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® hadronic physics: lead to constraints on Yy transition FFs of qg and more general
meson states
® field theory: provide a model consistency check, give insight into non-perturbative

properties of fields dynamics



Outline

® YY sum rules: basic principles
® pair production in QED
® photoproduction of mesons

® conclusions & outlook

V. Pascalutsa, V.P., M. Vanderhaeghen :

Phys. Rev. D 85, 116001 (2012)
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7
expand the left-hand side and right-hand side of /
in powers of s and match them at each order N

>\

( virtual photons: )

® 8 response functions: OTT, TTT, T7. OTL, OLT, OLL, TTL, TF,
® low-energy expansion up fo the order of O(s%) : 6 new structure constants
enter

® the sum rules can be define only for the case of one quasi-real photon
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QED of point-like spin-1/2 particle: —— ~
—_1__ LO ANAN—— N
(2=‘/}i7ua#¢_m‘p¢_ZFqu“V—elﬁY“¢AuJ T } }{(
YY— X response functions: - - —/
( - )
o) +01] = a’8m s 3 1 Q—% 2 4—mZ 4+ 2 1+4m2 8m4_|_QL11 L
e T (s+09)3 g s s S E | '
(o) — 01 ] — o287 s° 2m?* N Q1 N 8m? ((m? . Q? ,
I=0Llg3=0 = (s+07)] Tt : —+

(00 — 02] - o8 ,330_% 21@,_
e (s+Q2%)> s s | [

1
_ZULT
L Y1 102=0

1
TTL
Q102 | g2-0




0

oo

[ as

S0

1

(s + Q%)

The sum rules

92~ 00lz-0 O=Jd5 (s +03)?




0

oo

[ as

Y

1

(s + Q%)

The sum rules

[02 = 00]p2-0

v
Q;=0

Q% - arbitrary
J




The sum rules

Q% - arbitrary
J

| Iz

(hold exactly at Jrree-level!l




S0

[02 = 00]p2-0

o- [
(s+ Q%)

The sum rules

~\

y

|
=TT T0
@) (8, @)
LI L B B B B B R R B |

s/(s+Q%)-7%,-m%/a’

I
—
(92}
T 1 7 T .1

|
A
@)

500

%) 5 N
1 (s+Q7)
O=| ds > |+ oL + Ty

(s+ Ql)2 Q10> 02=0

SO 2— V|

B _J

\'%4

2.0r
= 1.5}
= i
= 1.0:
i [
N -——05
AN L
d i
+  0.0f
» j
> :
—-0.5
L0k

500



The sum rules

———— - )
ﬂ) d ! 1 F) st - {o +0 +(S+Q%) a
= | ds 02 — 00]p2_ = I+ OLT U
J (s+ 07 (72~ %lag=o J T s +0}y7 0102 ],
___S0_ y, 0 J
Oo dominates at lower 0. dominates at higher
energies energies

0.5r 2.0r

NE:3 0.0F e 1.5

~ : S :

N i 5 :

£ _ = 1.0}

A mmEe ] = |

-~ i N -——05

= : a I

“&3 = Lo d :

$ : E 0.0 3
o —1.5:' @ -0.5

e 2.0 [ 1 1 1 1 1 _l.o 1 1 1 1 1
5 10 50 100 500 5 10 50 100 500
s/m2 s/m2



The sum rules

o T 0 - N\
( Jd . [ ] (O st : {0 +0 +(S+Q%)TG
0= S 02 —00]p2_ = 5 | LT TL
2 Q5=0 2 010
A (s+ Ql) 2 B 7 A (s+ Ql) 12 O§=(j
Oo dominates at lower 0. dominates at higher |
energies energies at larger Q¢ higher energy

contributions are required

T 2.0t ’
L - Iy
I I iy
& olof; TMEEE G W --- Q°=-m°
N\ [ Q ll/\ 2
£ ;_ NE 1.0} I,'I \ et ) =0
s ot I o I J 2 2
= T = 05f g L Q=
(qV] [ i
~-1.0} / d i
CammmEl ':\\ Y, Q0 F 00t -\
(7p) T (] ~— I
CAmmLEl I‘./I' mmm NI LaRELE: N\
4 L BN
[ \_I ‘s_a’
~2.0 11.0 :

