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Hadronic effects in (g — 2), and a( M z) — theoretical uncer tainties
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[0 Intr oduction

Non-perturbative hadronic effects in electroweak precision observables, main effect via a5
effective finestructure “constant” Qﬁw v J @ ¢
ﬂ,b@ Qmmv

(charge screening by vacuum polarization)

D )
Of particular interest: E20) %@U
a(Mz)and a, = (g — 2),/2 O

e electroweak effects (leptons etc.) calculab le in perturbation theory

e strong interaction effects (hadrons/quarks etc.) perturbation theory fails
—  Dispersion integrals over eTe —data

encoded in

NWQA%V __ o(ete”—y*—hadrons)

olete =y *—utp—)

Errors of data — theoretical uncer tainties !

The art of getting precise results from non-precision measurements !

New challeng e for precision experiments on qu+m| — \Egﬁosmv KLOE, BABAR, ....
(S. Miiller’ s next talk)
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Experimental :

_ vaa AH + %WQV Q.boibmmv
»2«5055 € O up, oAmv

R¥P(s)

number of obser ved hadronic events

number of obser ved normalizing events

efficienc y-acceptance product of hadronic events
radiative corrections to hadron production

Tnorm(S)  physical cross section for normalizing events *

0. 0(s) = 4ma?/3s normalization

*including all radiative corrections integrated over the acceptance

used for the luminosity measurement
L] requires precise theory knowledg e!

Normalization: mostly by Bhabha [or pu itself]

In general: a(p) enters with diff erent scales g in “had” and “norm”
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Recent progress (and a step back?) :

2002: Final CMD-2 mm—data: syst error 1.4% — 0.6 %!
some other CMD-2, SND data at &/ < 1.4 GeV new VP subtraction!
(Akhmetshin et al.)

2001: BES-Il R—data: syst error 20% — 7% !
region 2.0 GeV to 5.0 GeV
(Bai et al. 2000, 2002)

2000: T7—data
(ALEPH, OPAL, CLEO Collab., 1996-2002)

Iso-spin breaking effects 7—data vs. ete —data
(Cirigliano et al. 2002)

New situation: 7T—data not compatib le with e*e —data at 10% level

had
1

Previousl y unaccounted contrib utions: e™

e~ — o7, foytoa
= gm = 11.75(8.25) x 107 ie., ~ +10
(Narison 2003)

(data very poor)
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e substantiall y lower than old e™e~—data !
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checking VP subtraction by CMD-2 group !
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l_l

e Most problematic e e~ region now 1.4-2.0 GeV
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special effort in interpretation of these data! (Hagiwara et al. 02)

F. Jegerlehner Photon 2003 — April 7-11, 2003 —



Hadronic effects in (g — 2), and a( M z) — theoretical uncer tainties

0 Evaluation of a(Myz)

Non-per turbative hadronic contrib utions DQ%@A& can be evaluated in terms of

o(eTe~™ — hadrons) data via disper sion integral:

Mﬁ

cut

ds’

ma@ﬁm@\v Compilation: Davier, Eidelman et al. 02
g Theory = pQCD: Groshny et al. 91,
m\mm\ _ mv ] Chetyrkin et al. 97

fo o _ Vs Wl
%SM I e’e” = hadrons s

Y m Warr0 §

3 QCD
O

&m\ mw@QU Am\v
0.0 GeV, o0 %\ A%\ N %v

m Crystal B.
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Evaluation FJ 2002 update: at Mz = 91.19 GeV

e R(s)dataupto/s = E. = 5 GeV
and for Y resonances region between 9.6 and 13 GeV

e perturbative QCD from 5.0 to 9.6 GeV
and for the high energy tail above 13 GeV

Aot (M2) 0.02777 £ 0.00034
0.02761 =+ 0.00036
a H(M2) 128.925 + 0.046
128.936 + 0.046
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Evaluations of a(Mz) by diff erent author s (before 2000)

All values have been rescaled to M; = 91.1887 GeV. The small top quark and the W

contrib utions are not included.

g _,_m©w1_®33m1 (86)

|
Burkhardt et al. (89)
|

R 'Swartz (94)

Alemany et al. (97) (e*e”)
|

__un_iw_\ & Hoecker (97) pQCD+. ..

Groote et al. (98) SR+. ..

