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Motivation Why  xcs = K*(892)K decays ?

Q. J=0 M=3.42 GeV
Nl é J=1 M=3.51 GeV
J=2 M=3.56 GeV
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Why xcs = K*(892)K decays ?

Xcg (1P) JPC= J++ J=1 M=3.51 GeV
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Why xcs = K*(892)K decays ?

BESII, PRD 74, 2006

BESIII, PRD 96, 2017
Branching ratios in units of 10-*

Xeg — VP | K*(892)° K'+c.c. | K*(892)" K~ +c.c.
Xcl 10 & 4 5 == 7
X2 1.3 £0.28 1.5 £ 0.22

Theoretical description is based on the double expansion with respect to

e small velocity v of heavy quark (mq — o0): NRQCD & pNRQCD

® small ratio A/™q of heavy quark : collinear factorisation

There are many observed hadronic decay channels PP, PV, PT, VT
.. and many theoretical challenges!

Very large effects beyond the leading order approximation!



Why xcs = K*(892)K decays ?
There are many observed hadronic decay channels PP, PV, PT, VT

... and many problems!

Very large effects beyond the leading order approximation!

charm mass is not large enough: - large relativistic corrections

w2~ 0.3 - large hadronic corrections
Very special mechanism related with the color-octet component of quarkonia

wave function: = 5
U = c|(QQ)) + cs|(QQ)g) + - -

There are many speculations that octet component is especially important
for the description of P-wave charmonia

however this mechanism has not been investigated within EFT framework ...

the first consideration for B — y. ;K Beneke, Vernazza, NP B 2009



Heavy quark-antiquark states: brief introduction

—

rest frame w = (1,0)

Q

9
r~1/mqu . ?A * P=Mw  rolative momentum A — mQu

mqg > Agocp mg - o0 ov<Lc

Kin. energy of heavy quark E.;, = ﬁé/QmQ ~ va2 non-nelauiiSiCR AT

virtuality ~ pg — mg ~ (mgqu)’

Coulomb limit mg — o0 mgv* > Agep

Coulomb binding energies

% 4 1
Ve = _ 4 as(mw) as(mo) ~ v E, = —§ﬁmQag ~ mquv?
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Effective field theory: NRQCD + soft QCD
NRQCD (small v)

Heavy Quark Spin Symmetry:
> ‘ , (0| OCPy) Xea) ~ / MyRYy, The matrix elements are

not independent (up to v?) corrs

soft QCD (A/mgq ) DA can be related with
the BS wave function

(1—x)p

( ’ p ¢K,K* (QC,,LL) :/ d2kJ_\IjBS(xakJ_)
TP k1 |<p

frox(x) = /dkeim(p”) (K (p)|1p(An) T 4(0)]0) n® =0 light-like vector

DA describes the momentum-fraction distribution of partons at zero
transverse separation in a 2-particle fock state



Decay amplitude Alx. — KjK]

amplitude  Alxes = K*K] ~m, —m, Sl
Alxes — KK | A
3 amplitudes:  xc1 — KK|j | Xe2 = KK} Alxa = KKj]  me
Al — KoK~ T () TSP /1@ Px; (@) /1 o SKW) y— o
Y TR T e a0 o Yy w -0 —y)

r—>1—z : ¢ox) > o(1—2) & q—¢q

n(qq) x) = o(1 - )
K(g5) ¢(@)#£¢(1—)  é(z)— ¢l — ) ~m, —m,

Power counting in EFT:

| 2
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me me

Alxea — KK ~ v*(A/mc)?




Branching ratio Br[xa — KjK]

amplitude  Alxcs = K*K] ~mg; —m,

o B5(0) ffe s / bx; () / b (y) y—a
Aer = KR~ = s S Sy P a0 d Y- a-oi -y
Estimates: Brxes — K[ K] ~ (0.2-0.6) x 10~*

Br(xe = K[K]~ (10+4/15£7) x 107*

This calculation strongly underestimates the data.

