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1.Introduction

= HVP, HLbL?
= yy—MM contributes significantly to LbL sumrule

New physics?

g-2 theory v.s. experiment

l SM: QED+EW+QCD
l large uncer

HLbL, HVP




s 2.Hadronic amplitudes

* twt - KK scattering inputs
= We use K-matrix to represent S and D partial waves
= Data on Phase shifts and inelasticities of rw - KK
coupled channel scattering.
= BABAR's Dalitz plot analysis of D,;t+—(n*n-)n* and
D.t—(K*K-)n* process. BES's anaylsis on J/ b —rtr
¢ and J/ b —K*K-¢.

Descotes et.al

= Dispersion analysis: EPJC33 (2004) 409
- T-matrix of cattering by CFDIV——¢laez et al.
_ : _ PRDS83 (2011) 074004
© MM amplitudes given by Roy-Steiner Equation.



R : : s
Data: phase shift and inelasticity

= tn— 7w, KK phase shift
and inelasticity
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BABAR && BES

= twt - KK scattering inputs
= KK threshold region is important as it is around f,(980).
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= ‘Bispersion analysis constraints

= The constraints from Roy like equation, they
have taken crossing symmetry into account.
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3. Photon amplitudes

= With Final State Interaction Theorem (FSIT),
We can construct the amplitudes of photon-
photon scattering into meson pairs:

Fhiyy = mm:8) = alhy(8)THam = 7m;8)  + aohy(s) THnm = KK: 9)

FLiyy - KK 8) =01l () THar - KK 5) + ool () THEK - KK s) .




w___ Photon-photon collision

= To constraint the di-photon amplitudes,
we follow such steps:

= We use dispersion relation to calculate the
amplitudes below 0.6GeV, and give errors.

= Fit the overall yy—nrm and yy—KK datasets,
get a very narrowed patch of solutions.



Dispersion relations

= FSIT: r.h.cis 'fixed' by that of hadronic amplitudes

= |.h.cis divided into two parts: Born term and other cross
channel exchange terms. When s<0:

Im Fy — I Bly(s) + Iy Lhy(s)

[ L |
unitarity

Complex s-plane
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Dispersion relations

- Low‘s low energy theorem tells us that:

F}A(S} — Bh(s) as s — 0

= Thus we can write Dispersion relations of
FL(s) = Bl (s @ QL s* Qﬂn s) /d dm [Lg,(8)] Qpo(s)

s ( 5’ s)

£0(0) [ 3 Bold) I [0h(c) ]
Solved by ChPT s R s?(s’ — s)

S (S __ 4]’?1 JJKE Q{u(fs) /d .rIHl ["ﬂ{f}t( JI}] ﬁfﬂn( -I)_l

T . I i
Fals) = Bpls)d T sm(s" — 4m2)(s' — s)
Threshold behaviour

(g — Am2)I/? Bl Im [, (s/)!
. { TT) Q{IA(S) Ldﬂ J:’k( ) |: ]

T st g 4m2)(5 - 5)




'6:r_?straints on low energy amplitudes

= Finally we have the bands given by dispersion

relations:
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= With these constraints, we fit all datasets. The
integrated cross sections with limited angular coverage
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- - g
YY—7on? integrated cross section
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o Why angular distribution?

= we can predict YR ym
the full cross 0.6 -
section if we 04 |
know each
partial wave.

= The angular
distribution is 04 yr>ym
helpful to vl
seperate each
partial wave.
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YY— KK integrated cross section
= |f only fit to yy—nn, we will get a region of solutions.
vv—KK data is helpful to select solutions.

= The latest KsKg data of Belle make the accurate coupled
channel analysis possible. Especially the angular

distribution.
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vYy—nn individual partial waves
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KK individual partial waves, 1=1




_4.Constraints to light-by-light sumrule

= For LbL one needs photons with virtualities from
threshold up to around 2 GeV”2. Our massless
photon amplitudes are boundary values when
Q2= 0.

= Narrow resonance estimates from the tensor
mesons are not a good approximation.

= We can test the simplest Pascalutsa-
Vanderhaeghen sumrule.

i = /ds Agls) ago(s) — oo(s)

S

0
V.Pascalutsa & M.Vanderhaeghen,

30
R SL 3 JII{E)i;L{SJ‘_ PRL105 (2010) 201603.
m 5

0




. Constraints to light-by-light sumrule

* For yy—nn amplitudes above 2 GeV? we use
Born terms to estimate, the uncertainty is within

10%.