5110 50 100 500 : 5 10 50 100 500



Tree level: spinor QED
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Tree level: spinor QED
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Tree level: spinor QED

linearly polarized cross sections:
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Tree level: spinor QED

linearly polarized cross sections:
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Meson production in Yy collision

® two-photon state: produced meson has C=+1
i ® when both photons are real < final state is forbidden
TETe (Landau-Yang theorem);
the main contribution comes from J=0: O+ (pseudoscalar)
and O** (scalar)

and J=2: 2** (tensor)

® the SRs hold separately for channels of given intrinsic quantum numbers:
isoscalar and isovector mesons, cc states
® input for the absorptive part of the SRs: yYy-hadrons response functions,

can be expressed in terms of Yy—M transition form factors

= T - .
( Yy— M(s) ~ (2 +1)1672 ﬂ&(s 2 2 ) rneson contribution to the cross.sec’flon
mpy in the narrow-resonance approximation
‘ ma’ .
My (P) = Tm IF Aty*y+ (0, 0)] two-photons decay rate for the meson




Meson production in Yy collision: I=0

the SRs applied to the

I=0 channel n. N, FOI FO ’ FZ, FZ



O+

O++

D++

~ o T R 4 o A
‘ 1 1 ds
the S?joafﬁgrel:el’ro the 0= J d5(5+0%) [0o — 00]05:0 c1xcr = 81'[J " o(s) £ o0.(s)
ot : y N 0 i y
mm Cyy [ € (02 - 00) c1 Ca W
[MeV] [keV] [nb] [10~%GeV™4] [10~4GeV™4]
n 547.853+0.024 | 0.510+0.026 | —-191+10 0 0.65+0.03
n’ 957.78 £ 0.06 4.29+0.14 —300+10 0 0.33+0.01
f0(980) 980+ 10 0.29+0.07 ~19+5 0.020 £ 0.005 0
f4(1370) 1200 — 1500 3.8+1.5 —91 +36 0.049 £0.019 0
2(1270) 1275.1+1.2 3.03+0.35 449 + 52 0.141+0.016 | 0.141+0.016
f4(1525) 1525+5 0.081 £+ 0.009 7+1 0.002+0.000 | 0.002=+0.000
f2(1565) 1562 +13 0.70+0.14 56+ 11 0.012+0.002 | 0.012+0.002
Sum —89+66 0.22+0.03 1.14+0.04
Yy

Meson production in Yy collision: I=0




Meson production in Yy collision: I=0

the SRs applied to the
I=0 channel
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ds
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=
8m | s

> o(s) £ 0.(s)

M [ [ £ (02 - 00) c1 C2 )
[MeV] [keV] [nb] [10=%GeV—4] [10~%Gev—Y]
0+ n 547.853+0.024 | 0.510%0.026 | =191+ 10 0 0.65+0.03
n’ 957.78 £ 0.06 4.29+0.14 —300+ 10 0 0.3 01
f0(980) 980 £ 10 0.29+0.07 ~19+5 0.020 £ 0.005
(i £4(1370) 1200 — 1500 3.8+ 1.5 Z91+36 3 0.049+0.019 0
f2(1270) 1275.1+1.2 3.03£0.35 449+£52 ) 0.1414+0.016 | 0.141+0.016
D++ £5(1525) 1525+5 0.081+0.009 7+1 0.002+0.000 | 0.002+0.000
f2(1565) 1562 +13 0.70+0.14 56+11 » 0.012+0.002 | 0.012=+0.002
Sum —89 + 66 0.22+0.03 1.14+0.04
v,

® helicity difference SR: the contribution of n, n’ is entirely compensated by f2(1270),
f2(1565) and f»(1525)

® dominant contribution to low-energy LbL scattering constant c. comes from n, n’

and f2(1270)
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Charmonium states

above DD threshold:

charmonium spectrum ® plethora of new states
® ? nature: molecules, tetra-quarks, hybrids,...

