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Disclaimer

Not a real expert, will try to summarize and introduce
needed information for the anomalies.

Hopeful that the material cover is sufficient for most of
the people to follow the “discussions to follow” in the
coming days.

Apologies if some statement(s) is(are) wrong.
Will introduce “B-anomalies” and their implications to be

explained in detail by Prof. R. Mohanta “Combined
explanation Ry/Ry+ and R, /R,+” on Wednesday.



B decay anomalies

Two words are enough to wind up my presentation:

Rp p* Ry k-
b—-c Charged current b-s Neutral current
b = cTv b — stf Loop-level in SM
Tree-level in SM £ b
B(B —» D) BB K®u*tu)
o0 = BB 5 e KO T BB - KOeter)
Scale of NP le of NP
“ ” exp Rexf < R ! Scale o
must be IOW RD(* RD(* (*) ]{( ) can be uhighn
A~TeV A~30-50 TeV

Lepton Flavor Universality Violation (LFUV) in B decays



B - DWWty

Not a rare decay, Branching fraction : 1-2 %
» Allow one to test theory of low-energy QCD, » Weak interaction can be tested precisely.
which contribute to B — D* transition.

B — D*t~ U, decays are sensitive to new scalar fields (New Physics at tree level)

T T U,
H- Vg 10
Charged Higgs (2HDM-II) Leptoquark
Grossman, Ligeti, PLB332, 3 (1994) Davidson et al, Z. Phys. C 61, 613 (1994)
Tanaka, Z. Phys. C 67, 321 (1995)
_ Signal
What one looks for B(B — D*t™ 1)
RD* —

B B(E — D*#~10,) «— { =e,u Normalization (background)

Theory: cancels common factors : |V, |and hadronic FFs
Experiment:  reduce experimental uncertainties (detector efficiencies)
R(D)¢y = 0.300= 0.011 Lattice, PRD92,034506 (2015)
Other variables - R(D*)gy = 0.252 £ 0.003 Fajfer etalPRD85.094025(2012)

7 and D* polarization, g2 distributions, lepton momentum

2007 2008 2010 2012

. _ . " 0+ :
Observation of B - D*"ttu, First R measured Evidence of B - D"t v, Evidence of the excess
Belle, PRL99, 191807(2007) BaBar, PRL100, 021801(2008) Belle, PRD82, 072005(2010) BaBar, PRL109, 101802 (2012)




ete™ colliders foraphysics
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How one measures R () at ete™ colliders

K T 4
[ ]
Signal side - i
' T Vv
»\ /;
o '
e~ e’

v
A

Tag side

Pros: High Purity ‘

Cons: Less efficiency Pros: More efficient than
hadronic tag

Cons: Not full kinematics

Hadronic tag (e5;4~ 0.2%) Semileptonic tag (&5;4~ 0.5%)



Hadronic tag

Simultaneous UML fit to
4 signal samples D¢, D*°¢, D* ¢ and D** ¢

T > uvvandt - evv

Signal is identified by:

> mmlss = (pe +te= — Ptag
> |pp| in the Bg;, rest-frame

Signal extracted together with control
sample of B —» D**£v (addition of an

extra t9)
D°— K @, K KT, K 7r+rrn, K wmta wt,
K{]'r T, am] Dt — K #t K_Tr+7r+7rﬂ, KETJ'-'-,
K{]'r ata, Kow a®, KE-KJ’, wilh KY— at7,
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BaBar
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Events/(0.25 GeV?)
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Results
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BaBar
PRL 109, 101802(2012)
PRD 88, 072012 (2013)

D7

(AT %q@{'

o WD
D**not R D- £/
BE D)

R(D) = 0.440 £ 0.058 + 0.042 (2.00 from SM)
R(D*) = 0.332 + 0.024 £+ 0.018 (2.7 from SM)

R(D),, = 0.300+0.011
R(D*)¢y = 0.252 + 0.003



. BaBar
How one should interpret the result eross, 072012 (2013)

Based on the mass and vacuum expectation (Signal PDF modifies)

N : > 15k S
5 02} e r i
g o |
So1s| E:
% 0.1 F{E [

: 0.5k
3005 2
A 05 0: TN
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- SM v tanB/myp = 0.5GeV !

v tanB/mgr = 0.3GeV ! aw tang/mygy = 1GeV !

Matches value :
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can . BaBar
How one skeuld interpret the result eross, 072012 (2013)

Based on the mass and vacuum expectation (Signal PDF modifies)

N : > 15k S
5 02} e r i
g o |
So1s| E:
% 0.1 F{E [

: 0.5k
3005 2
A 05 0: TN

0 05 1 15 2
m2,.. (GeV?) p;| (GeV)
- SM v tanB/myp = 0.5GeV !

v tanB/mgr = 0.3GeV ! aw tang/mygy = 1GeV !

Matches value :

0.8F
- tan
06 Result R(D) — i = 0.44 + 0.02 GeV™1
S 4B Type Il 2HDM mpy+
e tanf L
0o R(D*) - = 0.75 + 0.04 GeV~

04

R(D*)

0.3

0.2

tan3

50 Excl. at

02 04 06 08 1
tanB/my+ (GeV™1)

S

If one takes both

0

200 100 600 800 1000
myre (GeV)



SM
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Hadronic tag Bel |e turn Belle PRD92, 072014 (2015)

We reconstruct D" mesons in the decays to K-n7x™,

: 0 0_+ 0 - po -
Four signal sample D¢, D*°¢, D*# and D**¢  Ksr', Kin'a’, and Kgn'x'z~; D° mesons to K7z,
K-ntnta, K-a*a®, K and K7 n~; D** mesons to

T - uvvandt — evy Dz* and D*x% and D*° mesons to Dz" and D%.
D*t¢ D*te
F B Dty B F . F
1601 WE— Dy 80F o0l % WB- DAy
C B— D¥lv F E B— D*lv
oE BB Dlv 7o i [ other BG
120E I other BG 60F 250
F B B— D*#lv E r + | Y
2 100F 2 50¢ o 200F &
o C s < N
& 80F o 40; I%’ 1500 :
60F 30F Eof
C F 100_—
40 20F F +
- g sof 4 "
20 10 i
£ i
E E - *ﬂ =3 5 "
0 02 04 . . -8 0.2 0 02 04 06 .
M?mss(Gevzfcd) 0{ M‘?mss(GeVQ,"cA)
5001 i N 5001
+ 500f r +
4001 r r +
[ ++++ L "h}i 400f o Lt
L + ++ ++ L r
£ 300 ’H‘ﬁ 2 r 2 300 4
s ,}% §300- § rod
w L r [
- M L w r
200 00 200} . +
100 E 100# L
100[ - i
C & iy,
0 02 04 06 08 8§ ©6 4 =2 0 2 4 6 02 0 02 04 06 .
ME,_(GeV/cY) o' Miiss(GeV?/c?) Ong

R(D) =0.375+0.064 + 0.026 (1.40 from SM)
R(D*) = 0.295 + 0.038 £+ 0.015 (1.80 from SM) R(D)gy = 0.300+0.011
R(D)gy, = 0.252 + 0.003



R(D*)
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Belle result lies between SM expectation
and the BaBar result (compatible with
both).

