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Motivation

o Existing experiments:

Crystal Ball (’89), Belle (°09)

] PrCSCHCC Of thC resonances:
4(980) , JP€ =07 and 4,(1320), JP€ =2++

e Upcoming experiment:
BESIII for yy* — 7% with a spacelike photon

e Input to muon (g—2),
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S-matrix constraints

e Unitarity: SST=57§=1
One can separate the trivial part and obtain
S=1+4iT = T-T'=iT'T=iTT"
For the scattering amplitude it leads to

Tﬁ—T;r:ZiImYk:iZJdéﬂ;;Tm

Partial wave decomposition:

Hy 6= 30 @+ D@, (6), Tls0=3/+ DP(cos)e)
even />0 =0
1 2pe(s)

The unitarity condition: ImA ) ), (s) = p(s)hy, 2, 4, (s)t}* (s),  phase space factor p(s) = 1z i
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S-matrix constraints

e Unitarity: SST=57§=1
One can separate the trivial part and obtain
S=1+4iT = T-T'=iT'T=iTT"
For the scattering amplitude it leads to
Tﬁ—T;:ziImTﬁ:iZJ@nT]; .
n

Partial wave decomposition:
(e

Hyan= 3 @+ D@, (0), Te0=3 10+ DP(cost))
even />0 =0

The unitarity condition: ImA ) ), (s) = p(s)hy, 2, 4, ©)5(5), phase space factor p(s) = % 2, “ﬁw

o Crossing symmetry
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S-matrix constraints

e Unitarity: SST=57§=1
One can separate the trivial part and obtain
S=1+4iT = T-T'=iT'T=iTT"
For the scattering amplitude it leads to

Tﬁ—T;:ziImTﬁ:iZJd@,,T]; .

Partial wave decomposition:

Hy60= 3 @+ D@, (6, Te0=3 @+ DP(cosH)u(s)
even />0 =0
The unitarity condition: ImA ) ), (s) = p(s)hy, 2, 4, ©)5(5), phase space factor p(s) = % 2, “JE<S>
o Crossing symmetry ot
e Analyticity: 7(s),pysica = lim T(s+ie) - T N
Cauchy’s integral formula f(s) (s =5 f G ﬁd / I JF R
Single- channel dlsperslon relatlon " e
1 Im¢ Im¢
tl(S): - j - l( )d/ J l( )dS ]\]1(5)
rJo 5T m) s b(s)= 7~ Quls) =1/D(s)
—> Sthr DZ(S)
Lh.c. rhec.
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Coupled-channel dispersion relation

Now consider the process yy — 7°7 with intermediate 77, KK states and write down the d.r. for
function Q71 (h(s)— hB°™(s)), which contains both left- and right-hand cuts.

Coupled-channel once-subtracted dispersion relation for 7 =1 s-wave scattering:

& )- ; g\, sy [t dd ()" [ Dischyl ()
(50 )=y Jeoo (3 )+ =22 | :

A N Disckézr L)
c L1
—S_Sthjw ds'  DiscQy(s') < 1Bo{3ﬂ ) >
s, =Sy §—s koyy ()
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Coupled-channel dispersion relation

Now consider the process yy — 7%y with intermediate 77, KK states and write down the d.r. for
function Q71 (h(s)— hB°™(s)), which contains both left- and right-hand cuts.

Coupled-channel once-subtracted dispersion relation for 7 =1 s-wave scattering:

OB 0 vga s [ a9 [ Dischy ()
</eé,++<s> )‘(ké:f‘f“(s) )i (5 )+ f w¥—sy ¢—s \ DiscklV (¢)

0++

_s—sth‘oo ds' Diché(s’)_1<

J/ /
s'—sy  s—s

. i
1,B
o ko,+:—m ) > |

th

Hadronic Omnés matrix is normalized as Q(s,,) = 1

1 1 _ 1.0F — Im Q}(ap-nn)
Ql(S) _ Q?(S)rn;ﬁrn] Q?(S)rm—)KK R %( U ’7)
o\ — - - - L — Re ez
QO(S)KK_nm QoO)xikki 08
— Abs Q) (mn-mn)
0.6f
and satisfies the following unitarity condition
1 0.4f
. 1 _ 1 . 1 .
Disc€y(s) = % (Q(s+ie) —Qg(s—1i¢))
t 02
Omnes matrix => cutoff scale Ag. 0.0
Omnés function: 1. V. Danilkin, L. I. R. Gil, and M. F. M. Lutz, —02 . L — 7'
Phys. Lett. B703, 504 (2011). 0.0 0.5 1.0 L5 2.0

s [GeV?]
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Coupled-channel dispersion relation