7
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1 1

lower energies:
® well understood narrow cc states
® only 2 remain to be observed



Meson production in Yy collision: cc mesons

(0] r _—OO
the SRs evaluated for 1 1 (ds
L 0= ds [02 —00]p2- Ci1xC2 = o)(s)xo0.(s)
2 QZ 0 2
cc states (s+0Q7) 8m ) s
S0 W N 0 _
f ds V 4 \
mu Cyy — (02 —00) C1 C2
[MeV] [keV] [nb] [1077GeV™4] | [1077GeV~4]
=t nc(1S) 2980.3+1.2 6.7+0.9 ~15.6+2.1 0 1.79 +0.24
Ot Xco(1P) 3414.75+0.31 | 2.32+0.13 —3.6+0.2 0.31+0.02 0
21 Xc2(1P) 3556.2+£0.09 0.50+0.06 3.4+0.4 0.14+0.02 0.14+0.02
Sum resonances —-15.8+ 2.1 0.49+0.03 1.97+0.24
duality estimate
continuum (/S = 2mp) 15.1
resonances -+ continuum -0.7+2.1
Y




Meson production in Yy collision: cc mesons

(0] ( _—OO
1 1 ds
the SRs_ evaluated for 0= | gs (05 — 00 2 1ty = o1(S) £ 01 (S)
2 Q5=0 > Y
cc states (s+0Q7) 2 8m ) s
S0 N >0 _
f ds \/ —\ \
mm Cyy | % (02— 00) C1 C2
[MeV] [keV] [nb] [1077GeV™4] | [1077GeV~4]
=4 nc(1S) 2980.3+1.2 6.7 +0.9 ~15.6+2.1 0 1.79 £ 0.24
Ot Xco(1P) 3414.75+0.31 | 2.32+0.13 ~3.6+0.2 0.31+0.02 0
2+t Xc2(1P) 3556.2 + 0.09 0.50+ 0.06 3.4+ 0.4 0.14+0.02| 0.14+0.02

Sum resonances (—15.8+2.1>)| 0.49+0.03 1.97+£0.24

duality estimate
continuum (/S = 2mp) 15.1

resonances -+ continuum —-0.7x2.1
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Meson production in Yy collision: cc mesons

00 ] (" T oY
the SRs_ evaluated for _ J ds [02 = 00l g2 1ty = 1 J dzs o1(S) & 01.(S)
cc states (s+Q 2 8m | s
50 y 0 .J
mu o % (02 - 00) c1 %
[MeV] [keV] [nb] [1077GeV™4] | [1077/GeV™4]
Nc(1S) 2980.3+1.2 6.7+0.9 —15.6+2.1 0 1.79+£0.24
Xco(1P) 3414.75+0.31 | 2.32+0.13 —3.6+0.2 0.31+£0.02 0
Xc2(1P) 3556.2+0.09 0.50+0.06 3.4+0.4 0.14+0.02| 0.14+£0.02
Sum resonances (-15.8+2.1>| 0.49+0.03 1.97+0.24
duality estimate
continuum (/S > 2mp) 15.1
resonances -+ continuum —-0.7+2.1 )

unmeasured sizable contribution from states above the nearby DD threshold sp=14GeV?



Meson production in Yy collision: cc mesons

~ e
the SRs evaluated for 1 (ds
r cixcr= > 01(s) £ aL(s)
cc states 8m ) s
SO J
mpy Cyy f% (02 — 00) C1 C2 W
[MeV] [keV] [nb] [1077GeV™4] | [1077GeV~4]
O+ nc(1S) 2980.3+1.2 6.7+0.9 ~15.6+2.1 0 1.79+0.24
Ot Xco(1P) 3414.75+0.31 | 2.32+0.13 ~3.6+0.2 0.31+0.02 0
a4 Xc2(1P) 3556.2 + 0.09 0.50+0.06 3.4+0.4 0.14+0.02| 0.14+0.02

Sum resonances (—15.8+2.1>)| 0.49+0.03 1.97+£0.24

duality estimate
continuum (/S = 2mp) 15.1

resonances -+ continuum —-0.7x2.1

unmeasured sizable contribution from states above the nearby DD threshold sp=14GeV?

- NEBEEESNERRSRREE.
quark-hadron duality: replace the integral of the cross section for the yy—X process (X -

hadronic final state containing charm quarks) by the corresponding integral of the helicity-
difference cross section for perturbative yy—cc process

J
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Meson production in Yy collision: cc mesons

4 )
the SRs evaluated for 1 (ds
r cixcr= > 01(s) £ aL(s)
cc states 8m | s
SO _J
( 2 St
mpy Cyy f% (02 — 00) C1 C2 W
[MeV] [keV] [nb] [1077GeV™4] | [1077GeV~4]
O+ Nc(1S) 2980.3+1.2 6.7+0.9 —-15.6+2.1 0 1.79+0.24
O+* Xco(1P) 3414.75+0.31| 2.32+0.13 —3.6+0.2 0.31+0.02 0
2+t Xc2(1P) 3556.2 +£0.09 0.50x0.06 3.4+ 0.4 0.14+£0.02 0.14+0.02
Sum resonances (—15.8+2.1>)| 0.49+0.03 1.97+£0.24
duality estimate
continuum (/S = 2mp) 15.1
resonances -+ continuum —-0.7+2.1
)

unmeasured sizable contribution from states above the nearby DD threshold sp=14GeV?

