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Lepton universality measurements: +
T

B(B — D¥rty)

RO = BB > DOy |4 v
e # 1 dueto 7" mass b C7_+
e Different phase space available
e Extra form factor for the 7" mode H_|_ V-
e NP at tree level b C
e Precise theory prediction 7'+
e Uncertainties cancel in ratio Vr
e Experimental and theoretical
e High experimental stats b LQ ¢

Leptonic: 77 — (77, v, ~ 17.4%
Hadronic: 7+ — nnw, ~ 10 — 25%

Always partially reconstructed — these are tricky analyses!
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From HFLAV:
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. , R(D)
Tension ~ 30 between SM and experiment

The experimental data is consistent
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

L Belle
0.7ab™! at the T(4S) - 772 x 10° BB

[arXiv:1904.08794]

ete”™ = T(4S) — Biag Bsig

o T T ul
g £ —B-D*tv =
Vy g 02 —B-DMIv =
= [
£ 015 — Background -
. T

Bsi D

1%
Biag g ;
0 0.2 0.4 0.6 0.8 1 1

P(Bsig) = Pbeam - 'D(Btag) FealGeV)
mi’liss = (P(Bsig) - ’Dvis)
e Hadronic tag - full reconstruction of P(B;)
e Sl tag - less kinematic constraint, higher efficiency

o Hermetic detector — ECL

e energy in calorimeter not from B,,, or By,

e Analyse charged and neutral B together
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https://arxiv.org/abs/1904.08794

LHCb

Pg can only be found with approximations
Irreducible partially reconstructed backgrounds
Hardware trigger

No neutrals

Large B cross section

e Boosted B
e All hadron species - make unique measurements
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Belle 19 [arXiv:1904.08794]

772 x 10° BB events, SL tag, - EJF?TW
Signal:

e 8D modes, 6 D' modes

e 2 D" modes, 1 D*® mode

. I 2
e BDT to separate signal and normalisation: my,;.., E,;s, cos 6

B,D™¢
2 2
2EbeamED(*)g — Mg — mD*Z
cos 08 Py = >
’ ‘pBHpDHQ
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https://arxiv.org/abs/1904.08794

Belle 19 [arXiv:1904.08

e 2D fit: BDT - ECL R(D) = 0.307 + 0.037 + 0.016
o 4 samples: D")* R(D*) = 0.283 + 0.018 + 0.014
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FIG. 2. Egcy fit projections and data points with statistical uncertainties in the D¢~ (top) and D"~ (bottam) samples, for
the full classifier region (left) and the signal region defined by the selection class > 0.9 (right).
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https://arxiv.org/abs/1904.08794

Differential measurements

B — D*{v rate depends on:
° q2, cos By, cosbp, x

e More information than
integrated rate!

i.e. BaBar: [PRD 88, 072012 (2013)]

SM tan8/m,+ = 0.30 Gev!  tan B/m+ = 0.45 Gev !

2% 15.1/14, p = 36.9% a

23 11.0/14, p = 68.6% X 27 44.5/14, p = 0.0049% e

fi

73
3

50|

=

Weighted events/(0.50 GeV?)
Weighted events/(0.50 GeV?)
Weighted events/(0.50 GeV?)

1, 4 1, b T i
g T g,
0+ 5 10 = 0+ 5 10 — 0+ 5 10 —
Top: B — D77§T, bottom: B — D*r ¥ ¢ ¢

T

R(D™)) etec. April 2,2020 8/ 31


https://arxiv.org/abs/1303.0571

Belle 17 [PRD 97, 012004 (2018)]

Hadronic tag: 77 — 777, ~ 10.8%, 77 — (p = 7' 7°)7, ~ 25.4%

What are the relative +1 7 helicities?

