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https://www.amazon.de/Triangle-Shape-Trilogy-Mac-Barnett/dp/076369603X
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[F. Bernlochner, Snowmass]

CKMFitter Unitarity + |Ven| Exclusive B2 D"~ pu*v, BGL

EPS 2019 PDG CKM Review Phys.Rev.D 101 (2020) 7, 0720047
+ |Veo| Inclusive BY~D™~u*y, CLN

PDG CKM Review * Phys.Rev.D 101 (2020) 7, 0720047



https://indico.fnal.gov/event/46246/contributions/205336/attachments/138790/174042/Snowmass21_VubVcb_Bernlochner.pdf
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The Belle (ll) experiment
at the ete~ SuperKEK B accelerator.
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and: The LHCb experiment
at the pp accelerator LHC.




Measuring |V,| and |V,,;| at LHCb and Belle (II)

* Two main ways to measure | V5| and | Vep|

e Exclusive:

* Focusonasingle final state, eg. BY — 1~ v, or B— D*~ T,
e Challenges: Possibly small signal yield, knowledge of hadronic form factors.

* [nclusive:

« Consider "all” final states, eg. BT — Xep~ vy or BY— Xu,u"'vﬂ.
¢ Challenges: Background contamination, shape functions, ...

Table: Matrix of success

# total slides

Belle (Il) LHCb
exclusive IVCbl. IVCbl.
V| © | [V | ©
inclusive |V6b|. |VCb|.*
|Vub|. |Vub|®*

™~

current slide e
—~ @

*not performed yet



Exclusive measurements - |V,

3mim?2 G2
° dwd) = f6(4Dﬂ-)0 FW%w|Vcb|2|A(w,Q)|2,w = pIy

dAT(B=D*Ouv) m%+mi, —q>
* Helicity amplitudes in A(w, §2) depend on 3 form factors: h4, (w), R1(w), Ra(w)

o Externalinput: ngw = 1.0066
CLN parametrisation — 4 free parameters: p%, h 4, , R1(1), R (1) iNuc. phys. B530, 153 (1998)]

ha (w) = ha, (1) (1 —8p*z + (53p% — 15)2* — (231p” — 91)2°)
Ry(w) = Ry(1)—0.12(w —1) + 0.05(w — 1)* o . i 0+
Ro(w) = Ra(1)— 0110 — 1) — 0.06(w — 1)? Similar, but simpler for B — D" u™" v,
BGL parametrisation — Converging series [PRL 74,4603 (1995)]
Eb 2" =Y~ V=2 wil-v2
VwFl+v2

f(Z) P1+ Z)
1
Lo &


https://arxiv.org/abs/hep-ph/9712417
https://arxiv.org/abs/hep-ph/9412324

[PRD 91074510 (2015)]

Exclusive measurements - |V, |

dl’(B—ml. G2, |V |?
(Borte) = SRVl 31 £, (g2)2

o Lessdata available than for exclusive |V, | measurements: Use theoretical input for form factors
(and use different parametrisations), often a mix of LQCD (high q2) and LCSR (low q2).
o Different b — w transitions have different FF uncertainties and experimental challenges.

L L L L
mm statistics
Brt . .
+ = chiral-continuum extrapolation
mm lattice-scale uncertainty
mm renormalization factor
e HQ discretization errors
LQ and gluon discretization errors
e other systematics
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¢ Not discussing purely leptonic decays R R o
q“ = (di-lepton invariant mass)


https://arxiv.org/abs/1501.05373

Inclusive measurements of |V,,;| and | V|

Ve

L GRmE i a()(050) . ea(1)(Os (1)
r— 1923]V\<1+ (el 1 oG +o(b))

¢ HQE with non-perturbative coefficients, determined with moments of the lepton energy / q2/the
hadronic mass of B — X .fv

H/u,b‘

o Dominated by feed-down from X .: Select region in lepton energy / m,, inaccessible to
B — X lv decays.
o Use "shape-functions” to describe dynamics of the b quark inside the hadron: Different models used

with different uncertainties in the perturbative and non-perturbative parameters. e
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[j.nima.2011.06.008] [arXiv:2105.08001]

Inclusive |V,| using higher-order terms A

e Use anovel strategy to measure |Vcb| with higher-order terms: Exploit parametrization invariance
to reduce number of non-perturbative elements in the expansion. [JHEP 02 (2019) 177]

* Holds only for some observables, e.g. <q2> (but not for (M x )
e Reduces # parameters at order 4 from 13 — 8.

