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Current status of R(D) and R(D*)

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

Average
0.340 = 0.027 £ 0.013

SM pred. average
0.299 = 0.003

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 + 0011

HPQCD (2015)
0.300 = 0.008
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[HFLAV averages Spring 2019]

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 = 0.029

LHCb (2015)
0.336 = 0.027 = 0.030

LHCb (2018), (had. tau)

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
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S.Fajfer et al. (2012)
0.252 £0.003

BGL parametrization

After Belle 2019

0.4

R(D*)
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Latest SM predictions

\ g All @(l/mcz) corrections in the heavy quark expansion are included and fit all form factors (previous

works are O(1/m,), O(a,), O(1/m,) + part of @(l/mcz)) [Bordone, Jung, van Dyk 1908.09398]

example: A; FF ,
——— P 1 All lattice data, QCDSR, and the latest LCSR result [Gubernari, Kokulu, van Dyk '19]
0.95 — it ;,(2/1 T

=)
o0
HHHH HH

R(D)gy; = 0.298 + 0.003 R(D*)qy = 0.247 £ 0.006

4 + Angular distributions from Belle data [Belle, 1510.03657, 1702.01521, 1809.03290]

% LR R(D)qy = 0.297 + 0.003 R(D*)g = 0.250 = 0.003
g [GeV7|
4 )
2/1/0: @(l/mcz) corrections are just constants R(D):14—> 140
3/2/1: @ dependence in O(1/m?) is included R(D*):25—> 340
w = (m% +m'? — @) /2mpm{ \ combine: 3.1 3.9  (my personal analysis)
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R(D*)
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- New sM prediction 4~ Average of SM predictions
R3M = 0.297 £ 0.003 R(D) =0.299 = 0.003
R3M = 0.250 + 0.003 R(D*) =0.258 = 0.005

0.2 0.3 0.4

HFLAV

P(2) = 27%

0.5

R(D)

[HFLAV averages Spring 2019]

BR(B, — J/¥1v)

R(J/YP) =
BR(B, — J/¥Y¢v)

@LHCb

same-direction tension ~20.
But form factors are poorly

known because heavy quark

expansion is broken by m,.

e.g., [Watanabe, '18]

Theory status and implications of R(D(*)) and polarization observables
Teppei Kitahara: Technion/Nagoya University, BEAUTY2019, October 3, 2019, Ljubljana, Slovenia

or



R(D*)
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[HFLAV averages Spring 2019]

I HFLAV average Ay* = 1.0 contours
LHCb15
BaBarl2
LHCb18
__— R(J/Y) = BR@®, » /%) @LHCb

BR(B, — J/¥Y¢v)

same-direction tension ~20.

But form factors are poorly

known because heavy quark
Bellel7/

~+New sM predigfon - 4= Average of SM predictions HFLAV

R3M = 0.297 + 4003 R(D) =0.299 + 0.003 Spring 2019

RM=025040.003  R(D*)=0.258 +0.005 P(x*) =27%

expansion is broken by m,.

e.g., [Watanabe, '18]

No QED corrections 0.3 |soft-photon corrections are partially subtracted

Error = QCD by PHOTOS Monte-Carlo simulation
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Photon emissions in data

The experiments have not explicitly utilized the photon cut for event selections for B semileptonic decay

2 The photon emission distorts the missing mass squared distribution to the positive direction

Mr%liss — (pe‘|‘6_ — PBiag — PD — pE)Z — (pz/_l_pfy)Q — 2EI/E"}/ (]- — CO5 91/7) > ( Eyf =0.5-2GeV

: :
o e L : * '
Missing mass squared 5t | o ey £ {;,]L WeoDy | N
- >
distributions of "ol B— D*lv w300F B— D*lv L
140F R(D) M™B-Du =+ R(D*) Woterso Soft emission distorts
selected events@ Belle ., F M other BG 250 ] d th f
: BN B—> D**lv : H B 5= D*v around the center o
100} 2000 the missing mass dist.
80f - : :
N % S Distort to - 7
) W 4 positive direction Hard emission
' M S
200 0EH distorts only the tail

0.2 ® 0.2 0.4 0.6 0.8 0.2 G 0.2 0.4 0.6 20.?
. M, (GeV/c) ' Mniss(GeV/eY)  [Belle. PRD92 (2015) no.7, 072014 1
p2=0 soft )] hard
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Soft-photon corrections

4 At large distance (¢ < AQCD), the QED interactions of the charged mesons are well described by

the scalar QED (point-like particle approximation)
-

Form factors
f+(g2) and fo(g?)