Also compatible with 2HDM of type Il
around tanf /m;+=0.50GeV~*



. . . Belle PRD94, 072007 (2016
Semileptonic 8 tag Different Method (2016)
Independent analysis of previous Belle measurement. Pp+e
Better efficiency in tagging (somewhat double)
n More background due to missing particle in tag side
Analysis focus on D**7i, T = pvvandt — evv | | - pB+ .
0.151 N
* * 2 2
_ EpeamEpe — Mp — Mp+p ++
coSOp_p+p = - - ¢
2 pbeamllpD*f
2 0.0 B D ¢ .
: Tag side > | ~ . Ve oy
‘ Signal | g | B —» D**¢v,
o B o a
, . | 0.05| "
1 L ++++”+++ ++++¢
£<_ T : ‘g I ﬁ:: “‘"
L ﬂ#ﬁ* "
1% : 0.00 ot e
. =20 -15 -10 -5 0 5
v Vv cos g o,
Normalization Tag side 2D fit to neural network output (Oyg) and Egcp

14

® o
‘\A > c0sOg_p+p
4 > Mrzniss

/‘

EECL : Sum of
energy in ECL
not associated

> Total energy of Byy4 + Bsig with

reconstruction



Resu It fro m Se m i I e pto n iC DY = Knt, Kgrrﬂ, KK, ntn, Kgn"'rr;,

K an', n-nn°, KgK"'K', K ntn n, and Kgn"';r_)r .
Charged D mesons are reconstructed in the following
modes: DT — K%f:"‘, K-atmt, Kgn"':ro, K+ K-x", and

Belle PRD94, 072007 (2016)

Kg::+:r+)r_,

I~ S B signal ; > L}:
8 10°F " Normalization ()] 8 600
) " 0] /
o il &8 — D™ Iv 0
8 102 || Others o g =]
P B Fake D o 3 400
E 10¢ _'t’i % L ..2 200
cC Qo

(1]
w 40 -0.5 0.0 05 1.0 00 02 04 06 08 10 1.2 00 02 04 06 08 10 12

Ong Ege [GeEV] Ec [GeV]

R(D*) = 0.302 + 0.030 + 0.011 (1.60 fromsM)  R(D7) =0.295 1 0.038 + 0.015

Previous from Hadron Tag

0.4 -
oasf- 1YP€ [l 2HDM 06~ R,-type leptoquark
0.365— [
0.345— 0'5:_
50.32 80_4:_
@ 03 x L
0.28 o3t
0.26h 0_22_
024 -
0205 gy s e A x-my
tanp/my, [GeV ] C

8
R(D*)¢y = 0.252 + 0.003



Events / ( 0.1 GeV/c)

Events / ( 0.1 GeV/c)

More distribution

SM

¥#ndf =20.3/19, p=37.6 %
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Belle PRD94, 072007 (2016)

R, —type leptoquark with C+ = +0.36

Events/ ( 0.1 GeV/c)

Events/ ( 0.1 GeV/c)

y3ndf = 35.119,p=1.4 %
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10
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¥3ndf = 23.8/18, p = 16.2 %

30

10
P, [GeV/c]

1.5 2.0

Allow additional contribution from scalar and vector operators while disfavouring large
additional contributions from a tensor operator with +0.34 < Cr < +0.39, and R,-type
leptoquark model with +0.34 < Cy < +0.38, or an S,-type leptoquark model with

+ 0.22 < Cr < +0.28



Other variable : P.(D*)

Hadronic Tag

T polarization :

P.(D*) = T-TT ['* for right handed ©
T Tt 4T- [~ for left handed © Left or right
P.(D*)¢y = —0.497 + 0.013 T
M. Tanaka and R. Watanabe PRD87, 034028 (2013) W Uz Always right
handed
T polarization is sensitive to the NP contribution. . ‘

One can measure the T polarization using its two-body decay

Relevant mass scale of leptoquark could be ~500GeV

0.2

0.0

-0.2

P, (DY)

—0.4} pemwt

—0.6

00 0.1 02 03 04 05 00 01 02 03

R(D*) R(D™)
Leptoquark having mass of 1 TeV will lead to P,(D*) [—0.5, 0]
Sakaki et al PRD8S, 094012 (2013).
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Hadronic Tag Belle measures p.(D*)

New variable to search for NP

B
P
P

Provide independent study/confirmation of previous measurements

Angular distribution of T decay

1 dr
['dcosOye 2

T rest frame estimated
q = Pete~ — Ptag — Pp*

1
=—[1+ aP,(D*)cosbye] ¢~ {

2,2
q- + m: - _ 4 T
Er = |Fr| - 3
zvqu_” 2'\//?
J g g
ﬂ 2E Ey —m; —my
cosl_; =

2[pellpdl

P4l €08 Ohet = —7[B|Eq + 7|Pal cOS Oy,

1 fort - mv
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D*O N DO)/,DOTTO,D*+ N D+TL'O,D0T[+
Tonty,ptv

2

How the signal look

2
miss (pe‘f' — Puag — Pp* — .Uf”) .
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@
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Simultaneous fit to 8 samples K-ntn®, Kntn~, KOt n°, K-ntatn~, Dt — K+,
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Belle

Result PRL118,211801 (2017)
0008 _ ~ PRD97, 012004 (2018)
R(D*) = 0.270 4 0.035(stat)_ ;555 (syst). Signal significance of 7.10

P.(D*) = —0.38 £ 0.51(stat) 0% (syst).

SM =-0.4971+0.013

1.5 4
A
1=
— PRD 92, 072014 (2015)
05— 3 Hadronic tag, T—hv
[~ 0.293 » 0.038 « 0.015
0 = PRD 94, 072007 (2016)
— SL tag, t—lvv
T - 2 o 0.302 = 0.030 = 0.011
E'; 0.5 E PRL 118. 211801 (2017) .
o — Hadronic tag, T—=hv v
4 0.270 = 0.035 5 os
- 1 Belle Average
—1 |.5 [ 0292 + 0.020+ D012
2:_ 1 1 | 1 1 1 1 I 1 1 1 1 :I : 1 1 1 1
b | | | | 0.15 0.2 0.25 0.35
01 015 02 025 03 085 04 045 O R(D)

R(D*)

Measurement is consistent with the SM prediction
Excludes P,(D"*) larger than 0.5 at 90% CL.

R(D*) = 0.295 + 0.038 £ 0.015

Previous from Hadron Tag

R(D*)¢y = 0.252 + 0.003



D* polarization

D* polarization can give clue about the NP signature

1 dl 3 o L
Tdeosf L2FT o8’ et + (1= F{") sin® )

01,01 = angle in D*- rest frame between DO and BO flight
FLD* fraction of longitudinal polarization of D*

* All T decays are useful (cross-feed
Emiss — |pD* - pdrl

Evis and Xmiss Xoniss = no effect)
\/Egeam _ mlzgo e Strong dependence on cos0y,,;
and g due to slow 7 from D*
Peaking background from B = D*(X){v [softer at (cosBy,.;) > 0].