Now consider the process yy — 7% with intermediate 77, KK states and write down the d.r. for
function Q71 (h(s) — hBo™(s)), which contains both left- and right-hand cuts. Vector mesons

Coupled-channel once-subtracted dispersion relation for 7 =1 s-wave scattering: T

= JSL a5 Qé(s’)_1< DischéiL_(s’) >

/ / : LV
oo S’ =5y §—s Discky, ()

T

Hadronic Omnés matrix is normalized as 2(s,,) = 1
1 1 3 ] .
Ql( )_ < QO(S>nr]—>n;7 Q()(S),mg,[([{ > 1.0 m Qf(rn-mn)

o(s) =

osh — Re O} ()

1 1
B Okkory  TOkioki
— Abs Q) (mp-mn)

and satisfies the following unitarity condition

1 0.4F
DiscQy(s) = % (Q(s+ie) —Qy(s—i€))
1 0.2F
Omnés matrix = cutoff scale Ag. 0.0
—02F,
Omnés function: 1. V. Danilkin, L. I. R. Gil, and M. E. M. Lutz, 0.2k = + + *
Phys. Lett. B703, 504 (2011). 0.0 0.5 1.0 L5 2.0
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Left-hand cuts

g1l om,p
|
1
PM |
1
|
@l 1 Mpp

ndra Deineka (JGU)

Lyp, =eCye*PF, 3, Vg

14

Cy, are the radiative couplings fixed from
the partial widths of light vector mesons

2
G Lt
V—Py — 2 3 M%/
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Left-hand cuts

Lyp, =eCye*PF, 3, Vg
g1l om,p
| Cy, are the radiative couplings fixed from
P.M A the partial widths of light vector mesons
! c2 2 2\3
@ 72 | m, P I‘VHP}/ —a VoPy M
2 3M3,

The helicity amplitudes can be expressed as

H = f,u(‘]la A1) €,(q2,42) [F1(5: t)Lfv + By, t)Lfv]

Lorentz structures are defined with A =p, —p,

L =4\q5 —(q1 08"

LY = (8% (g 4) = 2(q1- D) (g, A)g" — A% g 4f
=21 g2) AF A +2(q, - A) gy A¥ +2(q, - D) gy A,

Invariant amplitudes for the vector meson exchange

t u
Fl(s,t):—ZZfzzClz(i—l— >
v t—M%/ u—M‘Z/

eCyy 1 1
Be0=2 5\ o Yot
14 14

\%4
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Left-hand cuts

Lyp, =eCye*PF, 3, Vg
g1l om,p
| Cy, are the radiative couplings fixed from
P.M A the partial widths of light vector mesons
! 2
C M2 — 2V
wh 1 mp Ty =g Vot Wy —m)
4 2 3M3,
The helicity amplitudes can be expressed as
Hj 5, :fy(‘ha’h)fv(‘]z,/{z) [F1(5:t)L§N+F2(5)t)L5V:| o= 7 T
P>t Y —
Lorentz structures are defined with A =p, —p,
LY =g' gt — . g o "
L =09 —(91-92)8" . .
LY =(8%(q142)—2(q1- 8) (9" D)8 — A% g1 g5 . B
—2qy - q) A A +2(qy - D) gy A +2(qy - D)y A, P
Invariant amplitudes for the vector meson exchange K Koy -
t u
F1(53t):_2232C12<7 + 5 > 0.0 0.1 02 0.3 0.4 05 0.6
v t=My,  u—My -
gvpy[GeV™']
Reg=3 (L ] 1
28, 1) = — 2 t—M%/ M—M%/ SU(3) CP—’ﬂO}/_ﬁCF—’TFOW_"'gEﬂ
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Cross channel process 7 — 7%y

