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QCD Factorization Theorem

Direct Photons Resolved Photons
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Photon Spectra (1)

~ Bremsstrahlung:

e \Weizsacker-Williams (1934) approximation:

1+{1—x;2mg%m.[1—x} , ( 1 l—x)

+2Imix| ————7—=
x m;x? oL, mix®

o
o (x)= py

# Subleading non-logarithmic terms (Kessler, 1975): 5%
~ Beamstrahlung (very dense bunches at LC):

SrPEN

e Transverse acceleration in EM-field ( Y=gm=oym; ) Of bunch:
ﬁf?n(x}z%(.%- 1f3x_w{l_x}_me_zxr[z‘fl[l—x)] = \/ZE % {
I —) - +\/;[1—N—?(1—8_N7}

3 g(x)

~ Laser backscattering:
¢ Compton effect (Ginzburg et al., 1984):

B 1 4x 4x2 =20 Px(2—x ) X[x(X+2)—X]
Fyie (x)= 1-x X(1—x) + X (1—x)*

1
- | — em (W,
2N, )

1—x+

N, +2),P.N!

R Rl EE—————M\y
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Photon Spectra (2)
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Photon Structure (1)
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" Structure functions:

d*o 2wa’
Tva0?= 3ot ((1+(1-y)1F3(x.0%) —y*F} (x,0%)}

" Evolution equations:

d 2 oF a, 2 2 3
ﬂg;(QQEL prqhy@'fy!y(!gz)+ éQ } [Py q@fqg Q)+ Py _o®fp,(Q7)]

aT

- Factorization schemes:

DIS s ' 1—x
Pg‘_;'=PI;‘E,,,—e§Pg‘_g®CT, CT{_::}ZE"( [x?+(1—x}?]mT+8x(1—x)—1)

- Hadronic solutions:

V=p.wd

I — e
=2 Em:1.!%;g(eiﬂgrw{eulumedlddmElsﬂ-

" Strong coupling constant:

(0%
F(@h=2 zxe%],lfqh(gﬂw ==L C, 8 fy (@) + cg@:fg;yigﬂmﬁegcy}

[Albino, MK, Soldner-Rembold, PRL 89 (2002) 122004]
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Photon Structure (2)

Paramatrizations of the Parton Densities in the Photon
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Jet Production (1)

Direct-direct (— LEP):

T AN e——— ¥
| :::D<
T —e— T T

Direct-resolved:

T AAA—— 1 T
8 FEFEEee—— 1 s;;l><

T

q

q

Resolved-resolved:
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Hadronic cross-section:

dEZdmdm = g Xafaia(Xa .- Mz)xsfais(xp ,M3) —

Partonic cross-section:
do® 1 471'5'21 g,

| M B|?
dt 25 1“{1—.9) fu . Sas S§,5,C,Chp
Matrix elements:
Process LO matrix element squared | A4 #|?
— e i
YyY—gq Sh'c{l—E][[l—e]|l?+;:|—2£]
Ye—aqq C gl MBIW_.qafs ree)
qgq’—qgq’ (52 4 p”
Fag—qq
|Mﬂl;q g HERSES A B |qq gl L)
|r_5'2
_BCE(1— }|I.m+e]]/2'
_ Cr 2N
gg—gg 4C_;{1 e]l NeCr —SZ—CI{:2+H —es ]]/2!
i s
gg—gg '42*-,(6;[1 £)2 [?—? = —f]]/z!
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Jet Production (2)

" Virtual loop corrections:

Process

Color

h——

Singular parts of
factor Correction | M"FI|%| M3

3 Self-energies:
m V180

~ ~ O
g™ "%m‘* WQM‘ "i'ﬂ“.\ 4/':#66" ’ =)
s \Vertex corrections:

;&' :
%

£

W?ﬂ ’Tﬁﬂ’vm‘ 'm‘k:'—:;iﬁ" Wﬁﬁ@'ﬂgﬂ'ﬁﬁ"
: ] ] k]

e $ 5 %}-—-—-jﬁ, % 5‘?} %e-‘m i, ‘
[ Lo o .
ra‘*g:mmic & fdﬁ *Q% t@”E k f
Real emission corrections:

ey
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Cr

Virtual

Final
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Virtual

Final
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Virtual

Final
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Cone and Cluster Algorithms

r JADE clustering algorithm (e*e -colliders): \
(pitp)°=2EE(1—cos8,)<yS 7

~ Snowmass cone algorithm (pp-colliders): W&
Ri=~(n—np)*+(di— d)*<R with Er= &, Er; "’:E%R;R ET:'”""f’*':E%,R;R Erdi
— Broad, seedless jets — ry= =)™ (6= 9)* <ain s

— Midpoint: start with > 1 GeV seeds, add > 100 MeV clusters

r Durham ks-algorithm:
dy = min(k, k)RS with R = (1 — ms)* + (i — ¢5)°
— IR-safe, no R, applies to e*e™- and pp-colliders
— N3 computing time (N searches of N2 table for d_..)
— Take geometrical nearest neighbours, use Voronoi diagrams
— N In N computing time [Cacciari, Salam, PLB 641 (2006) 57]

sRSEp
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Single Jets and Dijets

Single jets:
s High statistics, single scale E;

-
d o

1
—_— = d.
Y dEqdqy ZEJ .

