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@ Theoretical description of parton-to-hadron fragmentation functions
at small z:

@ The production of jets in high energy collisions.

o DGLAP vs MLLA evolution equations for FFs, from the LLA to the
MLLA.

o Infrared and collinear singularities — “NMLLA+NLO*" scheme.

o Distorted Gaussian (mean multiplicity, mean peak position, width,
skewness and kurtosis).

@ Comparison with et e -annihilation, 2 — 200 GeV and e~ p-DIS
3 — 175 GeV data-sets.

o Determination of Aqcp and as(M2).

@ Conclusions.

References:
JHEP 1408 (2014) 068 and arXiv:1408.2865 (with David d'Enterria)

Redamy Perez Ramos (YFL) JHEP 1408 (2014) 068 Talk at ISMD’14 2/33



Part |

Jet calculus in pQCD
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Production of jets

o Partonic cascade: treated in pQCD.
o Planar gauge: tree amplitudes =
parton shower picture
(probabilistic interpretation).

@ Hadronization (NMLLA-+NLO*):
advocates for Local Parton Hadron
Duality Hypothesis (LPHD):

@ NMLLA+NLO* FFs ~ hadron
distributions: factor A"

parton shower

Redamy Perez Ramos (YFL) JHEP 1408 (2014) 068 Talk at ISMD’14 4/33



Parton shower evolution
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o kj-ordering — DGLAP LLA evolution equations at large x ~ 1; ev.
time variable “t =Ink ", t1 < th < ....

@ QCD coherence — Angular Ordering (AO) — MLLA evolution
equations for FFs at small x < 1: ev. time variable t = In©,
h<th<...

@ Include as many pQCD high-order log corrections in order to minimize

the role of non-perturbative effects (hadronization):
Fragmentation 2o ~ §(1 — %) (LPHD)

parton "~
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Both approaches involve DGLAP splitting functions

a[l] — b[z]c[1 — z]:
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o Remark: P¢(z) = PSP(1 — z) (parton exchange), k| = z(1 — z)E®.
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DGLAP plus MLLA evolution equations:

@ Renormalized QCD evolution equations for a[l] — b[z]|c[l — z]:
d b c s(In zQ) X p, X
g DxIn Q)_Z/ dzP<( [;DC(;,Ian)]

o z: energy fraction of intermediate parton; x: energy fraction of the
hadron.

o ldentical but for one detail: for hard partons the shift in Inz in the
argument of D and «s is negligible:
o for hard/collinear splittings z ~ 1: Inz ~ 0, © < 1: LLA.
o for soft/collinear splittings z < 1: |Inz| > 1, © <« 1: DLA.
o for soft/collinear 4+ hard/collinear corrections: Modified-LLA (MLLA).

o (DGLAP) computation of FFs and PDFs at large x: k, -ordering.
@ (MLLA) computation of FFs at small x: exact angular ordering.
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Resummation schemes at small x and ©

o DLA: aslog(1/x)log ©: resummation of soft and collinear gluons:
@ main ingredient to the estimation of inclusive observables in jets,
@ neglects the energy balance.

@ Single Logs (SL): aslog© :
o collinear splittings (i.e. LLA FFs, PDFs at large x ~ 1),
o running of as(k;. — Qo) (x So).

o MLLA: agloglog + aglog: the SL corrections to DLA:
~—— =
o(1) O(vas)

@ “restore” the energy balance,
o take into account the running of as(ky).

@ Next-to-MLLA+NLO*: asloglog + aslog + asloglog™!:
—_—— ——  —
o(1) O(vas) O(as)
@ improve the restoration of the energy balance,
@ NLO running coupling effects (x 81) — Aqcp and evaluation of
as(M2,).
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Solving the evolution equations at NMLLA+NLO*

o Expressing the Mellin-transformed hadron distribution in terms of the
anomalous dimension: D ~ C(as(t))exp [ftfy(t’)dt’], t~InQ, one

needs to solve the equation (iteratively) in the D* basis:

2Neas dv, Qs
- = B(as) o ar(w+ 'yw)2 ﬁ(as) + ap(w? + 2wy + ’yw)

(w+ ) —
o with NLO S-function (necessary for competitive assessment of as):

Blas) = —ﬂo— — B 4 O(a)

