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Multi-meson production

Important contributions beyond pseudo-=scalar poles

dispersive analysis for
TITT, TN, ... loops

Pauk,
Vanderhaeghen,
(2014)

Important ingredient: YY*— TTTT, TI, ...

Colangelo,
Hoferichter, Procura,
Stoffer, (2017)

JU
aTP + ), TRl HHE = —2.4(0.1) x 1071
no YYD KK, nn, 1tn (Belle: 07,08, 09,10, ..)

YY*—= 1111, TN (BESIII in progress)
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Observables in experiment ete™ — eTe
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Cross section

C=+l: [PC=0%+ 2+, ...

I

q% f— O 'T[’ T]
G =—Q°
Helicity amplitudes

(m(p1)m(p2)|T|v(q1, M)y (g2, A2)) = (2m)2 6 (p1 + p2 — g1 — q2) Haa,
H>\1)\2 — H'uyelu()\l) E,/()\Q), )\1 — :|:1, )\2 — :|:1,0

Y*

P symmetry: 6 * 3 independent amplitudes Hyy Hi Hyg
Cross sections orr = 7o’ 22 /dCOS 0 (|Hyt ]+ |Hy-|?)
4(s +Q7)

p(s
orp = 7'('0422(8_('_)@2) /dcos@|H+0]2

4



Unitarity & Analyticity

/
\

Partial wave expansion / \
o o

Hno(5,0) = ) (20 4+ 1) Py (5) 43, - x,,0(6) T(s,t) = Y (2] +1)ts(s) Ps(6)
J=0 J=0
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Unitarity & Analyticity
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Partial wave expansion
Imaz = 2 Imaz = 2

Hno(5,0) = ) (20 4+ 1) Py (5) 43, - x,,0(6) T'(s,t) = i(ﬂ +1)t5(s) Ps(0)
J=0 J=0

These “diagonalise unitarity’”’ and contain resonance information
Definite: J, i, Az

Im h’Y’Y*—>7T7T(S) — h?”y*—ﬁfﬂ'(s) 107T7T(8) t;kmr—nmr(s)

2 Im
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Unitarity & Analyticity
_—
5.

Partial wave expansion
Imaz = 2 Imaz = 2

Hno(5,0) = ) (20 4+ 1) Py (5) 43, - x,,0(6) T'(s,t) = f(ﬂ +1)t5(s) Ps(0)
J=0 J=0

These “diagonalise unitarity’”’ and contain resonance information
Definite: J, A1, A2

Im h’Y’Y*—>7T7T<S) — h’Y’Y*—>7T7T(8) IOWW(S) t;kmr—nrw(s)

2 Im

_ * £
Im Nty 2 (8) = P Byyr smm Gy + PEK Ny KK Ui gy T -

Analyticity relates scattering amplitude at different energies

h(s) = —— /C O /SL ds' Tmh(s') | /:O ds' Im h(s')

271 s’ — s T s —s T s —s

— OO th



Results for Q2=0

YY T T, 1107170 YY—T1n
60
350 - ] :
300 50 - T anis
: a2
250 - ]
E 200 < -
& T .
150 S
S 150 =
100 -
50 :
0 o .1.°. o o ]
0.8 0.9 1.0 11 12 13 1.4
Vs [GeV]
Coupled-channel dispersive treatment of fo(980) and ao(980)
s crucial |.D., Deineka,
" 2(1270) described dispersively through Omnes function Vanderhaeghen

(2017)

\/ a2(1320) described as a Breit Wigner resonance b b
6 (work in progress)




What has been done so far?

0*=0 Approach Inelasticit Number of fitted Range of
PP y g
parameters to o,mm applicability

[Hoferichter et. al. 2011]  Roy-Steiner nr 0 Vs <098 GeV

[Morgan et. al. 1998] Disp, Omnes o 0 Vs <0.6GeV

[Dai et. al. 2014] Amplitude anal. mn, KK >20 Vs <15GeV

[Garcia-Martin et.al. 2010] Disp, Omnes ar, KK 6 Vs <13GeV

[Current work] Disp, Omnes arn, KK 0 Vs <1.4GeV
mm, KK

0*+0

[Moussallam 2013] Disp, Omnes i, J=0 0 Vs 0.8 GeV

[Colangelo et.al. 2017] Roy-Steiner 7x, J=0) 0 Vs 0.8 GeV

[Current work] Disp, Omnes ar, KK,J=02 O Vs <1.4GeV
mm, KK

Only dispersive analyses are
shown
7



Kinematic constraints: Q2=0

2
helicity amplitudes  H, x, = eu(M)en(X2) Y Fi(s,t) L v Ward identities
=1 / free from kinematic constraints
W valid for m; = m;

