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This talk 1s about Vacuum

Historical aside

Vacuum, since a long time ( 2500 years ), constitutes an always present Issue
in Physics or better in Natural Sciences Philosophy

Parmenides, Leucippos, Democritos, ..... Torricelll, von Guericke.....
until nowadays

In Quantum Field Theory, In the perturbative phase,
the Vacuum is naturally represented by the vacuum polarization
contribution



Vacuum Polarization makes dem running
assuming a well defined "effective” value at any

scale
vacuum polarization and the "effective charge’ are
, . .. defined by: . a(0) ,
¢ =@ e oy )" Tag Ae=Te(Mig)-TI0)

A« takes contributions from leptonic and hadronic and gauge bosons
elementary states

Among these the non-perturbative A

Ao = A(Xleptonic + A(ng + Aana+ A top

o X




adronic Leading Order (HLO) Contribution
to the Vacuum Polarization

X

Hadrons



The Standard Dispersive Approach

to the evaluation of the HLO contribution to
the muon anomalous magnetic moment goes
back to the '60
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Possible experiments with high-energy colliding beams of
electrons and positrons are discussed. The role of the proposed
two-pion resonance and of the three-pion resonance or bound
state is investigated in connection with electron-positron annihi-
lation into pions. The existence of a three-pion bound state would
give rise to a very large cross section for annihilation into #%<-.
A discussion of the possible resonances is given based on consider-
ation of the relevant widths as compared to the experimental
energy resolution. Annihilation into baryon-antibaryon pairs is
investigated and polarization effects arising from the nonreal
character of the form factors on the absorptive cut are examined.
The density matrix for annihilation into pairs of vector mesons

is calculated. A discussion of the limits from unitarity to the
annihilation cross sections is given for processes going through
the one-photon channel. The cross section for annihilation into
pairs of spin-one mesons is rather large. The typical angular
correlations at the vector-meson decay are discussed.

A neutral weakly interacting vector meson would give rise to
a ctrana vacanant nealr if it ic conmload with lantan pnirc_ Fffecta
of the local weak interactions are also examined. The explicit
relation between the ¢ corrections to the photon propagator due
to strong interactions and the cross section for annihilation into
strongly interacting particles is given.

of the local weak interactions are also examined. The explicit

relation between the ¢? corrections to the photon propagator due
to strong interactions and the cross section for annihilation into
strongly interacting particles is given.




8. EXPRESSION FOR THE VACUUM POLARIZATION

DUE TO STRONG INTERACTING PARTICLES N. CABIBBO AND R. GATTO

The quantity

)=k, The Fourier trans-

2 L)Xl H(O10) (105)  F ) o,

k% pto) =k
! product and A, is the J
e expressed In terms of

which gives the d«
integrals of the type
(k)= —

is known to be of fundamental importance in quantum
electrodynamics.® In (105), 7, is the current operator

. must be convergent,
and the sum is extended over all the physical states

observable expressior
that for any group of

% (3. Killén, Helv. Phys. Acta 25, 417 (1952).

I1(0)— I1(#*) —ixlI(k*)
X :

(106)

k*—1e

In (106) I1(k?) is defined as

H(k2)=wa =4

(107)
0 k*+ta

We show in this section that the experimentally
measured cross sections for processes et-+e~— vy — F,
where I denotes a group of final states, is directly
related to the contribution to (105) from the group of
states F¥ in the summation over the intermediate states
z. This result will permit, for instance, calculation of
the modifications of the photon propagator due to
virtual strong interacting particles, directly from the
measured cross sections,

converges. Such a coi
derived in Sec. 6 frc
the cross sections o p(

I1(0)

- is connected to charg

finite, S “Eor(E)dE
states F. If the cross
logarithmically diverg
ments about converg
channel and they are

0.
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o110 — (2 /O P2 K (s) ITljuq(s + ie)

K(s) = /Oldxx2 o=

Optical Theorem

Im Mpaa(s) = op(s)

A

g2

JHLO _ (amu)z [LOO dSK(S)Rhad(S)

2
mZ

- o(ete™ — hadrons)

olete™ = ptu~)

from F. Jegerlehner talk in Frascati March 23,2016
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Measurement of the running of Olem

A direct measurement of lem(s/t) in space/

. . . . () W¥'s Y's
time-like regions can show the running of 004 ———————
Lem(s/t)