X E.—Epe” dt’

o, from scaling violations:

!T'xﬂ.fﬂ‘.l'A{xﬂ "'M%a}'thb.’ﬂ'-’xb "Mg}

-

Dijets: Er=(Er,+Er)2

: - L B,
e = _El E;e*"/(2E, g)
= ’

L]
d o

. - ) da
W = gg XafaialXa M3)xpfpip( x5, M3) T

Photon PDFs from xyobS:

Sl N L I AL 25 <E 35 GeV
= < < e
: o ZEUS 98-00 b) ] T.max
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= =
. = e E a)
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= =] - J--To
e - 100 | == ==
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16 January 2007 Michael Klasen, LPSC Grenoble 13



G

-

P

’ «

Three Jets

Three-body rest frame:

1+2—~ 3+4+5

E,> E,> E.

-

Three-jet cross section:

d*a
dx 1dX2d COs ﬁld 1l

_2
| |ab—~123

= % xa.fa.l'A{xa .!tf%)thblrﬂ{xb .fi"fg) W
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Diffractive Dijet Production

Hard diffraction: Diffr. hadroproduction of dijets:
— Does factorization hold? g [
a3 [ 7T H1 fit-2 —+ CDF data
T~ H1fit3 By =7 GeV

100

E (Q7=75GeV?) 0.035 < & < 0.095
|t]<1.0GeV*

Deep inelastic scattering: Yes
— Direct photoproduction
Hadroproduction: No

— Resolved photoproduction

0L .

Why next-to-leading order?
2 Otot = Gdir(XyIMy) T Gres(xylMy) 0.1 — 1
— AtLOx,=1, butatNLOx, <1 P

— log(M,)-dependence cancels CDF Coll., PRL 84 (2000) 5043

01 | — H12002 6,0 QCD Fit (prel.)
'E -— IR only
L 1 1 M B R T |
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Kinematics

Diffractive processes at HERA: Inclusive DIS:
(1L 2 M2 _ 2 . _ap
4 e (k) s=(k+p)°*, Q°=—¢°, and y = ip
V) (0) | Diffractive DIS:
S ‘ } X (P | MY =p% and t = (p—py)?,
| MZ = p2 and zp = 9(r — pv)
' W Y Py P o
) Experimental cuts:
|01V v - s - oo
Y f Q7 <  0.01 GeV?
' £S5t > 5 GeV
\ / = > 4 GeV
@ P < 0.03
N~ 1.6 GeV
H1 Coll., EPS 2003 and DIS 2004 o S aeoe
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Diffractive Parton Distributions

Double factorization: Hard QCD factorization:
==
Y Z/ deoy" (2,Q%, ) F2 (6, Q% zp, 1

d’I’jpdt
> ],

Regge factorization:

ff(ﬂ?,QQIi?ﬂ?,f) = fﬂjfp(mﬂ):t)fa/ﬂ)(ﬁ - I/IIP:QQ)

3 Pomeron flux factor:
y fpp(Tp.t) = fﬂ}p_zaﬂj(t) exp(Bpt)
P Pomeron tracectory:
p < - p ap(t) = ap(0) + a/pt

G. Ingelman, P. Schlein, PLB 152 (1985) 256
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Proof of Hard Factorization

Diffractive deep inelastic scattering:  Light cone coordinates:
q*= (9*,9-,dr)

Leading regions:
H:  g¢ =0(Q)
3 =(0,Q/N2,0,)
A |k« O(Q)

Soft gluon attachments:
u'k/; — %E

58

1 1
(I — k)2 —m?+ie  —20l"k+ 4+ transverse + ie

")

Poles in k*-plane:
Final state: Upper half-plane
Initial state: Lower half-plane

1.C. Collins, PRD 57 (1998) 3051
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Multipomeron Exchanges

Direct photoproduction: Resolved photoproduction:
X Y
"L,L_L -
X (b) Ji
> ], _
J
P
p—__ _——>——p P P

— Modify the Regge trajectory — Factorization breaking
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Diffractive Photoproduction of Dijets

Cross section:

doP(ep — e+ 2jets+ X' +Y) =

tmin -LEM 1 Ymax 1
ﬂa,,b f'n:ut Ihgill 0 Yy 0

Irin

f’:«fe('y)fa/’r(i"’wﬂ'fﬁ?jfﬂjﬁp(lrﬂj? t)foyp (2P, Mp)
do (™) (ab — jets).

Photon flux: Weizsacker-Williams approximation

a [1+(1-y)? Qhu(l—y)
o (a) = ] max
fyre(y) Gy ” = m2y2

l—vy 1
Im> —

)
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Factorizable Multipomeron Exchanges

y-dependence: Photon flux

ep — et2jets+X'+Y

0.35 I T T T T ]
—e— HI1 Prelilninar}{
03 E s NLO,R=1 |
————— NLO, R=0.34 4
025 - e -
—5 0.2
S
L= L
D -
= 0.15 |
0.1 |
0.05 + —
0y ]
%,25 0.3 035 04 045 05 055 0.6 0.65
¥

— Small correlations due to exp. cuts
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x;p-dependence: Pomeron flux

ep — et+2jets+X'+Y

0.5 prrrr— T | T REnU U
0.45 a3 —e— H]1 Preliminary '—H
04 T NLO, R=1 :
035 F NLO, R=0.34 i
= F e ]
=03 F -
T 025 -
D’ L i
= r ]
2 02 s -]
0.15 | -
0.1 g .
0.05 F -
0 _I 11 1 I 11 1 1 | 11 1 | I 11 1 1 I 111 1 | 11 1 1 I | - 11 | I:

=23 -22 -21 -2 -19 -1§8 -1.7 -1.6 -l1.5

log, Xpp

— Subleading Reggeon contribution

Michagl Klasen,

LPSC Grenoble
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R / =
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Two-Channel Eikonal Model
Hadronic collisions: Photoproduction:

P P

) B ) Generalized vector meson dominance:
§ % n % g =11 y>p, 0, ..