Crossing symmetry implies that the invariant amplitudes F; (s, £) describe not only the scattering
process yy — 7% but also the decay process 7 — 7%y

e
dsdr 32m

1 1 2 i
~ @r) 32m} <5F1(5’f)2+8F2(5, ) (w2 — 1) >

where crossing 1mp11es the followmg relations to the decay invariants s — Mf}, and t — an

Hj 3, (5:8)
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Cross channel process n — 7'50}/ 4

Crossing symmetry implies that the invariant amplitudes F; (s, £) describe not only the scattering
process yy — 7% but also the decay process 7 — 7%y

A LS iy 6 0R = = L (DR P850 (2 — )
dsdi — (2r) 32my 5T T Qg 32y \ 201 o

n 4

where crossing implies the following relations to the decay invariants s — M.

f}, and ¢ —>an
yPTNLO: F(s,t) =a" +af, F(s,t)=

442 3s—m2)—m]
at = fa 1—’,—27712’7 I(s,mi),
3ff2 my —my
24/2 1 8
K—_ V2a < —mz—fmi—fmi,)I(s,m%{),
3[77:f2 73 3

Loop function: I(s,m? f dxf

mzfsxy
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Cross channel process 7 — 7%y

Crossing symmetry implies that the invariant amplitudes F; (s, £) describe not only the scattering

process yy — 7% but also the decay process 7 — 7%y
4T 1 11
dsdi 3 32m; (277:)3 32m;

Hj 3, (5:8)

s 2 2 2 2
<EF1 (s,t)" + 8F,(s,2) (m,]mn — tu) >
where crossing 1mp11es the followmg relations to the decay invariants s — Mf}, and t — an

ZPTNLO: F(s,t)=a™ +d¥, Fy(s,t)=

6
= 4\/5(2 m 1+ 3(5_7”31)_”’2 I(S mz) o * MAMI 14
31/—}(2 m,27 _mgr (e ® AGS'08
L © MAMI ‘07
22 1 8 3 ]
dK:_L <3s—m$——mi——m§<>1(s,m%<), g
31/37'[]{2 3 3 o 3l
¥ R _
Loop function: I(s,m? f dx fo_x dy—2— mZ Sxy 5 2} — = \
\\
T, q0,, =0.303(29)eV, Tppg =0334(28)cV 4
o R S il
[&»/f :O.425(13)GeV’1J 0.00 0.05 010 0.15
M2, [GeV?]

xPTNLO: L. Ametller, J. Bijnens, A. Bramon and F. Cornet, Phys. Lett. B 276 (1992) 185
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Partial wave amplitudes
Coupled-channel once-subtracted dispersion relation for 7 =1 s-wave scattering:

by )\ 0 " 4 s—sy (L dd Q)T Disché’L_(s’)
<ké,++<s> >‘<kézf‘f"<s> Jroie| (§)+ f =5y $—s \ DisckV (¢

- 0 ++

s—Sy, o J¢ Disc Qé(S/)71 0
— kI,Born ( S/ )
w o Js, sy s'—s O+

%)

— non process June 7, 2018 7
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Partial wave amplitudes
Coupled channel once-subtracted dispersion relation for 7 =1 s-wave scattering:

(S) 0 s—s, b3 s’ Ql(s/)_l Dlschlv (S)
< kzii() > < kcl)fj—m() >+Qé(s)|:( ‘1; >+ nhf_oo s'—sy, .S/—S < Dlsck?v—(’) >

0 ++

s—Sy, o J¢ Disc Qé(S/)71 0
— < kl Born(s ) >
w o Js, sy s'—s O+

S-wave amplitudes:

4m

2
ké:itlm(s):ésﬂ K Jog 1+§K§S; 0++(S) 226 C12< 3 ‘;S)LV(S)—H)
™

_ 2, Xy(s)+1 (M3 —m2 )M —m3)
e~
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Partial wave amplitudes

Coupled -channel once—subtracted dispersion relation for = 1 s-wave scattering:

©) 1 a s—sy, [ dd Q) DischtY (5)
< kg::() > < kcl)ifn(s) >+QO(S)[< b >+ T ,Loo s'—sy §'—s Dlsck?v—(/)

