Semileptonic A, — A. decays beyond

leading order

Hua-Yu Jiang

School of Physics, Nankai University
In collaboration with Jing Gao, Su-Ping Jin and Yu-Ming Wang

2023.04 HUST

Hua-Yu Jiang (Nankai University) Semileptonic A, — Ac decays beyond leading order Wuhan 2023



Contents

© Introduction

© Framework

© Results and discussions

@ Conclusions and outlook

Hua-Yu Jiang (Nankai Un Semileptonic A, — A decays beyond leading order

Wuhan 2023



© Introduction

u Jiang (Nankai University) nd leading order Wuhan



@ Understanding strong interaction dynamics in heavy baryon system:
o Factorization properties
e Higher order as effects

e Renormalization properties of the (higher-twist) Ay LCDAs

o Test Standard Model and explore New Physics:

o Ry, is an independent observable for testing LFU, relative to Ry,

_ B(Ap — Actry)
RA: = m, le {e7 ,LL}.

o Ap — Ay will contribute to the extraction of V.

e Arg and abundant spin/angular distributions in Ay — Ad(— An/pKs)lv.

@ In BGL expansion [Boyd,Grinstein,Lebed,1997], Ap — A, form factors can provide

)

constraints on Bg*) — D,(;,* form factors and vice versa.
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Status of Ap — Ay

@ Progress in experiment

e DELPHI 2004, PDG[2020](Updated): e LHCb, 2017:
B(A) — Afew) = (6.2710)%, g fimes
o LHCb, 2022: 3
B(AY — AfTo) = [1.50 £ 0.16 4 0.25 + 0.23] %, :
= Ra,. = 0.242 £ 0.026 £ 0.040 £ 0.059 e
@ The recent development in theoretical side o]
Method Ra, Ref.
LQCD 0.333 £ 0.013 [Detmold, Lehner, Meinel, 2015]
LCSRs 0.27470-092 or 023970070 [Duan, Liu, Huang, 2022]
0.268+0.015 [Miao, Deng, Huang, Gao, Shen, 2022]
QCDSRs 0.314+0.11 [Azizi, Siingii, 2018]
HQET 0.331£0.010 and 0.32440.004 [Bernlochner, Ligeti, Robinson, Sutcliffe, 2018]
LFQM 0.3010.09 [Li, Liu, Yu, 2021]
0.28 [Zhu, Wei, Ke, 2019]

Wuhan 2023

Semileptonic Ay, — A decays beyond leading order

Hua-Yu Jiang (Nankai University)



Parameterization of A, — A, form factors

@ Traditional parameterizations [Manohar and Wise @ many others]:

-~ - . q” qu
(Ae(p)[1ublAb(P)) = n, o) [F1 v + F2 0y o TP —mAb] Uny(p);
_ _ i q”
<Ac(p/)|C7H’Y5b|Ab(p)> = UAa(p) [Gl Yu +iG2 opy ™

u
46 rmun
A ma, »(P)

@ Conveniently, in helicity basis [Feldmann and Yip, 2011]

/N = _ / o\ MA, + ma, / m?\b B m?\c
(Ae(p)[er:blAb(p)) = Ta, ()| i (q >T(pu + Pl — 2,
mp, — ma, 2my 2mp
+fo(q2)”TQu + fJ_(qQ)(’Yu BT D bPL)]“Ab(P)y

with the boundary conditions f,(0) = £ (0), g0(0) = g+(0), g+(q2,.x) = &1 (20x)-
@ In the heavy quark limit, they related to Isgur-Wise function {(w)

Fi=G=( F3z=06p3=0, fo=FfH=Ff=g=g+=gL=¢(
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Framework

@ LCSRs and the method of regions [Wang, Shen, 2015]:

Systematic power expansion, factorization and resummation of large logs.

@ Starting point: correlation function [Feldmann, Yip, 2011; Wang, Shen, 2015]
uslpia) = 1 [ X 01T (9)dnaO)}A(p)
where j, ; = cl',, ;b and the leading power A, current

JA. = e,-jk(u,-T C’y5ﬁdj) Ck.

