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Transition form factors
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70 TFF: theoretical and experimental status

Pion transition form factor: available data
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@ The current experimental status of the pion transition form factor
(TFF) Fr, is rather controversial.

@ The measurements of the BABAR collaboration [Aubert et al. '09]
show a steady rise of Q2F.,, surpassing the pQCD predicted
asymptote Q2Fr, — /2y, f = 130.7 MeV at @2 ~ 10 GeV? and
questioning the collinear factorization.

Y. Klopot QFT@Limits: SF — HQ Photon-meson transitions and axial anomaly



Axial anomaly: real and virtual photons

@ Axial anomaly determines the 7% — v decay width: a unique
example of a low-energy process, precisely predicted from QCD.

(4]

The dispersive approach to axial anomaly leads to the anomaly sum
rule (ASR) providing a handy tool to study the meson transition
form factors — M — ~~* (even beyond the factorization hypothesis).

e 1
/ As(s, Q% m?)ds = —N_.C (1)
4m? 2m

(4]

Holds for any Q2 and any m?.

(4]

It has neither o corrections (Adler-Bardeen theorem) nor
non-perturbative corrections (t'Hooft's consistency principle).

(]

Exact nonperturbative relation — powerful tool.
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Axial anomaly

In QCD, for a given flavor g, the divergence of the axial current
Jl(fé) = §v,.7s5q acquires both electromagnetic and gluonic anomalous
terms:

2

8J5 —mqq75q+8 3

e2N, FF+—N GG, ()

An octet of axial currents

S = Z V5= f
Singlet axial current JF(L5 = %(E’y#’)ﬁu + dy,vs5d + 57,755):

\/§ozs

N.GG,
(3)

1 _
a*uff;) = —(myTysu + mgdvysd + ms57ss) + Zem 277 “CONFF +

V3
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_ASR . Corrections ' Miing Time like region and VRNRNNRR
The diagonal components of the octet of axial currents
3 “ z
J;(Ls) = %(U%%U — dy,7sd),

8 _ < _
J;(Ls) = %(u%%u + dvyusd — 257,755)
acquire an electromagnetic anomalous term only:

3 1 _ — Qem .
8#‘/;&5) = E(muu’}gu — mgdysd) + §C(3)NCFF, (4)

1 ) ~
aqufé) = %(muﬂ%u + mydysd — 2mg57yss) + ZL:C(S)NCFF~ (5)

The electromagnetic charge factors C(2) are
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ASR

Anomaly sum rule

The matrix element for the transition of the axial current J,5 with

momentum p = k + q into two real or virtual photons with momenta k
and q is:

T (k. @) = / o xd*yel ) (0] T{ 1o (0), (x)Ju (Y)HO):  (7)

Kinematics:
K =0,Q=—-¢
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ASR

The VVA triangle graph amplitude can be presented as a tensor
decomposition

Touw(k,q) = F1eappk’ + F2 €apwpq”
+ F3 ku€aupok?q” + Fa Queanupok”q° (8)
+ Fs ku€avpok”q% + F6 Queavpak”q’,
Fi=F(p*, K ¢*m’), p=k+q.
Dispersive approach to axial anomaly leads to [Horejsi, Teryaev'os]:

> 1
/ A3(S7 Q2; m2)dS = _NCC(a) ) (9)
4 27

m2

1
Ay = 5Im(F3 = Fe), N =3;

O = @@=t
c® :%(eﬁ+e§—2e§):3—\l/6,
cO = %(eﬁ +e2+e2) = %ﬁ (10)
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ASR

ASR and meson contributions

Saturating the I.h.s. of the 3-point correlation function (7) with the
resonances and singling out their contributions to ASR (1) we get the
(infinite) sum of resonances with appropriate quantum numbers:

1
S faFu, 7/ As(s, Q%5 mP)ds = 2N C), (11)
where the coupling (decay) constants f:
(02 (O)IM(p)) = ipafi; (12)

and form factors Fpy, of the transitions yy* — M are:
[ d M) T IAONO) = cuvprkia” Fir (13)

@ Sum of finite number of resonances decreasing F,(a/,s‘vymp(QQ) x %—
infinite number of states are needed to saturate ASR (collective
effect). [v.K.A.Oganesian,0.Teryaev, PLE 695 (2011) 130]
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Isovector channel: 7°

N ) _
18 = L(@ysu — dynsd), €O = Zi(e2 — &) = 345

@ 7% + higher contributions (" continuum”):

o 1
7Tf7-rF7r'y(Q2)+/ A3(5, Q2) = 2—NCC(3) (14)
S0 ™
The spectral density As(s, @) can be calculated from VVA triangle
diagram:
1 Q2
2
s 15
Al Q) = 2V2r (@2 + )2 (15)
The pion TFF:
1 SO
Frery (@) = (16)

2V27m2f so+ Q%
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20N 1 So
Fur (@) = 2V2m2f, S0 + @2 (17)

The limit Q% — oo + pQCD prediction Q?F,., = \/2f, gives

so = 4m?f? = 0.67GeV?

