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Introduction: QCD factorisation

QCD factorization <=> effective field theory approach

Two scales: hard and soft Q2 > A2 hadronic scale

A/Q small A(Q?) ~ H(Q?) * S(A)

Hard part is defined by a hard subprocess pj ~ Q°

2\ TLO 2\ YNLO
HQ)=Q " {hLO (ln %) + hnLo as(Q7) (ln F) + O(ag)}

is the model independent QCD prediction (!)

: : —2n
scaling behavior () which can be checked by experiment

Log corrections can be systematically computed in pQCD a,(Q?) ~In"" Q*/A* < 1



Introduction: QCD factorisation

QCD factorization <=> effective field theory approach

Two scales: hard and soft Q%> Agch

() — o0 A(QQ) ~ H(QQ) x* S(A)

Soft part is associated with a soft subprocess p; ~ A”
defined as a matrix element in QCD

process independent (universality)

can be estimated only in the framework of
some nonperturbative approach

or
can be constrained from the experimental data



Gamma-f. transition Ff’s

sl )

flavor mixing in SU(3)

T[fs] = 185MeV

Br|fs — ] ~ 85%

assignment of known mesons to quark-model states
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Y f2 transition form factors ~*(q)v(¢) — f2(1270)
There are 3 amplifudes = transitions FFs
T — i [t e (P () (0)}10) = T + T 4 TS
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/)2 TO(Q2) ;

(2qq
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v YL o v 1 v o
Téu = egéﬁ) [glugf_ % 595{ (2qq/)2 (q B C]/) ((] = q/)B TQ(QQ)

qugfy =¢q,9) =0 transverse q & q’ —q2 = Q2 > ()



Y f2 transition form factors 7" (9)v(d) — f2(1270)

There are 3 amplitudes = transitions FFs

g o) 5(0) Y (0)y(E) = f2(F) Y (F)v(E) = f2(F2)
To(Q7) T1(Q?) T»(Q%)
A R (2|T0(0)|2 4 \TQ(O)P) — 3.03(40) keV
D NS
FAZO

(@ Bl To(0)| < |T2(0)] Belle 2008, Uehara et al

N =2
F’Y’Y

T5(0)| ~ \/% I'| fo — vv] = 339(22) MeV



Y f2 transition form Factors
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T»(Q%)

f2 transition ¥F's in pQCD

1q(*So))

‘:O—»fz(o) twist-2 distribution amplitude
q(* So)g(+£)) qq(* Py))

E}* 1BlEs) A ‘:O—fz(i) twist-3 DAs

twist-3 twist-3 Kkinematical

9(%) 52)) 7q(" D2))

| sz+ f2(£2) :O+ o

twist-2 twist-4 kinematical




Light-cone distribution amplitudes

xp
} D / d°k1 VY ps(z, k1) = oz, 1)
(1 —gj)p k1| <p

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

1
\ch(150)> <f2(p)w(z)7é¢(())|()> ‘Z—:ZJ_:O N/O dx e’ia:z_|_p_¢2<x”u)

Vi=Vy L Vs

Lt is the factorization scale (renormalization of the operator in QCD)

multiparticle states: qqg

suppressed by powers of 1/Q:
qq with orbital momentum



gamma-f2: To

To(Q%) glealaiGa) o fo(0) . O—f 17q(*So))

T0(@) = () [P E () = A+ a0 + A0

simplest model  ¢2(z) = 30z(1 — )(2z — 1)

ST 1 S i oy 2_(\)x
normalization constant §<f2(P, AN)|g [%ﬂ D+t DM} a0 = e

Aliev, Shifman 1982 (QCD SR, TM dom.)
Terazawa, 1990, Suzuki 1993 (TM dom.)
Cheng, Koike, Yang 2010 (QCD SR, TM dom.)

fu(1GeV) = fi(1GeV) = 101(10)MeV

fs(1GeV) =~ 0

for comparison

E—iBuely  f,=221MeV.  f, = 198Mey = a=nliblictg



To(Q?)

NLO & LLog resummation bt 0000
involves gluons 1 A

Gluon DA:  [g(£)g(F)(*So))

1
(Fa(P )22 25 G ()G (0)]0) o —sy —o ~ / dz €7+ §5 (z)

simplest model ¢ () = f;m?302*(1 — )

normalization constant

A =)

« a a & A)*
<f2(P7 >\)|Z ZBGa,u(O) BM(O)|O> |Z—:ZJ_:O e _f;mQZ Zﬁe((lﬂ)

expected to be small for qq mesons at low normalization



gamma-f2 To FF: coupling to gluons

rich gluon process Y(1S) = vfz My =9.5GeV mp ~ 4.5GeV

v Br{Y(18) = fo] _ 64m a2(dm}) o (e e
T s Br[YT(15) — eTe™] S Q i M% m%

\ 4

QCD evolution mixes fq and f

therefore this result compatible with >

fgs(l GGV) ~ ( g 60

i.e. the meson only consists from
quarks at low normalization point




gamma-fz TO ff target mass soft overlap
effect LCSR approach

/ /
To=5(f) - 28 (20 + 2265) - 555 + TEOQ)

LO NLO: g+g power suppressed

0.5+

data BELLE 2015
3GeV? < (9% < 30GeV?