U

- DO ¢ BD€vy vertex

4 One must distinguish
5 - (Inner-Bremsstrahlung)

neutral and charged
B modes

o L’
B° — D¢ [R(D)] B~ — D% [R(D")]

Coulomb pole
Urel

required for U(1)gy; sSymmetry
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25

10-

QED corrections on Dalitz plane

Three independent parameters: Emax and 2 Dalitz variables: q2 = (pg — pD)z, Spy = (Pp + pf)2

QED
correction(%)

@Emax= 20 MeV
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- correction(%)
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sp(GeV?)

7 is hon-relativistic

T T

7-D relative
velocity fp.

7*(GeV?)

10% QED corrections by a/f

Theory status and implications of R(D(*)) and polarization observables
Teppei Kitahara: Technion/Nagoya University, BEAUTY2019, October 3, 2019, Ljubljana, Slovenia



QED corrections (%)
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[de Boer, TK, Nisandzic, PRL '18]
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f.Belle 1 ARD): 3% (D7)
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Leading long distance

= u(UV)-independent,
spin-independent

renormalization scale

100MeV < u < 1GeV

.

We conclude that the QED corrections to R(D+*) and R(D9) are different at 1-1.5% ]
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PHOTOS MC simulation

[Barberio, Eijk, Was, '91; Barberio, Was, ‘94; Davidson, Przedzinski, Was '16]

2 PHOTOS Monte-Carlo generator can simulate modifications of the kinematic variables induced by final-

state photon radiations (NO initial state) in the leading-logarithmic collinear approximation

PHOTOS has been utilized in Belle (v2.02) /BaBar (v2.13)/LHCb (v3.56) for B semileptonic decay searches

. All virtual corrections (Coulomb pole also) are not covered in PHOTOS
2 Quantum interference of O(E%nax) in emissions are not covered in PHOTOS (< v2.07(single), v2.13
(multiple))
¢ LHCb analysis does include the interference of the final-state emissions

O(In Emax) contributionsto B~ — DY%eD have been checked (soft E}, and hard Ey) by PHOTOS v1.06

compared to analytic formula assuming constant FFs [E. Richter-Was '93]
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- = X =
OF R(D"), PHOTOS = — 9F
] R(D*),PRL 120,261804 (2018) - & g
7 R(D"), PHOTOS —; \é 7 |
3 L — R(D°), PRL 120,261804 (2018) N .\
SE Q E SE
4F -l = 4E
3 . = 3E
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Leading LFU-violating contribution is reproduced by PHOTOS v.3.56 with interference switch=on

Crosscheck by PHOTOS

Part of LHCb colleagues have checked the soft-photon correction by PHOTQOS v.3.56

[Cali, Klaver, Rotondo, Sciascia '19]

R(D™), PHOTOS
---------- R(D*),PRL 120,261804 (2018)
R(D°), PHOTOS
---------- R(D°), PRL 120,261804 (2018)

no Coulomb

| 40 60 80 | | IE)O
E .. [MeV]

The small gap comes from virtual (Coulomb) correction which is absent in PHOTOS
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Coulomb contribution depends on kinematics: g2,

Coulomb contribution

E

1SS’ U

Coulomb correction would give impacts on the experimental results through a change of the fit

template shape [Cali, Klaver, Rotondo, Sciascia '19]
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Polarization observables in D* decay (into D)

L 4 Longitudinal D* polarization

I'(B — DjTv)

Fr (D7) = [ (B — D*7v)
4 Data vs. SM
[Belle, 1903.03102] [Alok, Kumar, Kumbhakar, Sankar '17] [Bordone, Jung, van Dyk 1908.09398]
F,(D*) = 0.60 £ 0.08 % 0.04 Fi(D*)gy = 0.46 £ 0.04 F,(D¥)gy = 0.470 £ 0.012
(1.40) (1.40)
F,(B' - D""e*v) = 0.56 £ 0.02 F;(D*ev)q = 0.54 = 0.01
(<1o)

Belle Il sensitivity

AF;(D*)==x0.01 £0.04 (can exclude SM at >3c level)  [Adamczyk, 1901.06380]
50 ab-1
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Polarization observables in 7 decays (into zv, pv)

4 7 polarization asymmetry along the longitudinal directions of ¢ [Alonso, Camalich, Westhoff '17]

['(B— DWrA=T1/2y) T (B — DWW rA="1/2y)
['(B — D®7v)

P, (D)) =

4 Data vs. SM
[Belle, 1612.00529, 1709.00129] [Belle estimation, 1612.00529] [Bordone, Jung, van Dyk 1908.09398]

P_(D) : no reuslt P (D) = 0.325 = 0.009 P (D)gy = 0.321 £ 0.003

P(D*) = — 0.38 £ 0.51+02! P.(D*)qy = — 0.497 + 0.013 P.(D*)qy = — 0.488 + 0.018
s (<10) (<10)