It can provide a test of “duality” (far away 0.03
from resonances)
It has been done in past by few experiments 0.02 -

at e"e” colliders by comparing a “well-

known" QED process with some = A
reference (obtained from data or MC) = o001 | hscl
< S R | PR || L | Altyaq (1)
2 — A0y,.4 (5)
9) 2 had
Of(q ) - Nsignal (q ) 0 -
2 2
a(q() ) Nnorm (qO )
001} s
Nsignal can be any QED process, muon pairs, etc... i
Nnorm can be Bhabha process, pure QED as yy
air production, a well as theory, or any other 00 Lt it A el
el P ! / 00%1 1 10 100

reference process.
> s, \—t (GeV)



Within the framework of low-energy high precision measurements
the long-standing (3-4) o

discrepancy between the experimental value of the muon
anomalous magnetic moment and the Standard Model prediction

Ip = % Aa,(Exp — SM) ~28 £8-10~'°

The accuracy of the SM prediction 5.10 1Y

s imrted by strong interactions effects

The present error on the leading order hadronic
contribution to muon g — 2

5afLO ~ 4 .10 10

It constitutes the main uncertainty of the SM predictions



Comparisons of the SM predictions with the measured g-2 value:

E821 - Final Report: PRD73
ayEXP=116592091 (63) x 10-11 (2006) 072 with latest value
of A=py/pp from CODATA’10

a,” X 1011 Aay, = a,*" — a)”
116591761 (57) 330 (85) x 10~
116591818 (51) 273 (81) x 10!

116591 841 (58) 250 (86) x 1011

with the recent “conservative” hadronic light-by-light a HNLO(lbl) = 102 (39) x
101 of F. Jegerlehner arXiv:1511.04473, and the hadronic leading-order of:

[1] Jegerlehner, arXiv:1511.04473.

[2] Davier, arXiv:1612:02743.
[3] Hagiwara et al, JPG38 (2011) 085003.

from M. Passera



The muon g-2 - The Hadronic contribution

Hadrons Central Error

1.0 GeV

1.0 GeV

y F. Jegerlehner and A. Nyffeler, Phys. Rept. 477 (2009) 1
K(s) = /ldr (1 2) o _ L 7 GiK(s)0®(s) = Q—Z/OC 4 K (s)R(s)
Jo 2 + (1 — xz)(s/m?) o 43 am2 -~ 3m2 am2 S |
aHHLO = 6870 (42)to0t X 1 0-11 F. Jegerlehner, arXiv:1511.04473 (includes BESIII 2r)
= 6926 (33)tot x 10-11 M. Davier, arXiv:1612.02743
= 6949 (37)exp (21)raa X 1011 Hagiwara et al, JPG 38 (2011) 085003

from M. Passera
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DHMZ —A—
Comparison between 180.2+4.9

the SM predictions and
the experimental

determinations HLMNT — .
182.815.0

Theory

parametrizations

DHMZ ( M.Davier et al.

), HLMNT ( K.

Hagiwara et al. )
SMXX is the average
of the two previous

values
BNL-E821 04 average BNL-E821 04 ave. — -
IS the current 208.916.3 |
experimental value of
aM |
New (g-2) exp. Py
New (g-2) exp. is the 208.9+1.6 |
same central value with
a fourfold improved
precision of future g-2 s b b b b b by b a
experiments at 140 150 160 170 180 190 200 210 220 230
Fermilab and J-PARC. au'“ 659 000 (1 0-10)

.From T. Blum et. al., “The Muon g-2 Theory Value: Present and Future” arXiv:1311.2198 [hep-ph]



will this possibly change In the next few years !

The present experimental error as from the BNL E821 is
da,,"P ~ 6.3 -107'°[0.54 ppm]

L
©
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O
O

T
S

O
©

The question Is how to cope with such an
improvement from the theory side
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The alternative approach of using a space-like formula for the vacuum

polarization
87 L — 8% L
Q1o = @ / dz (1 — o)y (t(x)) = & / dz (1 — ) Aapea(t(x))
T Jo T Jo
0 0
HLO _ & dt 1 — 0 o= e dt 1—06,
a# T (7_‘_) e ﬁt(]-—'_ﬁ) had(t) _ (7_‘_) e 5t(]—+ﬁ) Ckhad(t(llj))
2,2
4m/% L . a(O)
5:\/1— ; t(fl/’):_l_; O‘(t)_l—Aa(t)
Aapqad(t) is the hadronic contribution to the
running of «
t=—|q|’ Acthad(t) = Aa(t) — Aagep(t)
This may be obtained by using Bhabha scattering




Aai(t(z))

t] (1072 GeV?)
0.55 298 105 357 00

100 |

':/'r AOzlep (t)
10

0.001 ' ' : :
0.2 0.4 0.6 0.8 1




The integrand function

t| (1073 GeV?)
0 0.55 2.98 10.5 35.7

7 B | | | |

O 1 1 1 |

0 0.2 0.4 0.6 0.8
Tpeak = 0.914 t,cqr = —0.108 GeV?



