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Semileptonic B decay

Semileptonic B-meson decays induced by b—clv play an important £

role for testing the Standard Model at low energy: L

V| and Lepton Flavor Universality (LFU) 5 O@%g LM D)
W ww< = w* fvvv~< = w* "V"’< ) d
| \_ ),

e T T

Lepton flavor universality is violated by only tau lepton mass which

leads to small phase space and scalar form factors fo(g2) and Ao(g2)

2 Light lepton universalities in kaon, pion and t decays have been checked precisely
KT — 7%t () 7q,ue([(_'_) =0 998(9)
K; — AR G) T,ue(KL) =1 003(5) SM ( / )2 1
T — — — p—
Tt ) Tee(nT) = 1.0042(33) pe = \IWpuw/JWer
T S tu(y) T e (7-+) - 1,000(4) [Rainer Wanke, KAON 2007; Cristina Lazzeroni, loP Nuclear and Particle Divisional Conference, 2011]
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R(D) and R(D*)

2 Heavy lepton flavour universality can be measured by R(D) and R(D*)
~
=5 - -
B(BY — D®)+/—1)
_ «)0 _ — —
B(B~ — D)0/~ p)
N\
Theoretically clean: dominant hadronic uncertainty is largely canceled in the ratios

CKM dependence (|Ve|) is also totally canceled

2 We separately define R(D*) and R(D9) to distinguish different QED corrections in neutral and charged B decays

BaBar:Z = e+ u
Belle: Z = e + u
LHCh: £ = u
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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 te—= DBy, — D"

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 = 0.011 1T

HPQCD (2015) |
0.300 = 0.008 +

‘ Spring 2019 \

230

'
140

0.2

R(D)

Do+ >

D0+ <« >

D+ \

Belle New result

1904.08794

After Belle 2019

[HFLAV averages Spring 2019]

BaBar (2012), had. tag

0.332 = 0.024 + 0.018 i & D*0,+
Belle (2015), had. tag i
0.293 = 0.038 + 0.015 3 D*0,+
Belle (2017), (had. tau) i
0.270 = 0.035 = 0.027 — D*+
Belle (2019), sl tag § %
0.283 + 0.018 + 0.029 5 D*0+
LHCb (2015) i
0.336 = 0.027 = 0.030 g S D*+
LHCb (2018), (had. tau) i
0.280 = 0.018 = 0.029 5 D*+
Average i
0.295 = 0.011 = 0.008 ]
SM pred. average ! | S.Fajfer et al. (2012)
0.258 = 0.005 05 5 3.50(CLN) 0.252 +0.003
PRD 95 (2017) 115008 i L
0.25791 0&)03 ) - ; BGL parametrization
JHEP 1711 (2017) 061 || § 3.00
0.260 = 0.008 | B ;
JHEP 1712 (2017) 060 i l After Belle 2019
0.257 = 0.005 | ;
gy, 000 250
il | ! | | LHCb can not measure
| | | | A : | | | D*0 precisely [D*0— DOy,
0.2 0.3 0.4 Domo(=yy)]

R(D*)
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I HFLAV average Ay” = 1.0 contours

R(D*)

04
LHCb15
BaBarl2
0.35 3G
LHCb18
|\ /
O 3 \.\\ ® \‘\
025 T BeHeBeHelS
Bellel7/
02 + Average of SM predictions HFLAV
R(D) = 0.299 + 0.003 Spring 2019
R(D*) =0.258 = 0.005 P(XZ) — 27,
0.2 0.3 04 0.5

3.1 o deviation including all correlations R(D)

[HFLAV averages Spring 2019]

Belle-1l Sensitivity

[Belle-1l sensitivity, 50 ab-1]
AR(D) : 3%
AR(D*) : 2%
[Belle, 1901.06380]
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Related observables

4 R(Ac) = Br(Ab=>Actv)/Br(Ab=>ALv) @ LHCb [Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, 1905.08253]

- N e
Motivated NP models 0420 X 2 0.42|
SR LR |
Scalar Leptoquark S1: SU(2) singlet Lz g B 040/
] |
Generalized Charged Higgs 208
& e )-f.(,)f/;
Vector Leptoquark U1: SU(2) singlet 0361
W (Ch.Ck=-4Cp)| 0.34:— ———_
Sclar Leptoquark R2: SU(2) doublet Sl [. (ct.ch J ) - L s ]
7026 028 030 032 034 T 026 028 030 032 034
R(D*) R(D")

