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PRECISION CALCULATIONS OF THE SEMILEPTONIC Bq —

DZ FORM FACTORS IN SCET

Background of the subject
m The CKM matrix element and R(D*)) anomaly
m Research status (LCSR & lattice & exp)

Research contents
m LCSR for Bg — Dy (mc?mq?NLP?)

m Combined fit for By — D(*)Eﬂg
m Extracting |V, | and R(D(*))

Summary




BACKGROUND OF THE SUBJECT




TENSION OF THE CKM MATRIX ELEMENT

m The longstanding tension of |V,,| from inclusive and
exclusive channels:

IVeplinat = (42.2 £0.8) x 1073, )
Veplexe = (39.440.8) x 1073,

PA. Zyla et al. (Particle Data Group), PTEP 2022, 083C01 (2022).

m Violation of lepton flavor universality?

Exp

R(D) = 0.356 + 0.029, R(D*) = 0.284 4+ 0.013;

SM (2)
R(D) = 0.298 + 0.004, R(D*) = 0.254 + 0.005.
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R(D), R(D*) ANOMALY
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R(D), R(D*) ANOMALY

~ 0 e e e
8 d HFLAV Ax*=1.0 contours -
e - .
035 BaBar12 —
- Bellel5 .
03 { 3
B LHCb23 * ]
0.25 —
B Bellel7 PRD 94 (2016) 094008 ]
B PRD 95 (201 "; 115008 World Average i
02 '}HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D) =0.356 £0.029, —_
F T Rmomssoes nean i REETCTL.
B R(D¥) =0.254 £ 0.005 EPIC 80 (2020) 2, 74 P ;0- 325‘, ]
B PRD 105 (2022) 03450 () =25% -
PP EPEETETEE EPRTUE B oo L't hera AP SR EPER AN P EPEATS EUTOR IS IO

0.2 0.25 0.3 0.35 04 0.45 0.5 0.55
R(D)

HFLAV 2023
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RESEARCH CONTENTS




m Form factors (QCD) (a rearrangement of V, Ao, Ar, Az, T+, T2, T3)
(D*(p, €)|g.b|B(p + q

(D*(p, €)|GvusbIB(p + q

(D*(p, ¢*)|ic,q”bIB(p + g

(D*(p, €*)|qic, 759" b|B(p + q

— Vg%,
—  Ao(q®), Ai(g?), Aw(g?),
—  Tiq%),
N

)
)
)
) T2(q%), T3(q?).

TSI T

> Unphysical singularities at g2 = o

Ao(g? = 0) = A(q® = 0). ()
» Algebraic relations between o, and o, 75
7:(q* = 0) = T2(q* = 0). (4)

m SCET, Operators containing m.

m -
s shy[By) = —n - p(e* - VIE . (p-),
2 _jn. D¢

Of* e s (0 (p, (W)

_ m - _
OT’mC — <DZ(P7€*)\(£Wc)g .7%'7’5”/;¢th|30 =—n- P(EZ - Vnu)fL,mc(p+>~

—In - c
(5)

6|



m “QCD — SCET,” = 6 form factors pe=n-p
V(p.) = C0p.) €1 (pe) + 0N p) €1 me (po) + CB(r, p) @721 (7, pa) + WNP(p,),
Ao(p+) = GEp.) € (pa) + € (p2) € (p2) + (2, ) @72 (r, pi) + AS(p2),
Ai(p2) = P (p) €1 (pe) + CL (P €4 m (pe) + CEr, pu) @2 L (7, pa) + AN (p.),
An(ps) = C2(p) €1 () + C2 (L) ) m (p2) + €, pa) @13 (7, pa) + ANP(p2),
Talp.) = c<A°’<p )EL(pe) + CE (D)€L m (pa) + (7, p) @21 (7, pa) + T (p.),

Ta(ps) = €N P €1 (p) + o p) €1 (pe) + CEV(r, pa) @721 (r, pa) + TP (o),
Tas(p-) = C}T°’(p+)£”(p+)+cff“"’c( D€ me(pe) + CEV(r, pa) @:2) (. pa) + TA(p.).
(6)
m Hard Matching Coefficients for &y, (r = pe/my)
G =r—1+0(as), ™ =1-r+0las), "™ = —1+Olas),
CPm = 1+ Oas), €™ =1+ 0Olas), ™ = 1+ O(as),
™ =1+ O(as). (7)



B — V (PARALLEL PART)

B Leading Power, Next-to-Leading Order (SCET))

§ part-A
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Replacing the parallel operator into the corresponding transverse one, provides the transverse part.




By — Dj (ADDITIONAL PARALLEL PART)

m SCET, Lagrangian with m¢ ~ O(y/Aqcomp), Mg ~ O(Aqcp)
(o) _ cl 1 7’ oz 1 V'
), =me [ g | G- mieg g (®)

= — mq [(EWe(v{qs) + @sYsWio)] .

(2)
ﬁ{q,mq

» mc Lagrangian (a b new, c enhanced from part-C)
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O(f‘m‘) contribute O(e), justas ¢ | part-C.



Bq — Di NLP

m Vacuum-to-B-meson correlation functions

wll

@ (p,q) = / d“x P> (0| T{j} (0, GO)r{b(0)}|Be(p + q)).

(9)

e (p.q) = / déxeP*(o|T{j§ | (x), 3(OIrb(0)}|Bq(p + 9)).

j‘ﬁ(x) = i]’(x)gq(x), OE &'(X)gmuq(x); rﬁi’) € {7u(1 = 75), iopu(1+v5)g" }.