@ Hadronic dispersion relations:

fac(u)(n-p') 2 fo(q*) —fr(q°) fo(q®) + fr () _
I =0 2 ~|f " 7
wv(P, ) R jn-p P2 L (q )*/m+2(17n_p//mAb)n; 5 Ay | ua, ()
+ o0 1
+/ ey g [ '\I/,L(W:”'P')WLmLﬂhv,n(w’,"'P')”u+P'\1/,ﬁ(w¢n-P')ﬁu} un, (p).
ws e
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Factorization of the correlation functions

@ QCD factorization of the correlation functions [Wang, Shen, 2015]

i _
O, v = (1775)5[HJ.,V(A)'YLH+HE,V(A) A+ Ty viaynu] ua, (v),
oo oo 1
I :#2>Cn~’,/d/d
1.v(A) 'ny (W) CL v (n- P, 1) ) A e —
2
123 wi
xJ<, —, = ,>w4(w1,wz,u)
n-pw;’ n-p

@ Hard functions the same as the matching coefficients of the weak currents from QCD onto

SCET;

@ Already known at one loop [Bauer et al,2000;Beneke et al,2004]
@ and at two loops [Bonciani et al, 2008;Aastrian et al,2008;Beneke et al,2008;Bell et al,2008,2010]

@ Two equivalent strategies for computing the jet function:

@ Apply the SCET; Feynman rules.
@ Extract the hard-collinear contributions of QCD diagrams with the methods of regions.
Algebraically simpler— this talk!

@ Factorization-scale independence of the correlation functions:
@ Explicit RGE of 4 (w1, wa, 1) unknown.
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Factorization of the correlation functions

° jons:
o NLO diagrams Hard functions:

- as(p) Cr M H
P -7 CoLvy(n-p ) =1-—""""C12m® 4 51n —
b ’ 4 n-p mp
u s , il \ 1 2 3r—2 w2
N - —2Lig (1 — — ) = In“r+ Inr+ — +6
d ~ ~ r 1—r 12
@ ®) P - All hard functions obey the same RGEs.
@ Jet function:
1 _ asCr . 1 . r3+1
J (ﬁ-p’.w,' ) = {2 [le(rz+1)72Ll2(l'2+l'.;+1 ]

rolnry

- m{’ r3(rs +2) + 3]+ r2(r3 +1) [r3(rs +6) +11]

. 2
+ 4y = s + 17} + 2+ Dinry + (250 - 2
3

bra L fin(ra 4 s+ 1)]

+ [InR+1In(rz +1)] [—m ~3

[CR* ! In(rs + 7. :
9 +7r34+1) [2(r2+1) 2 5 N 2
~ W T+(12+4r21_,+hr2713+5)

+ 2In%(rp + 3 + 1) — In®(r2 + 1) + 2In(r2 + 1) (InR + In(r3 + 1)]
ry 87y 2 41 }

Al mrrtlle 2

= + [InR +In(rs +1))* —

(9)
Universal jet function for all the form factors.
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NLL resummation of A, — A, form factors

@ Resummation improved form factors:
Fac(w)(n - p)ehe! (77 om) {& (4°), gL(qz)}
= ffb) (W) [Ur(n-p's pns 1) C vy (n - P, n)] /Ows dw'ef‘”,/‘”’\/’zm_,(,ff(w’, w,v),
Pre()(n- ) A/ P M) [ (7)o (47) )

ws 7
= fﬁfb) (B [Ur(n- ' iy 1) Gayviay (n - P )] / dw’ e MYy (e )
0

/

n- p Ws —Ldl w /.

+f§\2b)(ﬂ) <1 T ma > Vs o', an, 1) Co,viay (- P Hh)/o do'e™" waiﬁ-W’ 1)
b

NLL resummation for the twist-4 Ap-DA not included(unknown 2-loop RGE)
@ "Effective” DA ¥y ofr(w’, pi, v) absorbing the hard-collinear QCD corrections

as Cp

Vi, err(w 1) = (0 — w)da(w — w)O(w — we) + {a4<o>0<w’> P (@) + pa(w’) 0(w") pP (")
+ 4w —we) 8w’ — we)p® (W) + gl (w) 8(w)p™ (W) + ¢ (W — w)B(W — we)p™ (W)