Fitted parameters (W = 200 GeV):
Survival probability: - Total cross section: ¢t (pp) = 34 mb
Pomeron slope: B = 11.3 GeV-2

J & (M2 ™D 4 | Moy o7 Benle))

- . L
S| = T EILE T M) Transition probability: y= 0.6
— ZEUS Coll., EPJ C2 (1998) 247
Opacity / optical density: K, =1+ v — H1 Coll., EPJ C13 (2000) 371
O - K (95;)2 (3/50)& _p2/4p Survival probability:
U At B “ "~ R=1S|2=0.34
Kaidalov et al., EPJC 21 (2001) 521 Kaidalov et al., PLB 567 (2003) 61
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No Sign of Factorization Breaking at LO
X,~-dependence: Direct/resolved photons  z-dependence: Gluon density in pom.
000 prerrprrrrrr A A e ey gy Pl X Ay
- —e—  HI Preliminary ] e HI Preliminary
goo === LO.R=I . 800 £ === LO,R=I E
 eenmone LO, R=0.34 . C LO, R=0.34 ]
700 F
600
=
5500
T -
-'-;."5 400
<
300
200 pE S S S S -
100 B e -
0F..||I||||I||||I||||I||||I||||I||||I|||||||||_ ) ||||I||||I||||I||||I||||I||||I....I....I....i‘
0.1 0.2 03 04 0.5 J_E:is).ﬁ- 0.7 08 09 1 0.1 02 03 04 05 jeﬂ.ﬁ 07 08 09 1
X, “ip

— At LO, R = 1 agrees better with data!  — Smaller uncertainties in 1/c do/dz;

ssss—————
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Non-Factorizable Multipomeron Exchanges

X,~-dependence: Direct/resolved photons  z-dependence: Gluon density in pom.
ep — etljets+X ' +Y

ep — etljets+X'+Y
IIIIIIIIIIIIIIIIIII

1400 e T T T LN LR LR 1400 e T T T L LB B
I i [ —e— HI Preliminary ]
L v NLO, R=1 4
1200 1 1200 L ----- NLO.R=0.34 .
1000 | 1000 L ]
E 800 Sso0 020
LS £
© 600 2 600
= =
400 a0  tiiEE
200 % 200 i
0 L, 0 IR P P RS P S N
0.1 01 02 03 04 05 jé}ﬁ 0.7 08 0.9 1
Z1p
— Large K-Factor <> Survival probability = — Reduced scale uncertainties at NLO

ssss—————
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obs

ZEUS Analysis

xy—dependence: Direct/resolved photons

ZEUS
= - . . .
= 1000f [~ ® ZEUS (prel.) 99-00
. r [ Energy scale uncertainty
_:‘ 800 ------NLO (R=1) A NLO (R=0.34) .
% : 88 NLO (R=1) : %445 NLO (R=0.34) %
= 600} ® had. - ® had.
L H1 2002 fit H1 2002 fit
400F (prel.) [ (prel.)
N
200§ e 1F ’ .
. £
L 3
1 1 1

Q 1 1 I I
,—? L

.. 2.0r T
=
[ 15\§; < i
o, N
= N
~ Lol \ \ %

E '%& 2
- s + + 7
£h05—+ 1 .
:g 1 1 1 1
= 0.25 0.5 0.75 0.25 0.5 0.75 1

obs
X

— At LO, R = 1 agrees better with data!
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Other observables:

ohs
b)
=
=
(=]
=

do/dz,, (]
-1
E

th
=]
=

046 0.59 0.72 085

2
jetl

jetl

ZEUS

15000

Z 10000

dG!d\“. (pb)

5000

)
10~

(pb/GeV)

10

do/dE!

ll"..‘"":I 1 1 1

0 0.007 0.014 0.021 0.028 0.035

IP
T T T T E
Emgm= 1\ E
r R 3
Lor e | 3
1 mge
1 1 1 1 1

S0 95 115 135 155 17.5

jetl .

ET (GeV)

e  ZEUS (prel.) 99-00
Energy scale uncertainty
- NLO (R=1)

8888 NLO (R=1) ® had.

==== NLO (R=0.34) ® had.
H1 2002 fit (prel.)

— Excellent agreement for absolute 6’s!
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Diffractive / Inclusive Production

R= fg/IP &® pr/p/fg/p with M12 =

R = diffractive/inclusive dijet production

X, ZipXpW:

01
o.08 -
no absorptio: i

~ab sorption
006 L /" included
0404 -
®0Z -

CTEQ6L
e AP IR RPN R UPUIS RPN PPN R ST B

PR 0.2 .3 0.4 0.5 0.5 Q.7 .5 0e

A. Kaidalov et al., PLB 567 (2003) 61
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R = odiffr: / gincl- with full kinematics:
ep — et2jets+X '(+Y)

0.05 SARRE AN LA LA LR RARRE RN AR RN
0.045 L —— NLO.R=l E
F ---- NLO.R=0.34
0.04 F [
---------- - LO.R=l fr"f
0035 F LO. R=0.34 b
Ebﬂm - - ___JEJ -
20,025 | - 1
"'-'.'_§| | 8
5002 F =
0.015 F E
0.01 F - e )
0.005 F )
= /- CTEQ5M1 ]
0001702 03 04 os 0.6 0.7 08 09 1
X
y
MK, G. Kramer, EPJC 38 (2004) 39
26



But: Data also support direct suppression!