Bardeen, Tung (1968)

|.D, Lutz, Leupold,
Terschlusen (2012)




Kinematic constraints: Q2=0

2
helicity amplitudes  H, x, = eu(M)en(X2) Y Fi(s,t) L v Ward identities

i=1 / free from kinematic constraints
S
H—I——I— = —5 Fl(S,t) J Valld fOI" mj * m»?
Hy =-2 sz sin® 0 Fy(s,t) Bardeen, Tung (1968)

|.D, Lutz, Leupold,
Terschlusen (2012)



Kinematic constraints: Q2=0

2

helicity amplitudes  H, x, = eu(M)en(X2) Y Fi(s,t) L v Ward identities

i=1
S
Hyt = —5 (s, t)

H,_ = —2sp*sin® 0 Fy(s,t)

p-w. helicity amplitudes

T d cos 6
hg\l)Ag:/ 5 d3, —2,,0(0) Hxpx,

" free from kinematic constraints
W valid for m; = m;

Bardeen, Tung (1968)
|.D, Lutz, Leupold,
Terschlusen (2012)

object free of kinematic constraints

1 dcosf
AP = =5 [ S5 PO Falst)




Kinematic constraints: Q2=0

2

helicity amplitudes  H, x, = eu(M)en(X2) Y Fi(s,t) L v Ward identities

i=1
S
Hyt = —5 (s, t)

H,_ = —2sp*sin® 0 Fy(s,t)

p-w. helicity amplitudes

T d cos 6
h(xl)&:/ 5 d3, —2,,0(0) Hxpx,

J S J
W) = =S (pa)” A (s)

W) = —25(pg)’ 2 (=28, AY 2 (s) + O((pg)?))

" free from kinematic constraints
W valid for m; = m;

Bardeen, Tung (1968)
|.D, Lutz, Leupold,
Terschlusen (2012)

object free of kinematic constraints

1 dcosf
AP = =5 [ S5 PO Falst)




Kinematic constraints: Q2=0

2
helicity amplitudes  H, x, = eu(M)en(X2) Y Fi(s,t) L v Ward identities

i=1 " free from kinematic constraints
S
Hyt = —5 (s, t) W valid for m; = m;
H_ = —2sp®sin® 0 Fy(s, 1) Bardeen, Tung (1968)
|.D, Lutz, Leupold,
Terschlusen (2012)
p-w. helicity amplitudes
3 d cos 0 object free of kinematic constraints
RS, = / 5 d3, —x5,0(0) Hx,x, : .
A(J) Eh

n

e (pq)J/dC;SHPJ(Q)Fn(S,t)

Born subtracted ampl. at small energies:

/\=O,JZO hS_J_i)_(S) . hS_J_?_’BOTn(S) ~ SJ/2—|—1 pJ

N=2,]=2 K (s) = AP (s) o 572 7
8



Kinematic constraints: Q2=0

2
helicity amplitudes  H, x, = eu(M)en(X2) Y Fi(s,t) L v Ward identities

i=1 / free from kinematic constraints
S
H, , = -3 Fi(s,t) ] valid for m; # ma
Hy =-2 Sp2 sin® 0 Fy(s,t) Bardeen, Tung (1968)

|.D, Lutz, Leupold,
Terschlusen (2012)

p-w. helicity amplitudes

B () / dcosf y (0)H object free of kinematic constraints
— )\1—>\2,0 >\1>\2

2 1 dcosf

Soft photon theorem

Low, Gell-Mann,

Goldberger (1954)
Born subtracted ampl. at small energies: /

/\=O,JZO hS_J_i)_(S) . hS_J_?_’BOTn(S) ~ SJ/2—|—1 pJ

N=2,]=2 K (s) = AP (s) o 572 7
8




Dispersion relation: Q2=0
Write unsubtracted dispersive representation for
Garcia-Martin et. al. (2010)