2. Theoretical framework

The leading-order hadronic contribution to the muon g-2 is
given by the well-known formula [4,15]

o0

d
a,’ = % f = K(s) ImTTpaq(s + i€), (1)
T S
0
where I1j,q(S) is the hadronic part of the photon vacuum polar-

ization, € > 0,

1

x2(1 —x)
K(s)_O/dx X2+ (1 —x)(s/m%,) 2)

is a positive kernel function, and m, is the muon mass. As the
total cross section for hadron production in low-energy e*e~ anni-
hilations is related to the imaginary part of Ily,4(S) via the optical
theorem, the dispersion integral in Eq. (1) is computed integrat-
ing experimental time-like (s > 0) data up to a certain value of
s [2,18,19]. The high-energy tail of the integral is calculated using
perturbative QCD [20].

Alternatively, if we exchange the x and s integrations in Eq. (1)
we obtain [21]

1

a,’ = % f dx (x — 1) Mpaq[t (X)], (3)
0

where ITpaq(t) = Mpaa(t) — Mhaa(0) and



The space-like kinematics allows a
x2m2 direct comparison with the lattice
tx)=——7<0 evaluations

1S a space-like squared four-momentum. If we invert Eq. (4), we
get x=(1— B) (t/2m?,), with B = (1—4m? /t)'/2, and from Eq. (3)
we obtain

0
HLO_E T p—1 zﬂ
a, = fnhad(t)(ﬂ+1) B (5)

Eq. (5) has been used for lattice QCD calculations of a;*}o [22];
while the results are not yet competitive with those obtained with
the dispersive approach via time-like data, their errors are ex-
pected to decrease significantly in the next few years [23].

[22] C. Aubin, T. Blum, Phys. Rev. D 75 (2007) 114502;

P. Boyle et al., Phys. Rev. D 85 (2012) 074504;

X. Feng et al.,Phys. Rev. Lett. 107 (2011) 081802;

M. Della Morte et al. ,J. High Energy Phys. 1203 (2012) 055.
[23] T.Blum et al., PoS LATTICE 2012 (2012) 022.




To summarize

! 2
HIL.O 04 X 5
ai® =—= [ A=x,,( m? )dx

7T 0 1 — X
2 2 o

[ = allade” O<—-t<+ a,=(g-2)/2
x—1

= d (1 \/1 m‘z‘) 0 1
x_2m2 _ _ / = X< ﬁ

t =—ssin’ (=
(2)

Aa, (t)=-T1, (t) fort<O

mi )dx

1
o HLO 04 (1 A
. T { ) had( 1_ Y



functional form of the kernel

0.035

Ao

003 —

0.025 :_ leptonic
0.02 -
0.015 —
0.01 —

hadronic

0.005

IIII 1 1 1 IIIIIl
10° 1 10 102

V-t / GeV

Ao 1s dominated at low t by leptonic contributions

A. Arbuzov, D.Haidt, C.Matteuzzi,M.Paganoni, L.T. Eur. Phys. J. C 34 (2004) 267
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A new possibility
Via

scattering

G. Abbiendi, C.M. Carloni Calame, U. Marconi, C. Matteuzzi, G. Montagna,
O. Nicrosini M. Passera, F. Piccinini, R. Tenchini, L. T. and G.Venanzoni,
arXiv:1609.0898/ [hep-ex], Eur. Phys. ]. C77 (2017) 3, 139



,ue — M€
—ligh intensity muon beam avallable in the CERN North Area E =150 GeV

* pure t-channel process d_(f _ dog | a(?) ‘2
dt dt " «(0)
s~0.16 GeV? —0.14<t<0GeV? 0<z<093