+ /U°° dwpa (w)p'® (w, W) + /Ox dw &4 () p 7 (w, w')}
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Scale dependence and higher order effects

@ Factorization scale dependence and radiative correction:

1.0 - 1.0F 4
[ JXe]
m NLO
? = NLL
a
= 05p= - — L i
i 4l — NLLJet i
< — NLLHard
0.2 — NLLtotal 1
0.0f, ‘ 3 ool ]
1.0 1.5 2.0 0 1 2 3 4
1 [GeV] 7 [GeV?]
) f< ) ()14 (1) almost no scale dependence.

) NLO correction dominated by the hard contributions.

@ Radiative effect can induce about 15% reduction of the form factors.
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Results of A, — A, form factors

Joint fitting with LQCD[Detmold,Lehner,Meinel,2015] and Bg*)

— D{Y(LCSRs and LQCD)

[Cui,Huang,Wang,Zhao,2023] and/or Exp. data in BGL(or BCL) expansion:

fi(t) =

FTal) 2 Za Asto)”

isn=0

Z(a) <1

o Lt
Lot +LCSR (/o
Fommn Lt +LCSR+Exp.

16:3/112)
dof = 140/181)

— Lt

Lot +LCSR

Lot + LOSR Exp.

Lt
1.6 Lot +LOSR
Lot + LOSR+ Exp.

& o]

¢ o)

o Lt

Lt +LCSR

Lt + LCSR Exp.

o Lt

Lot +LCSR

Lot + LOSR Exp.

Lt
Lot +LCSR
Lot + LOSR+ Exp.

¢ o)
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Decay width

o Differential decay width: %W

Fmd 4 . Lat
‘> N Lat+LCSR
U‘” B Lot LOSR+Exp.
In 3
A
\5
3,
<3
=
£
—
=
0
¢ [GeV?|
@ Total decay width in unit of ps~!
Channel LCSRs+LQCD LQCD Exp.(BR)
T(Ap = Acrv)/|Ves|? 7.204£0.30 | 7.15+£0.31 | (1.50+0.38)%
T(Ap = Aquw)/|V|? | 22.4241.05 | 21.5+1.4 (6.27315)%
T(Ap — Acev)/|Vep|? | 22.494+1.06 | 21.5+ 1.4 (6.27915)%
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Vcb

o V., from [PDG 2022]

|V = (39.4£0.8) x 1077

Ci

|V = (42.2+£0.8) x 1073

@ Our fitting
Scheme Vep(10~3) Relative uncertainty
B{") — D) [Cui,Huang,Wang,Zhao,2023] | 39.63 + 0.63 1.59%
Ap — Ac 40.10 + 3.50 8.73%
Ap— Ac® BSY — DY 39.79 + 0.62 1.56%
Ap — Ac [(Exp. Err)/2] 40.07 4 1.91 4.77%
Ap— Ac® BS) o D) [(Exp. Err)/2] | 39.80 £ 0.60 1.51%
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RAC |n SM

0.3131 £ 0.0070(2.244%)
0.3134 £ 0.0070(2.240%)
0.3124 £ 0.0070(2.242%)
0.3216 =+ 0.0040(1.276%)
0.3237 £+ 0.0036(1.112%)

0.2420 4 0.0760(31.40%)

Lat. 4+ LCSR(B)

Lat. + LCSR(B, BCL)
Lat. + LCSR(B&M)
Lat. + LCSR + Exp.

Lat. + HQET + LHCb17

LHCh22'.
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Forward-backward asymmetry

I Lt
B Lat.+LCSR

0.4+

As(QQ)

AI}B(QZ)

¢ [GeV?]

(Afg) = +(0.0725 £ 0.0062)
(Al) = —(0.1912 + 0.0056)
(Agg) = —(0.1970 + 0.0056)

AArg = (Al) — (Afg) = (5.86 £0.02) x 107°
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Angular distributions in Ay — A (— Am)ly

@ Schematic diagram defining various angles

@ Four-body angular distributions

Aw(g®)

A(@?)