8.6 128.7 128.8 128.9 129.0 129.1 129.2 129.3
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Recent evaluations of Aa(Mz)

EJ (95) ""data driven"

Jegerlehner (98)

Martin et al. (00) "'exclusive"

270.0 272.0 274.0 276.0 278.0 280.0 282.0 284.0 286.0
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0 a(My) in precision physics

Uncertainties of hadronic contributions to effective «x are a problem for
electroweak precision physics:

Precision physics limitations :

Q. G/u M 7z most precise input parameter s

partially ﬁ
non-perturbative precision predictions

Sin2 G)f)Ufaa’f)MW) FZ: FW: Co

relationship

a(&z), G ., Mz best effective input parameter s
for VB physics (Z,W) etc.

3.6
8.6
2.4
1.6 +6.8 X (present)
9.3 X

LEP/SLD:

sin® O = (1 — gvi/gar)/4 = 0.231484|0.00017

§Aa(Mz) =0.00036 = Jsin O =[0.00013

affects Higgs mass bounds !

sepure} seoun [eanaioayl — (Zpy7 )0 pue (g — b) ul speye duoipeH
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Indirect

Higgs boson mass “measurement”

my = 88732 Gev

ete” = 7. = dmpy ~ —19 GeV

Direct lower bound:

mpyg > 114 [GeV at 95% CL
Indirect upper bound:

myg < 193 [GeV at 95% CL

Final
0.23099 + 0.00053

0.2324 + 0.0012

Preliminary
0.23217 = 0.00031

0.23206 = 0.00084

0.23148 £ 0.00017
x?/d.0f.:10.2/5

Aa®) = 0.02761 + 0.00036

Em=174.3+£5.1 GeV

sine

lept
eff —

I
0.234

(1 —9\/9,)/4

(LEP Electroweak Working Group: D. Abbaneo et al. 03)
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0 Evaluation of a, = (g — 2),/2

had
7

R,(s)=cW(ete” = v — wm%osmv\%mww data via disper sion integral:

Leading non-per turbative hadronic contrib utions a,“" can be obtained in terms of

had oy, \ m\wam@v K(s) v
(5) () as W

Data:
Akhmetshin et al. 02 [Collab. CMD-2]

—— GS fit by CMD-2 2001

e Experimental error implies theoretical uncer tainty! ‘ o L
40.0 4 - - m\ \ L

e Low energy contrib utions enhanced: ~ 67% of error ‘ X\

had . 2 2 2 o 30.01
on a,*" comes from region 4mz < mz,. < Mg 5 N\ \

had(1 _ 0 , 00
ah*d®) — (683.7 4 8.6) 1010 PSS~ ] , —
W
600.0  650.0  700.0  750.0  800.0  850.0  900.0  950.0
1.0 GeV E (MeV) |
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Evaluations of @wm%osm x 1010 by diff erent author s (before 2000)

Only the leading hadronic vacuum polarization diagram is included.

| L R B IR
640.00  660.00

— T T T T T T [ T T T T [ T T
680.00 700.00 720.00

_
740.00

Bouchiat & Michel (61)
Gourdin & de Rafael (69)
Barger, Long & Olsen (75)

Dubnickova et al. (92)
Adel & Yndurain (95)
Alemany et al. (97) (e"e”)
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had

Recent evaluations of a,

—l8—

Eidelman & Jegerlehner (95)
Alemany et al. (97) (e¥e’,7)

Davier & Hoecker (98) SR-..