+ the 2 — 2 kinematics reads
t = Qm?,_ —2m.FE., s = m,2, + mz + 2meE;; \/(E;‘)i’ —m2
T = -
E! + me
5 o_ ] 4+ 72 0. 1 FEe — me _" "
e = mem, = arccos B +m. ce = cos O
c 0< 0. <31.85mrad «— 1398 > FE. > 1 GeV +— —0.143 < t < —10"2 GeV?
300 T .
N A — differential cross-section at LO
=20 /’ [ (including vacuum polarization)
£ 200 - as a function of 6,
3150 ,//
% 100 /’/
o ~
= ol /_//
0 "”/ i
1.0025 y T T - T T
one | — effect due to Aanaa(t) Same process can
1.0015 do(Aapg # 0)/do(Aapeg = 0) E s H '
A ' — for instance the region
| N : fe > 20 + 25 mrad can be used be used for S|gnal
% e % 23 normakzation and normalization
655 (mrad)

C.M. Carloni Calame (INFN, Pavia) aL”‘O from space-like data ADMPP186 11/ 15




) Inrtial muons have to be tagged with their direction and momentum
) 20 Be (C) layers interfaced with Si planes spaced by |m air gap modularly spaced
) The use of a low Z material in order to reduce multiple scattering and background
iv) A final EM calorimeter to discriminate e/mu at small angles ( 2-3 mrad )

(a) }( ~1m >‘

module n e

target n targetn +1

(b)

ECAL MUON



very important

m momentum =1 VvV
5 «=0928, E = 130.7 GeV Muon beam momentu 50 Ge

Muon scattering angle (mrad)
N

N
05
YAs

40 50
Electron scattering angle (mrad)



This experiment has been proposed to CERN

- The idea has been presented on the 3 and 4 September 2016 to the
“Physics Beyond Collider Study Group”

- C. Matteuzzi and G. Venanzoni are members of the board as the experiment representatives.
- Physics Beyond Collider Study Group will select experiments aiming to:

- Enrich and diversify the CERN scientific program
Exploit the unique opportunities offered by CERN’s accelerator complex and scientific infrastructure
Complement the laboratory’s collider programme (LHC, HL-LHC and possible future colliders).
The scientific findings will be collected in a report to be delivered by the end of 2018.

This document will also serve as input to the next update of the European Strategy for Particle Physics.

and to the INFN NSCI on May 2017/

U. Marconi at the CSN1 May 2017



Detector design/optimization

----- I o = | M

p

Calorimeter

* Electromagnetic calorimeter needed to:

— Perform the PID: muon/electron discrimination.

* PID capabilities also reconstructing the electromagnetic shower in
the tracking system.

— Triggering : (muon in) AND (ECAL E > Ey)

* There is an alternative trigger condition: (muon in) AND (2 prongs
into a given module)

* Establish how to measure E_ in order to get rid of
events with electron energy below 1 GeV

U. Marconi at the CSN1 May 2017
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Systematics

“

Acceptance

Tracking

Trigger

PID

Effects of E,_ energy cut
Signal/Background: -

Affordable by means of
GEANT4 based simulations

It requires a dedicated event generator.

Uncertainty in the location of interaction vertices:
segmented active targets to resolve vertex position

Uncertainty in the muon beam momentum:

decay kinematics constraints
Effects of Multiple Scattering:

Require dedicated ancillary measurements

U. Marconi at the CSN1 May 2017



Plans

e 2018 -2019

— Detector optimization
— Test beam

— Theoretical studies

— Letter of Intent

— Set up a collaboration

e 2020
— Detector construction and installation

 Start the data taking after LS2 by 2021

e 2021 - 2023
Reach a relative precision on a "° of 1%

U. Marconi at the CSN1 May 2017



Resummaton of dominant corrections up to all orders, matched
with NLO corrections. Mass effects should be included.

NNLO corrections: some classes of NNLO re-usable from existing

Bhabha calculations, some new ones due to the presence of

different mass scales muand me. In any case, NNLO contributions must be
obtained.

Development of dedicated MC tools including all the above ingredients.

Detailed study of all the mentioned corrections, comparison
among independent calculations, estimate of higher-order corrections.

A planned theory workshop this year in Padova 4-5 September and in 2018
here In Mainz a topical Workshop:

“The Evaluation of the Leading Hadronic Contribution

to the muon anomalous magnetic moment”

February 19-23



Padova

Europe/Rome timezone

Venue

Timetable

Map

&2 Support

Muon-electron scattering:
Theory kickoff workshop

4-5 September 2017

The aim of the workshop is to explore the opportunities offered by a recent proposal for a new experiment
at CERN to measure the scattering of high-energy muons on atomic electrons of a low-Z target through
the process pe—pe. The focus will be on the theoretical predictions necessary for this scattering process,
its possible sensitivity to new physics signals, and the development of new high-precision Monte Carlo
tools. This kickoff workshop is intended to stimulate new ideas for this project.

