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Motivation

Experiment:  many precise data (BESII, BESIII, BABAR, BELLE, LHC)

Theory: QCD factorisation = EFTS ( NRQCD, pNRQCD, SCET )

Although the spectrum of low-lying charmonium states is sufficiently well understood,
their hadronic decays are still puzzling.

qualitative prediction  A[¥(nS) — hh] ~ R,0(0) x a[cc — hh']

pNnas) = ever | el Br((25) — hh']
- Br[JjU —eter] | BrlU=wEr

this gives 13% rule

Br|y(2S) — pp
for some decays this works quite well BL[}/wL pﬁ]] T

Br[¥(2S) — prr] Br[¥(2S) - KT K]
e not 5., 002w o

| = 0.006

well known problem with a long history ...

Chen, Braaten, PRL 80 (1998) Large effect from color-octet mechanism?



Xcs — K™K  decays

Branching ratios in units of 10-4

Xeg — VP | K*(892)° K'+c.c. | K*(892)t K~ +c.c.
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X 2 S =028 e ae il 22 BESIII, PRD 96, 2017

Brlxe — K*K*] =23 x10™* Brlxe2 — mn] =223 x 10™*  (for comparison)

The amplitudes SU(3)r breaking  Afy.; — KITLK] T i
are suppressed | g
because of QCD helicity selection rule: Alx.; — K| K]
] kP
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Decay amplitude Alx. — KiK]

~ R5. (0
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SU(3) breaking  K(g5) ¢(z) # ¢(1 — x) d(x) — ¢(1 — ) ~ ms —myg

Power counting in EFT:
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Branching ratio Brixa — K[ K]

A 0 1 (pk)2 | )2
Clxen = KK = o g s (AT + 5737 ’AH

Estimate: Brxe — K[ K]~ (0.2-0.6) x 10~*

experiment: Brixe — K*K]~ (10+4/15+7) x 10~*

This calculation strongly underestimates the data.

Large effect from the subleading amplitude Xxc1 — KK} ?

notice that Br[xe = K* K]~ (1.3+£0.3/1.5+0.2) x 10~ *

Is also relatively large



Decay amplitudes Alx.; = K1K]  NK. Eur. Phys. A 54, 2018

up = my/(ms + my)

1 1 ) 1
Alxes — KK} ~ T1l0) Fvdree / dx¢K;§fm) / dy F(z, y)
0 0

m>/? mg
the integral is IR singular
endpoint region z—1,y—0

1+Iny
ly+ (1 —=z)]?
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1 } 5 1 5
ﬂ.p/ dxqbKl_(w)/ dy F(z,y) ~ (mg —mq)qﬁ}(i (1) dx/ dy
=0 0 1-6 0

~ (Mg — mg)dy+ 1)/ dy —= lny double log!

same for region z—0,y—1 J—1

= the collinear factorisation scheme is not well defined!



Endpoint domain as colour-octet contribution
3
e (2)

factorisable (colour singlet) non-factorisable (color-octet)




factorisation for decay ampplitudes A[x.; — K% K]
Proposal for the factorisation

Alxa = K1 K] = Ry(0) ¢ * Ty * ¢x (K K|asCrh(QQ)s(dq)s|xc1)

Alxes = K1K]= Ry (0) ¢+ * ;T * ¢k +(K] K|o.Ch(QQ)s(q9)s|xe2)
singlet (IR div.) octet (UV div.)

IR divs in color-singlet must match UV-divs in the color-octet

How to verify this ?

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

if yes: (K] K|a,Crh(QQ)s(dq)s|xc1) = MK K|asCrh(QQ)s(dq)s|xc2)

\ 4

HQS-symmetry breaking corrs
Alxer = K1 K] = )\ Alxe2a = KL K] + R5;(0) dc» * a2 (T — NT5) * ¢

D+ * oz?(Tl — XI) x ¢ IR-singularities must cancel in the difference!



Theoretical LAB: octet m.e. in the Coulomb limit

Charmonium & hadronic Coulomb limit M@ — o© A is fixed

Me S>> Mot > mev® ~ A mg > mqQv > va2 > Ay

ultrasoft d.o.f. are non-perturbative ultrasott d.of are N e

end-point region x ~ v > A/m,
end-point region z ~ A/m. P 9 /

final hadronic state can be described
in terms of LCDAS (collinear factorisation)

NRQCD + SCET

"nonfactorisable” “factorisable” because v* > A/mqg

(K} K|asCh(CC)s(dq)s|xer) -> (K} KasCr(QQ)s(79)s]xQ.7)

the overlap mechanism of singlet &
octet contributions can be studied in pQCD

This idea is already used for analysis B — K 4 charmonia
Beneke, Vernazza, NPB, 2009



Octet matrix element in the Coulomb limit

Coulomb: v*> A/mqg (KT K|asCh(QQ)s(@9)slxqs) ~ v*(A/mg)?