Tag Side Signal side

o ".Measure (¢%)!"* with Belle data

e Use hadronic tagging to fully reconstruct tag-side kinematics,
using Full Reconstruction (FR).

100 x10°
Belle (preliminary) Belle (preliminary) === B-Dev
mm B-Dev
mm B-D"ev
= Gap
mE Other Background
[ etem~ad
@ MC Uncertainty
I Data

» o N & &

°o o
&S

7= (p -px,)2

Events / (0.17 GeV)
Events / (1.07 GeV?)

°

20 25

15 15 20 30
My (GeV)

q? (GeV?)


https://arxiv.org/abs/2105.08001
https://arxiv.org/abs/1102.3876
https://arxiv.org/abs/1812.07472

[arXiv:2105.08001]

lusi ing high d
Inclusive | V| using higher-order terms B
T
13 T T T $  Electrons
1 ¢ True . . $  Muons H H
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5o e ] : !
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4 5 6 7 8 9 10 uncertainties x 10 Belle (preliminary)
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. . . g
e Using simulation, correct for: B T T ST R TR T PR TR TR TR
9%y (GeV?)

¢ Difference between true and reconstructed <q2>
¢ Biases from the calibration procedure
e Biases from the reconstruction.

e asafunction of the q?ut value.

e Good agreement between electron and muon results
— Combine for the moments determination. @


https://arxiv.org/abs/2105.08001

Inclusive | V| using higher-order terms

In collaboration with M. Fael, K. Olschewsky, K. Vos
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https://arxiv.org/abs/2105.08001

[BELLE2-CONF-PH-2020-011]

Towards inclusive |V,,| with Belle I

600 [ Belle Il (preliminary) a8l
[Ldt = 3461 2150 3 Bellell g & Bellell
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e Similar strategy as in the Belle measurement, but much smaller dataset: Measure (M}((i)

¢ Use hadronic tagging with Full Event Interpretation (FEI), reconstruct a high-momentum lepton and
use the rest of the event to construct M x.

¢ Similar correction procedure as for the Belle measurement. @ @


https://arxiv.org/abs/2009.04493

Towards inclusive | V| with Belle Il
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[BELLE2-CONF-PH-2020-011]

Results in agreement
with earlier measurements
but not competitive yet


https://arxiv.org/abs/2009.04493

[Phys. Rev. D101 (2020) 072004]

Exclusive | V.| using B? decays E

LHCb Simulation
45

4+
1 PTwis

Vis = DOt

PT,vis
+

Fraction relative to maximum

25
p l(D;) [GeVIc]

o Use the decay BY — Dg*)_/frvu, D; — K™K~ 7~ tomeasure | V| exclusively.
o Normalize to B? — D(*)7ﬂ+V”,D7 S KtK—n—

. BS mesons abundantly produced at LHCb.

e Use the corrected mass variable Mcorr = 4/ m%is + png‘s + PTyis
to distinguish signal and background @

* and the correlation between pr,..; and w, cos 6 p and cos 0, to determine the angular shape.


http://arxiv.org/abs/2001.03225

[Phys. Rev. D101 (2020) 072004]

Exclusive | V.| using B? decays E

LHCb Simulation

ol
1 PTwis

Truecos 6,

‘v15 =DM pt

PT,vis
- 3

15 2 25
p,(D:) [Gevrc]

Fraction relative to maximum

Use the decay BY — Dg*)_;ﬁl/u, D; — K™K~ 7~ tomeasure | V| exclusively.
o Normalize to BY — D(*)fpﬁyﬂ, D > KK n—

. BS mesons abundantly produced at LHCb.

e Use the corrected mass variable Mcorr = 4/ m%is -+ pT?n-s + PTyis

to distinguish signal and background

and the correlation between pr,..; and w, cos 6 p and cos 6, to determine the angular shape.


http://arxiv.org/abs/2001.03225

[Phys. Rev. D101 (2020) 072004]