J J) Born
W) — A )

(hS_Jl (S) : hg_JzBorn(S))

= — 1

QJ (8) SJ/2_|_1 pJ QJ (S) SJ/ZpJ

left-hand cuts unitarity
5L 0 Sth s-plane
Helicity - 0, s-wave
Born SL — -
RO (s) \ _ [ hOP(s) rs0y(s) | L / ds' Qs(s) ™ [ Tm A (s')
kL (5) B (s) m)ow 8=\ ImELL(s)

1 [°°ds' TmQy(s") ™ [ WP (o)
Unitarity: 5> s,, T /Sth s 8—s ( (s )l
Im h(s) = h(s) p(s)t"(s)
Im Q(s) = Q(s) p(s)t™(s)



Kinematic constraints: Q2#0

helicity amplitudes Hy, po = €u(M)en(A2) > Fi(s,t) LY Tarrach (1975)
i=1 Drechsel, Metz et al (1998)

2 1 2p° 2 o 2
Hy, = (S+Q)<—§F1+TQ cos 9(F2‘|‘(3+Q)F3))
H, = (s—|—Q2) (—281n29p2 Fg)

H.y = (8 + Q2) \/@ sin 0 COSHpQ\/g(—ZFQ — (s + QQ)Fg)



Kinematic constraints: Q2#0

helicity amplitudes Hy, po = €u(M)en(A2) > Fi(s,t) LY Tarrach (1975)
i=1 Drechsel, Metz et al (1998)

1 2 p?
Hip = (s+QY (—5F1 +25Q% 0 0 (P + (s 4 Q) F3>)
H, = (s + QQ) (—2 sin? 6 p? Fg)
H.y = (8 + Q2) v/ Q2 sin 0 cos HpQ\/g (—2 Fy— (s 4+ Q%) Fg)
p-w. helicity amplitudes object free of kinematic constraints
1 d cos
d cos 0 Afz']) — / R DR (s
hg\{)AQ :/ C(Q)S di1—>\2,0(0) H,x, (p Q)J 2 J( ) ( )



Kinematic constraints: Q2#0

helicity amplitudes Hy, po = €u(M)en(A2) > Fi(s,t) LY Tarrach (1975)
i=1 Drechsel, Metz et al (1998)

H,, = (s+@Q° (—%Fl + ?cﬁ cos® 0 (Fy + (s + Q%) Fg))
Hio = (s+Q°) (—2sin’0p° Fy)
Hio = (s+Q7%) /Q?sind COSHpQ\/g (-2 F — (s+ Q°) F3)
p-w. helicity amplitudes object free of kinematic constraints
() = (s+Q*)p’¢? 2 _—% g2 A7 (s) + aﬂ—?Q (A7 7%(s) + (s + QY A3 2(s)) + ]
Y (s) = (s+Q%)p ¢’ 2 :_—2 By Ay 2(s) + ...]

(s+@Q%)p’ q‘”\/g V27 (~2A4]7%(s) — (s + QAT 2(s)) + ..

jFA

o=

VN
(V)

N—"
I



Kinematic constraints: Q2#0

3

helicity amplitudes Hy, po = €u(M)en(A2) > Fi(s,t) LY Tarrach (1975)
i=1 Drechsel, Metz et al (1998)

1 2 p?
Heyy = (s+Q? (—§F1 + %cﬁ cos2 0 (Fy + (s + Q?) Fg))
H, = (s + QQ) (—2 sin? 6 p? Fg)
H.y = (s + Q2) v/ Q2 sin 0 cos <9p2\/g (—2 Fy— (s 4+ Q%) Fg)
p-w. helicity amplitudes object free of kinematic constraints
1 d cos 6
d cos 6 AY) = / IR @) 5, )
hg\{)>\2 :/ 2 dil—AQ,O(g) H>\1)\2 6 (p q)J 2 B
(J) 2N o J J—2 1, J 2Q° J—2 2\ 4 J—2
hit(s) = (s+Q)p7 a7 | =53¢ Al(s) +ay—— (A7 (s) + (s + @) A3 7 (5)) + -
RO (s) = (s+Q)pT 772 [~285 AJ2(s) + .
2
o(s) = (s+Q%)p" ¢’ 72y % [\@w (—2457%(s) = (s + Q%) A3 %(s)) + }
Born subtracted ampl. at small energies:
P 8
]Ang) 1 0 0 hf)
A 1 1 1 1 1 Q2 J_
hg]) B (s +Q?)p’ ¢/ 2 B s+Q? V2y; stQ? YV s 0 hSLO)
1% _ar @ V2a, @ /@2 1 R
3 By sq? Y5 sq*V s q T