47r2

2 3
ANMLLA+NLO*  _ wrra o 20 )2 0 4 ko 31,30 1 _ w
16N2 T (w2 +442)3/2 \/wz + a2 (w? +473)2

LB 248 B 5¢ an B In2(Y + A)
P\ @2+ 4P (W2 + a2 “Bo \fu? + a2
w / 2
2 2,\1/4 4
+ | -a e+ (W + 4 +O(7g),
27270 {(w2+4w3)1/“ (@ +49) ] (7o)

® Y =P [O(/@)] + 57 [0 ()] 4 7 MMIFATNLO” [0(3/2)]
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NMLLA+NLO* parton/quark/gluon single inclusive FFs

@ Obtained after combining the eigenvectors D and D~ (= 0):

Quark FF : Dg(w, ¥, ) ~ CE(Q)DH(w, Y, \), CE(Q) = %,

Gluon FF : Dy(w, Y, ) ~ CE(Q)DH(w, Y, \), cqm:%.
++(82) = P

o Jet virtuality Q = 350 GeV w5
eVOIVeS down to Scale %45;’ NMLLA coefficient functions:
i a4 —— Parton (D%), Q=350 GeV, A\=1.4
A=14ieto Q= 0.8 GeV. o) cemcevits
350 Guak (D) Q=350 GeV, A=1.4

© NMLLA+NLO* multiplicity

w
T

ratio: 2'55

2:

X,
g

=
T

N
A—[ = C—; (]. — N\ Qs — r20é5)
q

o
-

[Consistent with I. Dremin et al.
Phys.Rep. 349(2001)]
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Part |l

Distorted Gaussian
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Single inclusive distribution: Distorted Gaussian

_ N 1 1 1 2, 1,53 1,54
0 DF(E Y, \) = T5=exp gk — 350 — 3(2+ K)0% + 5567 + 57 kd*]
%’ 1G§ —— Gaussian: £ = 3.5, 0 = 1.4; 520, k=0 (E _ E)
Sq s 0=
Z%: — — DG:&=3.5,0=14, s=-0.5, k=-0.5 ° Mean multlphCIty
5 N =D (w=0,Y,]))
4= _
3 o Mean peak position: &
2=
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@ Moments of the Distorted Gaussian (from anomalous dimension):

_ K- K.
N=Ky, (=K, 0=VKz, s k=

= ke
Y n
0 EO
Kp>o0 = dy | —— wlas(y + A , Y =In—
>0 /0 y< 3w> Yoo (s (y ))w:0 o

@ Skewness and kurtosis (new ingredient) affect tails # Gaussian shape!
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Finite hadron-mass & heavy-flavour threshold corrections

C wr 10 _
@ FF distribution measurement for g gf  Distorted Gaussian ( £37,0=1.1, 5025, k=-1.0)
. E Massless partons (m = 0.)
o E eff
massive hadrons (¢;,), but theory B checive mass (m - 023 Gev
derived for massless a
partons/hadrons £ = £g: 65 P
50
_Ldo" e _ _ Vs/2 4;
o 4y~ F, 7TV 4= 00 (W> 3-
. 2
with my ~ O(Ayep ), i \

_ 2 2 = Lol b b b M L T
En = /pj, + mig, 1 27374757 T8 9
E:

pn = (v/5/2) - exp —&,. In(1/x)
o Mass effects gauged by varying data fits with meg = 0 — 0.36 MeV.

o Theoretical expressions depend weakly on the number of active
flavours (Ngayours = 3,4, 5).
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NMLLA+NLO* moments of the (DG) FF moments

~energy ~collinearcut—offparameter

Expressions as a functions of Y = In(E©/Qp) and X = In(Qo/Aqch)

Y+
«Multiplicity :  A(Y) o exp [2‘50217 (VY +X = VA) — 0.491546 In S

1
— (0.06889 — 0.41151 In(Y + X + (0.06889 — 0.41151 In A —] .
( (¥ + ) Zms +( )5

TH

Y ER 1 ap
*Peak position : = — 4+ — (VY HFX=VX) = Zos —2Nc = (In(Y + A) — In X
position Emax > 6N, Bo ( ) 2‘7 Cﬂo( ( ) )s

- 1
*Width:  o(Y) = 0.36499\/(Y +A)3/2 = »3/2 {1 — 0.299739F (Y, A) ———— — [1.12479% (Y, \)
VY +X

