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Semileptonic B decay

®  Semileptonic B-meson decays induced by b—cly
transitions play an important role for testing the

Standard Model at low energy: |V | and lepton
flavor universality

®  Lepton flavor universality is violated by only tau
lepton mass which leads to smaller phase space
and subleading scalar form factors fo(g?) and Ao(g?)

v, Vy v,

SU(2)L gauge symmetry W= fv\A/< = W= M< = Wt fvvw<

¢ It T

® [ight lepton universalities in kaon, pion and 7 decays have been checked

KT = 7%tv () Tue(KJr) = 0.998(9)

Ky — 7 tv(v) T,ue(KL) = 1. 003( ) PSM (9w i/ gw )2 —1
ot St Tue(m) = 1.0042(33) He g
s o () re (7_—|—) — 1 OOO( ) [Rainer Wanke, KAON 2007; Cristina Lazzeroni, loP Nuclear and

Particle Divisional Conference, 2011]
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R(D) and R(D*)

®  Violation of the lepton flavour universality has been announced in R(D)

and R(D¥)
é )
p(p+y = BB = Do)
B(BY — D&)+{—0)
R(D(*)O) o B(B_ — D(*)OT_E)
B(B~ — D®)0/—p)
G J

®  Theoretically clean: dominant uncertainty from LD QCD in form factors is
partially canceled

® CKM dependence (| Ve |) is canceled

®  We separately define R(D*) and R(DY) to distinguish different QED
corrections in neutral and charged B decays
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Status of R(D) and R(D%*)

BaBar had. tag
BaBar had. tag / 0.332+0.024 +£0.018 : D*0,+
' Do+ Belle had. tag :
AP E0ISE T 00as g 0.293 +0.038 +0.015 ~— D*0:+
Belle had. tag 5 / Belle sl.tag By, — D™ (77
cre At HE : 0.30240.030 +0.011 .- D*+
D0,+
0.375+£0.064 +0.026 : : E
: Belle hadronic tau 1 0
: 0.270 +0.035 +0.027 + D*%+
Average : LHCI i ¢ :
; D muonic tau -
0.407 +£0.039 +0.024 ¢ 0.336 +0.027 +0.030 : o D**
LHCb hadronic tau
PRD94,094008(2016) : 0.291 +0.019 +0.029 : D**
0.299 +0.003 "‘ : Average :
: g 0.306 +0.013 +0.007 ——
FNAL/MILC (2015) @ SM Pred. average ;
0.299 +0.011 i B : 02582 0.005 :
PRD 95 (2017) 115008 :
0.300 +0.008 »> § 3216%11 (1)70&1 (2017) 061 ; 3.40 (ALN)
5 : . : BGL
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m : 0.257 +0.005 : parametrization
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Status of R(D) and R(D%*)
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Status of R(D) and R(D%*)
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soft-photon corrections are partially

No QED corrections gypiracted by PHOTOS MC simulation
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long-distance QED corrections

weak decay R4 nuclei
4

LHCh . + hadronization .

B [O(1)cm]

external magnetic field

[ Soft PhOtOﬂSj ) [Bremsstrahlungj ¢

Physics in detector

Physics in vacuum

Emitted photon energy corresponds to

invisible photon energy d d lept
ropped lepton energy

sum of invisible emissions and one-loop

our work — corrections gives physical quantum correction
= long-distance QED corrections

small bremsstrahlung in y-and v
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Soft-photon corrections

m  Atlarge distance (¢ S Aqep), the QED interactions of the charged scalar
mesons are well described by the scalar QED.

form factors

Vy Vy

B® — Dt [R(D)] B~ — D%p [R(D")]
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Soft-photon corrections

®  Fnax is the maximum total energy of undetected soft photons in the rest
frame of the B-meson: Fn.x= 20~30 MeV in current photon detectors

—NOTE: the explicit photon cut is not set in the semileptonic search but the hard
photons do not contribute to the fit of data

® 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

®  Real soft emissions = O(In Emax) + O(E%max)
® O(ln Emax) terms are resumed
®  Finite terms [O(E%nax)] are numerically comparable to O(In Emax)
®  Vertex corrections = O(F°max) and pg-dependent ; i1 S Aqep for scalar QED
®  We separate [,=0 contribution and the other (/ is loop momentum)
®  Coulomb pole (a/vre1) exits only in R(D*) case, and we resumed them

