Matching heavy meson three-
body HQET hadronic
parameters onto QCD

Horim  (REKRF)

Preliminary results
In collaboration with X i
2025.10.26 4t



B-meson physics

* B mesons provide phenomenology to study the Standard Model
(SM) of particle physics and investigate potential new physics

effects.

b — cli, b — wlyy (¢ = e, )

B — X/ X = D, D*, , p etc.

Vsl /| Ves| = 0.098 4+ 0.006  (inclusive),
Vsl /| Ves| = 0.093 £+ 0.004  (exclusive).
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B mesons decay constant in HQET

« Decay constants of B mesons is an important measurement for B meson
decay

01y ys Q) |P(p)) = —ifp p* 017 y“ Q) |P*(p. €)) = fp- "
fp = 0.195 4 0.013 GeV, by LQCD. (HPQCD Collaboration 2009)
> = 0.195 + 0.0011GeV by LQCD (Fermilab/MILC collaboration 2009)
8| (Belle+Babar avg) 233+ 37 MeV | #(Bt—1tv) (Belle and Babar collaborations 2009)

(1o higher than LQCD results)

* The decay constant represents the quantitative content of the quark-
antiquark valence component inside the B meson



B mesons decay constants in HQET

* |n heavy quark limit Aqcp/mp €1, Aqgep/mp < 1,
g o) =gr*o,0) at tree level

« Decay constant in HQET: (0[@v,1sh.|B(v)) = iF(1)v,.
at tree level: fzyms = F(p)

* At one-loop level

IBvmp = F(pu) [l + (/;ﬂ” (3111% — 2) + }

= H
+ O(1/my),

« To probe more details of B-meson, more operators are introduced.



B mesons decay constants in HQET

* More precise description of B meson requires three-body parameters

OFa- gBrsho B@)) = FUAL(1),  E~Gor  a=¥Y Gl = 0, A% — 0, A% + gfabe Al AC
—_ ) — . 2 . "
(0/Go - gH~shy|B(v)) = iF ()X (1), Hi=—7 €,4G . o = ety oy L G, = G, T

3 .'I.'E

» High Fock component contribution |bgg) contained in |B > hadronic
state.

« Apy are related to the chromo-electric and chromo-magnetic fields in the
B meson rest frame.

* They could affect the amplitudes for the exclusive B-meson decays at the
leading power.



Effects of three body parameters
« OPE for B-meson LCDA

~ a,Cr 5% 4\ a,Cp 9 om
tou)=1-— 2L% + 2L + —it— |1 — = 2L + 4L — = 4+ —
P+t 1) 4m ( - 12) Z3[ dm ( N 4+12)]

B 1 2 A\, 2 2
R @2 16, 35 ST | WO (o2 gp 2, 5T
47 3 9 12 Ar 3 12
. 1 tif)@ \ ) 2 2 5
47 4 2 6 A7 3 12 7
A = mp — My Kawamura, Tanaka, 2009

« LCDA received contributions from multi-body HQET parameters that
associated with long-distance gluon fields inside the heavy meson

« High precision study on heavy meson structure requires the knowledge of
A and Ay

6



Effects of three body parameters

* gy affects the B — m form factor
F9.(0) =0.122 x |1 £0.07|ge £+ 0.11],

0.05 +p.06
[ + 0-02@/,1,%_,}0.06 e £0.05052 52 —}.10 i
\_ |
+136| +0.23
+ 0'04‘;4—0.56 |/13 —-0.43 61,0’2J )

J. Gao,C. D. Lv, Y. L. Shen, Y.M. Wang, Y.B. Wei, PRD 2020
B.Y. Cui, Y.K. Huang, Y.L.Shen, C. Wang, Y.M. Wang, JHEP 2023

LPC, PRD 2025
* Could be related to the moment of the subleading distribution

amplitude

(0(g5Sn) (717) (S187) (0) (S5.9: G Sa) (w22t) sy 5 (S5 ) (0)| B.)
=2fp(u)my /+oo dw, /+m dw, exp [—i(w,7] + @017,)|Pg (0, @y, pt),
Kawamura, Kodaira, Qiao, Tanaka, PLB 523,(2001) 111
Qin, Shen, Wang, Wang, 2023



Knowledge about three body parameters

» Perturbative aspects: RGE for Az and Ay

d (A%(u)) _a (%CF+%CG %CF%CG) (A%(u))

M \ 02 (n) I \iCp— 30, Cp+20s ) \ N4

Grozin, Neubert, 1997; Kawamura, Tanaka, 2009

Nonperturbative aspects:

Estimation from sum rules;

Models for LCDAs



Knowledge about three body parameters

e From QCD sum rules

A2 () = 0.11 + 0.06 GeV?,
M (p) = 0.18 £ 0.07 GeV?,

0.5 T T T T T T T
Wy, = 0.85 GeV
04 & 1.0 GeV _
1.15 GeV

0.3

Ay’ [GeV?]