Belle Il sensitivity

ab-
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New Physics Interpretation



New physics interpretations

New Physics above B meson scale is described model-independently by
HYY = 2V2GrVy [(1+ CF) OF + CEOR + CEOL + CrO7]

Oy = (ey" PLb) (T, Prvy)

(
(
Og = (¢Ppb) (TPLv;)
Or = (coa" Prb) (To,, PrLv,)

O‘If = (E‘}/”PRb)(Z;/ﬂPLI/) is lepton flavour universal in dimension-six level

¢ Light right-handed neutrinos can also be included but are constrained by the collider bound

Theory status and implications of R(D(*)) and polarization observables @ /o5
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Constraint from BR(B. — 1v)

L Searches for B[Zc — 7ty at LEP1 set BR(B. — 1v) < 10 % (at Z peak)
¢ Scalar OPs C¢, C¢ are strongly constrained via BR (B, — 7v) ~ 0.02|1 + C{ + 4.3 (C& — C§) ‘2

¢ It has become clear that the original estimation misses the p, dependence of f_./f,
[Blanke, Crivellin, de Boer, TK, Moscati, Nierste, Nisandzic, '19]

From CMS and LHCb [Akeroyd, Chen "17] prdependence of f./f from ATLAS and LHCb
_ _ S ~ 10— :
21 < 10 3 5 fc 5 44 X 10 3 50.552_ATLAS.Prellmmary\E=8Tev,2o.3fb_; 9 9 LHCb preliminary13TeV _
< 0_52— = X 8 +Data —;
fc BR (Bc_ — J/wﬂ_) _3 ago.45f— ! E J 7 —Fit E
— — — (6.72 T 0.19) X 10 Z o4t E \.“;:: 6 + Average E
fuBR(B= = J/YK~) 5l i s 3
Lo oak . . — 3
X025 { E : f
-toO- I o : 2 E
NRQCD next-to-leading order at Z peak £ 02 +Data E IE Slope = (-9.7 £ 1.3)x102 GeV-1
' , 015 |y(B)l <2.3 E I I N S
[Zheng, Chang, Feng, Pan '18, Zheng, Chang, Feng, Wu '19] oab . : s 10 E 20 25
22> p_(B) > 13 GeV p,(B) > 22 GeV P, (H,) [GeV]
f.~6x10"% .
[See Konstantin Toms talk] [See Marcello Rotondo talk]
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Constraint from pp — tv

L 4 The constraint BR(B. — 7v) < 10 % seems to be overestimated by a factor AT LEAST 3. Now, the

constraint from BR(B,. — 7v) is no longer the strongest one

¢ The strongest constraint comes from collider search: high-p tails in mono-7 searches
|Greljo, Camalich, Ruiz-Alvarez '19]

Crossing symmetry

D P T V.. |2 mi, CL 2 Signal,
BbJ XT Ao ij X ‘ 17 ‘ X 3 S Heavy flavour
Sc — ~ =
5 =
C Vv o 2 m? Z
T p Lud—l—dﬂ X ‘Vud‘ X ( §W ) Background,
vV 7 Valence quarks
e R

20 upper bound at 4 = m,

| <032, |cg™| <057, (Cr| <0.16

N J
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Tensor operator vs. F; (D*)

[lguro, TK, Omura, Watanabe, Yamamoto, '19, UPDATED]

\ Cr(p) = Cplet”

¢ Tensor operator in new physics scenario is

significantly constrained by F; (D)

0.34 —
0.32} \
Hegr = 2V2G Vi, Cr (1) (o PLb) (o Prvy) | -
0.30}
CT, QM = 0 é 0.28 _ ':‘ "““ 0.25 “““
0.26' 0.35 “
F;(D*) =0.60 = 0.08 £ 0.04 : SMX 40.2
[Belle, 1903.03102] 0.24LF(D*): oA :
 blue line | *
022 —— A4 L
0.25 0.30 0.35 0.40 0.45
R_> Excluded by F; (D¥*)
D
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“Single particle” scenarios

4 One WC scenarios 2 Two WCs scenarios
W’
C‘e left-handed SU(2).-singlet vector LQ, (CL, C§ = —4Cy)  SU(2).-singlet scalar LQ (S))
SU(2).-triplet and/or -singlet scalar LQ

C¢  Charged Higgs, (Cy, CS)  SU(2)-singlet vector LQ (U,)
SU(2).-doublet vector LQ (V)

C§ Charged Higgs with generic flavour (CR Cg) Charged Higgs with generic flavour
structure structure

L
CL =4C scalar SU(2).-doublet LQ (R,) (RG(CS =4Cp),
S T | 2)L- let LQ (R

(“4” is modified by RG evolution) Im(Cé‘ = 4C;)) scalar SU(2).-doublet LQ ()