®  Both of contributions depend on lepton kinematics = source of LFU violation
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Result [de Boer, TK, Nisandzic, PRL120 (2018) no.26, 261804]

[ )
d2T 2Ty pt a a d2rP*
dqzdle’ _dqzdSD['QB QC [1 + ;(FD +Ff - 2FD€ - 2PID(')] + ;dqzdle ’
a —22(1-2p
with  op¢ _ (2B \ T g (—QE‘““ ) B P
B = MDme . mpmyg /BDE e_ BDe — ].
1 1 + Bgi
F; = In .
28pi 1—PBp:i
1 mpmy ! E(Z) E(Z) + P(Z)
Fpe=5—22t [ de ———In ,
2 VI=F5, Jo “PRIEG)? - PR " E@) - PG)
1 . (1—PBBe . (14 B . . 1+ Bee
Fpg=——<{L —L 4L —L In21
B¢ 4}33t { 12 ( 5) ) 12 ( B) ) + 4Ly (ﬂBe) 12 (535) + n 1 ﬂBt
1 1
+5 In® (1 — Bpe) — §1n2 (1 +)33t)} ;
: . A+ A B B 5B
Hy=—oidipeme Lypl4by 1ya18 % 86ly) g, ( 2uBs ) g (_ 2Buby
28; 12 m; 8 1-F; 2 |AL+AiB AL + A By Al + AijBij
1 mm; 1 mi-m] m; 1 1+8; Ay, mi AL 148
T T3 T, Oy, TpfefulyTg -, R Tg,
where 1 1+ Bie 4m$m3 ? m; 7 spe +q° —mj
b'f_4§. lnl_ﬂ‘, Bpe= |1— s| » BBe=\(l1-—=) , E¢= ;
it if (spe —m% —m?) E; 2mp
Sij — mZ — m? ij  Sij+ m?.j — m?.i
Aijz 25:" ) i:j = 28, —
. ’ ’ J
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what we did

®  We obtained analytic full-one loop QED long-distance correction, which
is three parameter function; Emax and 2 Dalitz variables [ (»o +:)°, (p5 —pp)’]

®  We resumed two potentially large contributions;
(eln E,.)"from an arbitrary number of real photon emissions
(ma/Bpe)” from ladder of photons

@ IR-divergence (my,—0) cancels between |real emissions|? and loops (vertex
and wave-function corrections) : We checked analytically

numerically crosschecked with LoopTools and Package-X iHahn, Perez-Victoria '99; Patel 115]

analytically crosschecked with P—=PPP QED correction (e.g., K—3m)
when spin dependent terms are dropped [isidori ‘08]
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Result

.- DY
B-- _"_j_ od ~ <no Coulomb potential>
-

Vy

B(B_ — Dog_ﬁg)

qr——— 71 T L

We find Emax dependence is
suppressed in T modes which comes
from 7 non-relativistic velocity

(\)
T T T T T
|
(\&]

QED corrections (%)
QED corrections (%)

&l 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I I I | 1 1 1 ]

0 20 40 60 30 100 0 20 40 60 80 100
Emax (MeV) Emax (MeV)
[de Boer, TK, Nisandzic, PRL120 (2018) no.26, 261804]
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Result

[de Boer, TK, Nisandzic, PRL120 (2018) no.26, 261804]

[
-

1 I T T T I T T T I T T T I
- { leading long distance
1
)

| long distance | 1Real emissions

S leading long distance 7| i + /=0 contribution:
) 1+ inthe loop :

! |
.
,
.

