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Introduction

Lepton Flavour Universality (LFU):
® In SM, electroweak couplings of charged leptons are universal.
® Difference between e, i and 7 should only be driven by mass.
® Ratios of branching fractions to final states with different leptons.

LFU tests with tree-level b-hadron decays:
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Recent developments in B — D®*) FFs

Two form-factor parametrisations: BGL (pis 353, 306 19905)) and CLN nuctprys 5 530, 153 (1008)]
® CLN uses HQET constraints (up to O(1/m.)).
® BGL provides a model-independent parametrisation

2017

e Belle released unfolded B— D*) data [PRD 93, 032006 (2016), arXiv:1702.01521]
® Theorists performed fits [PLB 04, 022 (2017) PLB 05, 078 (2017) JHEP 12, 060 (2017)]

® | V| from BGL found to agree better with inclusive measurements
° |VESL = (4.17£0.21)%
° V3N = (3.82+0.15)%
2018
® Belle update with more data faxiv-1800.03200)
® | V| from BGL & CLN compatible, but more like old result (3.96fgﬁ(1)°o) [PLE 06, 039 (2019)]
® Errors improved but still not perfect
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Recent developments in B — D®*) FFs

New (2019):
® Predictions of R(D(*)) and polarisations with modified CLN fariv1008.00308)
® Unitarity bounds [pLg 353, 306 (1995), JHEP 12, 060 (2017)]
® LQCD for fy 0(q?) (B— D), ha,(g2ax) (B— D*) [Pro 92, 034506 (2015),PRD 93, 119906 (2015),PRD 97, 054502 (2018) PRD 95,
114504 (2014),EPJC 77, 112 (2017)
® |LCSR for all FFs but f7 pHep o1, 150 (2019)]
® New: HQET calculations to higher order (O(as,1/mp, 1/m2)) fariv1008 00308
® Errors taken properly into account |Ve| = (4.00 £ 0.11)%

| R(D)=0298+0003 || R(D*)=0.247+0.006 |

| Pr(D)=032140003 || P,(D")=-0488+0.018 |

[ F.(D*) = 0.470 + 0.012 ]

See [M. Jung's talk at LHCb Implications]

Upcoming: lattice analyses of four of the B— D) FFs at nonzero recoil fuxiv100601010, arxiv-1811.00704, arxivi1812.07675 |
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Experiment Leptonic T decays

LHCb measurements with muonic 7 decays

LHCb measurements:

B(Xp— Xc1T0r)
R(X.) =
(X) B(Xp— Xcptvy)
® Same visible final state X pu* b

® 3D binned template fit to extract yields:
9= |PB°_'DD*|2
Miss = |Pgo — Pp= — P+ 2,

E;'}r = muon energy in B° rest frame.

B; decay time for R(J/p) — flatten ¢°, E*,

R(D") = 0336 +0.027 0030 |
[PRL _115. 112001 (2015)1
[ R(JA) = 0.71 £ 0.17 £ 0.18 ]

[PRL 120, 121801 (2018)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

Experiment Leptonic T decays

B-factory measurements with leptonic 7 decays

B-factory measurements:

R(D™) = 5(B— DY vy) .
~ [B(B— DWe=1.) + B(B— DWu~1,)]/2

® Use 7~ — e Dev; and 77 — u” Uy, so normalisation modes
have same visible final states

® Charged and neutral B and D®*) mesons

® D and D* reconstructed in many final states
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Experiment Leptonic T decays

B-factory measurements with leptonic 7 decays

Hadronic B-tag method:
® Reconstruct hadronic decays of other B (=Bi) + D) + ((=e,u)
e BaBar: 2D fit (pro ss, 072012 (2013)]
® Miiss = |Pete— — Pouy — Ppiy — Pef?
® |p;| = momentum of £ in B frame

[ R(D) = 0.440 + 0.058 + 0.042 ] [ R(D*) = 0.332 + 0.024 + 0.018 ]

® Belle: simultaneous 1D fits (pro o2, 072014 (2015)]
® m2.. for m2., < 0.85GeV/c?
® Neural network output for m%;, > 0.85 GeV/c?