Exclusive | V.| using B? decays

LHCb Simulation %

ol
1 PTwis

Truecos 6,

‘v15 =DM pt

PT,vis
3

Fraction relative to maximum

15 2 25
P, (07 [Gevid
o Use the decay BY — Dg*)_/frvﬂ, D; — K™K~ 7~ tomeasure | V| exclusively.

o Normalize to BY — D(*)7u+uﬂ, D > KK n—

. Bg mesons abundantly produced at LHCb.

e Use the corrected mass variable Mo = 4 /mq%is -+ pTzis + PTyis
to distinguish signal and background @

* and the correlation between pr,..; and w, cos 6 p and cos 0, to determine the angular shape.


http://arxiv.org/abs/2001.03225

Exclusive | V.| using B? decays

x10°

[Phys. Rev. D101 (2020) 072004]

(SG

o T T T T (8] SDaa

S 35 B-Dyrv, LHCby 3 4510° 5%8aa LHCh
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¢ Clean signal and normalization samples

° D;"' — D;—’}//T(O: Neutral objects with low pr have a low reconstruction efficiency in LHCb, so
only D} is reconstructed.

e Similar for D*~ — D~ v/7° @ e


http://arxiv.org/abs/2001.03225

[Phys. Rev. D101 (2020) 072004]

Exclusive | V.| using B? decays

x10°

g oF T T T 3 8 T ,‘_ =

> g LHCb BS- D, 3 > 16k LHCD BS-Ds v, |

& Zf+Daa-CLN S 14k e E

» /F+Data-BGL E by

o 6 Fit-CLN E o 12 E

oS 5E—Fit-BGL E o 10 E

g 4 g 8 g

g 3 g o ]

8 2 & 4f E

© °

g 1 5 2P E

% G % C 1 Il Il Il

O 05 1 15 2 25 (@] 05 1 15 2 25
p L(Ds) [GeVic] p L(DS) [GeVic]

e Perform fit using both, CLN and BGL, parametrisation.
e Leadingto:

o [Veplan=(40.8£0.6 £0.9+1.1) - 1073
o [Viploe = (41.7£0.8+£ 0.9+ 1.1) - 1073

* Updated results wrt to [Phys. Rev. D101 (2020) 072004] due to new value of f/ fg from @ @

[LHCb-PAPER-2020-046].


http://arxiv.org/abs/2001.03225
http://arxiv.org/abs/2001.03225
http://arxiv.org/abs/2103.06810

Exclusive |V | using B? decays

CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)] ?'Jﬂ;'-c

BaBar [PRL 104, 011802 (2010)] "1"_'
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]

OPAL [PLB 482, 15 (2000)] s
DELPHI [PLB 510, 55 (2001)] —t
DELPHI [EPJ C33, 213 (2004)] ""r_"
BaBar [PRD 77, 032002 (2008)] "::‘L
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
[PRD 100, 052007 (2019)]
ar [PRL 123, 091801 (2019)]

Exclusive average (HFLAV 2019)
" nclusive average (HFLAV 2019) |

BaBar [PRD 79, 012002 (2009)] e

e
i

l_’HCh [PRD 101, 072004 (2020)] B:}'ﬁ"-:l-u &
|

ALEPH [PLB 395, 373 (1997)]
H—‘—l—H

1

5 10 15 20 25 30 35 40

* Used the latest average of f/ f4 from [LHCb-PAPER-2020-046] for the LHCb numbers.
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[Phys. Rev. D101 (2020) 072004]


http://arxiv.org/abs/2001.03225
http://arxiv.org/abs/2103.06810

[JHEP 12 (2020) 144]

Measuring the shape of the B — D*~utv, decay rate E

—
b
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g LHCb LHCb
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e Determine the FFs of Bg — D:_N+Vu by measuring the shape of its differential decay rate.
e Fully reconstruct D%~ with (low-pr) photon from Di~ — Dy
o Use Mo to separate signal from background, determine q2 (and w) using kinematical constraints. @


http://arxiv.org/abs/2003.08453

Measuring the shape of the BY — D*~

W
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(AN /dw,)
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[ o erameision Prys Rev. D101 (020 072004
1 1

e Provide w data for phenomenological analysis for the first time.