It is organized and hosted by INFN Padova and the Physics and Astronomy Department of Padova
University.

Organizing Committee

Carlo Carloni Calame - INFN Pavia
Pierpaolo Mastrolia - U. Padova

Guido Montagna - U. Pavia
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You are all welcome!



Conclusions and Outlook

This new approach for a direct measurement of the hadronic contribution to the
anomalous muon magnetic moment represents a path within an unexplored
region of field theoretical dynamics

[t constitutes an Independent determination, alternative and potentially
competitive with respect to the time-like dispersive approach

The (crossed) t-channel dynamics, as complementary and independent with
respect to the s-channel one, will permit a direct comparison with the lattice
evaluations

't will consolidate the theoretical prediction for the muon g-2 in the Standard
Model and allow a firmer interpretation of the measurements of the future muon
o-2 experiments at Fermilab and J-PARC
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Abstract

A method to determine the running of o from a measurement of small-angle Bhabha scattering
is proposed and worked out. The method is suited to high statistics experiments at e e~ colliders,
which are equipped with luminometers in the appropriate angular region. A new simulation code
predicting small-angle Bhabha scattering 1s also presented.
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The method to measure the running of a exploits the fact that the cross section for the process
ete” — eTe” can be conveniently decomposed into three factors :

7= (5) arar) 3)

each one of them known with an accuracy of at least 0.1%

| st factor s
- do” _ WagRe{Bt + B, + Bi},

At 282
do® do® [a(0))?
A&t T At \a(t))

_ (s (54 2c+c? 2(9%2 + g2)(5 + 2¢ + ¢?)
i (t) {<1—H(t>)2+f (1 - T1(0))

- + £ (4(93 + 92+ (1 +0)%(gs + 95 + 69393)) }
The Born cross section

- 2(1+¢) (1—9)*(gs — 9a) + (1 + 0)*(90 + ga)
contains all the soft and B = p-mpp *2 L TI(s)
virtual corrections + X*[(1—0¢)*(9y — 92)* + (1 +¢)* (9, + 95 + 69.9,)]

1
(1 —1II(2))(1 — II(s))

£ X
; <gs+gz>(1_n(s)+1_n(t))

B, = 2%(1 +c)2{

+ (g% +6g252 +g;*)€x}



2
( a(t) ) Vacuum polarization effects

a(0) gives the running of alpha

1+ Ar())

with all the real and virtual effects not incorporated in the running of
alpha



s the Sommerfeld
2\ Q(O) Oz(O) fine structure constant
a(q ) _ 1 — Aa(qz) ) measured with a precision of

O(107?)

Aa(qQ) from loop contributions to the photon propagator



arX1v:hep-ex/0505072v3 23 Feb 2006

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH

CERN-PH-EP/2005-014
21 February 2005
Revised 28 June 2005

Measurement of the running of the
QED coupling in small-angle Bhabha
scattering at LEP

OPAL Collaboration



Abstract

Using the OPAL detector at LEP, the running of the effective QED coupling «af(t) is
measured for space-like momentum transfer from the angular distribution of small-angle

Bhabha scattering. In an almost ideal QED framework, with very favourable experimental
conditions, we obtain:

Aa(—6.07GeV?) — Aa(—1.81 GeV?) = (440 £ 58 £43 £ 30) x 10>,

where the first error is statistical, the second is the experimental systematic and the third

is the theoretical uncertainty. This agrees with current evaluations of «(t). The null
hypothesis that a remains constant within the above interval of —t is excluded with a

significance above 5. Similarly, our results are inconsistent at the level of 30 with the

hypothesis that only leptonic loops contribute to the running. This is currently the most
significant direct measurement where the running «a(t) is probed differentially within the

measured t range.