Measured F; for FP (B - D*"e*v) = 0.56 + 0.02 SM: 0.54

f—t

0 < cosby < —0.67 —0.67<costhg < —033 —0.33 <cosby, <0

e

m— Fit (total)

----- Slgna|

Evenis / | 0.005 )
Ewvenis / | 0.005)
Events / ( 0.005 )

----- combinatorial bkgd.

peaking bkgd.

223 524525 526 527 530 520 53 23 584 325 520 52T 528 5.8 N
M, [GeV] M,,, [GeV]




EVENTS/(0.333)

First measurement of D* polarization
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— Fitwith ,"=0.6

sSM

.9-0.8 -0.7 -06 -0.

-0.4 -0.

0201 0
cos@hel

Belle, arXiv:1903.03102

FP" = 0.60 + 0.08 + 0.04

(FP"),,, = 0.457 +£0.010

Li et al PRD98, 095018(2018)

Agrees with SM within 1.60

TABLE I. Summary of systematic uncertainties

Source AFP”
Monte Carlo AR shape and peaking background +0.032
statistics CB shape +0.010
Background scale factors +0.001
Background B — D**{vy +0.003
modeling B — D**rv +0.011
B — hadrons +0.005
B— D*M +0.004
Signal modeling Form factors +0.002
c0s (e resolution +0.003
Acceptance non-uniformity lggég
Toul i




Update on semileptonic tagging by Belle

Previous Updated
x .
R(D*) only R(D*) and R(D°) simultaneously
B° only B% and B*
Semileptonic Improved tagging, FEI
Inclusive Tag FEI developed for Belle Il; used in several Belle studies.
A e =0(10)% ‘GE Exclusive Tagging:
Consistency of B, The Full Event Interpretation (FEI)
Keck, T., et al. Comput Softw Big Sci (2019)
3 sem“eptonic Tag /D: i 0| Tracks VO objects KLMClusters ECLClusters :.: ;
E) € = 0(1)% —B°\p % ~ = : ; §
:Llj_ KnOWIedge 2 Btag > e ut B at K} W f: S E
- "\\ { \ ' [ | )
Hadronic Tag _—— , —— i
b ) 0 =
e=0(00.1)% B//< ¥ ) VNN - 3
Exact knowledge of Btag\< TR\NY/AN | 8
| _ . ‘:D°D+D,[-', | 7
Tag FR? @ Belle FEI @ Belle MC FEI @ Belle IT MC \\\/4 y——— :
Hadronic B+ 0.28 % 0.49 % 0.61 % —— S
Semileptonic BT 0.67 % 1.42 % 1.45 % . B
Hadronic B? 0.18% 0.33% 0.34 %

Semileptonic BY 0.63 % 1.33% 1.25 %




Updated result Belle arXiv:1910.05864

submitted to PRL

.EI—sIJI\.l
1We-ov

{01~
E.Other

B —=D"lv

.EI—sD'r\.l

B =D"lw

;.E.#D.” Signal enhanced
1 ¥e oty Ocls > 0.9 (inset)
S W=+

0 02 04 06 08 1 1.2
Egqy (GeV)

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

B—+D"tv

B—D"lv

:IEI—sD“Iv

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

Other

] IFake vy

R(D) =0.307 £0.037 £ 0.016
R(D*) =0.282 £ 0.018 + 0.014

Most precise measurement to date !

R(D)gy = 0.300+0.011

) = 0. + 0. + 0.
R(D*) =0.302 £ 0.030 + 0.011 R(D*)gy = 0.252 + 0.003

Previous semileptonic measurement



LHCb : beauty at the beast

LHCb is a single arm spectrometer optimized for beauty and charm physics at large n

Excellent vertex resolution: 20um Single-arm spectrometer -2 <n <5
gcaL HCAL Ma M5

resolution on impact parameter. SOPS T ws Mg

Magnet RICH2 M\
I3
R

Excellent particle identification

Dipole magnet polarity periodically
flipped to change the sign of many
reconstruction asymmetries

Semileptonic decays : High trigger efficiency

?z'ﬁ’o?s&z ?\;if:‘s;m 1577 bld 300 5 1D 15 2 O



B - D**1v; -
T = UVV v

Signal identify T v
» ldentify D* with AM 4—‘
» DO decay vertex separate from primary vertex (PV) U
» u candidate 3< p < 100 GeV/c, separate from PV and /
form good vertex with D° ’ T
> M(D*n) < 5.280 GeV/c? and momentum pont to PV
location. v
» D*u required to be isolated from additional track y
£ S Vp—
Separate signal from the normalization channel
» E*, muon energy in the B rest frame B — D**1i;
> miis = (g — pg* — pﬁ)2 where p* is four momentum. B - D**uv,
> q* = 0 — Pp)’? ] F
. , 4 | LHCb Simulation ot a3
3 missing vs, analysis seems ot
to look impossible for LHCb. = "
Thanks to the boost and i | - |
vertex capability of LHCb, f 1““ e N 7 it e N U NN

they made it possible Miniss

B momentum direction is determined from unit vector to B decay vertex from the associated PV.
Component of B momentum along the B momentum along the beam axis is approximated using (pg);= ("/m, veo) Preco)z



Deviate from SM LHCb, PRL 115, 111803 (2015)

3fb~12011-2012 data

—0.40 < q* < 2.85 GeV¥c*
Data

I B - D'v

I B — DH (= X)X
BB D"
I E — D'

Combinatorial

P Misidentified p

-

e
[
=2

~040<q?<285GeVle!

Candidates / (75 MeV)

Candidates /(0.3 GeV? /ety

Pulls

—— Data

B B — D'y

— ki
(@)

2, .4

. m2_ (GeVZic*) W B B — D*'H (—= X)X

=, 3000070 &5 T S 610 Geviiet LHCb ] = .

2 ] B B — D'

< 20000 4 = x

- ]z Bl B — D'uv

> C 1l = . .

£ 10000 1 Combinatorial

5 ] S - e

E, el : I Misidentified u
m2. (GeViich) E,* (MeV)

6.10 <q’ <035 GeVire' LHCb

6.10< g’ <9.35 Ge Ve

~16400 events for B® — D**1~ 7,

Candidates / (75 MeV)

Candidates / (0.3 GeV/c')

I ilil IIIIIIIIIIIIIIIIIIIII
—

Jilfniss {(4]5\"2.-'-:4} ’ gh q u* (Me:
':: 9.35<q’ < 12.60 GeVife* LHCbE g §35<’<Ii60GeVe T T LACh R(D*) = 0336 i 0027 i 0030
= 7 -
2 = (2.10 from SM)
= 3 é
3 .
i

ascaacls s siaii i S| pochonegonmdin, . ....E
2 4 6 500 1000 1500 2000 2500
ml. (GeVich) E,* (MeV) R(D*)SM - 0-252 i 0.003

miss



v — Rp+ using 3-prong t~ - -~ (1?)v decays
B—=D"tv . B - D**nt~n*n~(+N)
T—>T 1TV

\ / / \‘/

= Absence of charged lepton avoids background from semileptonic
b — c decays

= Three prong helps in getting precise T decay vertex.