680.00 690.00

700.00 710.00 720.00

F. Jegerlehner

Photon 2003

— April 7-11, 2003 —



Hadronic effects in (g — 2), and a(Mz) — theoretical uncer tainties

a, = QMW@U s @Fmaﬁv s QWQQA ) s Q\M\@mwm ) e @MM@@WA ) s Q\mu_ A+@M®€ Ug\mFmv

e Higher order hadronic contrib utions me& ) — —(100 £ 6) x 10~ (Krause 96)

V-

e Hadronic light-b y—light scattering va_ = (80 £ 40) x 107! (Nyffeler 02)

83(12) x 10~ —19(13) x 1071 M +62(3) x 10711

L.D. %W&? i

Low energy effective theory: e.g. ENJL

ﬁ.Hu NA‘H S,
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|au Summary: experiment vs. theory I

CERN (79)
KNY (85)
E821 (98)
E821 (99)
E821 (00)
World

E821 (01)

E821 goal

100

EJ 95 (eTe™)

181.3 +£16.0

DEHZ 03 (ete™)
169.3 £ 07.8

DEHZ02 (1)

193.6 + 06.9

FJ 02 (eTe™)

168.3 + 09.3
HMNTO02 (ete™ incl.)
166.9 +07.4

NARO3 (ete™ + S7)
179.9 £ 11.1

NARO3 (7 + Sv)
202.3 £11.3

200
i
oe

300

3.0 o Theory (ete™)

0.9 ¢ Theory (7)

4

(a,~-11659000)x 10~ '°

sepure} seoun [eanaioayl — (Zpy7 )0 pue (g — bH) ul s1peye dluoipeH

a(1) |

Given theory results only diff er by aﬁa’
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a,:. type and size of contrib utions

World Ave

300 Theory (ete™)
09¢c Theory (1)

b T
—400 —200 0 200 400 600
| QED
[ ] 1-loop EW
2-loop EW

hadronic (1)
hadronic (2)
light—by-light old
light-by-light new

m hadronic 7 — eTe™

All kind of physics meets !
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[0 What pseudo-obser vable do we need?

What do we need for calculating a(s) and a** 2

a

Qm%v = Q y DQ

1pi blob 1pi undressed

Cross section

1pi blob: 7y, p, nm, wwy, 37, 4w, 07+ -, wwH, - - - at least one hadron plus any

strong, electromagnetic or weak interaction. At low energies:
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[FR(8)2 = |Fa(s)]? (a/a(s))?

VP effects in physical quantities must include photonic corrections to the hadronic 1pi
blob:

Y
AGDN fad T

Add theoretical prediction for FS radiation (including full photon phase space):
«

FO(s)2 = [FO(s)[? (1+n(s)>)

to order O(«), where 7)(s) is a known correction factor (Schwing er 1989). The

corresponding QAQV contrib ution to the anomalous magnetic moment of the muon is

§7ad = (38.6 £ 1.0) x 107

.:

(see also: Melnik ov, Troconiz&Yndurain 2001)
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KLN theorem at work (Kinoshita, Lee & Nauenber Q)

fully inclusive =including virtual (V) plus soft (S) plus all hard (H) photons cross
section: oy (1 + 2C) Caconstant O(1) like 3/4 for ;1 FSR, 3 for m FSR (in SQED)
—> small positive correction;typicall y ~ .2%

exclusive quantities involve large log’s on photon energy cut and collinear logs !
Bloch & Nordsieck: V+S cannot be separated (separately IR diver gent)

V+Slog's: 2 C, In(s/m2), 2 C, In(v/s/Escut)

complementar y hard photon part (summing to full phase space)

H: log’s the same as V+S but precisel y of opposite sign!

All log’s cancel in sum (inclusive)!

e cutting out all hard photons and subtracting V+S using sQED = .5% model
ambiguity (sQED vs. fQED)

e adding missing H part using the same model (as used for subtracting V+S) = .1%
model ambiguity (sQED vs. fQED)

e this guesstimate does not tell us the true model error!
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How to get phase of F}(s)?