0.4 -

T(Q%) .,
T5(0) :

0.2 it seems that the value of f,

IS overrated ...

idea: to extract
normalization from

eTe” =" = fo+y

q> ~ 100GeV?



T1(Q?) ; qa(* Py)) Ga(*So)g)

YL asaAAN— ANNN—
Tl(Q2) v (0)v(£) — f2(F) A O— Amm‘()—

DAs of twist-3:
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0 v s (v
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Wandzura-Wilczek part



gamma-f, To FF

T(Q%) = 5 () [1 4 4G + (w5 — )]

16

p=1GeV  (s=015(8) ws=-02(3) & =00601) QCD SR

T1(Q?)

15(0)

03"
02"

0.1

0.0"

data BELLE 2015

3.5GeV? < ()7 s 24GeV?

power corrections are
expected to be negative

it seems that the value
of fq is overrated ...



gamma-Fz T, fF
T»(Q%) Y (F)v(E) = f2(F2) by \ O_

99(°S2)) qq(* D2))

one more gluon DA of twist-2: do not mix with quarks!

1

99(°S2))  (f2(P)|2*2" Gagu(2)Gpu3 (0)10)] s =z =0 = ffe{iy}/o dz e"P="+ ¢ ()

simplest model ¢, (z) = 302%(1 — )° unknown parameter fT
|QQ(1D2)> i A2 2
(B(PIFETD (1, Dipt@I0) ~ 5z =B~ gtfa +...

QCD EOM



gamma-fz T, FF

LO lDz quarks

T2(Q2) <fq>

3 Q2

data BELLE 2015 3.5GeV? < Q? < 24GeV”
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virtual c-quarks, small

20mT, 5 as(Q%) 8 /




gamma-Fz T, F

virtual c-quarks, small

20 m? 5a5(Q7) T[ 8 ; /
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Scaling behavior

To(Q?) Q*m?  |T1(Q?)

2
Fr (@) = \/g

good scaling behavior for Q%>4-5 GeV?
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One more way to use tensor coupling:
glueball production

Yy —> WOG(2++)

do. [1YG(2TT)] 1 s+m? , —— _
wdcos@ T 64r 82 (‘A++|2+|A+_|2)

M(0, £2)

all terms are
0 of order Qg

Aypy s y(E)y(E) - M(£2) only tensor gluons

Aiz :y(£)y(F) = M(0) quarks & scalar gluons



Predictions & evidence for glueballs

Lattice

(Morningstar,
Peardon, 1999)

12

10 +

0" I
2" w3 D
0 —

scalar glueball

++



Predictions & evidence for glueballs
Experiment  Bgs III Ablikim et al, PRD 93(2016)

TABLE 1. Mass, width, B(J/¢Y — vX — ~v¢¢) (B.F.) and

significance (Sig.) of each component in the baseline solu-
tion. The first errors are statistical and the second ones are

systematic.

Resonance M(MeV/c?) I'(MeV/c?) B.F.(x10™*)  Sig.

£2(2010) 2011
£2(2300) 2297
£2(2340) 2339

first observed in 7w +p — @oon
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Etkin et al, PRL(1978), PLB(1985), PLB(1988)

PDG
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Predictions & evidence for glueballs

Experiment  BES III, Ablikim et al, PRD 93(2016)
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Predictions & evidence for glueballs

Experiment
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f2(2300)
M = 2297 + 28 MeV

[' =149 £ 40 MeV

Glueball or qg-state ?



Glueball cross section at large energy

daw[WOGz] 1 s+ m? g 8 40
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Angular dependence
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Angular dependence
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Angular dependence

frfs
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. GeVO nb

; do
dcos6

Glueball cross section

—03 -0.2 -0.1 0.0 0.1 0.2 03
cost

; do

. GeV°l nb

dcos0

,,,,,,
~ -
~a -
~ -
L S e
~~~~~~
r i e B
————————————————————

| & |u| > 2.5 GeV?

tensor channel is dominant



Can one measure the glueball cross section
in BELLE II?

do[yy — 7°G2(2340) — 70 ¢]
dcosf

Comparison with BELLE data 77— 7  Uehara et al. PRD 79 (2009)

s = 13GeV2 |t/ & |u] > 2.5 GeV?

200 fT — 100 MeV
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Conclusions

® (QCD predicts the scaling behavior of they"y — f2 form factors

® The QCD predictions are in agreement with BELLE data. More precise data
IS required in order to better constrain meson DAs

® Production of tensor glueball at large energies and momentum transfers
in QCD vy — w°G(21™1)
Dominance of the tensor polarization

Direct coupling to gluon wave function
(no quark mixing, model independent)

Probably, can be observed in BELLE II

/ ou!