= Only one v emitted at the 7 vertex.

= Background B — D"~ DX leads to nice mass peaks and not the
signal. Provide handle to control various background.



Rp+ using 3-prong 7~ » n - ntn~ (%)v decays

1ot T T T T T T T T ' T
LHChb simulation

Signal candidates are required to be well
isolated.

Prompt (D*axxX)

3
10 I Double-charm (D*DX)

% B Signal (D*zv)
Events with extra charged particles pointing to £ »
B and/or T vertices are vetoed. 2
-
10
'3 4 0 4 8 12 16 20
Azlo,,
B(B® - D*ttv) _ Nsig € norm l
Y= — - -
K(D*™) = B(B" — D" 37) Nuom €sg B(tt = 370,) + B(rt — 37227,

Most of the systematic cancel in this ratio.

BB - D* ntn~rnt)
B(BY - D*~u*v,)

R(D*) =K (D) X

Nsig from a 3D fit to g* (8 bins), 3w decay time (8 bins) and BDT (4 bins)

: w— =+
Ngig fromafitto M(D* ™™ m™) LHCb,PRD 97, 072013 (2018)



Candidates / (32.3 MeV/ic®)

Candidates / (5.66 GeV/e)

Rp+ using 3-prong 7~ » n - ntn~ (%)v decays

BDT trained to suppress main background from

D*~DF X events

Input variables:

31 dynamics, D*3m dynamics, neutrals isolation

[ (a ]
ot ++ : .
0.08 Ca ++ + ]
006 = ye d 44 7
0.04 B +‘* " -l'l'+ A
mass - ]
n ot ]
0.02 - = ]
. =
L tl L i
o v . L Rey . EEmlgn, 1
500 1000 1500
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05 t—‘ —T ,‘. ——T —— ._j
L (c) 3
02k » 4
F + 1
015 " -]
r + =t ]
0.1 4
+ 3
£ s ", .
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L -
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E LHCb simulation —;
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® Data
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Candidates / ( 0.25 ps )

Candidates / ({ 1.375 GeV e )

Candidates /0.1

LHCb

3500 (a)
e Data
3000 Total mc_)de+l
B — Dy,
2500 B — D"y,

B— D:—D;(X)
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A2 By
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5150

Rp+ using 3-prong

LHCb,PRD 97, 072013 (2018)

@ Data
Total model
B> D TV,
B—>D"1t'v_
B — D D™(X)
5 DDYX)
B — D 3nX
B B — D D(X)
2 Comb. bkg.

—+ Data LHCb

== Total Model (s =7TeV
—- Gaussian
---- Crystal Ball
— Background

(a)

Normalized

= SR B S
5250 5300
mD - mrr x*) [MeV/c?]

5200 3350 5400



LHCb,PRD 97, 072013 (2018)

Result by 3 prong 3fb1 data

Contribution Value in %
B(zt = 3ap,)/B(tt = 3a(7%©,) 07
Form factors (template shapes) 07
Form factors (efficiency ) 1.0
t polarization effects 0.4
Other © decays 1.0
B — D"y, 23
BY — D**7ty, feed-down 1.5
D7 — 3gX decay model 25
D7, D° and D* template shape 29
R(D*) = 0.291 + 0.019 + 0.026 + 0.013 B — DD} (X) and B — D'D(X) decay model 26
- - - D=3 X from B decays 28
(110' from SM) Combinatorial background 0.7
(shape + normmalization)
Bias due to empty bins in templates 1.3
Size of simulation samples 4.1
Trigeer acceptance 12
Trigeer efficiency 1.0
Online selection 2.0
Offline selection 2.0
Charged-isolation algorithm 1.0
Previous one prong result Particle identification 1.3
MNormalization channel 1.0
fR(D*) = 0336 i 0027 i 0030 Signal efficiencies (size of simulation samples) 1.7
Normalization channel efficiency 16
(210 from SM) (size of simulation samples)
Normalization channel efficiency 20
LHCb, PRL 115, 111803 (2015) (modeling of BY — D" 3x)
Total uncerainty 9.1

R(D*)gy = 0.252 + 0.003



BaBar (2012), had. tag : :

0.440 + 0.058 + 0.042 § &
Belle (2015), had. tag

0.375 + 0.064 + 0.026 |—

Belle (2019), sl. tag :
0.307+£0.037£0.016 L'

Average : ;
0.340 £ 0.027 £0.013 i :

SM pred. average :
0.299 +0.003 t

PRD 94 (2016) 094008 :
0.299 +0.003 |

PRD 95 (2017) 115008
0.299 +0.003

JHEP 1712 (2017) 060
0.299 £ 0.004

FNAL/MILC (2015)
0.299 +0.011

HPQCD (2015)
0.300 £ 0.008

‘ Spring 2019 \

44

0.2 0.4
R(D)



BaBar (2012), had. tag
0.332+0.024 +£0.018

Belle (2015), had. tag

0.293 +0.038 +0.015
Belle (2017), (had. tau)

0.270+0.035 £ 0.0Z7
Belle (2019), sl.tag

0.283+£0.018+0.014

LHCb (2015), (muonic talf)
0.336 £0.027 £0.030 :

LHCb (2018), (had. tau)

e

0.280+£0.018 £0.029

Average
0.295%0.011 £0.008

SM pred. average

0.258 + 0.005 =

PRD 95 (2017) 115008
0.257 £0.003

JHEP 1711 (2017) 061
0.260 £0.008

JHEP 1712 (2017) 060
0.257 £0.005

‘ Spring 2019 \

0.2



R(D*)

0.35

0.3

0.25

0.2

Current scenario

[[] HFLAV average

Ax* = 1.0 contours

. LHCbI5 -
- BaBarl2 il
L LHCbH18 1
— T Belle19 ~ Bellel5 B
B Bellel7 —
— + Average of SM predictions H F LA V
B R(D) = 0.299 £ 0.003 | Spring 2019 |
B R(D*) = 0.258 +0.005 OB =21%
1 | 1 1 1 1 | 1 1 1 1 | 1 1 | | 1 1 |
0.2 0.3 0.4 0.5
R(D)

More precision needed.
Picture more clear by 202X



Sk Anomaly R
) ]/ LHCb,PRL120, 121801 (2018)