H1 Diffractive yp Dijets
o H1 Preliminary H1 2002 fit (prel.)

[] correl. uncert.

=]
]

(pb GeV'™")

o/dpyiett

d

; NLOx0.5

Ny
3

25

0 1 1 1 1 1 1 1 1
0 02040608 1 1214 1618 2
[ A

M
10 1

: NLOx0.5

1]
b1 (GeV)

do/dM ., (pb GeV™)

FR NLO*(1+5, ) 0.5

NLOx0.5

501
D 1 1 1 1 1 1 1
06 -04 02 0 02 04 0B 08B
{ n lab -.::
N
{b)
NLOx0.5
>
10F \

]jet|
()
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1 1 1 1 1 1 1 1 1
R T VR R TR 26
M,, (GeV)
(d)

H1 Diffractive yp Dijets

® H1 Preliminary H1
1 correl. uncert.

2002 fit (prel.)
FR NLO*(1+5
FR NLO x0.5

hag) X0.5

. 500 = 500
e
2 4ENLOx0.5 =2 40t NLOX0.5
2]
£ 400p B 400f /f_—ffl
L .
W 380 X380t \_}
T 00 ——fp—] — ] G 300f { J/E\
= is
= 280 \Ts 250 F
200 F 200
150 F 150
100 F 100F
50F s0F
b by b b b bes b e L L L L L 1 1 1
B 02 03 04 05 06 07 08 0B 1 B 02703 04 05 08 0.7 08 08 .1
Iets xjets
IP ¥
(a) (b)
700 — 1600

'NLOX0.5 12

600
500

400

dafdlog,ox,p) (pb)

300

200

100

1 1 1 1 1 1 1
%.3 22 21 2 18 18 17 16 16
l0g15(Xp)
()
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2 ENLOX0.5

C 1 1 1 1 1 1
%.3 03 04 045 05 055 06 065
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Factorization Scale Dependence

Inclusive photoproduction: Diffractive photoproduction:
F AL2 J ep — etZjets+X'+Y
v I 2 _ * ; B 2 B T T T T T T 1] T T T | m— —
| M |ab_:123_ln W“-’W icb_:.12Pce—a(f")+ k _""ﬁ
% - 350 — s
+ ' ' ' ' ) ' ' I ' ' - ‘Jr.
300 |- -
0 - — NLOdir+LOres ] e
_ ]
1 250 - u
S 10 resolvedphowon | — _
- NLO diret photon 55 200 | h s
g o [ 10 diectphoon | ©
g 150 F -
"b L e e -
el S 100 _ s
] i —— NLO dir. + LO res., R=1
i T e S NLO dir. + LO res., R=0.34
Iy e ] 50 - - NLO dir. T
e S - ----  LOres. 1
2 [ L L L L | n n “‘h'"‘: 0 I 1 1 TR S N A A |
03 04 05 06 07 08091 2 3 4 1

MK, Rev. Mod. Phys. 74 (2002) 1221 MK, G. Kramer, EPJC 38 (2004) 39
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Hadronization Corrections

----- Caa (H1 Fit 2002}
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— Observable and model dependent!
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E;-Distribution

e oo e X Y Importance of large E::
3'3 —e— HlPrelimnary | & Direct process dommates
_ oy ' - IS singularity less important
05 g NLO.R=034 1 ¢ Hadronization corrections small
— 04y ' - Experimentally directly accessible
% 0.3 Less sensitive than xy
5E 02
= Result:
=}
b Suppressed result agrees
- I | Unsuppressed 50% too low
o
006 | ——+4——1 How can we learn more?
0.05 Critical role of IS singularity
0.04 oo Transition from yp to DIS
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High- to Low-Q? Transition in DIS

Q2-dependence:
ep — e H2jets+X'+Y
T T T T | T T T T | T T T T
------- —e—— H]1 Data |
NLO, R=1
[ ]
T e ——— NLO,R=0.34
& 10 i 7
>ﬂ_} i - NLO, R=0 i
OO R 7 _
s L T e LO, R=0
N - ]
et |
B | e T T
~ —_— -
l | 1 Il Il 1 | 1 1 1 1 | Il 1 1 1 L L L L L L L L
5 10 15 20 25 30

Q* [GeV7]
MK, G. Kramer, PRL 93 (2004) 232002
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B 150 ; Q*p; > 60 GeV” ;'t Lo
qﬁ& 100 ;_ ._-““--— L ;__ ------_-:: “.........._ 0,

Z;p-dependence:
ep — e’ +2jets+ X '+Y
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04 0.
jets jets
Z1p Zip

MK, G. Kramer, PRL 93 (2004) 232002
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Factorization Scale Dependence (1)

_ A\ T2 . 2
i J_ .'.:1"_!{,_2& ( .
M (P*)5r5 = =5 Poiesy(2a) In -f + =t

= MS O NT gi—F\~da ) ) . i {
2N, (2. P? 4+ y.8)(1 — 2,) 2

ep — e +2jets+ X "+Y
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MK, G. Kramer, JPG 31 (2005) 1391
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Factorization Scale Dependence (2)

1

M( pﬁ)m =—oN P, (z,)In (

Q2-dependence:

ep — e’ +F2jets+X'+Y

,_.
o
l
—e
<2

do/dQ” [pb/Ge V7]

MK, G. Kramer, JPG 31 (2005) 1391
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Z;p-dependence:
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Factorization Scheme Dependence

g 2 § )
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+ Cg @ fonl (323] + gf‘é"f’v-} :

Q2-dependence:
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Jets
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+ 8z(1—x)—1],

Z;p-dependence:
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Components of Parton Densities in Photon

~ SaS parameterizations allow for separation:
¢ Anomalous component: Resummation of IS singularity
¢ Hadronic component: Vector meson dominance model

~ VMD component suppressed:
¢ 10 for Q% = 70 GeV?
¢ 102for Q2= 5 GeV?