— fits perfectly the value extracted from SVZ (two-point) QCD sum rules
So = 07Ge\/2 [Shifman, Vainshtein,Zakharov'79].
— reproduces BL interpolation formulajgrodsky,Lepage’s1]:

BL 2y 1 1
) = e Ty @Ry 1o
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Corrections

Corrections interplay
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@ The full integral is exact
1 o0
or = | Aals.Q2)ds = le + e
2m 0
@ The continuum contribution /.op = fsjo As(s, @?)ds may have
perturbative as well as power corrections.

@ 0l = —6l.ont: small relative correction to continuum — due to
exactness of ASR — must be compensated by large relative
correction to the pion contribution!
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Corrections
Possible corrections to Az

@ Perturbative two-loop corrections to spectral density As are zero

[Jegerlehner& Tarasov'06]

@ Nonperturbative corrections to Az are possible: vacuum
condensates, instantons, short strings.

@ General requirements for the correction ¢/ = fs:O §A3(s, Q?)ds:
5=0
e at 5p — oo (the continuum contribution vanishes),
e at sp — O (the full integral has no corrections),
e at Q% — oo (the perturbative theory works at large @2 ),
e at Q% — 0 (anomaly perfectly describes pion decay width).

1 Aso Q2 Q?

I = 20X (In 1
’ 2v/2m (50 + Q2)2( "o ?) (19)
I P | Aso Q? Q?
= S mr mr e N T O
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Corrections
Correction vs. experimental data
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CELLO+CLEO+BABAR: A = 0.14, 0 = —2.43, x?/n.d.f. = 1.08
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n—n

Octet channel (n,7)

1, _ = _
S = 76(U’ya’ysu + dVa5d — 2574755),
o 1
/ As(s, Q% m?)ds = —N.C®), (21)
4m? 2m

1

c® = -
3v6

1
%(63 + e(21 — 2652) =
ASR in the octet channel:

1 S
8 2 8 2y 0
fn F’?’Y(Q )+fn’F7]"Y(Q )_ 2\/67T2507 +Q2 (22)

@ Significant mixing.

@ 77’ decays into two real photons, so it should be taken into account
explicitly along with 1 meson.
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n—mn'

1 jas
2ras _ 8) (8 0) £0 $**(x)
QF = 2(C )fn + ¢ )fn)/0 — dx, (23)
1 jas
2pas _ (8) £8 (0) £0 *(x)
Q2F2, = 2(COF + COf) /0 0 g, (24)

$**(x) = 6x(1 — x). Then the ASR at Q> — oo:

AT ((F8)2 + (£5)% + 2V2[fEf0 + £5£0]) = s (25)
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Q=0

The ASR takes the form:

fr?Fm(O) + fr?’ Fiy~(0)

RGa (26)

where

4FMHW

2,3
T my,

FM’Y(O) =
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n—n

Additional constraint - R} y.

The radiative decays J/W — n(n')y are dominated by non-perturbative
gluonic matrix elements, and the ratio of the decay rates

Rjjw = (I(J/V) = 0'~)/(T(J/V) = 1y) can be expressed as follows

[Novikov'79]:
016G )| (P’
Ripv = 2 <p_n> ' (27)
(01 GG |n) Pn
where p,y = My u(l—m2 /M3 ,)/2
1 —
O dis = ﬁ(muﬂ’ysu + mgdysd — 2ms37ss), (28)
1 _ 1 30[ =~
0 _ _ S
= —(m, d=d ——GG. (2
s \/g(m Uysu + mgdysd + msSyss) + 23 4r (29)
2
£8 4+ /20 A o\
Riv =\ 2o 770 <m_n> (P_n) ' 0
£8 + V/2£0 My Pn

From experiment this ratio is: R,y = 4.67 £0.15 [PDG 2015].
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Mixing
Mixing

Octet-singlet basis (of currents):

1 _ - _ 1 _ = _
J;(g) = %(UIYH’Y5U+d’YH’Y5d_2S’YM’Y5S)7Jl(lg) = %(UW%U-Fd%%d-FS’YM’YsS)'