" Ohel
r+ -T . T
T — e =TT
r+r Ve
e Study helicity angle of the 7 decay, 6,
dr W *
————— 1+ aP,cosl,
d cos b,
© +0.21
e Full P(B,) — measure cos 0, P,(D") = —0.38 +0.51 "¢
M signal B-D'(v, [llFakeD andqg
[7]xcross feed .EH':;\;"E;"" 4 Data
B, v—mwv, cosh,, <0 B, v—mv, cosb, >0
3 3 19
(o] (6]
S s 8
i i
S 2
w w 4
%02 04 06 08 1 12 14 %02 04 06 08 1 12 14
Eecu (GeV) Ecc, (GeV)

Also D* polarisation: F;(D*) = 0.60 + 0.08 + 0.04 [BELLE-CONF-1805]
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https://arxiv.org/pdf/1903.03102.pdf
https://arxiv.org/abs/1709.00129

THCD LHCb 15 [PRL 115, 111803 (2015

3fbtat7 &8 TeV-1" — 47,

e Make an approximation
VEBE o~ AuEpYs of velocity in z:
ﬁ_J%

B B __ _vis pvis
,YZ/BZ ~ Yz z

Muvis: PT o Scale for B mass

B __ MB s
Pz = — Pz
my;s

e Direction from PV and

M s decay vitx
Variable Definition m T
2 2
Mjss (PB - Pvis) peaks at 0 >0
7 (ps —Pp*)’ | OMeV < ¢* < 3270MeV | m, < ¢° < 3270 MeV
E; E, in B frame hard soft
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

8 ] ; 20,0 £ 0.6F
E LHCb Simulation ] E §§§<
20158 U B - D i, > z NN
= BY — D**1rp, £0.06] g S
£ £ £04 S
< 0.1 < < /7 7 7/ KXXKX:
00 s NN
w4 NN
0.05 = 7 NN
: 0.02 7707 NN
/. /77 (>
/. 1777
/. A XHKX
0 5 10 500 1000 1500 2000 2500 0 5 10
m2, (GeV/e?)® E,, (MeV/c2) s (GeV/e2)? —_
" wd K

e 3D template fit.
e 1 mis-ID and combinatorial
taken from data.
e All other templates from
simulation with systematic
variations.

e Major backgrounds:

e B— D" uv
e B— D" X, X. — Xuv
e Reduce with charged

isolation.

HCb Simulation

B — D*uv

Arbitrary units

05 1

Highest Bg'gri(rulpul
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

LHCb 15

Combinatorial
3000 - \isidentified

Candidates / (0.3 GeV/c*)
3
g
8

6,10 < g’ <9.35 GeV/c*

2 0 2 4 6, 8 5 4l
m2, (GeVie?)

2040 < g < 2.85 GeV/c*

Candidates / (75 MeV)
Candidates / (75 MeV)

1500 2000 2500
B, (MeV)

R(D*) = 0.336 4+ 0.027(stat) 4 0.030(syst)

Major systematics:

[ R S =To_

m2, (GeV/c*) s

15000 610 <G <935 Gevie LHCb] 2
E S
10000 :
E E

L =1

F E
5000 S

e Simulation sample size — reducible

e mis-ID sample size — reducible

e B — D*rv form-factor

R(D(*)) etc.

E,* MeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

L rCh) [PRL 120, 171802 (2018)]
THCD LHCb 18 PRD 97, 072013 (2018

3fb 'at7&8 TeV-7" = n'r 7',
B(B— D*rv.)

K(D*) =
B(B — D*'n ' 7")
e Require external input to turn "
— T T T
K(D*) into R(D*) % LHCb simulation
& -Pfor:ﬂpt(ﬁ*mr(nx) )
o Double-charm (D*DX]
e Reconstructable 7 decay vertex g S0 0 1)

— background reduction!
e BDT for B — D*" X,

e Charged & neutral isolation
e Estimate B kinematics. g F T ‘ ]
® 0.1f LHCbsimulation +++ -
© r ind J
5 [ ) t + ]
5 0.08 +Sondl . 4 b
[ #Bak * t ]
t ground ‘¢ - J
0061 A P
[ * e +
004 S 4o 4
L . + t' +
0.02f . . E
r = g " *0
O %2 o 02
BDT response
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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