~ Anomalous component dominates:
¢ Direct higher order contributions

~ Known from inclusive low-Q? production

&

&
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&

—_— e ]
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Leading Neutron Production (1)

Scattering process: Meson cloud model:
e >

Pion flux factor:

> Meson Remnant ;
(1= 20, t) = f {lgl}TH}w;‘p(-f'n\pT)‘u{i(tf - flpr))

a2
gy ( 1_-za;(w-m§)[p[jrwff”?

P n C dr 4r (m2 — /)2 ~ )
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Leading Neutron Production (2)

Sea-quark and gluon density in pions:

25% 8%
<xSg> <xg>
M% 329%,
17% 36%
13% L0%
9%t {64%
5% ¥,
. J48%

Sutton, Martin, Roberts, Stirling, PRD 45
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Dijet production with a leading neutron:

do/dlog, (<) (nb)

bl

ep— e +n+2jets + X at 1§ =300 GeV
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MK, G. Kramer, PLB 508 (2001) 259
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Leading Neutron Production (3)

DIS: Fix R N Flaz,t) = explR%t - m?)/(1 - z0)] vp: Find S= 0.48 (0.64)

e+p — e-n+ljets+X etp — etndjetstX etp — etnt2jets+X etp — e jets+X
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[MK, G. Kramer, hep-ph / 0608235 (EP]C in press)]
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Hadron Production

QCD factorization theorem:

Hadronic cross section:

e e e e dz dz
s »_@ Remm. dp?{fv ﬂ; J{jraﬁrbj-fm'Afxﬂ i‘ff }fbrﬂfrb WH

H

(5(3“‘6(3 X

T AnnA—a—— b

‘rmxv\ﬁ:-(:ﬁ ?:Mﬁ

Direct-resolved:

Tornnng—s—— h ¥ h
8 GEGGEH—e— 1 2 GGEGa i

Resolved- resolved:

>scm1v<
T i1
b2 ey L
dm'mr<
L TS

& ;
J% 9‘)(91)
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pg(%.: R(‘Jl’l.p%z Rem.
Direct-direct (— LEP)
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Partonic Cross- -section:
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Matrix elements:
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Fragmentation (1)

Transition functions:
1 agdp?) T(1—e) [4mu?|®

ﬁ_;(x.M§)=§qﬁ{l—x}—; 2w T 20)| M2 :J P;_{x)+0O(s,a3)
Evolution equations:
di‘;‘;ﬁz} = “fz) [Pgq®Drig( Q1)+ P q®D e Q%)]
Fit to et e cross sections:
1 do(Q?) a,(0%)

:g Z(DHM{QEH-;;L 2 X[C:T@DHIQ(QE}+CEE'DHIE{QEH

O AX

Peterson (1983):

N
32
=Tyl (I-0F  Sh>mglmy

Mele and Nason (1991):

2 2 2 b
a(Q7)Cr| 1 +x § © —Zln{l—x)—IJ]
29 |

n
. m :T:;

D gn(x)=

Dgin(x,0%)=8(1—-x)+

l—x .
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Fragmentation (2)

- Available parameterizations: - Comparison to LEP/SLC data:

) ANt
GIDUP YCZ[[ Hadron (GC‘D’Q) SFC?I(:]?]]; Nf (‘;‘Iﬁﬁg"’} 1[} 3 L} I LI I L I LI I L I LI L | I L I LLELIL I L) 1 I LI
BEP 1979 T IK*p 250 LO 3 4504600 o +
AKL 1983 = K 250 LO 3 300/400 ee - h+X
GR+ 1993/5 70 K0 900 MS 5 269/319
NW 1994 W my MS 5 344
BKK 1995 7t K* 2.00 LO 5 190

MS 190
1995/8 7t KE, 2.00 LO 5 146 (fif)
D*= g+l dm?y MS 317 (fit)
CGRT 1997 D' .p*° m? MS 5 151 g
KKP 2000 7K p 200 LO 5 121 (fif) hai “‘ﬂ-\h
MS 299 (fit) B -0
Kretzer 2000 7t K= h* 0.26 LO 5 175 = Hony, T, -
0.40 MS 246 g T g
BFGW 2001 h* 2.00 Ms 5 300 glﬂ %R ‘“‘n\ "*HH E
1 T e, T, i e 3
 Quality of the fits: Sy L%
-y W s = b
FF set 10 4. i\ b
Energy No. of A '\-\.i . '\“‘-.__ i
(GeV) Flavor Experiment KKP Kretzer BFGW points 10 = g ~
2 uds TPC 0.178* 0.159 0.167* 7 ; \i KN
c 0.876* 0911 0.923* 7 L Ty
b 223* 121 1.14* 7 10 RN \.‘.
912 all DELPHI 94 128 151 149 12 o
SLD 132 0370 0421 21 AN
uds DELPHI 91-3 317 0.990* 195 13 10 N
DELPHI 94 0.201 0.588* 1,00 12 i AR
c DELPHI 91.3 0.473% 0.388* 0.401 1 _ . .
b DELPHI 913 B9+ 0T+ 103 12 10 DELPHI (£, 1911993 O, 1994 1, LD,
DELPHI 94 0433 9.14* 874 12 0 01 02 03 04 05 06 07 08 09 1
189 all OPAL 0.568* 0.250* 0.414* 11 X