O Sum rule for R(Ac) prediction in general NP [Blanke, Crivellin, de Boer, TK, Moscati, Nierste, Nisandzic, PRD]

R(A.) R(D) R(D*)
R(AJ)sm R(D)sm R(D")sn crosscheck of R(D")) anomaly

Is possible
» R(A:) = 0.38+0.01zpey £ 0.01pF » There is no data yet, but soon?

R(J/W)=Br(B.—J/Wtv)/Br(B-—J/W€v) @ LHCDb : same-direction deviation (but poorly known form factors)
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% |
[HFLAV averages Spring 2019]
- [ HFLAV average Ay” = 1.0 contours
X 04
LHCb15
BaBarl?2
0.35
0.3 —— BaBar:
PHOTOS version 2.13
0.25 - Bellel5 Belle:
| PHOTOS version 2.02
Bellel7/
- HFL AV LHCDb:
0.2 -|-Average of SM predictions .
R(D) = 0.299 + 0.003 PHOTOS version 3.56
R(D*) =0.258 = 0.005 P(XZ) = 27%

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

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

¢ The photon radiation distorts the missing mass squared distribution to the positive direction

MI?liSS — (pe‘|‘6_ — PBiag — PD — pE)Z — (pz/_l_pfy)Q — QEI/E"}/ (]- — CO5 91/7) > ( Eyf =0.5-2GeV

i i
%) s . l
Missing mass squared  §.,f ! M B D*ov g WB- Dy
distributions of u>J1405 il -g:g‘i\{v 3300;— +E+ B—s D*v Soft radiation distorts
— B B- Dlv - *
selected events@ Belle | RID) & oerno 00+ R(DY)  Moners the center of the
: B B> D**lv S BB D**1v shape of signal
100F 200F 48
B 8 i
80} d : .
oof o0 B Hard radiation
: ot e Distort to distorts only the tail
40: 505_ + right
20} s #qn;
0.2 0 0.2 04 06 0.8 —0.2 U 02 04 06 20-§
: M2, (GeV3/c?) . Mriss(GeV7e®)  [Belle, PRD92 (2015) no.7, 072014 ]
p>=0 soft hard
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Short-distance QED corrections

Talk by Florian Bernlochner

¢ A famous correction for the semi-leptonic decays: short-distance leading-log EW+QED correction
M(b . ng) _ nEWMO(b . CZV) [Sirlin '82, Atwood, Marciano '90]
nEw = 1 - ii(l + %)10g ZZ_Z — 1.0066 Log resummation is negligible
4 Leading Log from mw to mg e.g., photon-W box diagrams + Log mz/mw comes from Z-W box
¢ QED corrections to muon lifetime are subtracted; G in Myis defined from the QED corrected muon decay

4 It can apply arbitrary semileptonic decay (hote that +1/3 and ms are changed properly)

L It does not include coulomb correction

& It is lepton flavour universal correction, so that it is dropped in R(D) and R(D*)
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Long-distance QED corrections

Weak decay v D* Nuclei
+ Hadronization (QCD) “
(LHCDb) P _ ® ®
O
B [0(1)cm] /4 ,
_— —_ ) —
PV AVAIN X U
— external magnetic field
vV _
our focus - [ Soft photons ] [ Bremsstrahlung ) ¢
Physics in vacuum Physics in detector
Invisible photon energy Emitted photon energy that corresponds to
o o , dropped lepton energy
Sum of invisible emissions and loop corrections
gives a total quantum corrections Small bremsstrahlung in u- and 1
= Long-distance QED corrections
Unaccounted QED corrections in R(D™)? @
/ 42
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Multi scales in B = D€v

my SM, SMEFT EW. QED "
O(100) GeV Weak scale W, Z t (h) decoupled =---------ccccaaaoo--. ’ corrections
mw are lepton universal
m Weak Hamiltonian  [Sirlin 82,
~ 5 GeV mf bottom scale b decoupled @ ce-mmeeemiiaaaaaooe. Atwood, Marciano '90]
~ 2 GeV \/mbmc D, T scales HQET [Bernlochner, Ligeti, Papucci,
%D O(1), O(as), O(Aqcp/Mb.c): Robinson '17]
i O(AéCD/mz) [Jung, Straub '18]
A
O(100) MeV %iD QCD scale  soft quark decoupled =-=============="u--.
5 our focus
O(10) MeV max  invisible photon scalar QED QED correction
breaks LFU
0.5 MeV Mme
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Soft-photon corrections