Omnes—Muskhelishvili theorem:

(see also: Geshkenbein ... 89, Yndur ain .

analyticity + unitarity + chiral limit

relates: space-like data, wm—scattering phase shifts and time-like data

— severe theoretical constraints!

Work in progress: Colang elo, Gasser, Leutwyler , F.J.

|[Fr(s)]* = [(1 —II'(s)) Fr(s)*

Allows us to get substantiall y improved low energy contrib ution!
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0 eTe —cross sections via T—decay spectral functions

The isovector part of QA®+Q| — wm%osmv may be calculated by a isospin rotation from

T—decay spectra (to the extend that CVC is valid)

— X~ — X
X~ and XY are hadronic states related by iso-spin rotation.

The eTe™ cross—section is then given by

=1 _ Ana?
Q-®+®||VNO - S @H“N| 9 /\W m i\ﬂ

in terms of the 7 spectral function v;.
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e Additional “ete™” data; T—data + CVC ALEPH, OPAL, CLEO (ADH96, DEHZ02)

e mainly improves the knowledg e of the 777~ channel (p—resonance contrib ution)

e whic h is dominating in gwma (72%)

I=1~7%; I =0 ~ 25% = 7—data cannot replace e"e~—data

ADH 95:

da, : 15.6x10710 — 10.2 x 1071°
SAa : 000067 —  0.00065

All kind of isospin breaking effects have to be taken into account !!!
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systematic deviations largely can be under stood!

NA7, TOF, DM1

OLYA

ALEPH T-data

F. Jegerlehner

Photon 2003
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eTe —data*= data corrected for iso-spin violations:

|[F(s)|? = (|F(s)|°—data) / | T + |mv E

(Sw—s)

with
Sw = (M, —

.ﬂavw

2

¢ determined by fit to the data: ¢ = 0.00172
(Leutwyler 00)

After correction no systematic deviations between CLEO/ALEPH and
DM1/OLYA/CDM1/CDM2 data beyond fluctuations of eTe~ data, while OPAL data show
substantial deviations.

work in progress

G. Colang elo, J. Gasser, F. J.,H. Leutwyler
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NA7+CMD-2 eT e~ —data analytiz ed+unitariz ed+chiral limit: solid line vs. 7 —data

| Fr 2 (s)
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[0 Iso-spin breaking in 7 vs. eTe™:

FSR correction in 7—decay: inclusive approach?

+\|ll

T
! 4 ) } ! 4
éLHBLiAES .,8& v
) Y 4 ) Y
lll\%. WV

QED corrections are obviously not related by a iso-spin rotation and must be subtracted before CVC arguments

can be applied
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0 Iso-spin breaking corrections in 7 vs. ete™

Cirigliano ea al., hep-ph/0104267, hep-ph/0212386

1 —infty
avacpol — _—_ ds K (s) ¥ (s)

I 43 o2 et e~ —hadrons
™

50 — K, (s)] dlrrly o RiB(s)
o Nw\ﬁAmv ds mmﬁ\

QWﬁ a\‘\zmlw \w.;w H . h H IT M h

38473 2 2
384w ms m=

Iso-spin breaking correction in
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Summary of results:

Contrib utions to D@m@%@_ from various sour ces of iso-spin violation (in units of 10711

for diff erent values of ¢,,.x (in units of GeVv?) .

61 =26 = 3
61 + 26 = 3
61 +£26 £ 3
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Isospin breaking effects: (Cirigliano et al.)

Surprisingl vy, after corrections at larger energies 10% deviations !
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Revised, 24. 8. 2002

e Tvs. eTe” (HLO2) ) - -

>_.mn1+ o_.,m0+ VD2 +,Or<> +

0. 65 0.7 .75
Region below the w (0.6 < E < 782 MeV)

0.8 0. 85 0.9 0. 95

.