= u-independent

@)\

N

y renormalization scale
| 100MeV < u < 1GeV

\®)

QED corrections (%)

R(DO)T/M

| ] ] ] | ] ] ] | ] ] ] |

20 40 60 80 100
Emax (MeV)

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

-
O —

Effect of QED corrections on R(D)
Teppei Kitahara: Karlsruhe Institute of Technology, CKM 2018, September 18, 2018, Heidelberg University 11 /16



QED corrections (%)

BO — D+I-V Note: naive size of QED corrections ~ O(a/m) ~ 0.3%

Hpi

IB-loop

(70)  (4=200 TOTAL

(=200

MeV) MeV)

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

=ffgp -3.14 231 028 073 -3.10 -140 125 024 -2.84

APgF 250 0.89 -0.02 -045 252 0.77 -1.33 -0.34 4.38

OB: log(Emax) contributions from full real emissions

QC: Coulomb correction

FD: finite terms [= O(E%max)] of real emission from D+
Fl: finite terms of real emission from /

FDI: finite terms of interference between real emissions from D+ and /

HDI: loop correction between D+and /
|B-loop: loop correction containing Inner-Bremsstrahlung vertex



QED corrections (%)

B- — DOI' |74 Note: naive size of QED corrections ~ O(a/m) ~0.3%

Br(u)

R(D")

Hg
IB-I
( ;(,I—>203 0 (y:g(?(;a TOTAL
MeV) MeV)
-0.22 - 023 027 -053 003 -0.09 0.37 0.03
-2.93 - 023 074 -27/9 035 1.11 019 -2098
2.79 - 000 -040 232 -0.31 -1.19 0.18 3.11

OB: log(Emax) contributions from full real emissions
QC: Coulomb correction
FB: finite terms [=O(E%max)] of real emission from B-
FI: finite terms of real emission from /
FBI: finite terms of interference between real emissions from B- and /

HBI: loop correction between B-and /
|B-loop: loop correction containing Inner-Bremsstrahlung vertex



PHOTOS MC simulation

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

® PHOTOS Monte-Carlo generator can simulate modifications of the
kinematic variables induced by final-state photon radiations

® PHOTOS is utilized in Belle/BaBar/LHCb for B semileptonic decay search

®  For general decay processes, PHOTOS can simulate final-state radiation
in the leading-logarithmic collinear approximation

®  All virtual corrections including Coulomb pole are not covered in
PHOTOS results

®  Quantum interference between two real photon emissions are not
covered in PHOTOS (< version 2.13) results

LHCb does include the interference between two different real photons
from different final charged particle

®  Numerical comparison with PHOTQOS analysis is required to predict QED
corrections to R(D%*)sm. Ongoing discussion with a few LHCb colleagues to
size up the accuracy of PHOTOS
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Missing mass squared analysis

®  The experiments (Belle/BaBar/LHCb) have not explicitly utilized the photon
cut Emax for event selections for B semileptonic decay

®  The experiments rely on missing mass squared analysis for the event selection

2 _ 2 2 -
Mmiss — (pe+e— _thag — PD _pE) — Pp = 0 (ideal)
= Gaussian distribution around 0
If single undetectable photon exists... by detector resolution

= (p, + p,y)2 =2E,E, (1 —cosf,y) >0 = positive shift of the distribution

‘ ’ mpg ~ )
E’y 5 max o 2 Ml’?’liss,’y MI%liSS,’y = 0.1 GeV2 and Spy = 10 GeV » Emax ~ 30 MeV

(cosBy~) ~ 0 mp — SDe¢
. . [de Boer, TK, Nisandzic, PRL]
Bioon :g:g;? *gsoog JE+ TS dhatadimp:)ies slight asymmetry of
aok B Dely R B> D7y the distribution
: Ca 120 R(D) EE‘E}?%?N 2500 E R(D) :oBtfrDBle .
Miss/A2 distribution g4 o A 3 e
: - _ S Vs~ 0.05 0.1
of selected events 80- ++ s |8 Distort to = :
60 Eot o . —
Belle, PRD92 (2015)  ,F +JFHM%H+#_+ o P the right Sl B(D*y)
no.7, 072014 | b sor g A
: et ol 50O
02 04 06 08 02 q 02 04 06 08 o M
! M2 (GeV2/c*) ' M2, (GeVZ/c)
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Conclusions

We analytically evaluated soft-photon corrections to B—=Dtv and B—Duv
using the soft-photon approximation

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

Numerical comparison with PHOTQOS analysis is required to predict QED
corrections to R(D%*)sm

Outlook

Beyond soft-photon approximation (including electron mode,
Emax>100MeV (structure dependence contributions), missing mass squared
analysis in 4-body phase space)

soft-photon corrections to B—D*Ilv [R(D¥)]

soft-photon corrections to exclusive V)l
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