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

soft QCD A2




Octet matrix element in the Coulomb limit

Aloy ~ arlmer?iautme) (-1’27 [ @A Rgy(a) A

(1+Iny)

Mg — My) Py (1/ d:c/ dy B —maly +2)= A%l (R

T~y ~ v

IR finite!



Octet matrix element in the Coulomb limit

UV-limit: octet amplitudes in the endpoint region

/R21

Aflgy ~ asmav)as(me) (—1)727/2 f @A R, (8) A

ey L1 4 = T ¥ (1+lny)
X (i q)¢K1(1)/0 d/o ay (B — mq(y + z) — A%fmg + ie]?

T ~ Y — 00

IR-limit: singlet amplitudes in the endpoint region

1+ Iny

1 )
Alxe; = K3 K| ~ RS, (0)a2 (mg —myg) e (1 dx/ dy
[X J K ] 21( ) ( Q) K_L( ) ey 3 [y+(1_$)]2

—> UV and IR divs match each other



Phenomenology y.; — K*K

HQSS breaking corrs AA
A[Xcl — K_T_K] = )\A[Xc2 — K_T_K] + RIQI(O) ¢K* x O‘g(Tl _ >\T2) x ¢K

IR-divs cancel as it must be

Ay | = (7.0£1.5) x107®  can be fixed from data X2 — KK

AA=(-1.6+02) x10~3  HQSS breaking corr.s, real

Neglecting HQSS 1

breaking corr’ Alxer = K1 K| = /2 Alxc2 = K1 K]
F[XCQ P K*K]
then Ry, = ~ (0.55 Reyp = 0.30 £ 0.13
L F[Xcl S K*K] v

BESIII, PRD 96, 2017
BESII, PRD 74, 2006



Phenomenology x.;s = K*K

Ay = Az ]. | = (@01t AA=(-16+02)x10* real
unknown phase
Bl KPK] 0.55
T T — K°K] 1+ 0.650+ 0.10
0.50 W Theory The interference of

- Ayand AA is numerically
important

However large exp. errors
dont allow one to get a
- reliable estimate for the
phase 0




Conclusions

The octet contribution naturally arises if the singlet one is IR-divergent

In exclusive amplitudes these IR div.s are the endpoint collinear singularities
(collinear factorisation is violated by soft overlap)

The octet m.e.s are not factorisable but HQSS can relate them that is
helpful for a phenomenological analysis

Obviously, octet contribution is more sensitive to the long distance part of
the quarkonia wave function and can be considered as a potential dynamical
source violating of the "13% rule”.

Phenomenology indicates that the octet contribution gives probably

dominant contribution in Xcg — K™K

Can it help to understand pmr-puzzle? The work is in progress ...

%@m 7



Additional slides



Endpoint domain as colour-octet contribution

collinear region endpoint region z—0,y—1
<Kz, Iyl in reality z~1-—y~A/m,
T=l—=x

usoft exchange between all sectors!

NRQCD I~mgv* = v~ A/mo

consistent power counting



Octet matrix element in the Coulomb limit

octet (K K|a;Ch(QQ)s(3q)slxqs) ~ v*(A/mq)®

i p
»Cint = /dFOT(F gE)S ~ U
does not depend ” 1 -
on HQ spin! XQJ(BPI) % m%: : e — a5 = Ul
| il — mol(E=t)
-k

(K1K]...|XQs) ~ as(mgv?)as(mq) f ARG (A) tr [Pl Vus(A)

1 o)
5 /1_5@; / " / BAGA N E—1y,) [(ms —mg)1 + Ing)dh (1)]

2 2

0 = 00 yr~v 1= ooy



Octet matrix element in the Coulomb limit

(K1K|... [xqs) ~ as(mgvd)as(me) / A RS (A) 41 [Pra] Vas(A)

1 0
y /1_5d:1: / o / BAGR, A E—1y,) [(ms — mg)(1 + Ing)d. (1)]

> 0 = 00 yN’Uz 1—:L'~’U2 lgzmQ(ery)

UV-limit

The Green function
5(A — A)
E — lo g &2/771@

EEATATE ) ) = L (m)° £ GUrEN SN

gives UV-regular terms only

Obvious simplification

1
E —mg(Z +y) — A2/mg)?

Via(A) / e (e



Octet matrix element in the Coulomb limit

UV finite Im phase from the in pole G¢

- i b 1 +1ny
R A RS A/ d/ d
AJ|UV / 21( ) y XL g y[E—AQ/mQ—mQ(Qj+y)—|—Z€]2

~ —iw/dSAlégl(A)(l +1In[E — A% /mg))0(E > A% /mg)

Im part is UV-finite as it must be

Im part is sensitive to the region A? <mgFE

o it oY, 1671"')’BA 2 1
RQl(A) o RZl(O) (AQ +,7123/4)3 = 2mQa~SCF