= For yy—KK amplitudes the uncertainty is within
25%. But they have much less contribution to

the PV sumrule.

= The Born term itself satisfies PV sumrule, so
higher partial waves do not contribute. Finally
one has:

il | . '
Ao f&:l = l'?l{_].g{fij — fl’h{’,'{-“-‘] — :‘T‘{_}D{S:l — [fﬂm':-”‘j = f::ril'r'a'{'lj"\-:| = HJ{-]’D{S}] Born

22



Constraints to light-by-light sumrule
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__Constraints to light-by-light sumrule

= The contribution to PV sumrule is certainly not

Zero.
evaluation of A! (4m2, 00, Z = 1) I-=4 f=] =3
VY —¥ 7" [6] (nb) - -190.91+4.0
vy — n.n' [6] (nb) -497.7+£19.3
vy —+ a(1320) [6] (nb) - 135.04+12435 1
vy — 7w (nb) 308.0+41.5 - -44.2+6.1
vy — KK (nb) 23.7+7.5 18.1+4.9 -

25



= 47 channel's
contribution is
roughly of 150-200
nbinthel =0
mode and 50 nb in
the | = 2 mode.

= We have no
decomposition
information about
the amplitudes of
multi-particles’
channel.

(51, 82, Z = 1; channel)

)

R(s1, 89; crhmu7l}/a

contribution to PV sumrule

(81, S2, Zexp; channel)

total cross section

Channel Publication || E; (GeV) | Eq (GeV) ¥ (nb) R(Born)
rta (Z =10.6) [16] 24 4.1 0.44 £ 0.01 1.61
KTK~ (Z=0.6) [16] 24 4.1 0.39 £ 0.01 1.29
7% (Z = 0.8) [17] [.44 33 8.8+0.2 1.18
wOnl70 [18] 1.525 2425 58408 1.55
rta~a’ (non-res.) [19] 0.8 2.1 23OLELS 1.39
K K*xt [20] 1.4 4.2 07+ 1.6

rta et [21] 1.1 2.5 215+ 11 £21 1.49
rta atnT [22] 1.0 3.2 153+5+39 1.48
xtan0n® [23] 0.8 34 103+4+14 1.42




scalu s-Vanderhaeghen"Iight-by-light sumrule

= 47 is likely the largest contribution to be added
below 2.5 GeV to make the PV sumrule for both
|1=0,2 zero.

= Experiments on 4n production would be rather
helpful, for example p*p-, P%p% production from

two untagged photon.\

BESIII(BEPCIN? Belle(KEKB)?

27



Polarizabilities

Polarizabilities may play important role on LbL sumrule

K.T. nge| et.al. | Polarizabilities Model I Model I1 | Model III | Model IV | Model V ChPT +
PRD86 (2012) A=0D Resonance Model
037502
(1 —B1),+ [40+1.241.4] 00 11.6 4.0 4.0 57+1.0
fixed by Adler | ., g, , 15.741.1 13.041.1 [ 208411 | 132434 | 181425  16.2[21.6]
zero and < "
(a4-B)ss= | (1 —FiT 09202 [|-08+01| 11202 08+02 | 10x02]| 1902
4.0
(a2 — Ba) .o 17.840.8 | 26.0L0.8 | 186+2.4 | 224+1.8| 37.6433
e A =12
easiest one to _
N cured (a1 + B1).+ | 0264007 |0.2640.07]|0.264-0.07| 0.170.51 |0.4240.22|  0.16[0.16]
by experiment | (as + 82)._, -1.4L05 14405 | -1.4405 | 09435 | -2.44+1.5 -0.001
(01 + B1)-0 | 0.60+0.06 |0.6040.06|0.60+0.06(-0.04-+0.52|0.904+0.17 1.1+£33
(a2 + B2) .0 37404 37404 | 37404 | 04434 | 55111 0.04




6. Summary

Including all new datasets and analyticity, unitarity,
crossing symmetry, we perfom an amplitude analysis on
photon photon collision.

Our individual amplitudes are the boundary of LbL

' : amplitudes when virtual photons are changed into real
Go)pl=jifzliglt  photons.

2\/ We test PV sum rules for real photon case. 4 is likely the
largest contribution to be added below 2.5 GeV.

SUmnuie

We predict pion polarizabilities. They may also play an
po]a rjzab]jj'iy important role in LbL scattering.