% sonof- = = = E
'-:} - ] ] 5 =
3 somf- - E R E
s ] E E
= E ERNE 5 E
g 2000 = E S =
= = .
E 100 3 =
& = 3 =
e S . . o5
E-.E: _____ E EoF ——
- ’ :fai‘ |G.:V3fc41|u TE 1 ] 3 T T R S R " , 1s
s B “decay time [ps] Zig E,)
—t+— Data Wl B, — ity
Mis-1D bkg. I /4y +u comb. bkg.
I /Ay comb. bkg. [ AT
B(B; = Jlyt'v,) B = x(1P0v, [ B. — p(2Si'y,
R{‘fﬁw} = B B+ .Jr,||ll “+ 4. - B: - .f.-"i',l'l F+'|-".r
(B = Jlyu'y,)
=0.71 £0.17(stat) £ 0.18(syst). Source of uncertainty Size (x107%)
. L s Finite simulation size 8.0
SM predicts within range: 0.25-0.28 B* — Jiy form factors 21
Bl — w(28) form factors 32
Fit bias comection 54
Z binning strategy 3.6
Mis-ID background strategy 5.6
combinatorial background cocktail 4.5
combinatorial Jiy background scaling 09
Bl — JiwH X contribution 36
w(28) and y, feed-down 09
Weighting of simulation samples 1.6
Efficiency ratio 0.6
B(zt = utuyv,) 02
Systematic uncertainty 17.7

Statistical uncertainty 173




b — stf

» Give strong constraints on many BSM by
probing energy scales higher than direct
searches

» Experimentally: full reconstruction but
background dominated

Rare decays, FCNC

Small branching fraction : 0(1079)

» Decays are sensitive to NP

» Modify the decay rate and the angular
distribution of final state

Processes which are suppressed or even forbidden in the SM, one expect the NP effect
to be relatively large.

v +
‘. '\N\N\‘é ¢ AN
Z“\Nq\?ég 7 : / LQ f
Supersymmetry Leptoquarks

New Heavy Gauge Bosons



Amplitude of a hadron decay process is described as

AU = F) = (FITes 1) = Z Vo CGF10,G) M)

CKM Wilson Hadronic Matrix
couplings coefficients Elements

At u scale
Wilson Coefficients C; = Perturbative short distance effects

Operators O; = non-perturbative long distance effects
i =7 : Photon penguin
i =9,10 : Electroweak penguin

NP modify the SM operator contribution (C;) and /or enter through new operators

Photon pole i Spectrum

enhancement J/'l,[)(] S) dominated by
(no pole for 3 narrow charmonium
B-Pe¢ decays) / 2§)/ (vetoed in dats) Contribution of C;, Cy and C;
i n depends on
dl
da2 2 . .
o q“ (invariant mass of two leptons)
t ey CY wa CY)
interference Long distance N
contributions from CC
Form-factors l a:ov:olzen charm
oo tnrexhe Form-factors from
from LCSR
calculations N— oL s atio Lattice QCD
4[m(p))?

—)q3 =m(ll)y

In the SM, couplings of the gauge bosons to leptons are independent of lepton flavour
Any sign of lepton non-universal interaction would be a direct sign of new physics



What we observe is effect of the particle involved affecting the B

X!+~ Modes with an Inclusive Lepton Pair &/or Inclusive X

To give an idea from an old plot

Hou, Willey, and Soni PRL 58, 1608 (1987)

10 i O
> > - 1
R S
|0: _4’ --—-b—svy /,
- 10 F yis 3
+ S 7
< : ’
w ’r 1
+ 7’
210 ° -
-— E- ’,
o - 7
¢4 F <
m -
-6 ’
‘0 L S A -~ a~
25 100 500

FIG. 2. Branching ratios for the processes b— se te =, svv

in the three-generation case. For &— svv the three neutrino
species have been summed over. For b— su*u ™ the rate is
slightly smaller (see Refs. 15 and 16).
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Branching Fraction x 10~8

Provide unique way to look for the (new) physics



Forward-backward Asymmetry in B - K™ ¢

A.Ali et al PLB 273, 505 (1991)

Interference between y and weak coupling in b = s€* £~ production give rise to a forward-
backward asymmetry

1 F;, F, are
Nr—Np * p+ p— 2
= Apg(B = K*07¢7) = —(19$(q°) |Re(Co)Fy + — C7 1, form factors
Nr+Np q
l / / qz — m{%ﬂ’—
Z contribution Effective photon
A.Ali et al PRD66,034002 (2002) contribution
1

| 1:Mirror im.age of the S:M
2:flipped-sign C; model
0. 5| 3:flioped-sign CyCip model

____

____

| F B
& o L/} ______ — o+ -
o5 g :-"--lff:'-‘-lt;_-:.—.—_7:,_._._____:7‘_____&_ TTTTTT “_ B - B /
: - oF

SM predictions are not sensitive to QCD corrections £ ¢ rest frame




Measurement of Arpg
Belle, PRL96, 251801(2006)
B — K*Opr ¢, K*tete™ Kete-
357fb
K% > K'n™,

— :I 1 I [ | | I | | |':I I IIII III:I 1 I 1 ||I ]
K+ > Ko, K+n® 2 4 E - —t—
S E‘na s 7>04|_E ! - .
v - ' ! -
E T ----"""! == ' ' 3
SM (solid line) = oF \* s uu iy E
— _ : — : — : < s o T ror b =
A; = —0.330; Ag = 4.069; A; = —4.213; b /f‘ D i hunssame
084l >0 A 5
-1 A10>0 >0 . X —
:Jlllll(l)l ||T||L||'||F||||L'||F||||l||||1|
0 2 4 6 8 10 12 14 16 18 20

Arg(B = K*£747) = 0.50 + 0.15 + 0.02 7 GeVc?
Arg(B > KT¢7¢7) = 0.10 + 0.14 + 0.01

It seems C, = —C3M preferred the Ayp data

Flipping the sign of photonic penguin, would turn on the large rate of B —» X £¢ (then what
seen in experiments) Citel19

Addition to measuring Arp one can also measure K* longitudinal polarization F},



ar
dcosO g«

3 3
— ZFLcong* +2 (1-F)(1 - cong* )

Arg along with F;

Arp is extracted from the fit to cosB,, where 0;, is the angle
between I* and B°(B*) in dilepton rest frame.

dar
dcosOpy

TABLE III. Results for the fits to the K€" €~ and K*€T €~

3 3
= ZFL(l — COS§B€)+ 5(1 - FL) (1 + COSgK* ) + AFBCOSQB{J

SM (solid line) ¢/ ci) = —c el

- LI LI T L | LS
samples. Ny is the number ol signal events in the mgg [il. The 1.2 = (a) E . : _E
guoted errors are statistical only. 1F ' : | =
e e ) i
2 0.8 ‘C7ff = _C7j10f ; — =
DCC'&}' o NS F.L ._jeln] 0.6 - ) : :ﬁ: E
. ' 1oy
Ke'e low 260 +5.7 F0.04 1028 £ 04f Jy : S=-4= S E
high 265+ 6.7 0201014 T ok : _\\_;
K€€ low 27.2+63 035016  +0.24'018 = { ; ! E
high  36.6 = 9.6 0.71"92% HO.76 1033 0 \ : E
' —0.2 . | | S
-04F .E. ----- drita .-'-*i""",'* —
2 —D.E:"" e e e b T
A; = C; A; are q° independent real term of (; 0o 2 4 6 8 10 12 14 16 18 20

C,CyCyp are real up to higher order corrections.

One need to use Wilson coefficient complex (not only for NP, but also for SM)

Wou, Hovhannisyan, Mahajan PRD 77, 014016 (2008)

C7eff =G

e and Cgffcf({f _ —Cgffogf

BaBar, PRD79, 031102 (R) (2009).