LHCb 18 [PRL 120, 171802 (2018)]

PRD 97, 072013 (2018
3D template fit: ¢°, t., BDT classifier:

%
8

\\\%\\

L

S

9999903

g
E
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8

Candidates/ ( 1.375 GevZ/c?)
5
3
= TTTTTTTT
.

o

10

R [Gev¥c]

Systematics: 3 6000
. . . Tﬂ 5000

e Simulation sample size X
'§ 4000
e Double charm background 3000
2000
e D 371X background 1000

o

e D""7v_ feed-down

' BDT

R(D*™) = 0.291 + 0.019(stat) = 0.026(syst) + 0.013(BR)
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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

R(J/Y) [PRL 120, 121801 (2018)]
3fbtat7 &8 TV-1" = 17,

B(BY — Jwrrv,)

—0.71+0.17 +0.18
B(Bf — Jutv,)

R(J) =

e Compatible with SM at 20.

e Largest systematics from B, — J/ib form-factor and limited
simulation sample size - both can be improved.

. . . D: By - Jyu*
e Lattice calculations have arrived! RO — L il
) W Yy comb. bkg. B - JyH;
BY - x(1P)v, B~ w(SI'y,
See presentation here L0 e ey
Gond . .
Em LHCh
%3000 -
@2000
= E
8 ]
L L. -
E,E
05 1 -5 0

15 2
decay timé [ps]
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https://indico.cern.ch/event/834508/contributions/3644198/attachments/1965879/3268901/Bc_to_Jpsi_form_factors_and_RJpsi_using_lattice_QCD.pdf
https://arxiv.org/abs/1711.05623

Systematics

BaBar: [PRL 109, 101802(2012)]

| B— D*"fv_ other bkg  MC stats
5.8 4.9 2.6
3.7 2.7 1.6

o R(D) %
o R(D") %

Belle (from Belle Il physics book):

Belle (Had, ¢7) Belle (Had, £7) Belle (SL, £7) Belle (Had, h™)

Source Rp Rp- Rp- Rp-
MC statistics 4.4% 3.6% 2.5% 5%
B — D"y, 4.4% 3.4% 0% 2.3%
Hadronic B 0.1% 0.1% 1.1% 3%
Other sources 3.4% 1.6% 4% 5.0%
Total 71% 5.2% 1% 0%

LHCb: [PRL 115, 111803 (2015)] & [PRL 120, 171802 (2018)]

Muonic ‘ % Hadronic ‘ %
MC stats 6.0 MC stats 4.7
1 misID 5.4 D*D bkg | 3.9
D"ty 2.1 D*37X bkg | 3.9

D" rv 2.7
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https://arxiv.org/abs/1205.5442
https://arxiv.org/pdf/1808.10567.pdf
https://arxiv.org/abs/1506.08614
https://arxiv.org/abs/1708.08856

B — D™ ¢v [PRD 98, 012005 (2018)]
e Full data set, hadronic tag

o B(B* — D™ rtit)

e Full B kinematic = [4.55 £ 0.27 (stat.) & 0.39 (syst.)] x1073,
o B(B® = D7~ +v) ,
° Template not so reliant on = [4.05 £ 0.36 (stat.) + 0.41 (syst.)]x107%,
P o B(BT — D*~ntity)
MC composition = [6.03 = 0.43 (stat.) £ 0.38 (syst.)]x 102,
e Still don't know which D** * BB = D*0r(ty)

= [6.46 + 0.53 (stat.) =+ 0.52 (syst.)]x10~%,
states contribute

~ T —— B R T T e SN
P _ 1E =80 &
120 B - D iy ——Data Ik EIS
> F [ B -p mwly 1 ?708
Qo We 0wy 1E E
Sk [ otherB - X1v 1 18
3 8ol - —E —50 @
S ] other BB 1E Elaar=)
= : JE B >
3 eo[ [ continuum JF —40 £z

g OF 1E 1
3 1F EEE]
O 40— —E B &)