[ R(D) = 0.375 + 0.064 £ 0.029 ] [ R(D*) = 0.293 + 0.038 % 0.015 ]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.072012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072014

Belle R(D)-R(D*) with semileptonic tag

Experiment  arXiv:1910.05864 (Submitted to PRL)

® New (2019) result

arXiv:1910.05864 (Submitted to PRL)
® Reconstruct B%,, — D™*)(~7, along
with B, — D=5, or DX 771,
Yields determined from 2D fit:

® FecL = energy in ECAL not associated
with reconstructed B

® BDT output, trained to distinguish
D™ 7y from DMy
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http://arxiv.org/abs/1910.05864
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Experiment Hadronic 7 decays

Measurements with hadronic 7 decays

Belle R(D*) l—prong [PRL 118, 211801 (2017)] [PRD 97, 012004 (2018)]
® Using7" =7 v, and 77— p v,
® Reconstruct hadronic mode of other B (Big) + D* + 7/¢
® B— D*7~ 7, yield: simultaneous fit to Egc in different signs of cosf,, B species and 7~ decay
® B— D*(7; yield from fitting m? ‘ R(D*) = 0.270 + 0.03575:%28

miss

LHCb R(D*) 3- Prong [prL 120, 171802 (2018)] [PRL 120, 171802 (2018)] o
L . 0 "+,
® UsingT~ = min v, "
e B D**7~ 7, yield from 3D template fit ) v,
D’
* ¢’ =|Pg — Pp-|%, ) -
e 71 decay time,
® Qutput of BDT trained to kill D*D; .
® Normalise to B®— D*+3xF @
® Yield from unbinned mass fit

R(D*) = 0.291 = 0.019 + 0.026 - 0.013 }

D™
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.211801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
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Experiment ~ Angular observables

BaBar (2012), had. tag
0.332 + 0.024 + 0.018 - a— BaBar (2012), had. tog
Belle (2015), had t ; hed. .
oo o a1 g;‘;a%i: i;&:z
Bl 2017, (e ) 0375+ 0061+ 0026
210 DS = O Belle (2019), §. tag
LHCb R(Ay) Belle (2019), sl tag 0.307 + 0,037 £ 0016
PRL 120, 121801 (2018) —— 02630018 £ 0014 o Average
0.71%£0.17+0.18 LHCb (2015), (muonic 0.340 + 0,027 + 0.013 —1
+ + —_——
- 0.336 + 0.027 + 0.030 SM pred. average
SM predictions LHCh (2018), (v, ) 0295 0008
PLB 452 (1999) 129 0.280 + 0.018 + 0. e
arXiv:hep-ph/0211021 Average PRD 94 (2016 034008
PRD 73 (2006) 054024 0295+ 0,011+ 0,008 —— D o
2006074008 ot pre err PRD 95 (2017) 115008
Range 0.25 - 0. . 299 £ 0,003
e RO/V) 0.256:% 0,005 3)::;712 (2017) 060
| | | | PRD 95 (2017) 115008 1299 £ 0,004
1 1 1 1 1 1 1 1 1 1 1 1 0.257 + 0.003
FNAL/MILC (2015)
0.5 0 0.5 1 JHEP 1711 (2017) 061 0299+ 0011 @019
0.260 + 0.008
HPQCD (2015)
JHEP 1712 (2017) 060 sty -
0.257 £ 0005
% HELAV
e 6x R(D*),3x R(D), 1 x R(Jp). |FE=M .
TR R P o I | 04
H . . 04 ’
e All central values lie above the SM 02 03 ROY) R(D)
expectation.
[HFLAV Spring 2019]
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https://hflav.web.cern.ch/

World averages

Experiment

Angular observables

® HFLAV spring 2019 R(D)-R(D*)
average is 3.1 0 from the SM.

® Reduction from 3.8 0 due to new
Belle SL tag result, adding R(D).
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Experiment ~ Angular observables

Angular measurements

From Belle R(D*) 1—prong analysis [PRL 118, 211801 (2017)] [PRD 97, 012004 (2018)] N

) M
® Fit split by different signs of 7 helicity angle < 5
p - - :
E I . 1
o Result: ‘ P, = —0.38 +0.51+02L ’ . | 0
° Theory: P, = —0.497 £ 0.013 (pro &7, 034025 (2013)], - - o R(DY)
—0.488 £ 0.018 [arxiv:1908.09308] R(D*)-P- agrees with SM at 0.6¢
New (2019) result: Belle D* polarisation in B®— D*~7F v, ooz 000
® Using 7t — (T, nt 0,
® Fit mass of B,y simultaneously in 3 bins of cos0p
1 dr 3
——— = > (2F, cos® Op + (1 — F) sin°0
Foostn — 2 (2F, cos® Op + ( L) sin*6p)
® Result: | Fi =0.60+0.08+0.04 | (1.6 ~ 1.80 agreement)