16 January 2007 Michael Klasen, LPSC Grenoble 41



100
=
LB
<
S 101
B
0 =
(o'
o
I 2
10~
®
=]
=
10~3
10-4

16 January 2007

Light Hadrons
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Heavy Hadrons (1)

+ Fixed flavor number scheme:

e Heavy flavors: m,>A — g=c¢,b,t

¢ Active partons in PDFs and FFs: gq=u,d,s and g

o Applicability: oy, pr = m,
+ Partonic processes:

s qq: by P qg: kl@+pl Mj,r:%pl h:’%m(
+ Fixed-order next-to-leading-logarithm scheme:

¢ Cacciari, Greco, Nason, JHEP 05 (1998) 007

¢ Subtraction of In(m,*/p;*) # massless calculation
s Finite O(m,%/p;?) terms — initial condition of FFs

e e e e ————
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Heavy Hadrons (2)

v Variable flavor number scheme:

e Kniehl, Kramer, Schienbein, Spiesberger, EPJC 41 (2005) 199
s Kinematics of mass factorization:

ey H P1 ok 7N p1 Ky Z P1
k2 fiz*?l&/g ko

¢ Factorized partonic cross section:
d6Wa+b-Q+X)=dsWa+b-> Q+X)

—fD (21) @ do (i +b— Q + X)
D (22) ®ds(a + » Q+ X)

) ‘\§\ 'ﬂ:

,/

aS(#R) p(O} (m) In #%‘

m2 "’

f{l) ($,,(LR,,UF) = —
—do®(a+b - k+ X) ®dl o (2). e on 97

M
e Partonic splitting functions: fo-sql® i pw)

1 . /2 B as(,uR) 1+ 22 u%
Aoz me i) () o) = IR P G 2B = = =G [ In EE 91— 2) -1 +

om m2 l1—-2 m

2 /12
_slim) o NLE g
21 1-=2 m? '

as(#R) g
2r 3

2
Tyl EE5(1 - 2) |

1 _
fé—lg(mv IR, [UF) = — 2

sss———

_— —
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Open Charm at the Tevatron

q
1 0 r | | | | L] - | | |
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10°|- i
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Quarkonia

v The two sides of QCD:

# Quarks and gluons: Asymptotically free, carry color
¢ Hadrons: Color-singlets, non-perturbative, confinement

« Simplest laboratory: Quarkonia — Rich spectroscopy
¢ Charmonia: N (2S), X(3872) (?)
¢ Bottomonia: Y(1D)
« Experimental data:
s C-/B-factories: BES, CLEO, Babar, Belle
¢ Fixed target: HERA-B, ES66
s Colliders: LEP, HERA, Tevatron, LHC-B

« Review:
¢ N. Brambilla et al.: CERN Yellow Report, hep-ph/0412158

e e e e ————
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NRQCD

v Color singlet state:
¢ Created by soft gluon exchange with underlying event

« Separation of mass scales: (v.2= 0.3, v,2 = 0.1)

¢ m. = 1.5GeV (annihilation and production threshold)

¢ m.V,. = 0.9 GeV (size of bound state)

¢ myV.2= 0.5 GeV (splitting of resonances)

¢ Double expansion in o, and v (pertur. and relat. corrections)
+ Lagrangian: <sseeo -+ (wo N jj) I (wo - ;’i) X+ Lrigne 1 52

¢ y and y are two-component heavy (anti-)quark spinors

o 5L reproduces Locpy: Lbiinear , Eatermion= Y 15 (W r00Kw)

» Gauge completion: OF(0) — x'K,.1(0) B{[0, ALy (afan) B0, Alsa xTK, ,1(0)
[Nayak, Qiu and Sterman, PLB 613 (2005) 45]

e
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J/W¥-Cross Section at the Tevatron

(a) leading-order colour-singlet: g

L
R 1.7.7.7: 0

L ] ~

00000
g9

b5 — (-('["‘SE]]] + g

a (2m.)?
¥, =

Py

(b)) colour-singlet fragmentation: g+ g >[r-."[";.‘>'|“'1] +gg] + g

5 1

~ ¥, %

2

() colour-octet fragmentation: g+ g :-c:r[:‘.‘:',"rs'\] g

3 1 4

R wn:f('r.'

j::gfﬁﬁﬁtﬁfgzijzﬁng' o

(e} colour-octet f-channel gluion exchange:
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g+ g— r-."['.‘:'t-"f],"i}?r]]

2
3 (2"
o —r-—L( £l gt

Py

+ g
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]
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= I I | I I I I | I I I I B
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P . S _ . ' ; .
:\'30: BRUY= ) do(pp—T/y+X)/dp, (ab/GeV) -
N s =18 TeV: |n[< 0.6 i
\
- - total -
a R colour-octet ISG + 3P'_T 3
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A ’ .

. Sy e colour-singlet frag.
E ] ) n . . E

| 1 - 1 |I.W- | |\Hﬁu !