This has been made possible by a very accurate determination
of the Luminosity by the OPAL collaboration
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Small-angle Bhabha scattering in OPAL

EL RL oy ee —ee \/_z91.2GeV ER RR R
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SW - Left

2 cylindrical calorimeters encircling the beam pipe
at + 2.5 m from the Interaction Point

19 Silicon layers Total Depth 22 X,
18 Tungsten layers (14 cm)

1 R=370

Each detector layer divided
into 16 overlapping wedges

Sensitive radius: 6.2 — 14.2 cm,
corresponding to scattering angle
of 25 — 58 mrad from the beam line 0
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Final Error on Luminosity

After all the effort on Radial reconstruction the dominant systematic
error 1s related to Energy (mostly tail in the E response and nonlinearity’

Quantitatively: (OPAL Collaboration, Eur.Phys.J. C14 (2000) 373)
Systematic
Error (x10-4)
Energy 1.8
Inner Anchor 1.4
Radial Metrology | 1.4

Total Experimental Systematic Error: 3.4 x 10

Theoretical Error on Bhabha cross section: 5.4 x 104

Frascati, 7 June 2006 G.Abbiendi 20



The Method used follows the above parametrization/factorization
of the Bhabha cross-section

do  dol® (a(t)

2
1 1+a i)
= (52) ava a+5)+2

xp

do(® B 47ra%
dt ¢

We determined the effective slope of the Bhabha momentum transfer distribution which 1s
simply related to the average derivative of Aa as a function of Int in the range 2 GeV? < —t <
6 GeV2. The observed t-spectrum is in good agreement with Standard Model predictions. We

find:
Aa(—6.07GeV?) — Aa(—1.81 GeV?) = (440 £ 58 +£ 43 +30) x 107>,

where the first error is statistical, the second 1s the experimental systematic and the third 1s
the theoretical uncertainty.

This measurement is one of only a very few experimental tests of the running of a(t) in the
space-like region, where Aa has a smooth behaviour. We obtain the strongest direct evidence
for the running of the QED coupling ever achieved differentially in a single experiment, with
a significance above 5o. Moreover we report clear experimental evidence for the hadronic
contribution to the running in the space-like region, with a significance of 3 o.
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Possible experiments with high-energy colliding beams of
electrons and positrons are discussed. The role of the proposed
two-pion resonance and of the three-pion resonance or bound
state is investigated in connection with electron-positron annihi-
lation into piong. The existence of a three-pion bound state would
give rise to a very large cross section for annihilation into #%-.
A discussion of the possible resonances is given based on consider-
ation of the relevant widths as compared to the experimental
energy resolution. Annihilation into baryon-antibaryon pairs is
investigated and polarization effects arising from the nonreal
character of the form factors on the absorptive cut are examined.
The density matrix for annihilation into pairs of vector mesons

is calculated. A discussion of the limits from unitarity to the
annihilation cross sections is given for processes going through
the one-photon channel. The cross section for annihilation into
pairs of spin-one mesons is rather large. The typical angular
correlations at the vector-meson decay are discussed.

A neutral weakly interacting vector meson would give rise to

o obncwns 2onannnd nank 3£ 34 3o l\l\i"\]t\fl st h ‘ﬂ'\f’t\'\ nalro F“Q(‘fﬂ

of the local weak interactions are also examined. The explicit
relation between the ¢* corrections to the photon propagator due
to strong interactions and the cross section for annihilation into
strongly interacting particles is given.

~ of the local weak interactions are also examined. The explicit
relation between the ¢* corrections to the photon propagator due
to strong interactions and the cross section for annihilation into
strongly interacting particles is given.




8. EXPRESSION FOR THE VACUUM POLARIZATION rans-
DUE TO STRONG INTERACTING PARTICLES

~ The quantity :

(27)? the
2. 0]4.(0)|2)z] 7»(0)10) (105) 5 of

DAY
() 3k po) =k

is known to be of fundamental importance in quantum
electrodynamics.® In (105), 7, is the current operator
and the sum is extended over all the physical states

% (3. Killén, Helv. Phys. Acta 25, 417 (1952). 106)
N

In (106) II(%?) is defined as

1(/2) = P f "Hza) (107)

0 k*+ta

We show in this section that the experimentally
measured cross sections for processes et+e — y— F,
where FF denotes a group of final states, is directly
related to the contribution to (105) from the group of
states ' in the summation over the intermediate states
z. This result will permit, for instance, calculation of
the modifications of the photon propagator due to
virtual strong interacting particles, directly from the
measured cross sections,

which gives the d
integrals of the type

J

must be convergent,
observable expressior
that for any group of

converges. Such a col
derived in Sec. 6 frc
the cross sections o p(
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