10



Kinematic constraints: Q2#0

helicity amplitudes Hy, o = €x(M)en(A2) Y Fi(s,t) LY Tarrach (1975)
i=1 Drechsel, Metz et al (1998)

H,, = (s+@Q° (—%Fl + ?cﬁ cos® 0 (Fy + (s + Q%) Fg))
Hio = (s+Q°) (—2sin’0p° Fy)
Hio = (s+Q7%) /Q?sind COSHpQ\/g (-2 F — (s+ Q°) F3)
p-w. helicity amplitudes object free of kinematic constraints
() = (s+Q*)p’¢? 2 _—% g2 A7 (s) + aﬂ—?Q (A7 7%(s) + (s + QY A3 2(s)) + ]
Y (s) = (s+Q%)p ¢’ 2 :_—2 By Ay 2(s) + ...]

(s + Q) p’ W@ V3 (~24573(s) — (s + QAT (5)) + .

Born subtracted ampl. at small energies:

J
R (s)

A=0,]=0  nl) (s) = n{") B (s) ~ (s + Q?)

A=2,)22 W) = RPN (s) = (s + Q7 pT 00
I



Kinematic constraints: Q2#0

helicity amplitudes Hy, o = €x(M)en(A2) Y Fi(s,t) LY Tarrach (1975)
i=1 Drechsel, Metz et al (1998)

H,, = (s+@Q° (—%Fl + ?cﬁ cos® 0 (Fy + (s + Q%) Fg))
Hio = (s+Q°) (—2sin’0p° Fy)
Hio = (s+Q7%) /Q?sind COSHpQ\/g (-2 F — (s+ Q°) F3)
p-w. helicity amplitudes object free of kinematic constraints
Bl(s) = (s+@Q%)p’d’ '_; ¢* Af(s) + aJ2—§2 (AJ72(5) + (s + Q)AL >(5)) + -
Y (s) = (s+Q%)p ¢’ 2 :_—2 By Ay 2(s) + ...]

Soft photon theorem

[O?2
(s + QQ)Z?J q’? % [\EWJ (_2Aé]_2(3) — (s + QQ)AEJ,’_2(3)) T Low, Gell-Mann,
/ Goldberger (1954)

J
R (s)

Born subtracted ampl. at small energies:

A=0,]=0  nl) (s) = n{") B (s) ~ (s + Q?)

A=2,)22 W) = RPN (s) = (s + Q7 pT 00
I



Dispersion relation: Q2#0

|.D.,Vanderhaeghen
Write unsubtracted dispersive representation for (work in progress)

Moussallam (201 3)

0 0) Born
) — )
s + Q2

05 '(s)

Helicity - 0, s-wave

(0) (0)Born
(150 ) = (45 )+ 0 8

++(8) ()

1/8L ds'  Qo(s’)™? ( Imﬁﬁf}r(
(

T) o8 +Q? s —s

1 /OO ds'  ImQo(s)~' [ n{O)P (o)
T Js,, S’—l—Q2 s/ — g k_(B_)'_BOTn(S/)

Coupled-channel Omnes function

Q) Q) >
Q s) = TT— T Tr— KK )
( ) ( QKI_(—HWT QKK—)KK



Omnes function 1=0, {T1TT, KK}

Coupled channel Omnes

() () >
Q s) = T —>TTTT mTn— KK >
( ) ( QKI_(—MTW QKK—)KI_(

TTTT = KK
300 20—mm—m——————————————7———— .
- { o _ Bounded p.w. amplitudes and
ol oo [0 ]F [3 dhpt Omnes at large energies
X S0l 111 )
£ 150} g
3 3 100}
S 100+ S
501 30 T(s) = Q(s) N(s)
0 0
02 1.00 1.05 1.10 1.15 1.20
Abs :
/ "N (s' . /
| N(S):U(S)+§/ ds/ p(s') (8)(/U(8) U(s'))
_ _ T Jr S s’ —s
;é N/D (SOIld) Q_l _q S ds’ ,O(S/)N(S/)
£ Roy eq. (dashed) ? () =1-7 /R s’ s —s
[