° Theory: F/_ =0.441+£ 0.006[PRD 98, 095018 (2018)], 0.457 = 0.010[av)<iv:1805.08222], 0.470 + 0.012[arXiv:1908.09398]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.211801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.034028
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http://arxiv.org/abs/1903.03102
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Summary, conclusions, prospects

Experimental prospects

® BaBar and Belle results statistics dominated
® |Improved precision from Belle Il
® LHCb results only use Run 1 data: Runs 2,3,4... will bring much larger statistics.
® | HCb results systematics-dominated
® Many systematics will reduce with more data and more MC
® Others depend on external measurements (BESIII, Belle I1)
®

LHCb plans: analyses of more modes
* b— cr . R(DY), R(D%), R(D;™), R(AL™)) ..
® b ur vy A= pr v, BY— pprius .

® More angular observables!
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Backup slides

Allowed NP scenarios and best-fit values of Wilson coefficients

Taken from a poster shown at EPS-HEP [link] which is an update to arXiv:1903.10486

Scenario | Best fit value(s) | x2,, P.(D¥) F (DY) Ars(D*) B(Bf = ttv;)
SM - 21.8 | —0.499 +£0.004 | 0.45+0.04 | —0.011 £ 0.007 2.15 x 1072
Cv, 0.10£0.02 45 | —0.499 +£0.004 | 0.46 £0.04 | —0.011 +0.007 2.50 x 1072
CgL —0.34+£0.08 5.7 | —0.493 +£0.003 | 0.44 £0.05 | —0.062 + 0.010 1.14 x 106

(Cu.cry | (027,035 | 43 | —0.494+0.004 | 0.47 £0.04 | +0.027 £0.008 | 7.93 x 10~2
(Cvp.Cs) | (~0.14,0.25) | 4.5 | —0.526+0.004 | 0.45+0.04 | —0.061 +0.006 | 2.15 x 103
(Cvp, Csy) | (~0.11,022) | 3.9 | —0.468 +0.004 | 0.47 +£0.04 | —0.023+0.006 | 1.20 x 10~

® Belle Il prospects: FL(D*) — £0.04 and P-,—(D*) — 30.07 farxiv:1001.06380]

® Limit of B(B} — 771,) < 0.1 from re-analysis of 40% of L3 Z%pole data, using later
measurements of f./f, and B (BT — 7Fv;)

® Can be improved with (re-)analysis of full LEP-I data
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Leptonic 7 modes

Leptonic 7 modes
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Leptonic 7 modes ~ PRL 109, 101802 (2012) and PRD 88, 072012 (2013)

BaBar R(D)-R(D*) with hadronic tag

® Reconstruct hadronic decays of other B (=Bi,g) + D™ +

U(=e,p)
® Yields determined from 2D fit:
® mr2niss = |Pe+e* - PBtag - PD(*) - PZ|2

® |p;| = momentum of £ in B frame

| R(D) =0.440 + 0.058 (stat) + 0.042 (syst) |
[ R(D*) = 0.332 % 0.024 (stat) = 0.018 (syst) ]

Events/(0.25 GeV?) [Events/(100 MeV) in insets]

® R(D) 2.00 above SM
® R(D*) 2.7c above SM

® Combination 3.40 from SM ' miss_gev

BB—~Dr v, BB—Drv, WMB-D (/)
OB D v 5 WB- D¢ EBackground
[PRL 109, 101802 (2012)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.072012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.101802

Leptonic 7 modes ~ PRD 92, 072014 (2015)

Belle R(D)-R(D*) with hadronic tag

e Reconstruct hadronic decays of other B (=Bi,) + D) +
U(=e,p)
® Yields determined from simultaneous 1D fits:
® m2i for m2., < 0.85GeV/c?
® Neural network output for m2,, > 0.85 GeV/c?, trained to
distinguish B— D)7~ 7, from backgrounds

| R(D) = 0375+ 0.064 (stat) 4 0.029 (syst) |
[ R(D*) = 0.293 + 0.038 (stat) = 0.015 (syst) ]

® Combination 1.80 from SM, 1.40 from BaBar result
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072014
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072014