0 ++

s—Sy, o J¢ Disc Qé(S/)71 0
— < kl Born(s ) >
w o Js, sy s'—s O+

S-wave amplitudes:

4m? 1+ Bg(s) < M >
lBorm gy — 2 K og — KV , s 2AC v L
e ) Br(s) E1— () by ()= ZZ 2\ 5.6 v(o)+
chm X (S)—l—l (Mz—mi)(Mz_nﬁ)
ﬂz] \/E > Lv(S) = lOg m = 5= P Mg 14 7

D-wave amplitude:

5 MZ )
_mm 2 3
2 gz & G Gy Bol® rﬂwv—w%wM = 15501.3)Me¥
1+
’ 10V6(s— M2 +iM, T, (5))
2 "4 2 3
L., = CdPWM 1.0(1) keV

D-wave amplitude: D. Drechsel, M. Gorchtein, B. Pasquini and M. Vanderhaeghen, Phys. Rev. C 61 (1999) 015204
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Parameter free postdiction for yy — 7%

Differential cross section: ‘% = % (|H+Jr|2 + |H+7|2)

60 T

o Bele o Belle
50[ o Crystal Ball ] 5ol o Crysa Bal

o [nb]
o [nb]

o) =~ L 0
0.80 0.85 0.90 0.95 1.00 105 110 110

Vs 16ev Vs 16ev

|cos@] < 0.8 [Belle]

—

. Danilkin, O. Deineka and M. Vanderhaeghen, Phys. Rev. D 96 (2017) no.11, 114018

(JGU) Dispersive June 7, 2018
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Improved results for yy — 7%

Differential cross section: djﬁ = % (IH, P+ 1H, )
60 14 SOiEHHE 25
® Belle EE Tﬂ“ 'EA’O EZO
50 @ Crystal Ball 1 g P Tw % 30 g 15
S g S 20 T 10
3 2! s &R0 o 3 e
= % o5 1 % o5 1 % o5 1
% |cosd| |cosd| |cosd|

8
8

— 80 -
7 25Ty g B2
15 1. B
o 15
T 10 B 0 T 10 iA
5 S 20 s 4
oo  oicar - vatcer
0
0 05 1 0 05 1 0 05 1
Js 1cev costl Icosl lcost)

&ff = 0.425(13) Gev! , Ag=1.46(6) GeV, |cosf]<0.8 [Belle]

1. Danilkin, O. Deineka and M. Vanderhaeghen, Phys. Rev. D 96 (2017) no.11, 114018
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Pole position and two-photon width of 4,(980)

Sheet  Imp.,  Impgg
2 cuts = 4 Riemann sheets: III * 1
11 - -
v + -

Analytical continuation using unitarity, p;(s) = 2p;(s)/+/s :

H(s+ie)—t' (s—ie) = 2ip(s)! (s 4 ie)t! (s—ie)
tl(s—ie)

1, €m0 o
Ho—ie) = s tie)= 1—2ip(s—1€)t! (s—ic)

Found a pole on IV Riemann sheet
o007y _ 1 0.08
[V sig = (1.12305) — 7 (0283%) GCVJ

— —0.07
- 0'98+0.ZO

The residue leads to the couplings ratio ’ch ey

ndra Deineka (JGU)

Dispersive ar

is of the

N/D

-=-= K-matrix

1.5

1£9(8) ey k] / 167

=

4
@

=
=3

0 e ™
05 06 07 08 09 10 LI 12
Vs [GeV]

N/D: L. V. Danilkin, L. I. R. Gil, and M. F. M. Lutz,
Phys. Lett. B703, 504 (2011).

K-matrix: M. Albaladejo and B. Moussallam, Eur.
Phys. J. C77,508 (2017).