At large distance (¢ S Agep ), the QED interactions of the charged mesons are well described by
the scalar QED

/-

I3 5 AQCD Form factors
f+(g2) and fo(g?)

U

2 We have to
distinguish neutral
and charged-B
modes

Z:.D+ - DO ¢ BD€vy vertex
B-- / - (Inner-Bremsstrahlung)

Coulomb pole Ve B — D% v [R(D™)] B~ — D% [R(D")] i

is also included
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Scalar QED

2 Hadronic matrix element of B to D transition (P =>P’):

(D [eyubl B) = f1 (¢°) (pB +pD), + f- (¢°) 4,

q,u = (pB _pD),u — (pﬁ ‘|‘p1/‘|‘p’ys)

m2 — m?2
f—(QQ) = —= 72 = [fO(CIQ) - f+(q2)] fo(qz): scalar form factor
B to D semi-leptonic decay amplitude:
A = <D ‘fHeﬂ‘“| B>

= V2GrVy u (pe) Y Prv (py)] {er (92> (B +pD)u + - (QQ) C]u}
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Scalar QED

¢ Corresponding effective scalar QED Lagrangian is

Lot = —V2GpVep [0 (0,08) (f+ + [-)

U(l)em Gauge symmetry requires 0, — D,, =0, +

Leff = _\/—GFVcb MD’L( w®B) (f+ + =) —1¢

matching
B \ / E
AN
4

D7 Vg

—i(Ou¢p)" 05 (f+ — f-)] (€y"PLv)

ieQ(bAu

(Duép)” ¢ (f+ — f-)] ((*Prv)

\Inner Bremsstrahlung

L This inner-bremsstrahlung matching reproduces the soft-photon limit of more general results by Kubis,

Muller, Gasser, Schmid '0O7, Bernlochner, Schonherr '10

Talk by Florian Bernlochner
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1 page summary of soft-photon corrections

Emax is the maximum total energy of undetected soft photons in the rest frame of the B-meson: Enax = 20~30 MeV

O The soft-photon approximation is used for analytic evaluation: we keep O(In Emax) and O(E%max) and drop O(Emax),

which is valid only I =7 and u. |n this framework, electron mode suffers from collinear singularity In(m,), (In(m,))

Real soft emissions = O(In Emax) + O(E%max)
¢ O(In Emax) terms are resumed: arbitrary number of soft photon emissions
L Finite terms [O(E%mnax)] are numerically comparable to O(In Emax)
¢ Virtual corrections = O(E%mnax) and u-dependent : < AQCD would correspond to the matching scale onto the scalar QED
¢ We separate k=0 contribution and the rest part ( k; is loop momentum)
Coulomb pole (a/v.e1) exits only in R(D*) case, and we resumed them (=Sommerfeld enhancement)
Both of contributions depend on lepton kinematics — source of LFU violation
Unaccounted QED corrections in R(D)?
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Real emissions

U ) : Di - E(k)
. e’(k) Scalar (pi + l-c)2 B mf( 1)Qie (2p; + k) - e(k) = Qe p; - k
Pi AYZ m; — L p
_ = (p;) Qiepz 6(:) FO (k)

X 2
(pi + k)" —m; 1
= €7 (pi) " (k) i 2pi u9ve — 2ko g + 2kugp0)
v sz' ke LUHIVo oJuv vyuo
- e(k)

E}’
¢ O(k") terms are discarded in the soft-photon approximation: [ Ok dk = @(Ey/M ) suppressed
= eikonal approximation
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Soft emissions

