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Introduction

# The semileptonic decays of B meson play an important role
In testing the Standard Model (SM) and in searching for the
New Physics (NP) beyond the SM.

# B-decays with t in the final state offer possibilities to study
NP effects not present in processes with light leptons.

# Popular NP test via

B(B — Drv,)
B(B — Divy)

B(B — D*17,)
B(B — D*{e)

R(D) = R(D") = (¢ = e,p)

In order to cancel/reduce theoretical uncertainties in V. /FF.
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# B — D) |v, semileptonic decays

R(D) R(D")

\[SM 0.296 + 0.016 0.252 + 0.003[1] J

BaBar 0.440 + 0.058 + 0.042  0.332 + 0.024 + 0.018(2]
Belle(2015)  0.375 £ 0.064 £ 0.026  0.293 £ 0.038 £ 0.015(3]
Belle(2016) —— 0.302 + 0.030 £ 0.011[4
LHCDb —— 0.336 + 0.027 + 0.030(5]

HFAG(2015) 0.391 +0.041 £ 0.028  0.322 + 0.018 + 0.012[6]
HFAG(2016)  0.397 £ 0.040 +0.028  0.316 + 0.016 =+ 0.010!"] w
[1] Phys. Rev. D 85, 094025 (2012).
[2] Phys. Rev. Lett. 109, 101802 (2012).
[3] Phys. Rev. D 92, 072014 (2015).
[4] arXiv:1603.06711; arXiv:1607.07923.

[5] Phys. Rev. Lett. 115, 111803 (2015).
[6-7] arXiv:1412.7515; http://www.slac.stanford.edu/xorg/hfag/semi. 4




XYNU

NP : such as the charged Higgs bosons in the 2ZHDMs

Phys. Rev. D 86, 054014 (2012);
JHEP 01, 054 (2013);

Phys. Rev. Lett. 115, 181801 (2015);
Phys. Rev. Lett. 116, 081801 (2016);
Phys.Rev. D93, 115009 (2016);

SM : unquenched lattice QCD, the relativistic quark Model,
maximally employing the experimental information on the

relevant form factors from the data phys. Rev. Lett. 109, 071802 (2012):
Phys. Rev. D 85, 114502 (2012);
Phys. Lett. B 716, 208 (2012);
Phys. Rev. D 92, 034506 (2015);
Phys. Rev. D 92, 114502 (2015)

Talks : presented at recent conferences
S. Stone, PoS ICHEP2012 (2013) 033,
arXiv: 1212.6374;
S. Fajfer, 1. Nisandzic, arXiv: 1301.1167;
G. Ricciardi, PoS ConfinementX (2012)
145, arXiv: 1301.4389;
A. Pich, arXiv: 1301.4474; 5
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B — DU | v decays in pQCD approach

¢ The momentum can be chosen as:

Trl Tl
PIZTE(lﬁlaoL)a PQ: \/ég(n+:ﬂ_:0l)a
L (nt. =00, (0,0,1)
€], — ——= s 1 3 €T — il ’
L \/§ 1 N 1 T

mp mp

ki = (O:Iflﬁ: ki1), ko= ﬁ(i‘"z?"’?ﬂfﬂz?‘ﬁ_; kol ).

the factors n* = n &+ 1/n? — 1 is defined in terms of the parameter

1 q2
- — |1 22
g 2T[+T mQB]’

r =mp/mp or mp-/mp, and ¢ = p; — ps is the lepton-pair momentum.
- 5
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¢ The effective Hamiltonian:

Herr(b— clpy) = E b CYu(1 —75)b - IvH(1 — v5) 1,

d, T d, i d, i d, T
(a) (b)
FIG. 1: The lowest order Feynman diagrams for the semileptonic decays B — D™I7; in the

pQCD approach, the winding curves are gluons.
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¢ Form factors:

@ the light cone QCD sum rules (LCSRS)

JHEP 09 (1998) 005, 10 (2001) 019
PRD 71, 014015 (2005)

JHEP 04 (2008) 014

PRD 83, 094031 (2011)

e the lattice QCD (LQCD)

PRD 73, 074502 (2006)
PRD 80, 034026 (2009)
PLB 486, 111 (2000)

@ the perturbative QCD (pQCD)

PRD 65, 014007 (2001)
NPB 642, 263 (2002)
EPJC 23, 275 (2002) 28,515 (2003)
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The B — D form factors induced by vector currents are defined as

(

\

(D(p2)[2(0)7,0(0)| B(p1)) = F(q%) l(pl +P2)u —

mh —mb_ P

q? g
m2, — m?2

+Fﬂ(q2) qu DQ,M*

)

where = mp/mg, w= (mg+ my, —q*)/(2mpmp) with q> = (ps —Pp)".

|
F‘F(qz):z\/;
_1+r
_2\/F

1l +w w — 1
Fﬂ(qz):\/; 1+rh | —r

v/ IMBHp g(w) A(w),

IT’IB — f??D

(14 P (w) — (1 - - (w)]

G(w),

2

Phys. Rev. D 86, 114025 (2012);
Phys. Rev. D 85, 114502 (2012).