Leptonic T modes ~ PRL 115, 112001 (2015)

LHCb R(D*) muonic: introduction

B(B®— D*~1Fv,)
R(D*) =
(D7) B(B°— D*—ptv,)

® Both modes have same visible final state: D*~ pt.
® Neither fully reconstructable, due to neutrinos.
® B° momentum approximated using B® decay vertex and scaling visible longitudinal momentum by
m(B°)/m(D*" ")
® Resolution on kinematic variables enough to distinguish between 7 /1 modes.
® 3D binned template fit to extract yields:
® ¢>=|Pg — Pp: [,
° m,zniss = |Pgo — Ppx — PM+|2,
® E;. = muon energy in BO rest frame.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

Leptonic T modes ~ PRL 115, 112001 (2015)

LHCb R(D*) muonic: fit and result

< ico] g 4 “040<q <2meNI
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5 u ] R
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3 B10<f <93 GaviIct SRRy 5 610< 535 GaVlIc" Lrice]
® 1.90 above SM 3 :
g 3 ]
® Largest systematics: simulated sample size and mis-ID p@ g g E
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

Leptonic 7 modes ~ PRL 120, 121801 (2018)

LHCb R(J/i)) muonic: introduction

Bl > J/yr'v,

(Bf = Jhp7tuy)
(B&— I utvy,)

RUW) = 7

Both modes have same visible final state: J/ip ™.

3D binned template fit to extract yields:
® B decay time,
® mr2nissv

° Z(E;+,q2) = flattened 4 x 2 histogram of EJ., q.

B decay form factors not precisely determined; constrained
experimentally from this analysis.

Low rate of B} production, but no long-lived D-meson background.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

Leptonic 7 modes ~ PRL 120, 121801 (2018)

LHCb R(J/)) muonic: fit and result

e First evidence of the decay BX — Jipmtv, (30 significance).

R(J/) = 0.71 £ 0.17 (stat) & 0.18 (syst)

® 25 above the SM.
® Largest systematics: BF — J/i form factors and MC statistics
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
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dronic 7 modes

Hadronic 7 modes
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Hadronic 7 modes ~ PRL 118, 211801 (2017) and PRD 97,

Belle R(D*) 1-prong hardonic and 7~ polarisation

012004 (2018)

® Using7- =7 v, and 77— p v,
® Reconstruct hadronic mode of other B (Big) + D* + 7/¢

® B— D*7~ 7, yield from simultaneous fit to Egc, in different
signs of cos @y, B species and 7~ decay

® B— D*(7, yield from fitting m?

miss

R(D*) = 0.270 + 0.035 (stat) 73928 (syst)
P,(D*) = —0.38 + 0.51 (stat) *5:3L (syst)

‘L

3

LFU in b to c

I Fake
7jvcrossfeed P 2" -+ Data
[PRD 97, 012004 (2018)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.211801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012004

Hadronic 7 modes ~ PRL 120, 171802 (2018) and PRD 97, 072013 (2018)

LHCb R(D*) 3-prong hadronic: introduction

_ B(B°—= D*"7tv;)  Neg €norm 1

K(D*) = =
(D7) B(B®— D*=37%)  Nporm esig B(rH— 37 (n0)v,)
Signal and normalisation same visible final state: D*~ 37+,
Nsig from 3D binned template fit:
L4 q2 = |PB° — PD*lz,
e 71 decay time,
® Qutput of BDT trained to kill D*D;".
Nporm from unbinned max likelihood fit to m(D*37%).

® Make use of three-prong tau vertex in selection.

B(B®— D*~3r%)

RO7) =MD gg0 5 D)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

Hadronic 7 modes ~ PRL 120, 171802 (2018) and PRD 97, 072013 (2018)

LHCb R(D*) 3-prong hadronic: fit and result

g

—~ ~ o 5
E-ssm pJ N © 7
S a0 g 200 g E
S g E|
g = E_moo 2 E
g a0 2 S E
glsw g 1 E|
© g i
0 O 0

o

10
@ [Gevc]

[PRL 120, 171802 (2018), PRD 97, 072013 (2018)]

K(D*) =1.97 £ 0.13 (stat) £ 0.18 (syst)

R(D*) = 0.291 + 0.019 (stat) £ 0.026 (syst) &= 0.013 (ext).

® 0.90 above SM, compatible with experimental average.
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