4 After dropping @(ko) terms (soft-photon approximation), the single soft

U
e (k)
I emissions can be given by a simple spin-independent amplitude:
pi - e(k) i also runs initial-state
Msoft emission — 5 Q’ie Z MO radiation
= pi - k . :
1=all M no-emission amplitude

Soft-emitted decay width is given by an integral of square of the

sum: interference is encoded

- -2

PHOTOS (v<2.07(single), 2.13 (multiple)) | T — / dk Z Q,elt = (k) T,
is based on the integral of squared sum: i—all pi -k ]
- N 12 "9 no-emission decay width
Fsoft emission — /dk Z Qz'epz E(k) FO
i=all - pi-k Integral = Next slide
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Soft emission integral

This k dependence (square of the sum) can be integrated out without any approximations
) . k2 — F2 _ 2
T o — [ dE | pi - €(k) T K v
soft emission — .2:11 Qze D; - . 0] dBk _ dﬂ|k|2d|k|

................. 1
= 27‘(’/ d cos 6 (Ei — m?y) d|k|

Fiax d3k —D; D —1
— 2 0. i P
) / (2m)°E, i;ll @ (pi - k) (- K) : 2 2
i o — 27?/ d cos 9\/E’y - mvEyalE7
o [ Pmax Di - D;j —1
Photon mass IR cutoff > = _2—/ dEv/ dCOS@\/Ef% —m3 ) QiQj s
T Jom, q v (pi - k) (pj - k) = . . .
7 eynman integral is required:
— % Z QZQ] (2[)2] In 2;:&}( -+ F@J) 1 B /1 o 1
" (pi-k)pj- k) Jo [z k) +(1—2)(pj- k)]
¢ F:..ism, E_ . independent terms (definition) _ /1 1
15 Mys Enay o CTnit (L= 2)py) M2
Details of b, F;; = Next slide t

This relative angle is cos
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Soft emission corrections

2 Single soft-photon emission gives the following correction: [Isidori 'O8, de Boer, TK, Nisandzic, '18]

84 T
I'soft emission = — Z Q’LQ] (Qij In oL . | FZJ) Lo

T ma
0,
1
b;i = — soft . 1s velocity of particle i on the B-rest frame
Emission from 2 Po. yorp l
a single particle g _ L, <1 50?3) collinear p; ; is relative velocity between particle i and j
2080 1 — Bos
0<p<l
1 1 —|— Bi; . . . .
bij = 7 In { — 5, soft + collinear Collider singularity arises from f — 1
Interference ? - _ _
1 mym,; E(z) E(z)+ P(z)

log

E(z) — P(z) collinear

Velocities and energies
are related under kinematics

P(z) = |E(2)? —22m? — (1 — 2)?m? — 22(1 — 2) My, of the decay channel

A 2\/1— 5,;]/ “ PR B - PR

)=zE;+ (1 —2)E;

where

\ J1- 83
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Virtual correction

Vertex corrections and self-energy corrections are required for the IR-pole cancelation

_igw
AVAVAVAVAVY, 5 5 k; : Loop momentum
s
T . . g
2 Coulomb pole — appears in only space-like photon exchange --->- = neutral B-meson channel
Urel
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Vertex corrections

Scalar-fermion-photon vertex correction: one can derive the analytic formula
a  Ar? [ d¥k (2p; — k)"
Fvirua:_Re—. U (p; 27, + Y ‘|‘k2 ,/PU / x M /dq)
tual = ; (27 (pi) (2pi,p + v K1) fo + ((i /) )’Y L (k2 + 2p; - ky) (k2 — 2p; - ky) (le — m?y) 0 phase space
Im is automatically dropped 154+(d°), 4. = (pB —PD)y Tree part
in tree-loop + loop-tree interference Our procedure
4 We decompose this integral into two parts: [ = [,y + Ipigng,
1672 [ d?k 1 IR divergence (1/m,, pole), UV finite,
IlOWkl — (pi 'pj) Re — / 27V (k2 19 LY (k2 — 9 LY (k2 2 ! o e
‘ (2m)? (K + 2p; - k) (K = 2p; - k) (K —m3)  Coulomb pole (1/v,., pole), spin-independent

