5
BaBar PRL123(2019),091801 0.253 £ 0.005 3.43 2.8
Gambino et al. PLB795(2019)386 0.254 + 0.007 3.16 2.6
Bordone et al. ArXiv:1908.09398 (no exp.) 0.298+0.003  0.247 + 0.006 3.77 3.2
Bordone el al. ArXiv:1908.09398 0.297+0.003  0.250 £ 0.003 3.87 3.2
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P.(D%)

[=]

L % 6.6/12,p = 88.4% D0

Weighted events/(0.50 GeV?)
3
—
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+++ +++H+

0 :+— . . —o—o—o:

10
q* (GeV?)

0.4-| Ll

R( vy - B(Be = J/vm) RD)

— 2) -
B(Be — J/Wuw) 3 160} \ arXiv:1903.03102

R | ] S 140} ‘ ' '

:isooo & g 1201

o % 1 R(J/W)=0.71+0.17 £ 0.18 S 100 Py ) '

S o | 20 higher than the SM o so [

i‘azzooo: 60; BELLE

g o00f 40;_ — Fitwith F,"=0.6

O ¢ 20 © sm

§:§ _____::::::::::::"'::::::::::::::""::::::::::::::____::::::::::::::::: 06 08 0706 05040302050

? ’ GV cosO,

M.Rotondo Roma 2020 o 49


http://arXiv.org/abs/arXiv:1903.03102

Angular analyses

« B—D"and B,—D_": rich angular structure can be exploited:

£ 0.045F ® 007F
S 0.04 z— LHCb Simulation 5 0.06 [ LHCb Simulation
= goar ¥ oos:
3 0.025 g
0.02F
0.015F
0.01F
0.005
B . I L
-3 -2 — 0

Arbitrary units

« Strong sensitivity to NP Wilson coefficients (for example in arXiv:1602.03030)

» Belle-ll will further analyses these decays

« With the very high statistics collected in LHCb it is possible to perform angular
analysis even with a quite poor resolution on the angular observables

1 2 3 3 =2 4 0 1 2 3
0, resolution (rad)

®* B— D*tv, T — uvv . .
 For B—D* with hadronic tau, a novel

* B D approach has been proposed in D. Hill

T % et al. JHEP11(2019)133
6y, resolution (rad)

Roma 2020 p 50
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

o 2018(65TeV): 219/

o | 2017(65:251TeV:171 4010/ | 2

o 2016(65TeV): 167/ ; : I
2015(65TeV:033// [ [mp—

o 2012(40TeV): 208/fb |' |‘ I
2011 (35 TeV): 1.41 /b S 5 4

2010 (35 TeV): 0.04 b I

Veb| &/

/

72010 | 2011 2012 2013

Integrated Recorded Luminosity (1/fb)
o — n w R w o ~ oo fi=]

L
2015 2016

2014

current LHCb pgrade | —— Upgrade Il—>

In the coming years of data taking the integrated
luminosity will greatly increase

The higher statistics in the control regions will help in
constraining the background model

MC statistics is the limiting systematic in the present
measurements

* Fast simulations already developed arXiv:1810.10362

1
—  Belle — 11 Rp
Belle — II Rp-
0.10} e LHCb Rp 1

LHCb Rp-

T o A e _
¥ a0 & Z0.08f — LHCb Ry, H
& 18 g = LHCb Rp,
- doen g LHCh R
= 16 (50 £ S — LHCb Ry,
2 6 ;25° E 2 0.06} -
g 14— 7 3 T:‘
£ E s
£ 10 :200 g z
3 s o 1 5 2 0.4} _
. - o (s W
% 10 - - 150 £
: - -
8] .
] 0.02 -
6— —100
4__ E S ——
3 —50 0.00 | ' | ' |
2] . 2015 2020 2025 2030 2035
0 ] ., nn La ’ - xerslf TR TR SR O _0 \'(‘?ll‘
2010 2015 2020 2025 2030 2035 .
Year ArXiv:1809.06229
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Conclusions

Semileptonic decays of the B-hadrons are a rich mine of good physics

They requires close interplay between theorists and experimentalist

CKM elements: the Inclusive-Exclusive puzzle have to be understood!

* Inclusive measurements will be dominated by Belle-Il in the near future!

 On exclusive measurements LHCb has shown un-expected great capabilities
\

"« The R(D)-R(D*) anomalies requires further checks

. Studies in different hadrons are ongoing: R(D,), R(D.*), R(A.), R(J/¥)

« Exploit b—u transitions: R(x), R(p), R(p)

« With the increasing in precision, it is crucial to consider effects not considered
- so far: QED corrections

- |f these anomalies are due to fluctuations, limited QCD
understanding, systematics, we will know soon!

- Crucial to exploit all the data we already have in LHCb

- Belle-ll could confirm/disprove (Confirmations are important as first
. measurements!)







Large New Physics Effect! F

0.8F - LQ from PRD 87,034028(2013
- Prediction Jf 2HDM-I] ﬁ _ bl
= 0.6:— % 06 I~ Theory Leptoquark(LQ) ,V . Q(B
@ 041 Measurement 05 |- // —
B - b L C -
D.Z_— 0.4 :— B > If
0.4; 03 : Measured R(D*) (+10)
S E sm
& 03 ~ “E
02?_ N KR 0.1 0.2 0.3 0.4
0 0.2 0.4 0.6 0.8 1 Non-SM-like C; = +0.36 Cr
-1
tanf/my+ (GeV™) But disagreement in D* momentum
R(D) = tan 8/mpg = 0.44 £ 0.02 . 30
R(D*) = tan 8/mpg = 0.75 £ 0.04 S [ gM [ C, = +0.36
3 | _ .
— 20_— 20__
e The combination of R(D) and R(D*) 3 | :
excludes the 2ZHDM-II 2" oF
* More general 2HDM-III can explain of ol n
the data (more parameters) T R T NET I R Y e
Py [GeV/c] Py~ [GeV/c]
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B-Factories BaBar and B

 CM energy of the Y(4S5) =10.58 GeV 7 .
most of the time 31t l T;é
7 | 2
» Large production of B meson § | £
from Y decays oL Y@ 0
) _ 110 :'. Y(39) .

* Ojp.s8cev(€7€ — bb) = 1.06nb iy ' My l Y(4S)

 Run at Y(5S) allows to access ° dERREE S

the BS mMesons 3.44 946 10001002 1034 1037 1054 1058 1062
Mass (GeV/cz)

¢Te” = 7T(4S) - BB B-Factories: hermetic detectors, low background,
Excellent PID, access (mainly) at B%*

About (771 + 467)x10°
ete- — BB events in
the Belle+BaBar data




800

* % o . B — D*uv,
D baCkg ro u n d S o 00 LHCb Simulation
« B — D**uv, where D** refers to any resonant or B—D*1v,
non resonant excited charm state
« Separate templates for narrow resonances
D,(2420), D,*(2460), D,'(2430)
 Form Factor from LLSW model with slope of IW | Miss
function floated D*pTr control sample
- S 7 I, =, 12000}
N —— Data = e
s BB - D 2 S 10000
e B B-DHEMX] = & [
< mmE- D g < 8000
@ B D = P N
k= Combinatorial = £ 6000f
5 I Misidentified S 3 [
[3 600 _: = 4_[}00_
400 = S [
200 _ —E 2000F
m2,__ (GeV/c*) E.* (MeV) q® (GeVIc*)
« B — D*mrruv,, recently measured by BaBar D** Background is
~12% of the normalization
* Modelled using ISGW2 parameterization mode

« @2 distribution tuned on data with D*prr control sample
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