IAM: A. Gomez Nicola and J. R. Pelaez, Phys. Rev.
D65, 054009 (2002).

xPT:]. Gasser and H. Leutwyler, Nucl. Phys. B250,
465 (1985).
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Pole position and two-photon width of 4,(980)

Sheet  Imp.,  Impgg

2 cuts = 4 Riemann sheets: III * 1
11 - -
v + -

Analytical continuation using unitarity, p;(s) = 2p;(s)/+/s :

H(s+ie)—t' (s—ie) = 2ip(s)! (s 4 ie)t! (s—ie)
tl(s—ie)

1, €m0 o
Ho—ie) = s tie)= 1—2ip(s—1€)t! (s—ic)

Found a pole on IV Riemann sheet

[\@ =(112.35) — % (0-28%3%) Ger

The residue leads to the couplings ratio ’ch / Cop| = 0.98181%
2
c
Two photon decay width: T | WI =0.27(4)keV

w1 Temdd,

a Deineka (JGU)

30
N/D R
250 T K-matrix ,' 1
-------- 1AM /

S
S

x
U
=

1£9(8) ey k] / 167
&

=

4
@

=
=3

0 e ™
05 06 07 08 09 10 LI 12
Vs [GeV]

N/D: L. V. Danilkin, L. I. R. Gil, and M. F. M. Lutz,
Phys. Lett. B703, 504 (2011).

K-matrix: M. Albaladejo and B. Moussallam, Eur.
Phys. J. C77,508 (2017).

IAM: A. Gomez Nicola and J. R. Pelaez, Phys. Rev.
D65, 054009 (2002).

xPT:]. Gasser and H. Leutwyler, Nucl. Phys. B250,
465 (1985).

, PDG:IL, _,, B(rn)=02173% keV

June 7, 2018
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Single-virtual case: form factors

Consider now the process yy* — 7':07;, where second photon has a spacelike virtuality q% = —Q%

Form factors (VMD):
1 data 1 1/2 1/6 13 daa 1 2
F, = == ——— , A2=0525+0.008, F, = = , A2.=0.760+0.08
@) 1+Q2/m?, = 14+Q2/AL T o «(Q) Q2 /m?, + 1+Q2/m2, + 1+Q2/mi 1+Q2/A% K 7 !

« Ackermann et al. (1978) * Dally et. al(1980)

* Dally

. al (1981) * NA7(1986)

+ NA7(1986) * JLab(2018)

« JLab (2007)

— P & i)

00 02 04 06 00 02 04 06

10

02
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Single-virtual case: form factors

Consider now the process yy* — 7107], where second photon has a spacelike virtuality q% = —Q%

Form factors (VMD):
1 data 1 1/2 1/6 13 daa 1 2
F, = == ——— , A2=052540008, F, = = , A%, =0.76040.081
=(@) 1+Q2/m?, = QAL T (@) Q2 /m?, + 14+Q2/m2, + 1+Q2/mi = 1+Q2/A% K

+ Ackermann et al. (1978) * Dally et. al(1980) 10] — ) & i)
« Dallyet. al (1981) 1.0} + NA7(1986) — KK
— rx
08 + NA7(198) * JLab (2018) 08

« JLab (2007)

00 02 04 06 08 10 00 02 04 06 08 10 0.0 02 04 06 08 10
o o

Form factor a,(1320):

F, (Q) & F (Q) = ———— A, =1.2224+0.066
2 & <1+Q2/Aj2,2>2 h

or from sum rules:

Ey (@)~ F(Q)

2(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
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Single-virtual case: amplitudes

Invariant amplitudes: need additional Lorentz tensor Lgv = —Q%(ql AR+ (g1 )Gy AF — q#AV) ng;(% -A) +q’fq¥(qz -4)
414 4
F(50) Zezqz <;Q§+ " Q§>, Fz(S,f)=Z€Z%< o, 1 >, F3(5,5)=_28C12< >+ 2>
14 v MV MV

— M2 — M2
tMv uMV

M2 — M2
ZMV uMV
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Single-virtual case: amplitudes

Invariant amplitudes: need additional Lorentz tensor LY = —Q%(ql D) +(q1 - 92)(g5 AF — g “AY)— ngg(ql -A) +q/;q‘1’(q2 -A)

C; 4t+Q2 4%+QZ C; 1 1
F. S12 2 2 F — 12 F. -
1(s2)= Zez <Z_M%/ + )’ 5(s8) %:ez el Gy +M_M%/ , Blst) gezclz M%/ + M%/