There are so many detailed studies for each single particle scenarios

¢ There are also “two particle” scenarios [See Nejc Kosnik talk]

Theory status and implications of R(D(*)) and polarization observables @ /o5
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[Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic '19]

~0 2R S e S T
SU(2)L-singlet scalar LQ (S;) _o30t _i | Tl SU(2)c-singlet vector LQ (U))
Charged Higgs I —— | 040 1 SU(2).-doublet scalar LQ (R,)
S LS ous _
Q —040 i ) QL o BRII)’ »TV)>10%
BRBOZIO. e / |
P.(D) vs. P.(D*) ~0.45] i —0.50}

| 8 (G.09) ' 1 W (Re[Ci=4Crl,Im[Ck=4C
—0.50} ! —0.55¢ ( e[ s r], Im [Cg T])

lllllllllllllllllllllllllllllllllllllllllllllllllll

P.(D) P.(D) P_(D) can discriminate
the new physics
054 :_B'_r@é'rv'ﬁébf'/c """""""""" _: 0.470
- : 0.465}
TUIBRGomy0% GO R 0.460F P_(D¥*) could discriminate
~ 0.50} : : the new physics
* e Z ' o 0.455¢
P.(D)vs. F (D) %048_ a :
~ T . 0.450¢f
0-46} : 0.445F : o e
o.aal[F €= ; 0 a0 |® €D _; F;(D*) is difficult to
BT RERE "- B Re[C5=4Crl.Im [C5 =4 Cr) I discriminate them
01 02 03 04 05 08 07 0435 5070257030 035 040 045
P-(D) P-(D)
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Predicted ranges of polarization observables

4 Full parameter searches of each LQ model. LHC mono-7 search [Greljo, Martin Camalich, Ruiz-Alvarez ‘19]

and BR(B — t7v) < 30 % [Alonso, Grinstein, Martin Camalich '17] are included
[lguro, TK, Omura, Watanabe, Yamamoto '19, UPDATED]

FP” pP pPr" Rp Rp-
Ry LQ | [0.442, 0.447]  [0.336, 0.456]  [—0.464, —0.424] 10 data 1o data
[Predicted ranges] S1 LQ | [0.436, 0.481] [—0.006, 0.489] [—0.512, —0.450] 1o data 1o data
U; LQ | [0.440, 0.459]  [0.156, 0.422] [—0.542, —0.488] 10 data 1o data
SM 0.46(4) 0.325(9) —0.497(13) 0.299(3)  0.258(5)
I data 0.60(9) - —0.38(55) 0.340(30) 0.295(14)
Belle 11 0.04 3% 0.07 3% 2%

L 4 P_(D) can discriminate the new physics

¢ LHC mono-7 search gives more severe bound than BR(B" — 77v) < 30 %

Theory status and implications of R(D(*)) and polarization observables @ /o5
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Model-independent prediction: R(Ac)

4 R(A,) = BR(A, = A 1v)/BR(A, = A V) @ LHCb [Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic '19]

SU(2)L-singlet vector LQ (U, )
SU(2).-doublet scalar LQ (R,)

Similar ellipses!

Crosscheck of R(D'™) anomaly
is possible by R(A )

. . B T
Motivated two WCs scenarios o042 2 7 ol T
SU(2).-singlet scalar LQ (S;) ** - 040}
3038 ’ —~ 038!
Charged Higgs g s
0.36_— I 036! 109
I | |
! | I
4 ; _
034f - 034 [. e }:
0320 . ... 1. 032L. ... D et ma )]
026 O. 28 O 30 032 034 026 028 030 032 034
R(D) R(D")
2 Sum rule for R(Ac) prediction [Blanke, Crivellin, de Boer, TK, Moscati, Nierste, Nisandzic, '19]
- ~
R(A.) R(D) R(D*)
Model-independent sum rule R(A )C ~ 0'26R(D) -0.74 R(D")sm
8 (also valid for RH neutrino) c/5M M )
R (AC) — 038 1" OO]‘R(D(*)) _ O O].

[Detmold, Lehner, Meinel '15] R (AC)SM —0.33 0

.01

There is no data yet, but soon?
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Conclusions

| 2 SM expected values for B — D) transitions are improved: O(1/m?)

Soft-photon corrections depend on lepton’s mass and velocity and hence can violate lepton flavor

universality, which is also reproduced by PHOTOS v.3.56 with interference switch=on up to Coulomb

contributions
4 Polarisation observables, especially P_(D), are well suited to distinguish among different EFT scenarios

4 A, = A_zv provides experimental cross-check of R(D(*)) anomaly
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