CAFB in B — K*‘€+’g_
Belle updated the study and found the LHCb, JHEPOS, 131 (2013)
opposite sign again

Belle PRL103,171801 (2009) _,_[,*}%”bw s Binned cfl FB in B - K*Ou u-
1 o 1 —— T .
< i
LHCDb ]
-’ .
L, M-
Empe— .
g ]
{ —
N B B B
5 10 15 20
- Other observables also studied q° [Gevzfc‘i]
First measurement of zero-crossing point of
=i B e Apg 1 q5 = 4.9 +0.9GeV?/c*
0 2 4 6 8 10 12 14 186 18 20 Consistent W|th SM
q(GeVeic?) _
Both e and u modes are included A 014 pogm
~ 68% CL contours
C, = —C3M seems to be favourable. If o (a1og £=115)
then data favoured 4t" generation case. (Mo 197
Should be visible else where N \C) chdom!
(sin2¢p_ negative) 008 QJ&;%SEFE%QDQ

-0.4

02 0.4
&% [rad|




Arp in Sum of Exclusive

Inclusive measurement is theoretically cleaner than exclusive, but experimentally challenging

BY decays B~ decays
(K9 K- 2
K_}II (Kgﬂu) K_Eﬂ .Kgﬂ'_ M(Xs) < 2-0 GeV/C
K-a'a" (K§xx') Ka'm KSna°
K-ata—at (K3t a® ) K- ntna’ K mtn
(K- ata ata) (Kynnta ) (K—atmata) (Kn~ 't aa")
30
~ ~ 25F
¢ S
} =
2 20 Belle, PRD 93, 032008 (2016)
ol sk +
o~ ~
s S
c Uk g 10 # } 1.07
[T I ] i
& SF & 5 |
ﬂ*..._..n..,J,,.n.r... U......l...;.l..*fl»...
522 5.24 5.26 5.28 5.30 522 5.24 5.26 5.28 5.30 0 5
M, [GeV/c’] M., [GeV/c] [
(a)B — X:eTe™ candidates with cosf =0 (B — X.ete™ candidates with cos@ <0
o 5
w
< 0.0 N

Result is consistent with SM prediction
within error

o 05 |
1.80 tension in low g2 :

o b
Need more data points for this study




P: anomaly Continuing with B — K*£*¢-

Angular analysis of B - £T£7K*(892)(—» K~ n ™).

One can simply measure the angles between the direction of flight of all the

different particles as function of g*

Differential Angular distribution can be written as

1 d'T 9 [3

|
= 1 — F,)sin?@, + Fycos?f, + —(1 — F,)sin%# 326
dl /dg? d cos@pd cosBxddpdg® 32 4( L)sin’O LCOS Ok 4{ L)sin" O cos20

— F,cos’@y cos28; + S;sin’0sin’#, cos2¢h + S, sin28 sin28, cosep

+ 855in20y sinfly cosp + Sgsin’fy cosfly + S sin20 sinfly sing
+ Sg sin20 sin28 sing + Sosin’@gsin’f, sin2cb:|,

F; is the longitudinal polarization fraction
One has additional angular observables S,,(n =
3,4,5,7,8,9) from the decay amplitude, which are
functions of the Wilson coefficients and form factors
Suggested by Decoste-Genon etal JHEP 2013, 137 (2013)

’ S4,5,6,8

P4,5,6,8 =
V(1 —F)

These observables are largely free from form factor uncertainties
(especially at low g?)

Each transformation preserves the first five terms
and corresponding S; term.

Resulting angular distribution depend only on
F;,S3 and one of the observables S, 57 g

$——¢
p—m ¢

ﬁ'g—"i‘T_ﬂg

P:'.Sg‘:

¢— —¢

33-’ o Bg

.—l—.’_-—-l—.._.‘

P;, S:,'i

(o
P&,Sj: 1 qb_'_ﬂ-_ﬁb

593—’1?'_9(

(p—7T— ¢
p— TP

Pl Sg: 4
o8 ﬂg_"ﬁr_ﬂx

n..ﬁg—”ﬂ'_f?'f

for ¢ <0
for 8, = w/2
for 8, = /2,

for ¢ <0
for 8, > /2,

for ¢ = @/2
for ¢ < —7/2
for 93) ’JTXZ

for ¢ = @/2
for ¢ < —ar/2
for 8¢ = ar/2
for 8¢ = /2.



First anomaly obse

1—

LHCb,PRL111, 191801 (2013)

B - K*(892)u™u~
K*(892) » K~m*

Local discrepancy of 3.70 is
observed in the interval
430 < g* < 8.68 GeV2for P.

Integrating over 1-6, is 2.50
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Belle data support similar trend

B - K*(892)¢+ ¢~

Bernat et al JHEP 10,075 (2016)

t fore and u Observable to test LFU, Q; = Pl.'” — P/°

K*(892) » K nt,K,rt,K*tn®  Deviation from zero test of SM.

1.5 .
15 : SM from DHMV
SM from DHMV/LQCD [ NP Example
1.0}
1ol M All Modes
W Electron Modes
osh H  Muon Modes 05 L
== 00 Q‘:: 0.0 bt = = ——————— =
' - TI |
-05 7 : - : PF_< -05F
10 -1.0}
15 L L -15 : : L
0 5 10 15 20 0 5 10 15 20
q° [GeV?/c? ¢’ [GeV?/c?)
15 T T T T T 1~5
SM from DHMV/LQCD
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hadronic uncertainties were argued.

Belle,PRL 118, 111801 (2017)



First lepton-flavour-dependent measurement for P is reportec

TABLE L. Fitresults for P, and P for all decay channels and separately, for the electron and muon modes. The first uncertainties are
statistical and the second systematic.

¢* in GeV2/c? P, Py Py P; P{ Pg

[1.00, 6.00]  —0.45'03 £0.09 —0.724030 £0.06 -0.2279037 £0.15 023503 £0.07 —022407 +£0.03 043132 +0.10
[0.10, 4.00] 0115037 £0.05 034504 £0.11 —03870%0 £0.12 047557 £0.05 0511037 £0.09 0421030 +0.14
[4.00, 8.00]  -0.34'0124+0.05 =052/ £0.03 -0.07'037 £0.07 =0301)5 £0.09 —0.52"02F £0.03 -0.03')3 £ 0.09
[10.09, 12.90] —0.18%035 +0.06 - ~0.401333 £0.09 —0.1743% +0.01 - 0091535 + 0.02

[14.18, 19.00] —0.141036 £0.05 —0.15%)3) £0.04 —-0.101030 £0.07 —0511)5 £0.01 0911032 +0.03 —0.131732 + 0.06

TABLE 1I. Results for the lepton-flavor-universality-violating
observables (J; and Q5. The first uncertainty 1s statistical and the
second systematic.