L 1 —20

20— E ul

L = — 10

+ E
= | E =
> C * | >
a 2r S, s J s a

L e R T I .
ol . -2
B 1 R IR | S R B S R
0 0.5 1 15 -0.2 .2 0.4 0.6
M2 [(GeV/c? M2 [(GeV/c??]
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https://arxiv.org/abs/1803.06444

[PRD 99, 092009 (2019)]

B — D,u+1/#X background significant source of uncertainty - measure it!
Take B~ from B, — B~ K" and constrain B~ kinematics.

%5000; LHCb I I I I
P - —=*0 =
+ Ly 0 = b B, = BK*—— OSK data
" / Kﬁ\D = oo bk /[
4000 —1
P ) = SSK data
"""""" o< 2 EBa
e - H g 3000
Bz T+ X Bl
3 2000
o 80— T r O E
o <ub. datz E
@] LHCb —— Bkg. sub. data E
E 0% == Sum signal 1000:
< 600 ---B 5 Duv 0: ) ) ) )
€ w — B =Dy 0 50 100 150 200
3 B D, m, — my — my [MeV]
=

A fo = 0.25 + 0.06
100
I fryewo = 0.21 + 0.07

i: 3 e fro = 1— foo — fpec

Pull

5 .
w2, [GeV?] More B — D™ studies needed!
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https://arxiv.org/pdf/1807.10722.pdf

Some contradictions in measurement of composition

BaBar: [PRL 101, 261802 (2008)] Belle: [PRD 77, 091503 (2008)]
BT — D*77T+€+V@ BT — D*77T+€+VZ
s D sE wf )
E W Dol 50 - E s . 4
“e [ background 3 %z 24 26
248 o E . e | [T

Belle: B(B™ — D;(2430)°¢"1,) x B(D;(2430)° — D*"77) < 0.07%
BaBar: B(B" — D;(2430)°¢"v,) x B(D{(2430)° — D**n™) = 0.27%

Input from LHCb would be nice

R(D™)) etec. April 2,2020 19 /31


https://arxiv.org/pdf/0808.0528.pdf
https://arxiv.org/abs/0711.3252

Model dependence

Not model independent ;
We need simulation! ) 2HDM: Sy, = —2

Pick a (Standard) model g |
a

CLN, BGL, parameter values &

0.8 L L L
1.2 1.4 1.6

Simulate physics 1 )
R(D)/R(D)gy

Ryt Syuan & 8Ty, = 0.25(1 1)

Simulate detector

l

R(D")/R(D")s\

Calibrate
Selection Effic Templates v Y oroyate
ciency .

[arXiv:2002.00020]
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https://arxiv.org/abs/2002.00020

HAMMER [arXiv:2002.00020]

See website

Reweight existing simulation from one
physics model to another

1y
W

Form factor parametrizations
B o DN ISGW2 [f;' 5], BGL® [36-3R],
CLN"F [39], BLPR! [16]
ISGu2", BGL™, cLN*!, BLPRY
ISGW2*, BGL™:, CLN*!, BLPR?

Process

B — (D® = Dr)iv
B =+ (D* = Dy

Helicity Amplitude Module

T =Y

T b — X ‘ ;

= 3w RCT* [40-42] for Matrix Element Reweighting
R ISGW2*, LLSW* [43, 44],

B Dyt BLRY [45, 46]

B — Djtr ISGW2*, LLSW, BLRY

B = Dify ISGW2*, LLSW®, BLRY

B — Djbr 18CW2*, LL8W", BLR' Vo

Ay — Afv PCR* [17], BLRS? [8, 49]