1 1
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Wunf

JT(B. - Dy p'v,)

[arXiv:2105.11433] [JHEP 12 (2020) 144]

ptv, decay rate %

== HPocD
&= HPQCD, binned
—— LHCh

e Good agreement with FFs from [Phys. Rev. D101 (2020) 072004]

e and with recent LQCD calculation from HPQCD [arxiv:2105.11433]


http://arxiv.org/abs/2003.08453
https://arxiv.org/abs/2105.11433
http://arxiv.org/abs/2001.03225
https://arxiv.org/abs/2105.11433




x10% [arXiv:2102.00020, accepted by PRD]

Partial B and inclusive |V, =5
X v
artial B and inclusive |V,,;| K = o
m L2720 B=X,lv shape
33 ¢ Data
= /77 MCunc.
2
c
v
>
w

0.4 0.6 X 1.0

* The dilemma of inclusive |V : BDT classifier output

e Want to reduce contributions from B — X /v as much as possible — Only consider small phase
space.
* Precision of shape functions decreases for small phase space — Increase phase space.

¢ "Resolve” dilemma by enlarging the regions where AB(B — Xu&/) is measured and suppress
B — X v background using machine learning.

e Use hadronic tagging with FR to constrain the kinematics of Bsig

« Use M2, D* veto variables, presence of kaons, By, vertex fit quality and the total net charge of the

event to distinguish B — X /v from B — X, fv. @


https://arxiv.org/abs/2102.00020

[arXiv:2102.00020]

Partial B and inclusive |V,
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https://arxiv.org/abs/2102.00020

[arXiv:2102.00020]

Partial B and inclusive |V, Vil (BLNP) = (10550097835 %03) x 1072,
Vsl (DGE) = (£16+ 0095533 4413) x 107
Vsl (GGOU) = (4.15 £ 0097533 7555) = 10
Vig| = 1/ -ABEXulr) [Vaal (ADFR) = (405 0,093 & 0.18) x 107

T AT (B— X V)
Use 4 different theoretical predictions for AT'(B — X, {v)

Usea 2D fitin M and ¢ in the most inclusive sample with Ef > 1 GeV/ctodetermine |V,
with the 4 different predictions.

== Background
= Signal
1 Data

5000 |- B Background
= Signal

ao00 | | Data

:g /7. MC uncertainty /74 MC uncertainty
=
& 3000
8
g
2 2000
e
1000
23
3 o_uf 1 1 i -i
a i T T 1 j
-25

00 05 10 ISNIX f(gev]25 30 35 40 0 5 12 [Ge\}il 20 25 @
Average of the most precise ones leads to: |V,p| = (4.10 £ 0.09 4+ 0.22 4 0.15) - 1073 @


https://arxiv.org/abs/2102.00020

[arXiv:2102.00020]

Partial B and inclusive |V,

BLNP

—_—
DGE S P —
GGOU [ I——
ADFR R E—
Our average [ —

28 30 32 34 36 38 40 42 44
10%| V|

¢ Obtained result shows a discrepancy with respect to |Vub] exclusive from B — wfv (1.30) and

from CKM constraints (1.60).


https://arxiv.org/abs/2102.00020

[BELLE2-NOTE-PL-2020-026]  [W. Sutcliffe, ICHEP2020]

First Belle Il results on B — X, fv
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¢ Rediscover B — X, (v close to the kinematic endpoint of pj
* And B — 7~ (v using FEL


https://docs.belle2.org/record/2057
https://indico.cern.ch/event/868940/contributions/3813750/attachments/2082451/3498458/FEI_ICHEP.pdf

[Phys. Rev. Let. 126,081804]

Exclusive |V,;| from B? mesons E

a F T T -~ r . . .
81600:_ { Data 2500 I
S 1400+ Tod  low g2 LHCD | ST highg? h 4 LHCDb
= F N B - Ky, 2fb S 2000 | A 2fpT 3
2% o E I\
Sacoop = 1500f- i ' E
8 800F Q E il
g 600~ 51000} ' o I 4
2 400f E : th
E 500 3

B ;

0= 3000 . 0
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* Use BY — K~ v, decays to measure |V |: First observation of BY — K~ pt v,

Vs BB K~ utv,) L .
M r Vin| s T i) rimin nal an kground.
* Measure [ Rpp B(B2—>D;u+u“)’usemc°" to discriminate signal and background

e Divide Bg — K_;["Vu in two bins of q2 with equal number of signal events.