First time g* in GeV?/c? 0, Qs
[1.00, 6.00] 0.498+0.527+0.166 0.656+£0485+0.103
[0.10, 4.00] =0.723£0.676+0.163 —0.097+0.60110.164
[4.00, 8.00] 0448 +0.3924+0.076  0.4984+0.41040.095

[14.18, 19.00]  0.041 +£0.565x£0.082 0.778+0.5021+0.065

Results are compatible with SM within statistical uncertainty.
Largest discrepancy is 2.6 in P for the muon channel



Results from ATLAS and CMS on Px

- l_' L L L e e e _'
- ' « LHCb © ATLAS :
e = Belle o CMS prelim. -
0.5 SM from DHMV —
i ‘ —r _
oF | :
: ] L g :
-05F L 4=
f e
_1_ I I I . '—I'|)—|:I : I | I . | | . l | | _.
0 S 10 15

Show similar trend by ATLAS q* [GeV~/c?]

Differential branching fraction in B - Kuu, B = ¢uu, B - K*uu , Ay = Auu

consistently lower than SM prediction
JHEP06,133(2014), JHEP09,179(2015), JHEP06,115(2015)



Ryg+Ryg anomaly

Lepton flavour universality (LFU): electroweak couplings treat all flavours of leptons
same (observed difference are due to their mass differences)

LFU can be tested very precisely

'qﬁmx dr[Bl —K l H | /”_} dqz

_ * qlznin dq:
RK - .2 \ F ot o .
Gmax dF[B —K'e'e ] d 2
Jg* da? q

qmin q

In ratio, hadronic uncertainties cancel and SM prediction is near unity.

+ +,,+,,—
T B(B™ » K7pu) =1+ 0(10™%)  C Bobeth etal, JHEP 07, 040 (2004)
B(BT »> K*ete™) HPQCD, PRL111, 162002 (2013)

Ry, H = K,K*, X, provides constraint to the New Physics G. Hiller, F. Kruger PRD69. 074020 (2004)
0.001 typical error

In 2014, LHCb measured Ry and saw 2.60 hint of deviation from the SM.

——LHCb —=—BaBar ——Belle
D I L B B A T ]
= : LHCb ]
SE ] Both BaBar and LHCb seems to favour a value
I ] below one.
S SM Belle result didn’t contradict g? dependent.
03 ]
: - Ri[1.0 < g% < 6.0 GeV?] = 0.745%392%2 + 0.036
U 1 1 | 1
0 5 10 15 20

g* [GeV¥ et LHCb, PRL113, 151601(2014) BaBar, PRD86, 032012(2012) Belle, PRL103, 171801(2009)



Pulls Candidates per 10 MeV/e?

Pulls Candidates per 34 MeV/c?
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RK* anomaly LHCb, JHEPOS, 055 (2017)
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5 EE)
M, (Gevic)

M, (Gevic’)

Belle result on Ry~

Belle, arXiv1904.02440

K* fromK*tn~,K*tn® and Kdnt

B° - K*utu=, Bt > K**u*u~,B° - K*%ete” and Bt - K*tete~

2.0

15[

05}

ool

210}
o I

4+ Data for B” modes ]

B SM prediction

2.0

15

Ry -

0.5

ool

10 15

a? (GeVE/ehy

20

~4  Data for B" and B+ modes
B SM prediction

5

1IEI 15
¢’ (GeV?/ct)

20

2.0

15

iz 1.0

05

0.0

1—
-+ Datafor B* modes |
B SM prediction

0 5 10 15 20

q° {GEVT ffi]

First measurement of R+

Consistent with SM, large uncertainty.

Need more statistics !

Trend similar to LHCb



B K+,£,€ 2019 LHCb RK update LHCb, PRL122, 191801 (2019)
-
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RuEw 0 = 0.TLTHSSS (stat)T00E (syst)

R 2 = 0.928%50r (stat) £ 017 (syst) .
Rx[1.1 < ¢ < 6.0 GeV?] = 0.8461 358979915

Most precise measurement to data
Consistent with SM at the level of 2.5 g deviation

Ri[1.0 < g% < 6.0 GeV?] = 0.74513:09% + 0.036  L+cb, PRL113, 151601(2014)



B - K¢t Ry result from Belle Belle, arXiv:190801848
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More precision at Belle Il



Belle, arXiv:190801848

Isospin asymmetry
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A; for all bins have negative asymmetry.
For bin 1 < g% < 6 GeV?/c* deviates from zero by 2.7¢ for muon final state.

First time provided by Belle



Anomalies leading SM

o-deliver-outstanding-cx

SM leading anomalies
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B2TiP report

Observables Belle 0.71ab~"  Belle Il 5ab~" Belle I 50ab~!  arXiv:1808.10567
Ry ([1.0,6.0] GeV?) 28%, 11% 3.6%
Ry (> 14.4GeV?) 30% 12% 3.6%
Ri- ([1.0,6.0] GeV?) 26% 10% 3.2%
Rg- (> 14.4GeV?) 24% 9.2% 2.8%
Rx. ([1.0,6.0]GeV?) 32% 12% 4.0%
Rx_ (> 14.4GeV?) 28% 11% 3.4%
P5 ([1.0,2.5] GeV?) 0.47 0.17 0.054
P! ([2.5,4.0]GeV?) 0.42 0.15 0.049
Pg ([4.0,6.0] GeV?) 0.34 0.12 0.040
P! (> 14.2GeV?) 0.23 0.088 0.027

Given the above formula and input for bﬂ"ﬂ the SM predicts R°M = 0.641 + 0.016, whereas
the experimental data suggests R7 7" =~ 1.05 + 0.51 by using B(B — wfiy) = (1.45 £ 0.05) x
10~* [77]. Thus, at present the experimental result is consistent with the SM prediction

R3*"7 = 0.64 +0.23,

50ab™! _ 0 @,
R = 0,64 £0.00. =T 50 ah— T

Rp (£6.0+£3.99% (£2.0+25)%
Rp. (£3.0£25)% (£1.0+£2.0)%
P.(D*) +0.18+£0.08 +0.06 £0.04

R(D*) = 0.270 + 0.035(stat) 1055 (syst),
P.(D*) = —0.38 + 0.51(stat) g 1s (syst),
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ggrade Il Physics Case

L 0

Taken from Eugeni Graugés

Summary of Resuis.

[LHCB-PUB-2018-009] arX1V:1808.08865

Tahle 10.1: Summary of prospects for future measurements of selected Havour ohservahles for LHCh, Belle IT and Phase-11 ATLAS and CMS. The projected

LHCh sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-I1 sensitivities are taken from Ref. [608).