(31)
O ©OIM(p)) = ipafi (32)
Matrix of decay constants (32)
8 f8 )
—( (33)
(54
® Octet-singlet (SU(3)) mixing scheme: f3f2 + fE£5 =0
B fgcosf  fgsinf
F( —fysin@ focosﬂ)' (34)
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For quark-flavour basis one explores the definitions of axial currents with
decoupled light and strange quark composition:

1 - < _
Jis = ﬁ(“%ﬁsu + dvasd), Jis = 57a7ss, (35)
S8 J9 cosa —sina
udy 5 _
(J25> =V(a) (JZ5> » V(o) = (sina cos « ) ’ (36)
where tana = /2.

@ Quark-flavour mixing scheme: [Feldmann Kroll Stech'97]

FIES + £F5 = 0.

_ focosgp fysing
Fas = < —qfssingb f:cosgb ) ' (37)
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A2 ((F8)% + (£8)* + 2V2[£2 0 + 5 £0]) = so (38)
1 S
8 8 o 0
fn FM(O) + fn/ Fn/fy(O) - Wm (39)
2
Ry — (220 (m)“ (@)3 (40)
v ) \my) \p, )
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Mixing

Octet-siglet scheme: mixing parameters

& f8 1.11 —0.42
n m —
( £ £ ) (0.16 1.04 )f”' (41)
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Mixing

ASR in octet channel (space-like region, @* > 0 (g° < 0))
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n,n" TFFs

Add the hypothesis: the TFFs of the state |q) = %(wu) + |dd)) is

related to the pion form factor as Fy,(Q?) = (5/3)Frr(Q?)
(numerical factor comes from the quark charges
(e2 + €3)/(e2 — e3) = 5/3). QF mixing scheme:

lg) = cos gln) +sing[n'), |s) = —sin¢[n) +sing[n’). (42)
Then one can relate the form factors:
5 .
3 Fry = Fyycos¢ + Fpysin g. (43)
Fo(Q?) = 5 sI(V2ficos—fysing) 1 sPsing (4)
m 1272f f, 583) + Q2 Am2f, 558) + Q2
Fro(Q2) = 5 553)(\/51‘5 sing + fycosg) 1 558) cos ¢ (45)
m 1272f, £, 563) + Q2 4m2f, 553) + Q2

where s = 47272, s&) = (4/3)m2(5f2 — 2£2).
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Mixing

1,1 TFF in the space-like region (Q* > 0 (¢* < 0))

Q?, GeV?
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Time-like region and V|

Time-like region: g°> > 0(Q* < 0) and VMD

The ASR for time-like g2 is given by the double dispersive integral:

o e (a)
/ ds/ dij’y), = N.C), a=3,8. (46)
0 0 y—q°+ie

The real and imaginary parts of the ASR read:

(a
p.v./ ds/ dyp = N.C), (47)
/ dsp(?(s, 2) =0, a=3,8. (48)
0
N.C®) s > pla(s,y) 1 0
ReFr\(q%) = S |p. / d dy ] = :
o) 272 fr [pv o o y—q? 2V2m2fy 50 — ¢

The TFF in the time-like region at g°> = s3 has a pole, which is
numerically close to the p meson mass squared, m> ~ 0.59 GeV? —
VMD model.
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Time-like region and V|

Fo(q?) = 5 53,(\/§I‘SCOS<;S—quin¢)+ 1 sgsing (49)
T T orfE, P— yrCr

For(q?) = 5  s3(V2fsing + fycosg) 1 sgcose (50)
") Do, P T ——h

s3 = 4m2f2, sg = (4/3)m? (517 — 2f2).
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Time-like region and V|

1 TFF in the time-like region vs. data
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@ Meson TFFs are unique quantities which link (seemingly different)
important ideas: axial anomaly, mixing and VMD model.

@ The ASR in the isovector channel gives the anomaly-based ground
for the BL interpolation formula for the pion TFF in the space-like
region, and for the VMD model in the time-like region.

@ In order to describe the BABAR data on pion TFF, ASR requires a
new nonperturbative correction to the spectral density. At the same
time, the BELLE data can be described well without such a
correction. This correction is absent in the local OPE and possibly
originates from instantons or short strings.

@ Mixing parameters of 7 and 1’ meson can be extracted from TFFs
using the ASR.

@ ASR in the time-like region of TFFs substantiate the VMD model.
Anomaly relates axial and vector channels.

. Klopot QFT@Limits: SF — HQ Photon-meson transitions and axial anomaly



Thank you for your attention!
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