+
|
H

ﬂ

0.8 0. 85 0.9 0. 95
Region above the w (782MeV < E < 1 GeV)

The plots show the square of the form factor divided by the Omnes factor. In the
case of the et e~ data, the contributions from w exchange and vacuum polarization
are removed and only the statistical errors are shown. In the case of the 7 data,
the error bars represent the diagonal elements of the error matrix.

cannot be under stood within SM! likely an experimental
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e Comparison of 7—data:

T—data may be not so easy; DELPHI, L3 could not measure 7 spectral-functions;
ALEPH vs. OPAL no good agreement.
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0

The measured branc hing ratios for 7 — .7~ 7~ compared to the prediction from the

eTe” — w7~ after applying the isospin breaking correction

7 T 7 4 7 7

CLEO
1 25.42+0.42

OPAL
—&— 7544+0.34

ALEPH preliminary
25.47+£0.13

Average
25.46+0.12

|
26

) (in %)

B(tT - Vv

T
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Precise measurement of o(e*e™ — hadrons) at DAGPNE

Aim: Reduce hadronic uncer tainty in (¢ — 2),,®(E), - crucial for future of precision physics

In progress by | KLOE Jat ¢—factory DA®NE: o(eTe™ — hadrons) at /s < 2 GeV

0 Fo(s) /5 < 1Gev ~ hard

@\,S\AUM e oo

Photon tagging

S = iw s=s(l—-k) [k= NQ\N_%%L

L] R(s) 1Gev <

Y

®+
aarons

€

requires non trivial upgrade of DA®NE such that energy scan is possible
— Fr(s), R(s) direct /s < 2 GeV.
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channel

Contrib utions to 50—

@Mmm ” Qrm& X HOHO w — 37

from exclusive channels ¢

Theoretical work with the aim

to calculate radiative corrections 37

at the level of precision as indicated KtK~
KsKy,

in the Table is in progress.
rto—ntn—n0

[} Tt atn Tt
dar*d < 26 x 107 pp
2GeV < E < My
My < E < My
My < E

from

Vs <2 GeV.
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[0 Radiative return: Inclusive method

Normall y “obser ved” cross section (C'-invariant cuts, one—loop — no initial-final state

interf erence):

o°P8(s) 00(s) [1 + Oini(Ar) + Oin(ArR)]

M|M/\W>:N

ds' oo(s")pini(s, ')

s—2v/sA1r
+ o9(s) ds' pan(s,s’)

2
dmz

unfolding problem to get oy(s). Here additional problem: pg, (s, s’) model-dependent

(only soft photon part known)!

Experimentall y: acceptance cuts, efficiencies etc. in addition
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Radiative return measurement: look at 77~ invariant mass s’ distrib ution A%V plus

anything (photon). s’ fixed — missing energy fixed — “automatic” unfolding. Pion form
factor ansatz:

&Q. point

|2
B (P =

sym—cut ini, sym—cut

do point

ds'

&|q
ds’

+ ;w%m:m

fin, sym—cut

and hence we may resolve for the pion form factor as

1 do
A&|Q.V point @

ds’ / ini, sym—cut

e point

ds'

_ﬁaAm\v_w

sym—cut

I_WAAMV_N

fin, sym—cut

This is a remarkab le equation since it tells us that the inclusive pion—pair invariant mass spectrum allows
us to get the pion form factor unfolded from photon radiation directl y as for fixed s and a given s’ the
photon energy is determined. The point cross sections are assumed to be given by theory and &Q\&m\ IS

the obser ved experimental pion—pair spectral function.
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Hadronic effects in (g — 2), and a(Mz) — theoretical uncer tainties