I =R Ar? [ d% k] = 2pi ki +2 Py K
highke = RC T | @m)d (B2 + 2p; - k) (K2 — 2p; - k) K2 IR finite, UV divergence, spin-dependent

— MS renormalization: UV pole is replaced by renormalization scale (matching scale) log u

Unaccounted QED corrections in R(D())? /40
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Vertex corrections

L 4 L5y, is equivalent to one of the Passarino-Veltman scalar integral C,
16m% [ d%k; 1
Liowk, = (pi - pj) Re — /
l / 0 (2m)® (K + 2p; - ky) (K7 — 2p; - Ky) (lcl2 — m?y)

1

¢ For the Taylor expansion of C,, by m,, we found that old but famous results 't Hooft, Veltman '79, Batdin,

Passarino ‘99 include typos (or wrong formula). The first correct expansion was derived by Beenakker, Denner '90.

M  We confirmed Beenakker, Denner formula by using Packege-X and LoopTools, numerically.

Unaccounted QED corrections in R(D())? /40
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Vertex corrections

¢ Beenakker, Denner Cy formula gives [Isidori ‘08, de Boer, TK, Nisandzic, 18]

1 2

IlOWkl 25(87;]' — m, —1Mm; )Re C()(m 2

]7

1 ( 1 1 ¥ ; 1 1 ¥
— <——ln( —I_ﬁj)ln(mm])—l—?r — ~In? ( +5‘7>
285 L 2 1 — 5;; m2 3 1 — 5ij

+11n2 (mz> L (Ai +Aij5ij> i < 205 Bij ) i, ( 245 Bij >\>
2 m, 2 A4 Ay Bij A+ Ay Bi; AV AV

Sij, Mi, M~ (— 0),m;)

Wlth Alj — / ! J ’ AZ ,7 — / b Jo
281'3' ’ 281'3'
¢ Soft + collinear singularities in the interference of soft-emissions are analytically canceled out
¢ One can observe the Coulomb term with correct velocity coefficients. For the time-like photon
2

exchange, Li» gives additional — <, and the Coulomb pole is canceled out.
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Self-energy corrections

2 Self-energy contributes to the wave functions, which include IR divergence and UV divergence
2 UV divergence and the finite corrections are subtracted in the on-shell renormalization scheme
P
— — ;} I’ 1f — — 2lIl - I
self energy Z ﬂ_Qz m- 0

¢ Soft singularities in an emission from a single particle are analytically canceled out

@  All soft singularities (my—0) cancel between |single soft-emissions|? and the virtual corrections: We have

checked analytically
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Inner-bremsstrahlung virtual corrections

L 4 The soft-emissions from the inner-bremsstrahlung does not induce IR pole, and it is @(ko) which is

suppressed by O(E, /M), and it is discarded in the soft-photon approximation
y

2 The nonzero contribution comes from the virtual correction from the inner-bremsstrahlung, which is

IR finite but has UV divergence. We subtract the UV pole by MS renormalization

iInner-bremsstrahlung emission Virtual correction from the inner-bremsstrahlung
AN
AN
AN
/
., 5“@
vanish in the soft-photon limit renormalization scale (matching scale) log 4 dependence is introduced
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Resummation

We resumed two potentially large contributions:
¢ 1, (¢In E ... )" from arbitrary number of soft-photon emissions
55 I — QpT e.g., neutral B-meson channel
- — 29 57 QiQ, by — 20 (19} with
g QB _ 2Emax 2 i 2Emax ( De) b 1 In (1 + ﬁpg>
T V1 my VM DMy 7 4Bpe - \1- B

We have checked @(az) [double emission] is consistent with the expansion of €2

4 2, (mal fpp )" from the photon ladder [cf. scalar-fermion bound state Hryczuk '11]

> [I' = Qcl'  Only neutral B-meson channel
O — T 2mal);Q); 1 _ 27« 1 Important in 7 channel
C — {O<’L<]} /6 2ma;; Q o /6 — 21T
(] e PBij —1 Df 1 — e PDe ﬁDT — @(0.5)

Corresponds to the Sommerfeld enhancement factor [Sommerfeld '31]
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Emax dependence