Ohservable Current LHCb LHCb 2025 Belle 11 Upgrade I ATLAS & CMS
EW Penguins
Rk (1 < ¢ < 6CeVicd) 0.1 [274] 0.025 0.036 0.007
R (1 < g% < 6GeV3ed) 0.1 [275] 0.031 0.032 0.008 -
Ry Ry, By 0.08, 0.06, 0.18 0.02, 0.02, 0.05
CEKM tests
v, with B - D+K - *}E}ﬂ [136) 4° 1°
7, all modes (*eg)° [167] 1.5° 1.5° 0.35° -
sin 23, with B” — J/yK? 0.04 [609] 0.011 0.005 0.003
s, with BY — J/vo 49 mrad [44] 14 mrad - 4 mrad 22 mrad [610]
ths, with BY — DF D 170 mrad [49] 35 mrad 0 mrad
¢°* with BY = ¢¢ 154 mrad [94] 39 mrad 11 mrad Under study [611]
aZ) 33 = 104 [211] 10 = 104 3x 104
[Vasl/|Vas| 6% [201] 3% 1% 1% -
EE!- ‘BD_:"I-‘ b
B(BY = ptp~)/B(BY = putu~) 00%% [264] 34% 10%% 21% [612]
T 22% [264] 8% - 2% -
Sy 0.2
b — cf—7 LUV studies
R(D*) 0.026 [215,217] 0.0072 0.005 0.002
R{J/ ) 0.24 [220] 0.071 - 0.02 -
Charm
AAcp(KK — mr) 8.5 x 1074 [613) 1.7 x 107% 54 x 1071 3.0 x 107°
Ar (= zsing) 2.8 x 1074 [240] 4.3 x 1075 3.5 x 104 1.0 x 105 -
rsing from DV — K+r- 13 = 10~ [228] 3.2 x 1074 4.6 x 101 8.0 x 10—
rsin ¢ from multibody decays (K37) 4.0 x 1075 (Kgrm) 1.2x 107" (K37)80x 10°°

Integrated Lumi 9/fb 23/fb 300/fb



Uncertainity in F

B2TIP report | arXiv:1808.10567
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Fig. 72: Expected Belle II constraints on the Rp vs Rp. plane (left) and the Rp. vs P(D*)
plane (right) compared to existing experimental constraints from Belle. The SM predictions

are indicated by the black points with theoretical error bars. In the right panel, the NP
scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators Og,,

Oy, and Or, respectively.
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S. HIROSE et al.

PHYS. REV. D 97, 012004 (2018)

TABLEIL The systematic uncertainties in R( D" ) and P_(D" ), where the values for R(D") are relative errors. The
group “common sources” identifies the common systematic uncertainty sources in the signal and the normalization
modes, which cancel to a good extent in the ratio of these samples. The reason for the incomplete cancellation is

descrbed in the text.

Source R(D") P.(D%)
Hadmniic B composition E?E: I?i:':'ﬁ
MC statistics for PDF shape iy P
Fake D* 3.4% 0.018
B— D"t o, 2.4% 0.048
B— D"t i, 1.1% 0.001
B D¢ b, 2.3% 0.007
7 daughter and ¢~ efficiency 1.9% 0.019
MC statistics for efficiency estimation 1.0% 0.019
Bt~ = av,pv,) 0.3% 0.002
P.(D") correction function 0.0% 0.010
Common sources
Tagging efficiency correction 1.6% 0.018
D" reconstruction 1.4% 0.006
Branching fractions of the D meson 0.8% 0.007
Number of BB and B(T(45) — B*B~ or B"B") 0.5% 0.006
smati rtai 10.4% 0.21
Total systematic uncertainty e o




R(D*) systematics
LHCb three prong 2017

TABLE VII.  Listof the individual systematic uncertainties for the

LHCb one prong 2015

TABLE . Systematic uncertainties in the extraction of R(D"). measurement of the ratio B(B° — D*~¢*v,)/B(B” = D* 3ax).
. ) . Contribution Value in %
Model uncertainties Absolute size (x1077) - - -
B(zt = 3ap,)/B(rt = 3x(2%%,) 07
Simulated sample size 2.0 Form factors (template shapes) 0.7
Misidentified p template shape 1.6 Form factors (efficiency) 1.0
B = D** (77 /u" v form factors 0.6 ¢ polarization effects 04
T o4 - . . Other t decays 1.0
B — D""H (— pvX')X shape corrections 0.5 -
B(B — D"t 5,)/B(B - D"uv 0.5 BoDirL P
_( - T ) /B(B - H L’.u)_ : BY = D rty, feed-down 15
B — D**(— D*nn)uv shape corrections 0.4 N ,
Corrections to simulation 0.4 g'i _E}E"’deg:f{ '““‘iletl . ;‘3
- : : . s an emplate shape 2.
Combinatonal background shape 0.3 B’ D*D; (X) and B — D*~D°(X) decay model 26
B— D" (—D"a)u v, fﬂ_rm factors 0.3 D*-3zX from B decays 2.8
B — D**(D; — tv)X fraction 0.1 Combinatorial back ground 0.7
Total model uncertainty 28 (shape + nommalization)
Normalization uncertainties Absolute size (< 107%) Bias due to empty bins in templates 1.3
- - Size of simulation samples 4.1
Simulated sample size 0.6 ) .,
Hardware trigger efficiency 0.6 Trigger acccptancs b
Particle identification efficiencies 0.3 Trigger efficiency 10
ar ) : Online selection 20
Form factors 0.2 Offline selection 2.0
Bz~ = pu v,u;) < 0.1 Charged-isolation algorithm 1.0
Total normalization uncertainty 0.9 Particle identificaion 1.3
Total systematic uncertainty 3.0 Normalization channel 1.0
Signal efficiencies (size of simulation samples) 1.7
Normalization channel efficiency 1.6
(size of simulation samples)
Mormalization channel efficiency 20

(modeling of B” — D*~3x)

Total uncertainty 9.1




Belle 2016 semileptonic
Belle 2019 semileptonic

TABLE 1. Systematic uncertainties contributing to the

R(D"™) results, together with their correlation. TABLE I.  Summary of the systematic uncertainties on R(D*)
. . . S— - for electron and muon modes combined and separated. The

Source _ AR(D) (%) AR(D ) () Correlation o painties are relative and are given in percent.

""" composition (.76 1.41 —0.41

PDF shapes 4.39 2.25 —0.55 R(D*) (%)

Feed-down factors 1.69 0.44 0.53 : : :

Efficiency factors 1.93 412 —0.57 Sources (R=ep R=e 8=y

Fake D'’ calibration 0.19 0.11 —0.76 MC size for each PDF shape 2.2 2.5 3.9

Biag calibration 0.07 0.05 —0.76 PDF shape of the normalization ol +2d 128

Lepton efficiency (.36 0.33 —0.83 in cosOz_pep

and fake rate PDF shape of B — D**/u, T i 33

Slow pion efficiency 0.08 0.08 —0.98 PDF shape and yields of 1.4 1.6 1.6

B decay form factors (.55 0.28 —0.60 fake D)

Luminosity, f+_ : fm 0.10 0.04 —0.58 PDF shape and yields of 1.1 1.2 1.1

and B(T(45)) B — X.D*

B(B — D" tv) 0.05 0.02 —0.69 Reconstruction efficiency 1.2 1.5 1.9

B(D) 0.35 0.13 —0.65 ratio Enorm/ Esig

B(oT) 0.04 0.02 —0.51 Modeling of semileptonic decay 0.2 0.2 0.3

Bt —¥§ bww.) (.15 0.14 —(.11 B(t~ = £ p,u,) 0.2 0.2 0.2

Total 5.21 4.94 —0.52 Total systematic uncertainty ::’,g j?' :;’_'g