0 2 4 6
7 [GeV?] 7 [GeV?) 7 [GeV?]
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Conclusions and outlook

@ Conclusions
o For the first time, the Ay, — A form factors at small q2 are calculated to
O(as) at leading power of A/m, based on LCSRs and the method of regions.
o Radiative effect can induce about 15% reduction of the form factors.
o With our small-g® constraint and joint fitting with LQCD at large-¢?, we get
the most exact A, — A form factors in SM.
e We obtained the most precise SM predictions for I'(Ap — Aclv)/ Ve, Ra.,

Afrs and three(four)-body angular distributions so far.

@ Outlook
e The subleading power corrections to A, — A, form factors may play important

role, indicated by the research on B — D).
e Renormalization properties of the A, LCDA, RGE.
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Thank you for your attention!
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Back up: Inputs

Parameter [ value/interval [ unit [ prior [ source/comments
quark masses
i (Mp) 4.193 £+ 0.035 GeV Gaussian @ 68% [Beneke,2014]
me(me) 1.288 4+ 0.02 GeV Gaussian @ 68% [Dehnadi,2015]
my ©e 4.8+0.1 GeV Gaussian @ 68%
hadron masses
mp, 5619.60 MeV — [PDG,2020]
ma, 2286.46 MeV —
vacuum condensate densities
(2 G?) [ 0.0thg:g?g [ Gev* [ Uniform @ 100% [ [Duplancic,2008]

parameters of the A, DAs

fj\ZZ(lGeV) \ (3.0 £0.5) x 10~ 2 \ Gev3 \ Gaussian @ 68%

‘ [ Groote,1997]

sum rule parameters and scales

I

1%
Hh
M e
Mg

S0

[1.0,2.0] GeV Uniform @ 100%
[1.0,2.0] GeV Uniform @ 100%
[mp/2, 2mp) GeV Uniform @ 100%
25+ 05 GeV? | Uniform@ 100%
5.0+ 1.0 GeV? | Uniform@ 100%
[7.0,8.0] GeV2 | Uniform@ 100%

[Wang,2015]

[Khodjamirian,2011]

[Duplancic,2008]

Hua-Yu Jiang (Nankai University)

Semileptonic Ay, — A decays beyond leading order

Wuhan 2023




Ap L

A

@ Light-cone distribution amplitudes of the Ap-baryon(three-parameter model):

o) = O ECED N sy 3o

@ Analogy to the mesonic counterparts[Beneke,Braun et al,2018]
@ three parameters wp, o and 8 are assumed to determine ¢4(w) at the scale pg , which
satisfy

[e3

B )

Ae(n) = S—

5o i wo,01(pn) =(B—1) — (e —1)+1In

2
Go(p) =7 () + ' (a—1) =/ (B—1) + o

@ In the numerical calculation, We use the following («, ) tuples together with wg by apply
the identities

wo « B8 AB 51 62 N
0.28(10)GeV 12583  1.2583 | 0.28(10)CGeV 0o w%/6 1

ba 0.329(118)GeV 1.29771 1.35034 0.28(10)GeV 0.40 5.00 1
0.264(94)GeV 1.1361 1.12827 0.28(10)GeV —0.40 —5.00 1
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Ap LCDA

@ Renormalization of A, LCDA:

u(kr)

d(ks) :
(a) (b) (e) (d)
(e) (f) (9) (h)
G 0)

@ Explicit RGE of 4 (w1, w2, pt) unknown.

@ Extract the UV divergence of the amplitude from the 10 diagrams.
(radiative correction to the Ap-baryon DA at one loop)
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Factorization-scale dependence

@ Factorization-scale dependence:

d as(p) 00 1 12we
I " “ d x
L,v(A) = Cr w1 “2 “hp—i -
dln p 4am 0 0 w1 4w twe—n-p —i0 w1 w2 twe—n-p
12 1 2 2

7#7174111 (1+r2+r3) 41n " 7[4-111 +5] } [fﬁ\z)(u)’lzjgl(wl,WQ,H):l

1+ra+rg (L4r2)(1+r3) n-p'(w—=n-p) b
oo ) 1 d 2) 2

d duw: — = [A2 Lwa, o

+‘/U w1 /0 T T [Ab (1) tha(wy wz,u)]+ (a5)

the three terms in blue arise from the RG running of the charm-quark mass, the jet function J and the
hard function C, (5),v(a) respectively.