W Heavy Quark Effective Theory contribution

b— hy+

m C-quark propagator

— +m
(p_,f)éiz_,cnzH Pk e
p c ~ =~ =~
o) o) O(/?)

P h v 002).
2my,

1

(10)
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Bq — Di NLP

m Higher-twist contributions

» 2-Particle Light Cone Distribution Amplitudes
(0[(gYs)g (x) (thv)a (0)IB(v))

- Tel)ms (!Z)mB /0 dwe @V [1%/ {2 (¢E (w) +X*gp (w))

X

V-X

(63— 6a0) 2 (03 )~ ()] } ] e

» 3-Particle Light Cone Distribution Amplitudes

(o] (-](215) [z1n,z,0] QSG,uV(Zzﬁ) I [z,0, 0] hy(0) ‘Bv>

1= .
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B — D* FFs V, Ay, A1z, Ao
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RESEARCH CONTENTS

CONBINED FIT FOR B — D\(1,



BGL

B Boyd-Grinstein-Leved parameterization

| 4

(Dg (p’, €)|V“\Bq(P)> igetP7e *PJPW:
(D5(p’, €)|A*|Bg(p)) = fe™t + (¢ - plla.(p + p')* + a-(p — p')V],
1 ) 1 2, 2 (1)
Fit) = o [2/? ta.(t) — —(th m )f(t)} ;
1 2 2
) = - [£() + (M? — m)a. (1) + ta-(1)] .
> >~z
A =dr )= VoL TVETE g £ my R ()
Vi — @ Vit
>

- o0
9= P2 ¢g(2) @g(z) Z/ =0 z, z)dvf €] E b 7, (16)
- - o0
T b @or® Z; 0GP T2 o 2o 97
C. G. Boyd, B. Grinstein and R. F. Lebed, 9705252[hep-ph]



BGL

m FFsin BGL and QCD
> 2
9= mg, (1+rq) ’

f = mBq(1 + rq)Ah

5 1+ rq 2rq
Fa = mp (1+w) 71+w(w—fq)A1+1+rq(1—w)A2 , (17)
J> =2A0,
mgq +ml, —q? Mpy
wE—, rq = .
ZquD; mg,
» Constraints eq(18) derived from eq(3), eq(19) trivially from the definition
141,
Folwmax) 5 J Frlwmax), (18)
myg (1+ wmax)(1 — fq)"q
q
Filw=1) = mg(1—rglflw=1). (19)



(Strong) BOUND

m Strong Unitarity Bound

+

> Include all Bg*) — Dg*) channels with quantum numbers 0*, 0=, 17, 1".

N N
i:z:(aﬁ")2 <1, iZ(aﬁ"P <,

=1 n=0 i=1 n=0

(20)
7 N 7 N
D) SIS 9 UL
i=1 n=0 =1 n=0
Bq — Dq Bq—>D; B;—>Dq B;—>D3
V, 1 f+ g g V+o7 V++7 Vo+, Voo
A1 - f. T f. 7 Ass, Aso, Aor
S, 0+ fo - - So+, Soo
P,0~ - Fo .7:—2 Po+

D. Bigi, P. Gambino and S. Schacht, JHEP 11 (2017), 061, 1707.09509 [hep-ph]




DATA

: ()
m LQCD and Experiment (B(q) — D(q))

B—D B — D* Bs — Ds Bs — D¢

LQCD | MILC15,HPQCD15 MILC21 MILC12,HPQCD19 HPQCD21

Exp. Belle1s Belle18 LHCb20 LHCb20,21

g*(GeV) —3.0 —2.0 —1.0 0.0 1.0 2.0

vBD” 0.633(138)  0.657(144)  0.683(149)  0.710(156)  0.738(163)  0.768(172)
ABD” 0.661(115)  0.676(115)  0.691(116)  0.707(117)  0.724(117)  0.743(117)
ABD® 0.750(169)  0.770(175)  0.788(181)  0.805(188)  0.818(196)  0.827(205)
ABD” 0.561(098)  0.582(101)  0.604(104)  0.627(108)  0.651(112)  0.677(117)
V/BsDs 0.606(150)  0.629(156)  0.653(164)  0.678(172)  0.704(181)  0.731(191)
Af sD5 0.625(120)  0.638(121)  0.652(123)  0.667(124) 0.683(125) 0.700(126)
Ast-"* 0.729(176)  0.747(183)  0.763(190)  0.776(199)  0.785(208)  0.789(219)
AgsD: 0.526(109)  0.545(113)  0.564(117)  0.583(122)  0.604(128)  0.625(134)




B — D* FFs V, Ay, A1z, Ao
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Bs — D; FFs V, A, Aq,, Ao
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Bq % Dq FFS f+,f0
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SOME IMPROVED OBSERVABLES
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|Vup| (1.50) AND |Vp| (2.50) LCSR+LQCD

5.0
Combined fit from :
R (%) ps
B(S) = D(s)ébg
4.5F Inclusive : PDG 2022
- This work
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X
= =~
- T i This work :
] BR(B, — K~ (i) [Vip| = 3.72+0.13 x 107
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p=0.019
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LCSR+LQCD
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SUMMARY

m The complete SCET factorization formula for B; — D,
including NLL and NLP (NLP indispensable).

m Combined fit for B, — DE;‘)), improving the precisions of the
form factors and some observables.

m |V.,| and R(D™) predicted by the SM.

m Although decreased, the tension still exists.
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