1I0 | 1|2 CheW’ Mandelstam Ck fitted tO EXP. data
Sl rceeieenell  and Roy Eq. solutions




Omnes function I=1, {TTN, KK}

Coupled channel Omnes

Q2 Q2 R
Q s) = T™TN—T1) mTn— KK >
() (f%m;mn QkroKE

100 ——— Bounded p.w. amplitudes and

Omnes at large energies

0 [deg.]

07 08 09 10 11 12 13

Vs [GeV] S o
e JW@=U@+§/“§MﬂN@§T? U(s)
0.8} : N s’ p(s')N (s
L 06! K Q7 (s) = 7T/RS, Y
04 |
0.2-I | | | . . 5 U(S):chf(s)k
07 08 09 10 11 12 13 -

Vs [GeV] C« matched to SU(3)
(2011), (2013) 4 ChPT at threshold



Poles in the complex plane

o i A
Unitarity: | sheet {(s)

IV sheet

th(s+ie) — t!' (s —ie) = 2ip(s)t! (s + ie)t! (s — ie)
tl(s — ie)
1 — 2ip(s)t! (s — ie€)

(s —ie) 27 (s + ie)

S$4

t! (s +ie) =

pi(s) = 2ki(s)//s

tII( )

1 — 2ip(s)ti(s) Sheet Im ki Im ko

|
|
| Z. il
SEma: [sll = 0.436(5) + - 0.357(40) GeV v

+1 0+
1+

f(80): . /s — 0.990(5) + % 0.033(20) GeV

20(980): ,/sIV = (1.1270:07) & %(0 281008) GeV



Left-hand cuts

Dispersive integral for |=0

RO\ R ) s+ Q(s'>1< h“”('))
(60 )= (Mo )+ [( )+ [ v Lmidlon

Q / ds’ ImQ(s')~! thJ)FBom(s’)
o (S/ + Q2)2 s’ — g k‘g_O_)FBorn(S/)




Left-hand cuts

Dispersive integral for |=0
RO (s) \ _ [((ROF(s) ) a s+Q* [t ds Q) mh ()
< ]{JE—:E):%__(S) ) — ( kE_E)_)'_Born( _l_(S‘I_Q )Q(S) |:( b ) + T o (S/+Q2)2 s/ — g Im]_CE_E_—)::(S/)
s+ Q

2/00 dS/ ImQ(S,)_l hS_O_)'_Born(S/)
m L GHQ@P w5\ 0

Scalar QED (pion pole contribution)
Y Y
Y W WV,

v Y* Y*
Fearing Scherer (1998)
Colangelo et.al. (2015)

Vertex TITTV*

<7T+Uu(0)’7r+ (p")) =+ p’)u F?T(QQ)

1
Fr(Q%) = T Q7T




Left-hand cuts

Dispersive integral for |=0

o ) (@) o ()
(o) = (G + o+ [( )+ [ v (milies

ds’
s’ _|_ Q2)2

Im Q(s')~*

S/

Q

[

— S

Scalar QED (pion pole contribution)

(

Vector pole contribution

h(O)Born ( /

)

v — w

WV MWV——
LV
AN
Fearing Scherer (1998)
Colangelo et.al. (2015) o> O
EZ@CVEMVQBF”V3Q¢VB oo Ty
Vertex TTTTV* 02 1 .
: Frw 2 /)2
(TGOl () = (0 + 1) F=(Q) M e
(Q2) 1 K* > KOy
Fr(@?) = —— T T QP
1+Q2/mM2