Rgg: form factor ratio


http://arxiv.org/abs/2012.05143

Exclusive |V,;| from B? mesons

-~ e ; ; ;
Ry CIMILC2019 [ JUKQCD 2014
E o7 [JHPQCD 2015[JLCSR, Khod. & Rus.] LHCb
808 E BY - Ky, = LCSR (Khod.& Rus:2017)
8 o3 E P <7 Gev¥ct
[
T o4 E B2 - Ku'v, e~ LQCD (MILC2019)
> > 7 GeVv¥ct
03 E A~ pUY, e LQCD (Detmold2015)
02 E 2> 15 Gev?/ct
2
i Veol, Ve, (POO)
PR PR PR PR PR Vi 1 1 1
CD 5 10 15 20 O 0 1 0 2
o [Gev2/c - R
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* Two different FF predictions for B — K~ v, used to extract | Vi |:

e Low ¢2: LCSR based on [JHEP 08 112]
¢ High q2: LQCD based on [Phys. Rev. D100,034501]

better.

Provide two values of | V5| Differential rate will help understanding the B — K~y v, decay

[Phys. Rev. Let. 126,081804]

(G


http://arxiv.org/abs/2012.05143
http://arxiv.org/abs/1703.04765
http://arxiv.org/abs/1901.02561

[Phys. Rev. Let. 126,081804]

Exclusive |V,;| from B? mesons
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e Measurement (in individual q2 bins) is systematically limited, many are connected with limited size
of simulation sample.

e More q2 bins will allow for a more precise measurement using the full LHCb data set.


http://arxiv.org/abs/2012.05143

Conclusions

* After 20 years of precision measurements, | V4| and | V5| are still an exciting research topic with
unresolved puzzles.

¢ Many recent measurements by Belle (I1) and LHCb add precision, but did not resolve all mysteries.
¢ Belle Il and LHCb will continue to show a "collaborative competition”.

e Exciting new results expected for the future: More exploitation of the Belle data set, new results by
Belle Il in the following months, start of the LHCb upgrade, results using B;" mesons,
Bt — 77 /utv et
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https://www.amazon.com/Square-Shape-Trilogy-Mac-Barnett/dp/0763696072

Exclusive |V,;| from A baryons
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* First measurement of |V | (relative to | V|) at LHCb

® Meorr = V m%is +pT2 +pT

Yields about 15’000 signal events.
B(A)—pu~7,.)

BN AL p=w,

using R 7 from [Phys Rev D. 92 (2015) 034503]

Measure |Vyp| = RpF -

) |Vep|in high-q2 region,

|Vip| = (3.27 £ 0.15 4 0.16 & 0.06) - 10~3. Most precise exclusive result.

[Nature Physics 11 (2015) 743]
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I Combinatorial
I Mis-identified LHCb
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Use the corrected mass variable to separate signal and background.


http://arxiv.org/abs/1504.01568
https://arxiv.org/abs/1503.01421

Exclusive | V.| using B? decays
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¢ Clean signal and normalization samples

[Phys. Rev. D101 (2020) 072004]

(G

° D;‘+ — D;"’y/ﬂoz Neutral objects with low pr have a low reconstruction efficiency in LHCb, so

only D} is reconstructed.
e Similar for D*~ — D~ v/7°


http://arxiv.org/abs/2001.03225

[BELLE2-CONF-PH-2020-009]  [BELLE2-CONF-PH-2020-008]

B— D®¢ev at Belle Il
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« Reconstruct B — D* /v using hadronic tagging and FEl or B — D(*) {1 without tagging.

o Determine B(B® — D*~¢*v)=(4.51 & 0.41 + 0.27 %+ 0.45)% with FEI
e and B(B® — D*~(Tv)=(4.60 & 0.05 & 0.17 + 0.45)% without tagging. @ e


http://arxiv.org/abs/2008.10299
http://arxiv.org/abs/2008.07198

[arXiv:2104.05739]

|Vus| from BT — p/wlv

e B = m1lv, HFLAV :
= = B-Xylv, arXiv:2102.00020 1
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e Large discrepancy between values extracted from BT — p/wéu and B— mlv


https://arxiv.org/abs/2104.05739