Planned for next release

By —+ v Msbar
B = (p— ) BCL*, BSZ
B = (w — )l BCL*, BSZ
Be — (Jf — £)fr
Ay — Azbw R* , BLRS g 3 : s
- dmw ROT* [l Mhes 1667)
Fig. 2 The B — D7 (top) and B — D*r (bottom) distri-

butions in [p}| and m2,, in the Asimov data set. The number

of events correspond to an estimated number of reconstructed

o (po wmly

Table 3 Presently implemented amplitudes in the Hammer li-
events at Belle IT with 5ab~*

brary, and corresponding form factor parametrizations. SM-only
parametrizations are indicated by a = superscript. Form factor

parametrizations that include linearized variations are denoted H N
with a } superscript. These are named in the library by adding a Would be nice to see in

“Var” suffix, e.g. “BGLVar”.
future analyses.
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https://hammer.physics.lbl.gov/
https://arxiv.org/abs/2002.00020

Where we are

BaBar and Belle:

Full data sets analysed

e Measurements with hadronic and
leptonic 7 decays

SL and hadronic tags
First differential measurements
LHCb:

e Only Run 1 data published: 3fb?

e Only R(D*") & R(J/)) measured
e Both hadronic and muonic 7 decays

e 6fb " of Run 2 data in hand
e 12fb"' Run 1 equivalent!

e R(D) — R(D") should arrive

Where can we go and how can we get there?
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What else can we measure?

B, — D)

Ay — A

e B— D
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What else can we measure?

Theory effort already
Experimental effort already
e FF parameters and | V|
[arXiv:2001.03225]

e FF parameters and unfolded w distribution

e B, — Ds(*) .
[arXiv:2003.08453]
) e Large sample already from LHCb
o Np = Ac e Any expectations from Belle?
e Maybe Belle 11?7
e b—u < 3.5: T T T T
> o LHCb
g o
€5 E
« B D" 22
S LE
88 P4
Z 15F dda .
E E [ Fitwith BGL parametrsction E
15_ I:l Fit with CLN parametrisation E
0.5' 1 1 1 1
1 11 12 13 14
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https://arxiv.org/pdf/2001.03225.pdf
https://arxiv.org/pdf/2003.08453.pdf

What else can we measure?

e Theory effort already
i.e. [PRD 99, 055008 (2019)]

e Experimental effort already
e FF measurement

e B. — D [PRD 96, 112005 (2017)]
e Large sample already from LHCb
,
o A, — AL o i =0.250+0018
‘ [PRD 100, 032001 (2019)]
o 3 T T T T T
e b= % .f LHCb
G 25F E
T o 3
e B— D™ -~
§ 1.5F /X
S

2 Lattice QCD
sk PRD 92, 034503 (2015)
E 1 1 1 1 1
00 2 4 6 8 10
7 [GeV?]

unfolded
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https://arxiv.org/abs/1812.07593
https://arxiv.org/pdf/1709.01920.pdf
https://arxiv.org/pdf/1902.06794.pdf

What else can we measure?

e B, — D
Theory effort already for B — wlv
A — /\(*) ° y y
* ¢ e R(m) waits for Belle Il
e Not feasible at LHCb
e b—u
For LHCb:
e B— D" e Maybe B — plv if bkg can be dealt with
450E :_ch 2011+ 2012 + 2016 S Maybe A, — plv - tricky
400E m(pp) O [20,22] Gevic2  }

e Already some theory from V,, analysis

e Recent first observation of BT — pﬁ/ﬁuﬂ
[JHEP 13, 146 (2020)]

Entries/ (0.1GeV/c?)

e Minimal theory but experimentally
feasible

7 3
nl?o” [GeV/Cz]
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https://arxiv.org/pdf/1911.08187.pdf

What else can we measure?

e Well motivated theoretically
i.e. [PRD 97, 075011 (2018)]

e Data from LHCb, Belle and Belle 1l

e B, — D e B — D™ v hardly studied so far
e Do you need an amplitude analysis?
2 .
o A, — AL \
_15F -
e b—u EJ . Z‘
o) D;
=t — D
= L 1
e« B— D™ g D;
0.5 | |