Large effect from Xc1 — KK] nofice that

Br[xes - Kt K]~ (1.3+0.3/1.54+0.2) x 10~*



Qcp:  Alxes = KK A Decay amplitude Alx. — K;K]

Y

A[Xcl %KK‘T] me

(o) — / AACTE™ (K (p) [ (An) T 1(0)[0)

' ® 'k

tw2 x tw2  gtly, ® 7795 vanishes

tw2 x w3 o*Lqs ® ot s (K (p)[$(An) T (0)]0) ~ fxm3/(ms +my)

chiral enhanced corrections

tw2 x tw3 0‘+'L’}'5 X V5

tw3 x tw2 7 (75) ® 775 fremx



Decay amplitude A[x.; — K} K]

" (0 L ‘ 1 . 1
Alxes > KK1] ~ szr,gz) fvfzﬂp o / qu&Kt(x) / dy F(z,y)
me me 0 rx 0

A 3
B0 o o A i Alxes = KLK] ~vi(A/me)?
md " m3

up = my [(ms +mg)

endpoint region z—1,y—0

L ¢k (z) [° , : 2 1+Iny
ﬂp[_adm o A dyF(x,y) N(mb—mQ)QSKi(l) 1 6d$ dy

same for region z—0,y—1

the infegral is singular = the factorisation scheme is not well defined!



Endpoint contribution

collinear region

KKK, Iyl

V and A are well separated scales

endpoint region Z—1,y—0
r—>0,y—1

long distance exchange between 2 sectros:
NRQCD & soft QCD

NRQCD [ ~ TTLQ'U2
soft QCD [I~A

vZ ~ 0.3

v’ ~ A/mqg



Endpoint contribution

collinear region

KKK, Iyl

V and A are well separated scales

endpoint region Z—1,y—0
r—>0,y—1

color-octet WF

long distance exchange between 2 sectros:
NRQCD & soft QCD

NRQCD [ ~ TTI,Q’U2
soft QCD [I~A

vZ ~ 0.3

v’ ~ A/mqg



Decay amplitude Alxes = K1K]

Alx.s — Kt K] = (0| OCPj) |xcs) Or-*2Th * Pk
+ (K1 K|osCh(QQ)s(da)s |Xcr)

The soft-overlap contribution can be sufficiently large:

it is less suppressed by g
many indications from quarkonium phenomenology
QCD sum rules estimates ...

The IR-singularities in the “factorisable” contribution must be absorbed into
renormalization of the “nonfactorisable” term.

Heavy Quark Spin Symmetry: does it works for the soft-overlap matrix elements?



Soft-overlap matrix element in the Coulomb limit

" . 2
Coulomb limit Mm@ > o© mgv” > Agep o |
Coulomb binding energies

4 ag(mw) 4 1
Vo= —= ENED T 2 2
% - as(mv) ~ v = g 2 e
1 as(mv)
heon
’U2 ~ A/mQ Coulomb: ’02 > A/mQ

(K_*LKl aSCh (QQ)S(qq)S |Xc.]> <KIK| asch (QQ)S(QQ)S |XcJ>

“nonfactorisable” “factorisable”



Soft-overlap matrix element in the Coulomb limit

Coulomb: v*> A/mqg (K1 K| asCrh(QQ)s(3q)s |Xcs) ~ vi(A/mg)?

p~mq(1,0,0,1)
Tp

. (1 =z)p ~ mgv?

ooyk ~ va2

k ~mg(1,0,0,—-1)

endpoint region

y ~ v’

1—2~ 02

soft QCD can be
described by DAs



Soft-overlap matrix element in the Coulomb limit

Coulomb: v*> A/mqg (K1 K| asCrh(QQ)s(3q)s |Xcs) ~ vi(A/mg)?