4+ 0.0449219f2(Y, \) + (0.32239 — 0.246692 In(Y + X)) (Y, )\)] Y
+

Sk (Y) 194704 [1 0.299739f (Y, \) ! ]
*x>kewness : s B — — 0. i1 R -
(Y + 2)3/2 — A3/2 VY + A

215812 1- (+5)"°

*Kurtosis : k(YY) = >
VY £ X [1_ (ﬁ)wz]

+ [1.07813f12(Y, A) + 4.499156 (Y, A) + 1.28956 (Y, A) — 2.39583A (Y, ) (Y, A)
—  3.76231f (Y, A) + 0.0217751f5 (Y, A)
1
—  (0.986767f3(Y, \) — 0.822306f5 (Y, A)) In(Y + A)] } . (1)
Y + A
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1
{1 4 [1.19896, (Y, A) — 1.99826f (Y, A)] ———
VY X
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Evolution of the moments of the (DG) FFs: limiting

spectrum

Expressions evolved down to Aqcp Qo ~ Aqep -

1
#Multiplicity :  M(Y) = KPexp [2.50217\/7 — 0.491546 In Y — (0.06889 — 0.41151 In Y) ez

1
+  (0.00068 — 0.161658 In v)?]

«Peak position :  &max(Y) = 0.5Y + 0.592722v' Y — 0.351319 + 0.002

Width (Y) = 0.36409Y3/4 [1 0.209730 (1.4921 — 0.246692 In Y) L, 1'98667]
* Wi E— = 0. — 0. — (1. —0. n _
VY Yy y3/2
Sk (v) = - 1 [1 0.312499 —— 1'64009]
*Skewness : s = — — 0. —
y3/4 Nz Y
Kurtosi k(Y) 215812 [1 0.799305 —— + (0.730466 — 0.164461 In Y) ! 8'05771] @
*Kurtosis : = - — 0. 3 —0. n -
VY VY Y y3/2

* Evolution of all moments depend on 1 single free parameter Aqcp,
which can be extracted from fits of exp. ete™ and e~ p — jets(hadrons)
data.
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Part IlI

Extraction of ozs(/\/l%O) from fits
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What for?

os

i o(Q) | v Tdecays (N'10)
A ! \\i Q) ‘ # Latiice QCD (NNLOI
04\ | & DIS jets (NLO}
03 © Heavy Quarkonia (NLO)
© I 0 ¢ jets & shapes (res NNLO)
_ 03 ® Z pole fit (v'L.0)
3 o P> jls (NLO)
* 't a3 02+
: [ o1 j
01 -
1989 .1 2000 2013
i) » Q [GeV] . 10 o [GeV] 100 1 10 100 Q [GQV] 1000
ag(M:) =0.110"390¢ (NLO) (M) =0.1184£0.0031 (NNLO) (M) = 0.1185 £ 0.0006 (NNLO)

. Altareli, Amn Rev. Nucl Pan Sci. 39, 1989 S.B.,JPhys. 626,200

o Single free parameter in QCD (in the mg — 0 limit). Determined at a
. 2 2 .
given ref. scale (e.g. mz). Decreases as ~ In(Q“/AZ ), with
NAgep ~ 0.25 GeV
@ Least precisely known of all couplings:

o Impacts all LHC x-sections
o Key for SM precision fits (e.g. uncertainties Hp, H. Yukawa)
o Key for BSM physics (e.g. couplings at GUT scale)
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FFs (HBP) (nf = 5) for ete™ /s ~2—202 GeV, meg =0

S
77Ty
Gk
ik | @ 34 ete™ data-sets at

Vs =2.2—206 GeV ~ 1200

data points

Distorted Gaussian (imiting spectrum, m =0 MeV) -

=
© O

1/o do/d€

N W dh U1 O N ©

@ Peak shifts to right (skewness),
width increases as E " and

0 . .
225 (tails) DG—Gaussian
Q 1.8 <xeIndf> = 0.43
=16
S 1.4
812
0.8 .
056 o Excellent fit to DG at all
0.4 . .
0~ L energies, with 5 free parameters:
1 2 3 4 5 8 9 10
& = In(1/x) N, Emax, 0, S and k
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FFs (ns =5) for ete™ /s =2 —200 GeV, mes = 320 GeV

_
o

2 Gev [BES]
.6 GeV [BES]
0 GeV [BES]
2 GeV [BES]
6 GeV [BES]
8 GeV [BES]

Distorted Gaussian (limiting spectrum, m =320 MeV)

1/o do/dg
HH 4 H H

t

k

N W hs 00O N 0 ©

N T e,
'“3 i <xndf> = 1.84
Q1.
SL
w1
e R [ e T T i
0.
0.
0.
0.
.