~T 3T
aphy
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https://arxiv.org/abs/1711.03110

Prospects - LHCb

[arXiv:1808.08865]

HL-LHC
7-8TeV 13 TeV 14 TeV
Run 1 Run 2 Run 3 Run 4 Run 5
2010 - 2012 | 2015 - 2018 | 2021 - 2023 | 2026 - 2029 | 2031 -
3fb~" 9fb " 23fb " 50fb " | 300fb"
Upgrade | Upgrade I
Upgrade I: CERN-LHCC-2012-007
= v LHCh
e Higher L, no LO trigger & o arXiv:1808.08865
Upgrade Il: CERN-LHCC-2017-003 = . T
e Improvements (i.e. protons)? = v
0.01 3
Contingent on: :
x X=D' 177 = ", N
e Simulation, i.e. Re-decay : EZf oy,
v X=J/b, 17 =y
0.001 3 23 50 300

[EPJC 78, 1009 (2018)]

Integrated Luminosity [fb™!]

e Theory
e Backgrounds Relative o on R(A.) ~ 4% (23fb™ ")
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https://cds.cern.ch/record/1443882
https://cds.cern.ch/record/2244311/files/PII_EoI_final_v3.pdf
https://arxiv.org/abs/1810.10362
https://arxiv.org/abs/1808.08865

Prospects - LHCb [arXiv:1808.08865]

Hopefully won't be measuring R(D(*)) in 2040
Can LHCb measure angular observables?

e Not so promising resolution
e Large samples (but large bkg)
e Start with B — Duv

e Unfolding?
2 0.07F £ 0.045F 2
= € . - € 0121 » 5
S (.06 [ LHCb Simulation S 0.04 | LHCb Simulation S LHCb Simulation
g £20.035F 2 0if
8 005 £ ook 8
2 3 O 3 008F
2 0.04 2 0.025E =3
0.03 0.02f 0.06
0.015 0.041
002 0.01F 0.02
0.01 0.005F 0z
E ]
o 1 2 073 073 -2 -1 0 1 2 3
6, resolution (rad) % resolution (rad) 6;, resolution (rad)

Vis pvis

Approximate 7285 ~ 158" - B — D*uv, B — D*1v, T — v
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https://arxiv.org/abs/1808.08865

D

Prospects - Belle Il [arXiv:1808.10567]

Belle I

Expected L;,, ~ 50ab™

[PRD 92, 072014 (2015)]
tan B/my = 0.5GeV !

Tab~!

3

Events (arbitrary units)
3

L

I 11 1
¢ ¢ (GeVch)

2

10 11 12
¢ (GeV?/c?)

Expected relative o:

5 ab~1 50 ab~!
Rp  (£6.0+3.9% (£2.0£25)%
Rp-  (£3.0+25)% (£1.0+£2.0)%
P.(D*) +0.184+0.08  40.06 == 0.04

R(D*): Belle ~ 6%, LHCb 23fb~ " ~ 3%

4
1

Belle Il Projection

Belle Combination

SM prediction: PRDS5 094025 (2012), PRDS7 034028 (2013)
Scalar

Vector } PRDS7 034028 (2013)

Tensor.

~
o
a

0.5

4).“_ u 4
4L L ! L 1
12 025 03 0.35 0.4
-1
R —0.64+0.23 RO")

—1
R%%b " — 0.64 £ 0.09
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https://arxiv.org/abs/1507.03233
https://arxiv.org/pdf/1808.10567.pdf

R(D) — R(D™) tension! ~ 3¢

Present:

e Belle and BaBar data sets mostly exploited
e Still much to come from LHCb

e Plus complementary modes
Future:

e Exciting prospects from Belle Il
e Will likely lead precision on the ratios + R()
e Differential measurements
e LHCb will be important
e Competitive ratio precision
e Potentially angular measurements?

These are exciting times
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