0.0 0.1 0.2 0.3 04 0.5 0.6



Form factors

Form factors (VMD):
data 1 1/2 1/6 1/3  data
= ——— == ———— , A%=05250.008, F = = A2 —0.760-0.081
Fr(Q)= 1+Q2 /m 14+Q2 /AL T . (@) 1+Q? /mf9 1+Q2 /m2,  14+Q2 /m? 5 1+Q2 /A2 ’
1.0 _-' """" + Ackermann et al. (1978) S - Dallyet. al(l980) o, — ,Q(r,,}r)&&;(n',n)':
' - Dallyet.al (1981) | 1o} * NA7(1986) ; — KK
| . i — KK*
0.8] « NA7 (1986) ] . - JLab (2018) 0.8]
: - JLab (2007) ] 08f :
= 06f 1 = | 0.6
S | 1 06| 2‘ :
= 0_4-— ] = [ E> 0.4-
_ ] 0.4 :
0.2 ‘ ~~~~~~~~~~~~ E 02 . 02 -
. == 3 [
00k o o A |
0.0 02 0.4 0.6 08 1.0 0.0 02 0.4 0.6
0? Q?
Form factor a,(1320):
Foy (@)~ Fp (QF)= 5, Ay, =1.22240.066
<1+Q2 /A )
f

or from sum rules:

Eyy (@)~ Fo(Q)

1>(1270) form factor: M. Masuda et al. [Belle Collaboration], Phys. Rev. D 93 (2016) no.3, 032003
Light-by-light sum rules: V. Pascalutsa, V. Pauk and M. Vanderhaeghen, Phys. Rev. D 85 (2012) 116001



Subtraction constants

Dispersive integral for |=0

hEL(s) ) (BTG ) e 07y [( ) ek ()" ( A (s)
k) (s) 0P (s) '+Q22 s'—s \ Imk) (s)

Q / ds’ ImQ( ) 1 (O)Born(s/)
o (S/ _|_Q2)2 s’ — g kg_O_)FBorn(S/)

Unsubtracted dispersion relation (no VM)
{Tt11,KK}

(a1 — B1)a+ = 5.06(6.29) 10~* fm?

(1 — B1)ro = 8.47(9.71) 10~* fm?



Subtraction constants

Dispersive integral for |=0

W) _ hfiB‘”““(s)) 8 L% As')”! (Imh$i<s'>>
(kfi@)) (kfiB‘”%) o+ Q) K ) / s+Q2>2 s'—s \ Imk{L(s))

Q / ds’ ImQ(s')~! thJ)FBom(s’)
o (S/ + Q2)2 s’ — g kg_O_)FBorn(S/)

Unsubtracted dispersion relation (no VM)
{Tt11,KK}

(a1 — B1)a+ = 5.06(6.29) 10~* fm?

(1 — B1)ro = 8.47(9.71) 10~* fm?

Once-subtracted dispersion relation (with VM)

(1 Bl)NLO — 6.0 - 1074 fm3

(1 — B1)NFC = —1.0 - 107* fm? w
4.0+1.2+1.4 -107% fm?
COMPASS data on (0-Bi)r*



Subtraction constants

Dispersive integral for |=0

W) _ hfiB%)) 8 L% As')”! (Imh$i<s'>>
(kﬂ@)) (kﬂ&”@> o+ Q) [( ) s+Q%2s s\ Im&{) ()

Q / ds’ ImQ(s')~! hff”””(s’)
o (8/ + QQ)Q s’ — g kgf)_)FBorn(S/)

Unsubtracted dispersion relation (no VM) For space like photons: generalized
{TrTT, KK} polarizabilities

(1 — B1) e+ = 5.06(6.29) 10~* fm?

_ 20 HY
(041 — 51)%0 = 8.47 (971) 10 4 fm3 mC:{T p _|_+52 — (041 + 51)7r0 + ...
Once-subtracted dispersion relation (with VM) 20 (Hiy — HYZ™) = (a1 F B1)mr + ...
Moy s + Q2 "
(1 = 1)+ =6.0 -107% fm?
(1 — B1)NFC = —1.0 - 107* fm? w
—4 ¢ 3
40x12x14-107" fm Single tagged BES-III data for rert, rom®
COMPASS data on (0-B1)n* in range 0.1 GeV2< Q2< 2 GeV2under analysis
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f2(1270) and a(1320) contributions

Watson theorem (for elastic unitarity) J=2: p(yy = 7)) = ¢p(nm — 7ww) = d(ww — 77)
s [ ds" ¢nymysnr(S) (\
Q(s) = exp (; / - fy:;, — Roy analysis (201 1)
ams R. Garcia-Martin at.al.