778710
£ = In(1/x)

o For mp = 0.32 GeV, goodness-of-fit per degree of freedom is not as
good: x?/ndf = 1.84 than m;, =0
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FFs (nf =5) for ete™ /s =2 —200 GeV, mes = 140 GeV

_
o
|

=22 Gev [BES]
= 2.6 GeV [BES]
= 30 GeV [BES]
=32 GeV [BES]
= 4.6 GeV [BES]
— 5= 4.8 GeV [BES]

Distorted Gaussian (imiting spectrum, m =140 MeV)

HitH

N W Hs 00O N 0 ©

data/(DG fit)

CO000 PprpRrR
N B D0 NS 9 00ND

9 10
€ = In(1/x)
@ Best agreement reached for m, = 0.14 GeV: consistent with a

dominant pion composition of the inclusive charged hadron spectra.
@ Fits with /s > 50 GeV: insensitive to the choice of mj!
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DG fits to DIS FFs (meg = 0.14 GeV)

1/c do/dg

N W s O N

-y

[T

k=]

—$— V5- 3.8 GeV [ZEUS]
—&— {5- 5.3 GeV [ZEUS]
—— {5- 7.3 GeV [ZEUS]
—&— {5- 10.4 GeV [ZEUS]
—8— V5= 14.5 GeV [ZEUS]
—9— V- 20.4 GeV [ZEUS]
—@— V- 202 GeV [ZEUS]
—@— |- 15.3 GeV [ZEUS]
—@— {5- 216 GeV [ZEUS]
—8— 5- 305 GoV [ZEUS]
—@— {5- 43.2 GeV [ZEUS]
—@— 5= 61.1 GeV [ZEUS]
—&— {5- 86.4 GoV [ZEUS]
—&— {5- 1222 GeV [ZEUS]
—$— V5= 172.7 GeV [ZEUS]

i <x¥/ndf> = 0.43
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Breit frame in DIS: "Brick wall frame:"” Incoming quark
scatters off photon & returns along the same axis

15 ZEUS data-sets at /s = 3.8 — 173 GeV ~ 250
data points (H1 data to be added)

+

e—

Goods fits to DG but larger uncertainties than e
measurements




Mean multiplicity N'(1/s) for eTe™

(left) and DIS (right)

_ 1 1
N(Y) =K% exp [2.50217\/\/ —0.491546In Y — (0.06889 — 0.411511n Y) ~ (0.00068 — 0.161658 In Y)V]

—4- World e’ jet data
=xx: NMLLA+NLO

Aqep=153421 MeV, t(m?)=0.111 £ 0.016

K= 0.087 +0.002
xeUndf = 11.6/13

[ Multiplicity DG limiting-spectrum (m_ =140 MeV)

5 40p 5 40¢
z [ Multiplicity DG limiting-spectrum (m e":140 MeV) "z
35 4 World e*e’ jet data 35?
E -~ - NMLLA+NLO: Aqc,=191£13 MeV, a,(n)=0.115 * 0.008 £
30; K™= 0.117 £ 0.000 J 305
= N E
P Indf = 141.5/32 iz{ 25;
20 I!,’ 20;*
E 15
15 - E
E o 105
10 e E
= 2 5
5k - E
E pan T 0.
E il . !
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(s (GeV)

1
2 3456 10

20 30

1
100 200
Vs (GeV)

o Good data vs. (NMLLA+NLO*) agreement for multiplicity evolution

(x?/ndf ~ 1.3) from NP ~ 1 —

duality norm.)