A NESSEENRERRSEREE.
quark-hadron duality: replace the integral of the cross section for the yy—X process (X -

hadronic final state containing charm quarks) by the corresponding integral of the helicity-
difference cross section for perturbative yy—cc process )

o0 - interplay between production |
(Iconts [ dszlo2-00l(yy = X)~ [ ds%[az—oouw—»cé)] of c¢ states and charmed
SD SD

m€SOn$ y




Meson production in Y'Y collision

le one photon is virtual Q:°, second photon is real or quasi-real
JPC Q22=0:

axial-vector mesons 1** are also allowed if one of the

Q4 photons is virtual Yy —fi(1285) / fi(1420) measured L3 Coll.



Meson production in Y'Y collision

2
8 Q1 one photon is virtual Qi second photon is real or quasi-real
jPC QZZZOI
» axial-vector mesons 1** are also allowed if one of the
Y Q 22 photons is virtual Yy —fi(1285) / fi(1420) measured L3 Coll.
% 1 (s +02) ) sum rules involving longitudinally
0=Jd5 55 |:U||+ULT+ 0 Ol T, polarized cross-sections: cancelation
o (s+0Q1) b Q§=0J mechanism between scalar, axial-vector

and tensor mesons



Meson production in Y'Y collision

2 MR ; :
8 Q1 one photon is virtual Qi second photon is real or quasi-real
jPC QZZZOZ
» axial-vector mesons 1** are also allowed if one of the
Y Q 22 photons is virtual Yy —fi(1285) / fi(1420) measured L3 Coll.
00 - : : . )
1 (s+02) ) sum .rules mvolvmg Iongl’rudlna.lly
0= | ds 55 | Ol + oL + 010 T+, polarized cross-sections: cancelation
S0 (s+Q1) ik Q§=0J mechanism between scalar, axial-vector
and tensor mesons
ds 1 Tr = )
mpy Cyy S_ZUII(S) fds [E 01%2i|o_2=0 fds [ 201+ 50102}02 =0
[MeV]| [keV] [nb / GeV?] [nb / GeV?] [ni)’é GeV?]
f1(1285) | 1281.8+0.6 3.5+0.8 0 —-93+21 —93+£21
f1(1420) | 1426.4£0.9 3.2+0.9 0 -50+14 —50+14
fo(980) 980+10 0.29+0.07 20+ 5 0 2
f4(1370) | 1200 — 1500 3.8+1.5 48 £19 0 48+19
f>(1270) | 1275.1+£1.2 | 3.03£0.35 138+ 16 >0 138+ 16
f;(1525) | 1525+£5 | 0.081£0.009 | 1.5+0.2 >0 1.5+0.2
f2(1565) | 1562 +13 0.70+0.14 1242 >0 1242
Sum 76 £ 36
J

uncertainty: higher mass states or non-resonant contributions with axial-vector quantum numbers



Meson production in Y'Y collision

2
Q1 one photon is virtual Q:°, second photon is real
T or quasi-real Qz°=0
Q 22 at finite Q:° the SRs imply information on meson transition form-factors:

estimate for the f.(1270) tensor FF in terms of the n and n’ FFs and
for the a»(1320) tensor FF in terms of the 1° FF.
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Meson production in Y'Y collision

Yl Q7
I one photon is virtual Q:°, second photon is real
5 B i or quasi-real Qz°=0
it Q4 at finite Qi the SRs imply information on meson transition form-factors:
2 P
estimate for the f2(1270) tensor FF in terms of the n and n’ FFs and
for the a»(1320) tensor FF in terms of the m° FF.
1.0
| S — 2
2 —. f(1285), f(1420) 0= J go [02 — 00]p2g
. (s+0Q2) 2
0.6 / S0 /
o )
0.4 1 (s+0%)
O=| ds > o) +oLT + =
So OZ_O
0.2 . -
0.0t B
0 1 2 3 4 5



Thank You
for attention!