XYNU

Unlike the B — D transitions, the B — D" transitions are

(Do, 0O Bw0) = 22, e A
mp L«
(D(p2, €)[(0)335b(0)| B(pr)) = 2mp- Ao(4*) 4,

€ -
+(mp + mp-)A1(q¢*) (E:l - ?qqu)

B 5 € - q B m% — ms.
K As(q )mB g !(Pl + p2)u 7 Q‘¢
1 +r
V(qz) — 2\/; hV(W)?
|
Ao(q?) = NG (1 +w)ha, (w) — (1 — wr)ha, (w)
+ (r = w)ha, (w)].
Vr
Ai(q%) = — (L 4+ w)ha, (w). Phys. Rev. D 65, 014007 (2001):
|4y Phys. Rev. D 85, 094025 (2012);
Ar(g?) = (rha,(W) + ha,(w)),  Phys. Rev.D 89, 114504 (2014). 10
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¢ The differential decay widths:

dl’'(b — clpy) G? |I@b|2 /\UQ 2
) G (S N o

+Wﬁ+%ﬂMqWﬁ@Nﬂ:

dT'r(B — D*lv G% |V |? A2 (g?
L 7) _ GilVal (1_q2) (%) {gmﬁ(q ) A2(¢?)

dq? T 19273m 2¢°
m; + 2q° Mg i
= {(mé Cm? — ) mp + m) A — =T ] L
m mp +m

dU+(B — D*lm) _ GilVal> (| mi\* X¥2(¢?)
dq? - 192m3m q? 2

s oo V@) ms+m)A®)]
X{(mf”“[mwﬁ V@) ]}

df; _dar ; + ar ; + ar = Phys. Rev. D 79, 014013 (2009).
dg= dg= dg- dg Phys. Rev. D 79, 054012 (2009).




Results and Discussions
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% B — DO |'vsemileptonic decays

» Form factors:

Fo(0)
FU(QQ):l W RN W o e AT
— a(q®/mp) + b(q¢*/mp)
Phys. Rev. D 79, 054012 (2009).
1ower a° regiop \arge Q* regiop

gr%zaa: — (mB _ mD)2

Phys. Rev. D 52, 3958 (1995);
Phys. Rev. D 67, 054028 (2003). 13
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» Form factors:

lower 4° region ot the endpoing other a? regiop
+ + extrapolation
pQCD Lattice QCD The pole model

para.

14
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Phys Rev D 85:114502 (2012);
Phys Rev D 89:114504 (2014).

ha, (1) = F(1) = 0.906 £ 0.004 + 0.012

g Fo(qmax) = 0.92£0.02,  Fy(qpe) = 1.21£0.02,

Im

V(gaax) = 1.01 £0.02,  Ag(qn,,) = 1.01 £0.02,
2

max

A1 (G ) = 0.81£0.02,  As(qy,,) = 1.01 £0.02,

\ /

where ¢2,, = (mg —mp)* = 11.63 GeV? for B — D transition,

G2ox = (mp — mp-)” = 10.69 Gev? for B — D* transition.

15
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Fig. 1 (Color online) The theoretical predictions for the ¢>-dependence of the six form factors in the pQCD approach (the dashed curves), and
the “pQCD + Lattice QCD” method (the solid curves)
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» Branching ratios:

PQCD + Lattice QCD

pQCD HQET

I I LI B B | I LI I | I rrr Ty rrrrrprra I_
K s nQCDH Lattice QCD ]
ol B—=D"lv; = = pQCD .

= pQCD+Lattice QCD ]

B _’D *Wr

ITIIIII'IIllIIIlITIlIIIIIlIIII

=]




XYNU

B(B — DI ) =

(Nl =

[B(B — D®We~7,) + B(B— D®yu~,)] .