30: K ~ 0.12 (local hadron-parton

o DIS NB(e~p) ~ lower than N''(e*e™), but with larger uncertainties
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Maximum &max(+/s) for eTe™ (left) and DIS (ri

Emax(Y) = 0.5Y +0.592722V'Y — 0.351319 4 0.002In Y, Y = In ( Vs )

2/\QCD
5 6r x 6
wE L Max. peak DG limiting-spectrum (m E«:140 MeV) E L Max. peak DG limiting-spectrum (m '_140 MeV)
[ < World e'e jet data wroE —4— World e"e jet data
5 5 -+« NMLLA+NLO:
[ -~ NMLLA+NLO: Ao;=255+4 MeV, a,(m’)=0.120 + 0.002 r Aocp-243£12 MeV, o ()=0.119 £ 0,006
r XéIndf = 42.2/32 ﬁ L f/::jf =85/14 o
a- KL 4=
L e [
3r 13 3t 3
[ L C
[ A L =
2~ 2
[ e r
L L4 C
= 1
oL | | . o- | M| .
1 2 3456 10 2030 100_ 200 1 2 3456 10 20 30 100 200
Is (GeV) Vs (GeV)

@ Good data vs (NMLLA+NLO*) agreement for peak evolution
(x?/ndf ~ 1.3)

o Consistent DIS e”p and eTe™ peak positions & extracted Naeo
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Dispersion o(+/s) for eTe™

(left) and DIS (right)

o(Y) =0.36499Y3/4 [1 ~0.209739- - —

Niz

(1.4921 — 0.2466921n Y) =

o

1 1.98667
y y3/2

o [ b 2r
£ 8: Width DG limiting-spectrum (m _ =140 MeV) <4 8:* Width DG limiting-spectrum (m_ =140 MeV)
H —4 World e'e’jet data 5 +an|’|?_:9 Jeé“a‘a
1-6, - - NMLLANLO: Age,=203+4 MeV, a,(m)=0.116 +0.003 | 3 1.6 NMLLANL
F qep o (m) E Aqop=247+17 MeV, a(m?)=0.120 +0.008
145 Xindi=89.7132 1.4F eindf = 4.9/14
12E 4 NE 12F
1 o 1=
08 e 0.8[
0861 a7 0.6[
Eooe% £
0.4 . 04F ~
0.2 0.2
[ RN . o- | L ,
1 2 3456 10 2030 100 200 1 2 3456 10 2030 100 _ 200
Is (GeV) Vs (GeV)

@ Good data vs (NMLLA+NLO*) agreement for width evolution
(x%/ndf ~ 1.2)

o Consistent DIS e p and ete™ widths (but larger DIS uncertainties)
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Skewness s(+/s) for e"e~ (left) and DIS (right)

1.94704 1 1.64393 NG
Y)= -2 11 0.2097390—— — —— | Y =
s(Y) 378 { 0.209739— = ] "<2/\an>

N

w T o 1
2 [
O r . r
Zos- b H
Co 2051
[ C Y
o It o 1
: ) .\>"*~—},, — ,%,,,f,, et : ne L
: Fyet : ==
051 0.5 I
[ L DG limiting: (In_=140 MeV)
[ Skewness DG limiting-spectrum (m _ =140 MeV) F — World ee” jet data
“H —+—World e'e jet data '1f =22 NMLLA+NLO:
F - - NMLLA+NLO: A,;=185421 MeV,qs(m;)=0.115 +0.013 - Aqep=1551163 MeV, | rr|§)=0.1 12+0.118
x2Indf = 23.9/32 r 1éIndf = 4.4/14
150 Ll AR | L _1:’ R | N | )
"1 2 3456 10 2030 100_ 200 ~1 2 3456 10 20 30 100 200
s (GeV) Vs (GeV)

@ Very good data-theory agreement, though overestimated point-
to-point uncertainties in skewness extraction (x?/ndf < 1)

o Consistent DIS e p & e e skewness (but larger DIS uncertainties)
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Kurtosis k(+/s) for ete~ (left) and DIS (right)

2.15812 1 1 8.05771
k(Y) = _T [1 — 0.799305\/—7 + (0.730466 — 0.1644611n Y) Y~ Tyanz ]