Partial wave amplitudes:

. 1, Born _ 4m 148k )
S-wave: /e Y ()= Q2+s (/EK 5 log =50 +2Q§

W e My By GG —m)
horss ) *%ezch[FVﬂ(Q%)< B ()( V+Q2( +Q ))er
+w+s>+rw@§xmrp—»mﬂ>}

P-wave: 17}++() ZEZC12|:FV7-:<Q2 < v ( V+Q2( 37) )(Serf]fmzn

v<> +Q

2 QG 2 (M 2
a2 ) 5 ()
sz (y+12043,

6,5,”](5) >_FV7(Q§)("‘7] ‘_’mn):|

. _ 2 s(+Q3)Brn o
D-wave: by ,_(s) T Cay—yy Cay—ren WF 2(Q%

)

a Deineka (JGU)
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Single-virtual case: amplitudes

Partial wave amplitudes:

S-wave:

7 Lys)=log(

Xypls)+1 )
Xyp(s)—1

LV o _ Ly (12 2 M%/*m% 2 Qg@”%ﬁ”’%)
170,++<s)7§e2612[Fvﬂ<Q§)< ﬁﬂ;(s)(Mv+Qz( e V)+ pre
Q(stmi—m?)
+ BT ) Py (@), )

JGU)

Dispersive

(=)
ZM%/—(m,]+mﬂ)+s+Q%i 7 5" 2

X =
vl Ay ®

,,,,, Py
—— =025, t-channel
072025, u-channel

-05 00 05
5 [GeV?]
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Preliminary results for yy* — 7%

60

50

ot [nb]

20

301

: : . . . . O = 077+ €0071

©  Crystal Ball
® Belle deT _ ﬁrm(s) 1 H 2 H 2
L 1 = 5 (Hy P+ H )
dcosO 6475/ X 2
X=(s+Q})*/4
[ om0 ]
0.05
— 02=025 loss
— @*=05 0.04 — 0?05
=1
2-1
I = 0.03
)
5o
0.01 /\
b ‘ ‘ ‘ . ‘ 0.00
0.7 0.8 0.9 1.0 1.1 12 13 14 08 09 10 L1 12 13 14
Vs [GeV] Vs [GeV]
s- and d-waves p-wave

g =0425(13) GV, Ag=146(6) GV + Fx(Q), Fonp(@D), Eoy(Q): [E, (@) or Fo(Q)]
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Summary and Outlook

Summary
e Dispersive description of yy — 7% process, including
e Cross section and angular distribution consistent with the data from Belle Collaboration
e Description of the cross channel 7 — 7%y decay process with resulting
I(n— n%y)=0.303(29)eV
o Pole position of 45(980) on the IV Riemann sheet /sy = (1 121g g;) <O 28%2 ?g) GeV
and two photon decay width T, _, . =0.27(4)keV

e Dispersive prediction for yy* — 77 process for Q* =0.25, 0.5, 1

Oleksandra Deineka (JGU) Dispersive analysis of the yy* ) 70 7 process June 7, 2018
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Summary and Outlook

Summary
e Dispersive description of yy — 7% process, including
e Cross section and angular distribution consistent with the data from Belle Collaboration
e Description of the cross channel 7 — 7%y decay process with resulting
I(n— nPyy) =0.303(29)eV
e Pole position of 25(980) on the IV Riemann sheet 1/5ﬂo (1 121g g;) <O 28+8 ?g) GeV
and two photon decay width T, _,,. =0.27(4)keV
e Dispersive prediction for yy* — 77 process for Q* =0.25, 0.5, 1
Outlook

e Analyze 0 contributions

e Compare results with the upcoming data from BESIII

e Provide an analysis of the double-virtual process y*y* — 77 in s-wave

e Combine / =1 result from yy*) — 7% and I = 0 from yy*) — 77 in order to analyze the
yy(*> — KK process

e Calculate the contribution of the considered processes to (§—2),,

yy — 7%: L Danilkin, O. Deineka and M. Vanderhaeghen, Phys. Rev. D 96 (2017) no.11, 114018

yy* — mm: 1. Danilkin and M. Vanderhaeghen, coming soon

y*y* = n%: O. Deineka, I. Danilkin and M. Vanderhaeghen, in preparation

andra Deineka ( Dispersive analysis of the yy'* O process June7,2018 14



Dispersive analysis of the

07] process

Thank you!
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Additional: data for kaon TFF

t % Amendolia K+e elastics
0.75 - v Dally K+e elastics

[ W JLab 6 GeV (E93-018, Fpi-2)
| ® JLab 6 GeV (E98-108)

-
>

[}

O 05
—

<]

=

w

o~
Co.25

Q? (GeV?)