5 10 15 20
[Braaten (1995); Cho, Leibovich (1996)] pr (GeV)

Similar situation for ¥’ and y, see M. Kramer, Prog. Part. Nucl. Phys. 47 (2001) 141
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J/W¥-Cross Section at HERA and LEP

Ry,

NRQCD e'e"—>e'e JyXat LEP2
— I | IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
] ® ZEUS (38 pb”) 3 8 ~—— DELPHI prelim.
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=10 “F OO0 H1 (80 pb™') high W 1:38)
E - N CTEQS fit
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10 F pr>1GeV 1 &
- . ":g L
[ 1 KZSZ (LO, CS+CO) Bl
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Cacciari, Kramer, PRL 76 (1996) 4128 MK et al., PRL 89 (2002) 032001
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J/¥- and Y-Polarization at the Tevatron (1)
1 T T | Tl L L L L a 1 [ T T L LI LI L [N
a r ] n .
0.8 j—(b) ;“" ' ] 08 | -
06 _ from ¢ direct J /¢ e ;_
04 L 041
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J/¥- and ¥'-Polarization at the Tevatron (2)

CDF Run |1 Preliminary 800 pb
L N BN N

1- 1-0:' - T
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[http://www-cdf.fnal.gov/physics/new/bottom/]
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Y-Cross Section and -Polarization at the LHC

10 ¢ B | ;12 | | |
- Br(Y(1S)—-p W) do(pp —T(1S)+X)/dp, (nb/GeV) . - polar angle asymmetry o.in Y (1S)—u " at the LHC
- Vs=14TeV : | < 2.3 -1 7
1 & - I
5. ——  Inclusive . L
R0 S N Direct - 08
N N from y(1P)+(2P) I
SRS NN from Y(2S) _
10 é_ 06 -
o 04 -
10 E_ - :
i 02 .
10 R LS B | \ | ]
10 20 30 40 50 0 | | | | | | | | | | | | | | | | |

But: LO only [M. Kramer, Prog. Part. Nucl. Phys. 47 (2001) 141]
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NLO Quarkonium Production

r Color-singlet model p-spectrum: yp—J/¥+jet
¢ Kramer, Zunft, Steegborn, Zerwas, PLB 348 (1995) 657
e Kramer, NPB 459 (1996) 3

~ NRQCD o, pp/yp — Quarkonium
e Petrelli et al., NPB 514 (1998) 245
¢ Maltoni, Mangano, Petrelli, NPB 519 (1998) 361

~ NRQCD p+-spectrum: yy — Quarkonium + y/jet
¢ Klasen, Kniehl, Mihaila, Steinhauser, NPB 713 (2005) 487
¢ Klasen, Kniehl, Mihaila, Steinhauser, PRD 71 (2005) 014016

[ SR, .mses——_—_—SMS—lilyvus
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Typical Feynman diagrams:
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Virtual Corrections

"

Cross section:

doy 1 dmits
dtydu,  16ms20(1—¢) | tu

€
0(s+1t+u—4m?)2Re(T}T,)

Light box contribution:

169353949j <O[3SES)]> stuls? + 2 4+ 3tu 4+ u® 4+ 3s(t + u)]
im m2(s 4+ 1) (s +u)(t +u)®
128m?
(s+1)7(s+u)’(t +u)
4+ (7 4 u®) + 57 — 4w — P — 4t u‘]] Ba(4m*,0,0)
Ss[—dtul(t 4+ u) + s(t* +u)]
(s+t)(s+u)(t+ ujg
Bt[s2(t — du) — dsu® | tu?)
(s4+t)(s+ u.)sff +u)
Su[—dst? + t%u + s7(—4t + u)]
(s4tP (s +ul(t +u)
n ds(2s% + 12 + u?)
(s+t)s 4 u)(t +u)
(57 + 27 +u?)
(s+t)(s+u)(t+u)
du(s® + 2+ 2u?)
(s+t)s+u)(t+u)
4(5% + 247 + u®)
AT A ) e (4m?, 0,4,0,0,0)
(s +t)(f +u)
472 4 2 4 2u2)
_AS AT ) 2,0, w,0,0,0)
(54 u)(t 4+ u)
PP = =
_ 25T b T o 4, =, 0,0, 0,0)
(s + £)(s = )
Ast(s® 4 £2)
(s iS4 (o )
A e (#F 4 w™)
T (s - E30s A ) (E o)
Asee(s? 4 w?)
T (s s 4w 4 2

2Re (L'T,) =

[—-'-153tu(f +u) — dst??(t + u) + (2 4 u?)

Bqy(s,0,0)

Ba(t,0,0)

Bg(u,0,0)
Cu(0,0,5,0,0,0)
Ca(0,£,0,0,0,0)

Co(D,u,0,0,0,0)

Doidem®, 0,0, 0. ¢, s, 0,0,0,0)

o (der™, 0,0, 0. ¢, w, O, 0,0, 0)

Do (4vm® 0,0, 0, w, =, O, O, 0O, D)}
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Real Corrections

Gluon emission: Light quark emission:
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Finite NLO Cross Section

Cross section:

do(p, A, M) = dog(p, A)[1 + dui(: €uv, €r, v) + det (15 €uv, €1R) + dop(ft, A; €1R, V)
+ O (s €1R, 05 )] + doig(p, A, M5 6;) + dogo (e, A; €1r., O

Singularity cancellation:

Subprocess Source IR-singular term
vy — €€ F’SFW + g virtual % %)C exp(—evg) [—gj (21—6 —In ﬁﬁ + %)
+ I (Cp - ) 2P
operator - (C-'p — %‘i) T <(’J [SS?)D
Yy — €T [SP_'}IJ] + gg | operator %’;:53 (%&‘E)E exp(—eyg) <(_’J [SP}”}
soft —42e%e (44-)" exp(—ep) TP
4y — €€ [351(8)} + gg | final-state 'L—-j'rﬁ (%ﬁﬁ)é exp(—evyg)Z (In §§ - %) W
soft ":‘"jf* (%%E)E exp(—evg)! (4 —In ;—;:5 + %) |70/?
Yy — CE[SP_EB:'] +gg | operator 4&;;* (%’;-)E exp(—eyg)?L <O [SP}S)D
coft ot () exp(—ere) TRP
Yy — ¢cC [35'1(8)} +qg | final-state | —2F L (%%—)E eJ{]J[—E-ﬁr-'E]%W
Ty — ce[n] +qq initial-state | — ([1—4_”‘_{;:?)& %Pﬁ,_,q[ 2) T gczg 1]
¥q — c€[n] +q mass fact. ('%%3)6 %Pﬁ,_,q[ 2) T g coq[T1]

16 January 2007 Michael Klasen, LPSC Grenaoble



G

-y

P

> «

Prompt-Photon Production

QCD factorization theorem:

e e ¢ e
Rem.

¥ Y

X X
p Rem. p Rem.

.
Y Y
(\Q&(‘(‘ X G@(‘% X
P#@%z Rem. Ps®‘=)-= Rem.
Quark-box contribution:
» NNLO
» But important
numerically . 6
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Hadronic cross section:

dzg : dz 2 2
M:ﬂ%f J ijad.rb ?_fa,l'A{xﬂ "'ﬂdﬂ}fb."ﬂ{xb "‘Mb}
2 da
KDH."C{Z -JME}E‘I

Partonic cross sections:
» PHOX NLO programs

Importance:
» Higgs background
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Fragmentation and Isolation
Splitting functions:  Hadronic activity in cone:
a,(0%) egTr 164 . 0
y—g¥) =" 5 -4+ 12r—Tr +@

lnx +2(1+x)ln X

16
(10+14x+ Tx

Evolution equations:

AD,g(QY) _ @, 0%+ a,(0%)
R T et A

X[Pm_chj ylq (Qz +Pg&q®Dy.f'g(().2)]

Fit to ete- Cross sections: - Isolation criterion:
1 dg Q2 had
7 2 2eg| Dyg( Q%) +§€§C$ En<emnEm.,

aS(QZ) IR-safe definition:

+

i [C§®DT_,Q(Q2)+C§®Dwg(02)].) " I—cosd
2 En( (‘) R <E E{T ( ]

"\ 1 —cos &y,

16 January 2007 Michael Klasen, LPSC Grenaoble 59



Inclusive Photons

pr spectrum, with isolation

subdivisions of photon energies
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Photons with Jets

ZEUS 1996-97 preliminary

do /dEy (pb/GeV)

® JEUS

— LG (GRV)
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6 g8 10 1z 14
E/ (GeV)
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do/dn” (pb)
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Related Topics

« Virtual photons
+ Polarized photons

« Prompt photons in hadron collisions

e ——————————— e e ————
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Virtual Photons
Fr
Transverse photon flux: 0y, :
df!;:u:;n“ 1 +(1 —x)2 1 2”2%x = I e OO
pTo e el DAy 210 - wem ;
€ | MES0GY :
Longitudinal photon flux: L o ﬁ -
E o A —=
df{;lx;llm P i 2(1—16) i EI ;m.,”,uijQz o . .I.:
T P R 10 10
xpy o 107
Pert. boundary cond. P2=Q?: -
mx a 02 102- I .
fi—,-xy X, Q2 (}-2,}_ [ Z'HI_)C) ]ll‘l 2P2 )
| A
' _gl{) =T =
-{-6)5( 1—x)— 2] ;;‘:‘ E (OEPS0GeY
[ F* ZEUS-1995 e |
— NLODIR+RES
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16 January 2007 Michael Klasen, LPSC Grenaoble



>
» /-

- y -

Polarized Photons

Parametrizations of the Parton Densifies in the Polarized Fho ton
AL e e L A A LR L A

-

Polarized photon flux:

§ [ [
£ lw —GRSiGRY {1 NLO — DB, /o, (A
. 2 2 1_ [ p T+
Afhl?cms(x) _ 2‘)\1"0’ I =( I *X_) In Qnmx(zl )C) +2’pg2);2 1 B 1 —JC) 'g o5 _Qz=2503\7 ----- GSIV/GRY I=Be
v 27 X mpx* ol omi? 3

Polarized splitting functions:

AP o 2 13 s ] %
AP _4(x)= "F((lx)++2o( 7’”, +0O(ay) g
=Py_y(x), L
1—(1—x)2 g
APH(_»C)—CF(X] +O(ay),

AP, o (x)= TR[xz—( 1 —x)2] +O(ay),

1 1 Vol —x)?
4y _
(1+x )(x+(1—x)+_,] . }

AP, (x)=N¢

11 I

Ag'x.Q) /g Py

Polarized coefficient fct.:
AC (x)=2NAC,(x)
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Hard Photoproduction at HERA

-

r Strong coupling constant

- Real and virtual photon structure

- Proton, pion and pomeron structure (— Absorption!)
r Jet definition and jet shapes

- Universality of fragmentation functions

- Factorization for heavy quarks

~ Color-singlet vs. color-octet quarkonium formation

r Isolation of final state photons

- Relevance for LHC-physics: Higgs, and more
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