(mov)? > (mgv?)? > A?

soft QCD A®

octet




Soft-overlap matrix element in the Coulomb limit

(K1 K| asCh(QQ)s(3q)s |xes) ~ v*(A/mg)’

Lint(z) = 9 (@)Z - gE(t)pu(z) 3V
does not depend \ | ~T08

on HQ spin! xQJ(*P1)

(K1K]|...[Xca) ~ as(mgv®)as(mq) / d*A R, (A) tr [Prva) Vus(A)

1l )
< [ do [ dyGe(B - £*/maq,3,)[(1 +Iny)(m — ) (1)

2 2

d = 00 Y~V l—xz~wv



Soft-overlap matrix element in the Coulomb limit

(K1 K| asCh(QQ)s(3q)s |xes) ~ v*(A/mg)’

Lint(z) = —9}(2)T - gE(t)9u(z) >
does not depend \ | ~T08

on HQ spin! xQJ(*P1)

(KA K| ...|Xes) ~ as(mgv?)as(mg) (—1)727/2 f A RS, (A) A

1 )
3 , (1+1ny)
X (ms — mg) @+ (1) f1_6 df”fo dy [E —mo(y +z) — A2/mq + i€]?
0 — 00 :

Y~V 1 — 2~ v? IR finite!



Soft-overlap matrix element in the Coulomb limit

(K1 K| asCh(QQ)s(3q)s |xes) ~ v*(A/mg)’

octet

(KX K]|...|Xcs) ~ cs(mov)as(mg) (—1)727/2 / d®A RS, (A) A

(1+1ny)

X (ms — mg)Py- (1/ dx/ ay [E—mq(y +x) — A?/mg + ig]?

y ~ 02 1—x2 ~v?



Soft-overlap matrix element in the Coulomb limit

(K1 K| asCh(QQ)s(3q)s |xes) ~ v*(A/mg)’

The imaginary part is
given by the region
0<Pelta”2/m<c E. Swall
Pelta -- large distance
between the HQ's. Hence
the Im part is the 1007
usoft effect.

(KA K| ...|Xes) ~ as(mgv?)as(mg) (—1)727/2 / d3A RS, (A) A

X (mg — mq)q&’Ki(l) (% In? [A%/m§ — E/mg —10] + In [A®/m{, — E/mq — 20])

Imaginary part!

g ot 167!"')’BA e 1
RZI(A) =) R21(0) (Az +'}'%/4)3 B 2mQascF




Decay amplitude Alxes = K1K]

Alxer = K1 K] = R5,(0) ¢k-(y) * & T;, ' (2,y) * ok (y)

A (K_T_K| aSOh(QQ)S(QQ)S |Xcl>
Alxe2 = K1 K] = Ry (0) ¢g-(y)* 2T}, =>(z,y) * ¢k (v)
+ (K_T_K| asCh(QQ)S(QQ)S |X02)

HQ Spin Symmetry:

(Kj_K| asCh (QQ)S(QQ)S |Xcl> 5 _% (K_T_Kl asCh(QQ)S(QQ)S |XC2> +0(U2)

A[Xcl — K_T_K] — —% A[Xc2 — Kj_K]
, _ 1 N
+ R (0) ¢+ (y) * o2 (T3~ — %Tg_2)($,y) * Ok (Y)

well defined Spin-symmetry breaking corrs



Phenomenology x.;s— K*K

Rexp —

Assume that HQSS

Brlxe, = KK* +c.c]leorlXeal _ 50, g3 ~ BESIL PRD 74, 2006
Br[x.; = KK* + c.c] Deot[Xc1] BESIIL, PRD 96, 2017

%* 1 *

breaking is negligible V2

[[x. — K°K*® +c.c]

Rip = — ~
then h = T o KK+ co) UL
with HQSS breaking corrections: S
| = (705 L3 53 s 0.50
045
AA=(-1.6+02) x107° 040
< 035
Ay = |Az|€” imaginary phase is unknown 830
25¢

R

0.20

6 AA . |AAPY ™
10091 (1—2\/§cos6@+2||A§L||2) g0 = @ 50 100

+0.65cos § +0.10

Color-octet mechanism provide dominant effect