¢ In T mode, Emax dependence is suppressed by T non-relativistic velocity
o (2B \ OB om,, | (g )
0 (\/mz‘m) B (\/m,,;mj>
84 2 2Emax m2
Relativistic region = 1+— (—2 + In —> In ( > + O(aelne) Bij=1—-¢ e<1,e=0 (—§>
T € \/mimj EE
Collinear singularity : Inm,
20¢ 2Emax 2
Non-rela region = 1+3— 7 In ( > + O(afi;) Bij <1
s \/mimj

Suppressed by the non-real velocity
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Resu It [de Boer, TK, Nisandzic, '18]
4

QB Qc[t + Z(Fp + Fe —2Fpe — 2Hpe)] a F'T7
B dcC —\FD £ —2fpe— 2Hpe -I-quz(ism,

e T,
dg?dspe  dq?dspe

. —22(1-2bpy) 0 2F max —%(1-2bge) 2may
with Qg*z( 2E mox ) 03 =( ) . Q¢ =

mpms mpmmg

1 . 1 + Bpi
F;'_ QBBil 1-331’ ,
_1 mpmg [ E(z) @(z) + Plz)
Foe=5 i=mz, |, “ P Ee —Pe " B —Fe)

_; . (1 —PBpe IRT 1 4 Bpe .  §: (a2 1 + Bpe
Fgy = Bne {ng ( 5 ) Li» ( 5 ) + 4L1, (531) Lis (ﬂB[) +In2In 1— Bpe
1

+5 In* (1 — Bge) — %ln2 (1 +ﬂ3t)} ;

24555
Al + AijBij

\_

spe +q° — m3

. » AL + AijBi : ijPij :
H;; = — 1 1lnzﬁ—1 nzl-i_ﬂj—lln2 J.’ L — Lis '.QA’ﬂJ — L1,
28i; 12 m; 8  1-5; 2 A + AijBij A + Qi Bij
1. mm; 1 mi—-m5 m; 1 1+8;; Ay, mg A 148
+Zln pz 2 sy lnm,-_ZAijBijlnl—Bij_ 2 lnmj_4}3ijlnl—ﬁij’
where
1 1
1 14 B dmfym; : mi '\ ?
bi¢ = ——In ~ ﬂm=[l— D , ﬁBt=(——£) , Eg
4Bie 1 — Pie (spe —m2) —m2) E;
A — Sij —m; — m? ij  Sij+ m:g,j — m?,i
il 23,'_7' , o 28,']' ’
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Result cont. [de Boer Tk Nisandzic, '18]

-

d2T d2T, a d2rb*

(83
Qgﬂc[l + ;(FD +F¢ —2Fpe — 2Hpe)| + —

dg?ds p¢ :dqusm T dg?dsps

and the non-factorizable contributions are

a EPTP" G|V a

mdg?dsps 512m3m%

X {[er ((12)}2 [WQB (4"7”'/%) — m%) + m% (m? - q2 — 43D£) -+ C]28De]

L @) [mbm? 4 md (mF— )+ o] + 201 (&) T (@) [-mim? — mh (m] -

o 8m§ [ADg In me Agﬁ In 1 —I—ﬁpg]
speApe | 2 mp 48pk 1 — Bpe

+{@i{@a (1 () + 1 ()] + Qo [ () — - ()]} (31 — 1)

x 2myg [f+ (¢7) (2mp +mi — ¢* — 2spe) + f- (¢°) (¢ —my)]
3 2 7
Q1 ()~ - @) (372 - )
X {—2f+ <q2) [m2B (2m% + m% — 23Dg) + 28y (—m% - q2 + SDg) — mﬁ" — m% (q2 — ?)Spg)}
+2f (¢*) mg (mp +mf —¢* — spe)}
3. my T

QA () + ()] ( "8 7

x {2f4+ (qz) {m2B (—Qm% +m3 + 2spe) + Spe [Qm% +m7 —2 (q2 +spe)|} +2f- (q2) ma

q2) T QQSDE]}

(sz — Spe)}}
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Dalitz phase space

L We obtain analytic long-distance QED corrections to (B%-—D+0%uv) and (B%—D+0tv) as a function of

three independent parameters: Emax and 2 Dalitz variables, q2 = (pg — pD)z, Spe = (Pp +p,g)2