[1 Status and Outlook

High precision experiments on a, = (g — 2)/2 (BNL) and sin” O, etc. (LEP/SLD)
imposed a lot of pressure to theory to improve (or find errors in) their calculations
and, in particular , to reduce hadronic uncer tainties whic h mainly reflect the

experimental errors of mﬁmvmwm

Experimental groups have reconsider older data to reduce errors (CMD-2); new data
from BES (20% — 7%) (2 GeV to 5 GeV), and 7 data from ALEPH, OPAL, CLEO. The

latter disagree with eTe™ data in some regions at the 10% level and essentiall y lead

had
L4

to two “incompatib le” prediction for a

All kind of attempts to squeeze out of the old data more precise results; theory only
partially can help. What is the appropriate “pseudo observable’?, What is missing
(e.g., hard photon effects)?, What is doub le counted? Etc.

Key role now for radiative return experiments on low energy hadronic cross sections:
KLOE, BABAR,...; radiative corrections very crucial to get a precise answer. Theory:
special effort by Karlsruhe group (Kihn et al.) to advance calculations.

® (g — 2),: need settle p region and in addition range 1.4 GeV to 2 GeV.

F. Jegerlehner Photon 2003 — April 7-11, 2003 —



Hadronic effects in (g — 2), and a(Mz) — theoretical uncer tainties

e Needs for linear collider (like TESLA): requires opaq at 1% level up to the T =

da(Mz)/a(Mz) ~ 5 x 107°. At present would allow to get better Higgs boson

mass limits.

e Future precision physics requires dedicated effort on oy,,q experimentall y as well as

theoreticall y (radiative corrections, final state radiation from hadrons etc.)

Maximum confusion ! Likely only new experiments can settle the problems

EJ 95 (e'e)

Photon tagging experiments 186.8£15.7 o
DH 98 (e'e” + 1+ QCD)

at KLOE, BARAR 176.8+7.2 —O0—

HMNT 02 (e*e”incl.)
166.9+7.4 —_—

DEHZ 03 (e'e -based)
169.3+7.9 —e—

DEHZ 03 (t-based)
193.6 +6.9

BNL-E821 02
203+8

1
,,77,,,77,,,77,,,77,,,77,,,77,,,77k, 1 ,7

140 150 160 170 180 190 200 210
a,— 11659000 (107
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Hadronic effects in (g — 2), and a(Mz) — theoretical uncer tainties

_ Future: _

[] KLOE (DA®DNE Frascati): expect a 1% measurement for o(ete~ — hadrons)at
V< 1 Gev

— photon tagging method theory: ~ 2%
|_|

— 7 inv. mass spectrum theory: ~ 0.5%
[1 very impor tant new measurement with diff erent systematics (cross check of

Novosibir sk measurements)

[1still alot of theory efforts necessary !
e large angle Bhabha ?
e RC to photon tagging ?
e photon radiation from hadrons ?

[l eagerly awaiting for fist release of KLOE data

big attention for new input for g — 2 now !

[1 CMD-2, SND (VEPP-2M Novosibir sk): CMD-2 final data analysis 0.6% systematics ?
upgrade up to 2 GeV

[1 BES (BEPC Beijing): upgrade , higher luminosity , improved detector 2to 5 GeV region
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Hadronic effects in (g — 2), and a(Mz) — theoretical uncer tainties

[] SLAC/BABAR: R(s) measurement in range Mg < F ., < My
Also: radiative return 77 inv. mass spectrum at B factories (BABAR/SLAC,

BELLE/KEK)
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Long term: need o(ete™ — hadrons)< 1% up to 3.6 GeV
both for a,}ljad and for Aq/ad:

| Distrib ution of hadronic contrib utions to Aozhadl

“Adler function based” approach (EJKV99,FJ 00):

-2.5.GeVto O

1.0 GeV

-0 to -2.5 GeV

Shaded area: 10 X error (scaled up)

[1 7—charm factor y

able to perform an energy scan between 2 and 3.6 GeV

would satisfy requirements of future precision
experiments
g-2, Gigaz,...
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