@ Renormalization of 14 (w1, w2, ) yields:

il 1 d -
d d A2 L wa,
/0 o1 / w2 o twstoe—n p—i0ding [Ab (1)a (w1, wa, ﬂ)}

(Ms(;L / /OC 1
= dwl (%] = P
47 3 w1+wQ+wcfn-p’flO

H 14+ra+rs 2) N\
{4“1 —4In e *5} [fﬁ\b (#)ls‘w(wl-,wm#)}

wHwe—n-p 1

@ Implying
d
ding

fac (k)

Oy yay(n-p',n- PQ#)} B
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Unitarity bound

The unitarity bound for the BGL form factor E expressed entirely in terms of the conformal

variable z reads
i S S 6@BERER <1,

where Blaschke factors Bj(z) takes into account the subthreshold Bc resonant pole at
t=t,=m?,, and reads
B0
c

B(t;tp):HM Hz(t tp
P

1 — z(t; to)z(tp; to)

The weight function ¢;(t; to) known as an outer function can be expressed in a general form
for given BGL form factors F; as

$ilt; to) =) — (M> (Vtbd — t+ Vb — 1) (ta — D)3

Krx \tbqa — to

b
x (Viva =+ v/foa — £) * (Vg = £+ Vi),

where n; is an isospin Clebsch-Gordan factor, which is 2 and 1 for B — D) and A, — Ac.
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Weak /Strong unitary bounds

@ We will express form factors in term of BGL form factors

N

1 i N
Fi(w) = Bi(2)$i(2) ;)a" ‘

@ The weak unitary bound which Ay — A. form factors satisfy reads:

N N N N
SE)P < LY@ ()< SNE)P < LS (#EL) (@) < L

n=0 n=0 n=0 n=0

@ The strong unitary bound including all the Ay — A and B(s) — DE:)) are

F=1: Z(a& 1 (afh)? +ZZ(b +ZZ(b <,

n=i n=0 n=i n=0
F=1t. Z( #L)7 + ()2 +ZZ(b )? +ZZ
n=0 n=i n=0 n=i n=0
N
oot SRS E Y6 <,
n=0 n=i n=0 n=i n=0
N 3 N 3 N ps
F D S C IS B SO S SO LESY
n=0 n=i n=0 n=i n=0
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Angular distributions

@ Three-body angular distributions for A, — Alv

dZF;e A A A
— (g2 (42 (2 2
quCOCSG_aAC(q)+b)\c(q)cosi9+c)\c(q)cos 0.

@ Four-body angular distributions for A — Ac(— Am)lv

d*Tre

_ e e e e
dq2dcos Oydcos Ondd =J1" + J3  cos O + (J3 + J, ¢ cos 0A> cos 0y

+ (_];\e + Jg‘Z cos 9A) cos? 6y + (J;Z sin O cos ¢ + J;Z sin O sin d)) sin 6,
+ (Jge sin O cos ¢ + Ji\g sin 6 sin ¢7) sin 0 cos 0.

@ Where a, b, c and J; are relevant helicity amplitudes, details can be found in [Becirevi¢ and
Jaffredo, 2022].
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Angular distributions

@ Forward-backward asymmetry

oo T
{/ —/ } ———dcos by
A, - o _1] dg?dcos b, _ J3 -4
FB dr/dq2 20 +d5/3) P
|:/ / :| dcos O
dquCOSGA Jo+ Js/3
'AFB = = = .AQG
dl'/dg? 2(J1 4+ J5/3)
@ Convexity for 6 distribution
1/2 —1/2 &£2T
/ / / 27dcos 6y
A 1/2 12 J-1 dq?dcos 0, B Js — 4
/37 dr'/dg? T U h a3 7
@ Convexity for ¢ distribution
[ r27/3 47 /3
- A q 7¢ ¢
Aso(q?) = _/0 /277/3 Aw/:a B ﬁ Jo J3/6
s0La) = dl'/dg? T 3rht /3 At Js)3
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