Double differential decay distributions without QED corrections

dT(B D 1v)
28F T
0.00020 i lepton velocity
261 0.00020
241
0.00015 !
[ ﬂ Dt - 0.00015
Fp 22 : —
>
@ 20L
0.00010 £ 0.00010
u is relativistic 18 :
0.00005 161 0.7 0.00005
5 0.6 : C ..
145 04 T is non-relativistic
0 4 6 8 10 0
q’(GeV?)
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Dalitz phase space

L We obtain analytic long-distance QED corrections to (B%-—D+0%uv) and (B%—D+0tv) as a function of

three independent parameters: Emax and 2 Dalitz variables, q2 = (pg — pD)z, Spe = (Pp +p,g)2

Long-distance QED corrections (%) @ Emax= 20 MeV

_ 2 50
PTB D ) d°T(B"->D"1v)
1 _6 lllllllllllllllllll ) 28__ ' | ' ' ' | ' - - T - -
| QED - 0.00020 261
i : ‘ - 0.00020
- correction(%) |
Z | 241
201 0.00015 :
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- —~ 22+
s | L
S (s S ol
= 15+ < 20t
Ve ------------------ O'OOOIO é - O 00010
T — T
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| ot _— 0.00005 16 L AL 2 e 0.00005
5t 14l correction(%)
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I I
Uy Vg
) B(B® — D" wy) B(B~ — D7)
I I I L 4 I I I I
renormalization scale : : : | Emax dependence is
\_ /7— | i |
100MeV < u < 1GeV T i 5L | suppressed by the
g ' < 1 non-rela velocity
< 2
1S O
3} O
L L
O o
O @)
o o)
Ll LI
C C
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Emax (MeV) Emax (MeV)
[de Boer, TK, Nisandzic, '18]
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[de Boer, TK, Nisandzic, '18]

(W
-

_ long distance
SH . e leading long distance
I Leading long distance
i Fom======msm=o=e--
6 ______ | iReal emissions :
NN T v+ L+ self energy

-1 = u-independent,
spin-independent

~

y
...
=y
.--
---
-----
------
-------

\O
i

- renormalization scale

. f. QCDerror: + 1.0 %
’ R(IDO)T/'u 1 100MeV < u < 1GeV

" cf. Belle [l AR(D) : 3 %

QED corrections (%)

0 00 40 60 80 100
Emax (I\/IeV)

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

-
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Naive size of QED corrections ~ O(a/m) ~ 0.2%

Ho¢ Hpe(k>0) IB-loop

(k=0) (u=200MeV) (H=200MeV)

=i -0.72 322 026 027 -065 -064 -0.10 -0.10 1.41

TOTAL

Br(e) Our formalism suffers from large In m,/M, (In me/M)2

3%
)
-
O
O
O =) 314 231 028 073 -310 -1.40 125 024 -2.84
o
@
A
L]
@

AC#l 250 089 -002 045 252 077 -1.33 034 4.38

T/

/ (B: log(Emax) contributions from full real‘m \ &

QC: Coulomb correction 8} log2(1 — Urel)
FD: finite terms [=O(E%max)] of real emission from D+
F2: finite terms of real emission from £

FDZ: finite terms of interference between real emissions from D+ and £

HDZ: loop correction between D+and £

|IB-loop: loop correction containing Inner-Bremsstrahlung vertex

m

70 4Urel

Y

27

log

9 T+

my



Naive size of QED corrections ~ O(a/m) ~ 0.2%

He¢ Hge(k>0) IB-loop

—~ TOTAL
O\O (kl=0) (u=200MeV) (u=200MeV)
2 RGN 022 - 023 027 -053 003 -009 037 0.3
O
O
O R{IE -2.93 - 0.23 0.74 -2.79 0.35 1.11 0.19 -2.98
3
al Br(e) Our formalism suffers from large In m,/M, (In me/M)2
S

R1(-/7,0) 2.79 - 0.00 -0.46 232 -0.31 -1.19 0.18 3.11

/ (B: log(Emax) contributions from full rea% \ @&

2
FB: finite terms [=O(E%max)] of real emission fromB- & log (1 _ Urel)
FL: finite terms of real emission from £ - T AVye]
FBL: finite terms of interference between real emissions from B-and £