Channel

pQCD(%)[26]

pQCD+Lattice QCD(%)

HQET(%)[10]

PDG(%)[38]

BY = DY,
BY - DTl
B~ — D% .
B~ — DY~y
BY - D** 1o,
BY - D*tlp,
B~ — D%t i,

B~ — D* i

0.87 028
2.0310:22
0.957031
2.1970%
1361055
4.52115)
1.4710 43

4.8771%9

0.787520
AT
0.8470-2%
2.481 542
1.2915:3
4.7971%%
1.40103¢

5.187 159

0.57 — 0.69
2.13%013

0.61 — 0.75
2.30 % 0.20
1.21 - 1.35
4.944+0.15
1.31 — 1.48
5.35 & 0.16

1.03 £ 0.22
2.19£0.12
0.77 4+ 0.25
2.27x£0.11
1.84 +0.22
493 +0.11
1.88 +0.20
5.69 £0.19

[10] Phys. Rev. D 85, 094025 (2012):
[26] Sci. Bull. 59, 125 (2014):
[38] Chin Phys C 38, 090001(2014).

18
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> Ratios :

R(D) and R(D")

R(D*) = 0.269 + 0.018(wg) 0ok (fz)

+0.021
— 0.26910.021

~0.037° o ©

-0.009

R(D) = 0.337 £ 0.034(w3p) 0 014 (f3)
=331 S

Ratio  pQCD [26]

pQCD+Lattice ~ HQET [10] HFAG [9]

R(D)  0.43019:92L

R(D*) 0.30119:013

0.038
0.33725 037

0.269T

0.021

0.296 £ 0.016 10.391 £ 0.041 = 0.028

0.020 0.252 = 0.003 10.322 = 0.018 = 0.012

[9] arXiv:1412.7515 [hep-eX],
http://www.slac.stanford.edu/xorg/hfag/semi

19
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0.5 — A QCD L S L R — ]
- = CADAr =
F —elle Ay*=1,4,9,16 1
- [JLHCb =
R : ]
E o Averags pQCD + Lattice QCD :
)
c
03| .
0.2t o o 1
0.2 0.3 0.4 0.5 0.6
R(D)

Fig. 3 The two-dimensional R(D) — R(D™) likelihood plane quoted
directly from Z. Ligeti’s talk (see footnote 1) with the inclusion of the
new theoretical predictions obtained by using the pQCD approach
(the purple box) or the “pQCD + Lattice QCD” method (the light-
blue square)

20
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Summary

We studied the semileptonic decays B — D) | y; in the framew-
ork of the SM by employing the “pQCD + Lattice bCD” method,
and found that :

v" By using the lattice QCD predictions as the input at the endp-
oint, the reliability of the extrapolation of the form factors from
the low to the high g region is improved effectively.

v The “pQCD + Lattice QCD” predictions for the branching
ratios Br(B — D) | v;) agree well with the measured values with
In one standard deviation.

v The “pQCD + Lattice QCD” predictions for the ratios R(D®™)
are the following:

BD)=033F0 RIBD")=0280"7 )

21
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Thank you !
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Abstract In this paper. we studied the semileptonic
decays B — D"/I" v, by using the “pQCD + Lattice
QCD” method. We made the extrapolation for the six
relevant form factors by using the input wvalues obtained
from the pQCD factorization approach in the low g~ region
of 0 <g> <m> and the lattice QCD input at the endpoint
g~ = q_,..- We then calculated the ratios R(D) and R(D") of
the branching ratios B(B — DI ) and found numeri-
cally that (1) the “pQCD + Lattice QCD™ predictions for
the branching ratios B(B — D'*/[ ;) agree well with the
measured values within one standard deviation: and (2) the
“pQCD + Lattice QCD™ predictions for the ratios R(D(*))
are R(D) = 03370038 and R(D") = 0.269"7 131 they
agree with the data within 2« deviation, in other words, one
can explain the “R(D'*))-puzzle” in the framework of the
Standard Model.

Keywords “R(D'"))-puzzle™ - B — D'*!lv; decays -
The pQCD approach - Lattice QCD

the Belle and LHCb Collaborations this year with different
methods [6—-8]. For the ratios of the branching
ratios: R(D'*)) = B(B — D™tv,)/B(B — D) with
I = (e,u). the individual measurements [4—8] and the
world averages [9] are the following:

0.440 +0.072, BaBar [4,5],
R(D)™P = { 0.375100% 4 0.026, Belle [6, 7],
0.391 +0.041 +0.028, HFAG average [9],
(1)
0.332 +0.024 +0.018, BaBar [4,5],
R(D* )P 0.293"0035 £ 0.015, Belle [6,7],
~ ) 0336 +£0.027 £0.030, LHCb [§],
0.322 +0.018 +£0.012, HFAG average [9].
(2)

On the theory side, the standard method to study the
semileptonic B — D™y, decays is the heavy quark
effective theory (HQET). The S5M predictions based on
the HQET as given in Ref. [10] are the following:
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factorization approach

Ying-Ying Fan - Wen-Fei Wang - Shan Cheng -
Zhen-Jun Xiao

Received: 23 November 2013/ Accepted: 29 November 2013
© Science China Press and Springer-Verlag Berlin Heidelberg 2013