M. Carmignotto et al., Phys. Rev. C 97 (2018) no.2, 025204

Dispersive is of the
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Additional: yy — KK isovector total cross section

40

100 105 110 115 120
Vs [GeV]

Oleksandra Deineka (JGU) Dispersive analysis of the y*) — 7% process June 7,2018 17



Additional: vector TFF from VMD

1/2
F, 2y = _
wnO(Q ) 1+Q2/mf7
1/2 1.0F = p(n.7) & w(i,m)
2\ _ e
Fpono(Q )= Q2 osl — kK
1/2 1/2
F 2 = > 061
POr;(Q ) 1+ Qz/mf% 1+ Qz/mi) r@ 0.6
P oo 12 1/2 £ o4l
won(Q)= — >
1+Q/mg 1+ Q2 /mg,
0.2F
3/2 1/2 1
Fraogs (Q) = - ,
kgt (Q) 1+Q2/m120 1+Q2/mi 1_|,QZ/m‘2¢> 00[. ‘ ‘ ‘ ‘ ‘
0.0 02 04 0.6 0.8 1.0
3/4 1/4 1/2 2
Frogo(Q) = 0

N 1+Q2/m/2, - 1+ Q2 /m2, 1+Q2/m;

Oleksandra Deineka (JGU)

*) — noﬁ process June7,2018 18



Additional: analytical expressions for the Lh.c.

S <M4+m1 it QB) 4 M — 2 + Q)

+ (M2 — )\ M — 2002 (% — Q) + (3 + Q3) >M*°° —o0,

=" <M4+m1 (m3+ Q)+ M*(—m? —m2® + Q3)

— (M — )M — 2022 — Q)+ (i + QD) >M*°° -0,

u-channel:  (m <> m,)

0
0.15
o 2 &
S -4 L 010
S 6 S 005
: -8 2 0.00
-10 -0.05
0 2 4 6 8 10 0o 2 4 6 8 10
0 [GeV?] 0 [GeV?]
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Additional: hadronic input

N/D ansatz, numerically solved integral equations

N(S) U stb f d / N(S (S (_)S(Zg )__S)l](s))
Q—l(s) =1— _7::}! jw y iSS N(;/)_PES/)

th Sth

Amplitude is reconstructed as
T(s) = QUs)N(s)
Conformal mapping expansion

U(s)= Z C, E(s)F, C;, matched to yPT at threshold
k

Ag dependence is explicitly given

()= a(A§—s)2—1 _ 1 b 1
R P S I R 7 ) e Ty €3

1. V. Danilkin, L. I. R. Gil, and M. F. M. Lutz, Phys. Lett. B703, 504 (2011).

Oleksandra Deineka (JGU) Dispersive analysis of the y*) — 7% process June7,2018 20



Additional: ,(1320) resonance

a,(1320) is taken into account as the explicit degrees of freedom:
2 A

Lrrp=¢Crpp T,qu #'F H

Lrsyy = Croyy TG, PP

Helicity-2, d-wave:

2 = CrppCy L
- IO\/?) - AR m +zmazfﬂ2
Couplings:
2
(M2,

— 3
vy = 25 2 e M2, =15.5(1.5)MeV

2 3
L, ., = ™ M, =10(1)keV

@YY

D-wave amplitude: D. Drechsel, M. Gorchtein, B. Pasquini and M. Vanderhaeghen, Phys. Rev. C 61 (1999) 015204

Dispersive

07; process June 7, 2018
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Additional: resonances on Riemann sheets

Resonance is the pole of the amplitude on unphysical Riemann sheet.