0 2 o 2r
g N g
ERES N ;! 1=

0; ﬂ 777777777777 \ \\\\\~‘ Of’ — | \r—~

£ % } H} { é F 1_ T«»#qu# JCF

F iti ‘ Ahrtite

_2; Kurtosis DG limiting-spectrum fit (m 5”2140 MeV) 2 Kurtosis DG li
[~ World e'e jet data [ —+Worlde'ejetdata
f — NMLLA+NLO: Ay, = 230 MeV, ai©(m?) = 0.118 L — = NMLLA+NLO:A ¢, = 230 MelV, oftO(m?) = 0.118
[ ---NMLLA+NLO (m):/\qc,,:2Mev,u§l°(rr€):o,o7o _3; === NMLLA+NLO (fit):Aggp=2 MeV, aﬁ“°(rr\§)=0.070
P pnarEeRers L S i kv TR RO B
1 2 3456 10 2030 100_ 200 1 2 3 4567 10 20 30 100 200
Is (GeV) Vs (GeV)

o Data show smaller kurtosis than NMLLA+NLO* prediction. Missing
higher-order corrections? Mass effects more pronounced?
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Extraction of Aqcp and as(M2,) from the low z-evolution

of FFs moments in

ete” and DIS

o Extracted values of A, & associated as(mZ) at NMLLA+NLO*
accuracy (MS scheme, nf =5 quark flavors) combining eTe~ and

DIS data:
DG comp:  Peak position Multiplicity Width Skewness Combined
Agen 255 + 4 240 £ 75 212+ 6 167 + 48 241 £ 5
as(m?) 0.120 +£ 0.002 0.119 + 0.04 0.117 + 0.004 0.113 + 0.03 | 0.1193 £ 0.0018

@ The last column provides the weighted-average of the individual measurements with its total propagated uncertainty.

os(MZ) = 0.1185 + 0.0006

Excellent agreement with 2013 world-average: ozs(m;) = T

0.1185 + 0.0006 (NNLO):

Peak (£1.5%) & width (£3.5%) are the most precise quanti-

ties.
Final as uncertainty (~ 1.5%) includes:

Q
)
Q

Mass effects variations.

Not (yet) scale uncertainties:

Q =Agep ~ Hqep
o
Aqep

Redamy Perez Ramos (YFL)

To be determined by redoing fits varying e.g.

Non-pQCD corrections are small:

T T T

t-decays n:*o—'

Lattice e}

DIS o

e*e” annihilation ——Or——

Z pole fits '—E'O—i

1 Lo M 1
thod velid down ¢ 0.11 0.12 0.13
method vali own to
as(Mz)
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World average: CYs(M%O)

This work provides the most precise measurement of as among those at
NLO(*) accuracy (with totally different systematics):

e+e-,DIS jet fragmentation (NMLLA+NLO*)
Jets CMS (NLO)

Jets ATLAS (NLO)

Jets Tevatron, A¢ (NLO)

Jets Tevatron (NLO)

LEP 5-jet rates (NLO)

Radiative Y decays (NLO)

DIS jets (NLO)

T T T T R SO T
0.08 0.09 0.1 0.11 0.12 0.13
ag(m,)

* The LPHD and the “limiting spectrum” (Qo = A, ) are successful on
describing the parton vs hadron dynamics in the NMLLA+NLO* scheme;
previously confirmed by the CDF data and also ALICE (to appear) for the
inclusive k-distribution of intra-jet produced hadrons.
+% Outlook: higher-order corrections being worked out . ..
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Gluon-to-Quark multiplicity ratio
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@ The average gluon-to-quark jet multiplicity ratio in the LO + NNLL
(dashed/gray lines).

@ The N3 LOapprox + NLO + NNLL (solid/orange lines)
approximations compared with experimental data with as = 0.118 for
ng = 5.

o The experimental and theoretical uncertainties in the N3 LOapprox +
NLO + NNLL result are indicated by the shaded/orange bands.
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Exact Angular Ordering
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o © < © (MLLA exact AO), ©¢ > © (kinematics)
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MLLA Master Equation for the splitting process A — BC

o From Z — MLLA Master Equation (exact Angular Ordering):
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o Exact solution of approached integro-differential equations: MLLA
evolution equations at x < 1:
o for the one-particle inclusive distributions: D = %Z(u),

o for n-particle correlations inside jets: D(") Z(u).

_ 3"
T dup...0u,

Redamy Perez Ramos (YFL) JHEP 1408 (2014) 068 Talk at ISMD'14 32 /33



Low-Barnett-Kroll wisdom

o do(pi.w) ox 8% [(1 - 2) oO(p) + (£)" (p1. )

o 1st term is o to the non-radiative cross-section (%), proves to be of
classical origin.

o 2nd term involves w-dependence cross-section &, finite at w =0 sud21
that this contribution is suppressed for small photon energies as (%) :
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