Abstract In this paper., we study the B — D[~y sem-
ileptonic decays and calculate the branching ratios B(B —
D™ [~ v;) and the ratios R(D')) and R by employing the
perturbative QCD (pQCD) factorization approach. We find
that (a) for R(D) and R(D*) ratios, the pQCD predictions
are R(D) = 0.4301393L. R(D") = 0.301 = 0.013 and agree
well with BaBar’s measurements of R[D{*:'}; (b) for the
newly defined R, and R} ratios, the pQCD predictions
are R, = 0.45070057 and R}, = 0.64270:055. which may be
more sensitive to the QCD dwvnamics of the considered
semileptonic decays than R(D'*)) and should be tested by
experimental measurements.

Kevwords B meson semileptonic decavs - The
pQCD factorization approach - Form factors -
Branching ratios

where the isospin symmetry relations R{(D") = R{D") =
R(D) and R(D*") = R(D*") = R(D*) have been imposed,
and the statistical and systematic uncertainties have been
combined in gquadrature. These BaBar results are surprisingly
larger than the standard model (SM) predictions given in Ref. [5]:

SM

R(D)’

= 0.296 + 0.016, R(D")™ = 0.252 + 0.003.

(2)

The combined BaBar results disagree with the SM pre-
dictions by 3.4a [4. 6].

Since the report of BaBar measurements, this R(D*))
anomaly has been studied intensively by many authors, for
example, in Refs. [7—18]. Some authors treat this 3.4
deviation as the first evidence for new physics (INP) in
semileptonic B meson decays to T lepton [9—13], such as
the NP contributions from the charged Higgs bosons in the
Two-Higgs-Doublet models [10].



B — Mp

N\ )

fl(qz) ll—l_ mz d 2 ] +%f2(q2) [1 T 2 q2 2 ] :

fi() = 87miCr f Ay dzs f bydbybadbydi (21, br) b (2, bo)

X{[z"” (1 —7rx)] - hy(xy, 29, b1, b2) - as(ty) - exp [—Sap(t1)]
+ [2?"(2?‘,3 — 7))+ a7 (2 + 2n + \/7;27— —

-ha(y, 9, b1, ba) - as(ta) - exp [_Sab(tE)}}?

)
NN

fz(qz) — SWmEBCFfdﬂ?ldi‘"z/.bldhbzdbz(ﬁ,e(ﬂ?labl)¢5D(I2:bz)

X{[Q —dzor(1 —n)] - hi(z1, 22,01, b2) - as(t1) - exp [—Sap(t1)]

£y

Vi —1

+ |4r — 2r, — x1 +

(2 — 7})] ha(@1, 22, b1, ba) - s(ts) - exp [~ Sap (tz)]},

25
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V(g®) = 8mm3%Chr f davydas f bydbybadbydp (21, by)dh. (z2,b2) - (1 + 1)

<{[1 = r@2] - ha (@1, @2, b1, ba) - s(t1) - exp [—San(t1)]

I

-+ [?‘ -+ ] . h2($1, T, 51; 52) . les(fz) - eXP [_Sab(t2)]}a
2+/1m?% — 1
Ao(?) = 87m3Cr f da1das f budbybadbadhps (1, by )b (2, bo)

X { [1+7r—rxa(24+7—2n)] - hi(z1, 22, b1,b2) - as(t1) - exp [—San(t1)]

xr T Tr
+[?‘2+?‘c+1+ e = (12??(??+\/7?21))]

_|_
2 2?2 —1  2¢/n?—1
ha(21, T, by, ba) - a(ta) - exp [~ Sap(t2)] b,

r
A1(9‘2) — 8wmQBCF/d$1d$2/b1dblbzdbz¢5($1=bl)¢g= (fzabz)‘

1+7r
X {2[1 + 1 — 2rze + rnxs] - hi(xy, 22, b1, b2) - as(ty) - exp[—Sap(t1)]

(2 + 207 — 3] - ha(1, @, b1, b2) - s (t2) - exp[—San(t)] }

(1+7)*(n —1)
2r(n? — 1)
1+ r

B (2,b2) - {la+m@ —r) —rea(l — 2r +1(2+r — 2n))]
hy(x1,22,b1,b2) - as(t1) - exp [—Sap(t1)]
+ [r+’rc(n —r) —nr? +ren’ — %(n+f) + (nr — %) \/ﬁ}

ho (1, o, by, ba) - cvs(t) exp [— S (tz)]},

As(?) — L A4(¢%) — 8rm%Cr f dz1dzs f bydbybydbacoss (21, by)
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