Imt(s)

June 7,2018 22



Additional: definition of the Riemann sheets

Number of Riemann sheets, 2” cuts, consider the two channel process

Coupled-channel unitarity

[Im ()= T(s)p! (s)] ms /-

To=( 1) 2;5 )
)

ro=( 75,

Sheet Imk;, Imék,

I + +
1T - +
1T - -
v +

plus IV sheet

= E waw
the yy! ) o ,':Op process June 7,2018 23
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Additional: analytical continuation using unitarity
relation:

II Riemann sheet

Unitarity relation in case of the two channels
4 (s+i€) — ]y (s— i€) = 2ip, (5)e], (s+ i€)t] (s—i€) + 2ipy(s)t (s + i€ )t (s— i)
dy(s+ie)—ty(s—i€) = 2ip, (s)d (s 4 i)t 5 (s — €) + 2ip, () y (s 4 i)l (s — i)
téz(s +ie)— téz(s —ie)= 2i,o1(s)t{2(s + ie)t{z(s —i€)+ 2i,02(s)z£2(5 + ie)téz(s— 1€)

Extension to the II Riemann sheet

o _ t (s—ie)
[ o _ 11
f{l(s i€) = t{l(S—H()_ 1—2ip (s—ie)t] (s—ie)
. i | sheet
th(s—ie) = (s +ie) = ” -

1—2ip,(s—ie)tl (s—ie) —
s —ie) = thy(s—ie) + 2ipy () (s + ie)el (s — ie)
2ipy(s— ie)t{z(s— ie)?
1—2ip(s—ie)t! (s—i€)

thy(s—ie)+

Oleksandra Deineka (JGU)
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Additional: nalytical continuation using unitarity relation:
I and IV Riemann sheets

III Riemann sheet IV Riemann sheet
tjll(s-%—ie)—t]l]](s—is):Zipz(s)tjlz(s+ie)t11]2(s—is) t{l (s+i€) tjl(s i€) 2ip2<s)t112(s+is)t{2(s—i()
I{Z(H—ie) t{lz(s ie)*Zipz(s)r{z(s-f—is)tgz(s—ie) t{z(s-f—lf) t{z(s €)= ZiPZ(S)t{Z(S-f—ie)téz(s—i()
téz(s-f—ts) L‘gz(s i€) Zipz(s)téz(s-#is)tgz(s—is) tgz(s+te téz(s i€) Zipz(s)t'gz(s-#ie)téz(s—if)

i g e —ie? 21',;2(5),{2(5_{5)2
t{l(s K>_t{1(s €+ 1— Zzpz(s) o (s—ie) t{‘ G—io)= tgl( 1 zipz(S)Léz(S—iE)
. Al (s—ie)? . A (s—ie)?
Al (s—ie)= 127 AV (s—ie)= 127
12 )= 1— Zzpz(s) (S i€) iz )= 1— Zzpz(s) 5 (s—ie)
. t” o (s— ic)? . d(s—ie)?
As—ie)= — 2~ AV (s—ie)= 227
2 )= 1— Zzpz(s) (S i€) 2 )= 1— Zzpz(s) 5 (s—ie)
| sheet {(s)

I sheet: 1—2ip,(s)t/,(s) =
III sheet: 1— 2i,02(5)f512(5)
IV sheet: 1— Zipz(S)éz(S)

0
0
0
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Additional: two-photon couplings

For the yy — 77 the pole is situated at IV Riemann sheet and the unitarity relation implies

t s+ie)—t (s—ie)=

7}/"”’]( Yy—mn
201y (Vs ey (S — 1)t e (s 26) + ZipKk(s)tW_}Kk(s —1€)t i it (s+i€)

AV (5)—t (s)= ZipKk(s)zJ

4
Yy—mn yy—m yyaKi{<S)t§{kHTn; ©)

In the vicinity of pole one can write

Vo (5~ Cry Crn Vo () CkkCry
yy—omn ) S}%/_S’ KRy’ =V

The relation between couplings is then

C}’}’ 2 2t1 2
<C7> =—(20ki(50)( y_>KI_<(S°))

K 14

The two photon decay width

IC,, 1
= —— =027(4)keV
" 167mmy (ke
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