0.2

01 "

0
0.25 0.3 0.35 0.4 0.45 05 0.55 0.6 0.65
M [GeV]

A% (1 GeV) = 0.03 £ 0.02 GeV?,

A% (1 GeV) = 0.06 & 0.03 GeV?.
at p =1 GeV

Nishikawa, Tanaka 2011
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Parameters Ref. |3 Ref. [26] this work
R(L GeV) 0.6+ 04) 05 + 0.4) 0.1 +01)

A (1 GeV) (018 + 0.07) GeV? (0,06 £ 0.03) GeV? (0.15 £ 0.05) GeV?
AL(1 GeV) (0.11 + 0.06) GeV? (0,03 £ 0.02) GeV? (0.01 £ 0.01) GeV?

M.Rahimi and M.Wald 2012




Three body parameters from QCD

» L ack of exact values for A% ,
* Needs first-principle calculations
 Lattice QCD simulations could be helpful

« Large noise-to-signal ratio when simulating HQET directly on
the lattice

Lattice QCD
HQET operator NS » LQCD results of HQET parameters

N
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An approach for three body parameters
on the lattice
« Matching HQET parameters onto QCD

Matching
QCD operator (——— HQET operator
l Lattice QCD >l< Lattice QCD
Matching coefficient
LQCD calculation of QCD — LQCD calculation of HQET parameters

parameters

« Has been adopted in two-step matching for LCDAs

See the talks by Ji Xu, Yan-Bing Wei, Qi-An Zhang, ...
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I\/Iatchlng

There is a matching relation between QCD and HQET three body (dimension 5) operators

Oi,qcp(m, p) = Z Cij(m/p)O; nqet (1) + O(Aqen/m).

-
» Low scale physics (below m) is encoded in HQET operator; while the high scale physics
(above m) is contained in the Wilson coefficients C;;

* One can extract Wilson coefficient from the matching of matrix elements of the operators.

|1 B) — [b(p2)a(p1)g(1))

a-gEvsh — o gEyshe from operator to < 0|gd - gEvsh|B > < 0|ga - gEvshy|B >
T _‘-"'.' AT _'-"‘.' i I t > - — — — — _
qa - gH~vsh — Ga - gH~5h, matrix elemen < 0|ga - gH~sh|B > < 0|5 - gH~sho| B >
< i]|§r_{ QE",r"F,h- B > from hadron state < (}|§r_f . QE"’%!’JIF BQ(}' =

v

< 0G5 - gH~sh|B > to Fock state < 0|gé - gH~sh|bgg >

« The matching at tree-level is trivial:
Cij = 0y
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Matching at one-loop

* Dimensional regularization (DR) and
/% MS renormalization. On-shell states.
(a) (b) (c)

* IR divergences are regularized in
DR

* IR divergences only exist in (a), (e),

(9)

« Power (UV) divergences exist.
Operator mixing

(d) (e) (7)

» We studied the operator §g;0%FG,zy°h.
Ag y Will be similar.

(9)
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Matching at one-loop
QCD

2 2
g; 1 1 HIR - c _af :
1672 2N, + 2+ In—3)o(p1)gselt® o™ su(p2) (=) (lagsp — lsgap)

Tree-level structure

HQET

2 2
gs 1 1 1 2 _ c . .
T I6m2 2N, e ! i Mﬁﬁ,{”(pl)t gs€20" 500 (=) (lagsp — LGap) ]

( e) Tree-level structure
No operator mixing
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Matching at one-loop
QCD

5+ 2In £
Nc u 4u-1
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+ other operator structures

HQET

. 1
—59‘;\ (Pt ¢y u, = {—

Al -
xﬁ

1 .
—|—9—(48+57T2+2111
6

+ other operator structures

Observations:
(a) * Double poles in HQET and QCD results

* Double poles and logs of | - v cancel between QCD and HQET
« Leads to IR finite matching coefficient

o N, 2
sC = q" (l}-l-?lnL)

2
G2 i
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Matching

* Power (UV) divergences arise in the calculation, associated
with other operator structures.

* The operator mixing should be taken into account in lattice
simulations.

* When the external state is off-shell, operators that vanish with
equation of motion get involved, which makes lattice simulation

complicated.

* More exploration is in progress.
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Summary and outlook

* The three-body hadronic parameter in HQET is crucial for high
precision study of heavy flavor physics

* We examined the factorization formula linking QCD and HQET
three-body parameters and evaluated the Wilson coefficients.

« Could provide insights into the first principle calculation of heavy
meson 3-body parameters.

» Operator mixing should be taken into consideration. In progress.

Thank you
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Back up
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