f2(1270) and a(1320) contributions

Watson theorem (for elastic unitarity) |=2:

Q(s) = exp (S A

= ds' pyymnn ()

sz

s’ — s

Unitarized Breit Wigner + Background

W72 (s) =

0.100}
T 0.050]

T<2>(Q2

0.010}
0.005]

0.001

1 L
0.500(

Cf2—>’Y’YCf2—>7T7T

s(s+ Q*)B(s)

)

10v/6
hS_Z)_ _ hf)_Born 4 hf)_fz eubo _

S—M2+ZMP()

‘hf)— ’67,5(71'71'—)#71')

£,(1270),

Belle 2015

N=2

= ¢(nm — 7w) = d(nw — 7w)

N

Roy analysis (201 1)

¢(vy — )

R. Garcia-Martin at.al.

(A 2) (QQ)

N

T2 (Q?) = :

(1+Q2/A%)
Ay, = 1.222 4 0.066 GeV

vV r2)

pQCD for the tensor FF:
leading FF (using quark DA) is helicity 0 ~1/Q"2,
whereas helicity 2 is twist-4, so goes as |/Q"4.

Kivel et al. (2016)



Results for Q2=0

YY T T, 1107170 YY—T1n
S |cosf] < 0.6,0.8 | cos @] < 0.9
350 - ] 60
300 50 ]
i i a’
~ 2201 = 40 + ]
S i o I
e 200 - <
I T 30/ -
g150 .
> S 20 -
100} I ]‘
; : ]
50 10] \

0.8 0.9 1.0 1.1 1.2 1.3 1.4
\/? [GeV]

+/ Coupled-channel dispersive treatment of f5(980) and 20(980)

\/ f2(1270) described dispersively through Omnes function

\/ a2(1320) described as a Breit Wigner resonance [D Vanderhacghen

20 (work in progress)




Results for Q2=0.5 (prediction)

YY*—}TI-+-|T-’ Tl'O‘n'O YY*—}TI'On
| cos | < 1.0 | cos | < 1.0
150
| 15 - |
E 100 :if
I\ . T 10’ aO B
= i N I
’_] L | L
5 50 5
I 50 1
0 0 1

0.8 09 1.0 1.1 1.2 1.3 1.4
\/? [GeV]

+/ Coupled-channel dispersive treatment of f5(980) and 20(980)

|.D., Deineka,Vanderhaeghen

J f2(1270) described dispersively through Omnes function (work in progress)
v a2(1320) described as a Breit Wigner resonance with TFF from f2(1270) Belle 2015 data
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Results for f2(1270) TFF

YY* = T10110 dispersive f2(1270)

150

100
Oyy- ot

50

One can predict the TFF for f,(1270) from dispersive analysis

‘TJS?:Z)(Q2)|2 ~ 7(2) <UTT(S,Q2) (1 N Q_2> 1)
s=M?2

O'TT(S,O) S

VD)
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k<]

T@)(

Results for f2(1270) TFF

| . — Di iv
Belle 2015 Dispersive
08l —— Dipole fit to Belle 2015
0.100}::
0.050} fﬁ. g
\\\ < @L O.Gk

0.010} ._l._‘\ -
0.005f < S
0.001 2 : - : : : 04L. . | | . g

0 5 10 15 20 25 30 00 > = > - -

Q%(GeV?)
Fit to Belle 2015 data

TA=2) 02y — \/r(2) 1
f2 (Q ) r (1—|—Q2/A22)2

Ay, =1.222 +0.066 GeV
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Summary and Outlook

» Need to take into account fo(500), fo(980), a0(980), f2(1270), a2(1320) and non resonant
contributions in a dispersive approach to (g-2)

» Main ingredients: Y*Y*—=T1111, TTN, KK... (Work in progress). Can be used in
different (g-2) dispersive approaches.