HBL: loop correction between B-and £
IB-loop: loop correction containing Inner-Bremsstrahlung vertex

Y



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 (not initial-state one) —Talk by Zbigniew Was

PHOTOS is utilized in Belle (v2.02) /BaBar (v2.13)/LHCb (v3.56) for B semileptonic decay search

2 For general decay processes, PHOTQOS can simulate final-state radiation in the leading-logarithmic

collinear approximation

¢ All virtual corrections including Coulomb pole are not covered in PHOTQOS
2 Quantum interference in emissions are not covered in PHOTOS (< ver. 2.07(single), 2.13 (multiple))
¢ LHCDb analysis does include the final-state radiation interference
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Crosscheck by PHOTOS

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

[Cali, Klaver, Rotondo, Sciascia, 1905.02702]

Leading LFU-violating contribution is reproduced by PHOTOS

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

no Coulomb

g 10 é [ [T T I § §, 10 :
— 9F R(D*), PHOTOS = — 9F
] — R(D*),PRL 120,261804 (2018) - & g
CL%D' 7 R(D°), PHOTOS —i \é 7 .
SN N —— R(D°), PRL 120,261804 (2018) o > ¢
SE Q E SE
4F - = 4
3 — 3E
2] 2, O E
1E E 1E
mil T TR AN NN SRR SRS SN NN SN SN S [ R TR TR =
% 20 40 60 30 100 %
E. .. [MeV]

40 60 80 100

E. .. [MeV]

— Talk by Barbara Sciascia

The small gap comes from virtual (Coulomb) correction which is absent in PHOTOS
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Missing contributions

TS Structure-dependent radiations [Becirevic, Kosnik '10, Bernlochner, Schonherr’10] Talk by Nazario Tantalo
and Florian Bernlochner

Depend on model for excited states

D*,.. &~
Jff‘ - No radiation in the soft-photon region
—_ _> —_

Hard radiation could be dominated by the structure-dependent one
le.g., B, = u "~y Dettori, Guadagnoli, Reboud '17]

¢ O(k") contributions (suppressed by @(E},/M )) from real emissions

Soft lepton with soft (and collinear) photon which live in four-body phase space integral

¢ Electron suffers from collinear singularity Inm,/M, (In m,/M)?. Is collinear cutoff required?
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Conclusions

¢ We analytically evaluated soft-photon corrections to B=>Dtv and B—=Duyv using the soft-photon approx.

¢ Soft-photon corrections depend on lepton’s kinematics: mass and velocity and hence can violate lepton

flavor universality, which is larger than the QCD uncertainty of form factors

¢ PHOTOS v.3.56 numerically reproduces the LFU-violating QED corrections to R(DO*)sm

Outlook

¢ Beyond soft-photon approximation (electron mode, 4-body phase space)

& Soft-photon corrections to B—>D*€v [R(D*)], exclusive |Veb|?
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Back up



Weinberg virtual corrections

4 Weinberg integral for spin-independent contribution: IR and UV divergence [Weinberg '65]

Neglecting k12 in the denominator

Ry /A dkf —1 62Q7;Qj (pi - pj) _ aQ;Q; 1 n 1+ 5ij In é
Pi—ki e o @m)t kR (2pi - ki) (—2p; - i) 8t fBij  1—=PBi A
@
, \k\* Our integral for spin-independent contribution: IR divergence but UV finite
l [ s,
Pi ddk‘l GZQZ'Q]' (pz ' pj) aQin 1 1+ 67;3' m-
/ S 5 5 D In - In
(2m)? (k? + 2pi - ki) (K — 2p; - ki) (kK — m2) 8m By 1 =0y /mim;

Passarino-Veltman scalar integral C,
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Related observables

2 Polarization observables can distinguish between single LQ models
[Blanke, Crivellin, TK, Moscatl Nierste, Nisandzic, 1905.08253] [Belle, 1901.06380]
0. 25:" BRBom)>60% ] 035 ‘ "‘*""-'-4'—;;_;;;@{3‘) —T)>30%
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. : : —0.40" :
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SrTeel. e k 0ac0l polarization ratio
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