» It is important to validate dispersive treatment of Yy*—1r1, 7T, KK... With
upcoming BES Ill data

Thank you!
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Extra slides
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no VM, S wave: unsubtracted, D wave: BW+Born

350
300}

250}

(yy—>mtmr)

100}

200}

50}

150

S 100}

o(yy -> it

50F

with VM, S wave: once-subtracted, D wave: disp

350}

o (yy->mttm)

300
250
200
150}
100

s0f

AT

150 |-

a(yy —> rrOJTO)

50

100 |-




HLbL contributions to (g-2) in units

Authors v, n, n' ar, KK scalars axial vectors quark loops  Total
BPaP(96) 8.5(1.3) -1.9(1.3) -0.68(0.20) 0.25(0.10) 2.1(03) 8.3(3.2)
HKS(96) 8.3(0.6) -0.5(0.8) _ 0.17(0.17) 1.0(1.1) 9.0(1.5)
KnN(02) 8.3(1.2) — — —_ — 8.0(4.0)
MV(04) 11.4(1.0) — — 2.2(0.5) — 13.6(2.5)
PdRV(09) 11.4(1.3) -1.9(1.9) -0.7(0.7) 1.5(1.0) 0.23 10.5(2.6)
N/JIN(09) 9.9(1.6) -1.9(1.3) -0.7(0.2) 2.2(0.5) 2.1(0.3) 11.6(3.9)
J(15) 99(1.6) -1.9(1.3) -0.7(0.2) 0.75(0.27) 2.1(0.3) 10.2(3.9)

B=Bjnens, Pa=Pallante, P=Prades, H=Hayakawa, K=Kinoshita, S=Sanda, Kn=Knecht, N=Nyffeler,

M=Melnikov, V=Vainshtein, dR=de Rafael, J=Jegerlehner

27



Meson contributions to (g-2)

4 4
aLbL — llmk; 7;66 d Q1 d q2 T/,LI/)\O’( k . L ) H ( k L L )
L —0 (27_‘_)4 (27_‘_)4 q1, d1 q2, 42 uvio\q1, d1 42, 42
11 1 1 1

01 ¢3 (k—aq1 — )2 (p+q1)? —m? (p' — q2)? — m?
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Meson contributions to (g-2)

Lepton tensor: well known

d*q: (SR
/ (27T)4 722 (Q17 k — (g1 — g2, QQ) H'UJI/)\J<Q1, k' — q1 — Qq2, q2)

1 1 1 1 1
@ (k—q —q)2(p+q)2—m2(p —q)2 —m?
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Meson contributions to (g-2)

Lepton tensor: well known

/T\

Hadron tensor: requires input from TFFs

d*q: (SR
/ (27-‘-)4 P A (Q17 k — d1 — 42, Q2) H/,LI/)\O’(Ql, k — q1 — g2, q2)

1 1 1 1 1
@ (k—q —q)2(p+q)2—m2(p —q)2 —m?
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Meson contributions to (g-2)

Lepton tensor: well known

/T\

Y* \
. . d*qq d*q. (R

af;bL B hmk—>0 266 / (27T)4 / (27T)4 L 2 (Q17 k — q1 — 42, QQ) H,W/AG (Q17 k— d1 — 42, q2)
1 1 1 1 1

01 ¢3 (k—aq1 — )2 (p+q1)? —m? (p' — q2)? — m?

Hadron tensor: requires input from TFFs

Y*

Results (excluding low energy region):

a,[f2(1270), f2(1565)] = (0.1 4 0.01) x 10~ °
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Meson contributions to (g-2)

Lepton tensor: well known

/T\

Y* \
. . d*qq d*q. (R

aﬁbL B hmk—>0 266 / (27T)4 / (27'(')4 L 2 (Q17 k — q1 — 42, Q2) H,W/AG (Q17 k— d1 — 42, q2)
1 1 1 1 1

01 ¢3 (k—aq1 — )2 (p+q1)? —m? (p' — q2)? — m?

Hadron tensor: requires input from TFFs

Y*

Results (excluding low energy region):

a,[f2(1270), f2(1565)] = (0.1 4 0.01) x 10~ °

New evaluation of axial vector contributions (satisfying Landau-Yang theorem)

a,[f1(1285), f1(1420)] = (0.64 +0.20) x 10~ Pauk, Vdh (2013)
= (0.754+0.27) x 10717

5a%"P — 1.6 x 10—10 FNAL, J-PARC
28 K ' experiments

Jegerlehner (2015)




