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Factorization issues (this talk)
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Main point

[ scattering at the LHC # “rescaled” scattering at the Tevatron
[1 dominance of sea parton scattering

[1 small typical momentum fractions z in several key searches
(Higgs, lighter superpartners, ...)

[] intensive QCD backgrounds

[1 complicated selection of new physics candidates
= reliance on differential distributions
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At the LHC, many cross sections must be predicted at a few percent accuracy
in an untested kinematical regime

Some issues to be pursued are

[ precision exploration of factorization (PDFs) and perturbative stability
[1 development of factorization for many-scale observables (resummation)

[1 understanding of new effects at small x, and in gluonic and heavy-flavor
channels

| will refer to Drell-Yan-like processes (production of v*, W, Z, H, ~v~, ...) to
find examples of relevant effects

Studies of QCD processes at small =, small (), or forward rapidities at Teva-
tron and HERA are crucial for reducing uncertainties at the LHC
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LHC [/s = 14 TeV] vs. Tevatron [/s =~ 1.96 GeV]: basic differences

[0 In units of {/s:

LHC parton kinematics [] Kinematics of a heavy particle with
107 g T M ~ TMyz ~ 700 GeV is similar to
= (L4 Tev) explsy) ;
10 Q=M M=10Tev the kinematics of W and Z bosons
o at the Tevatron
; £ 0 M ~ My ~ 100 GeV at the LHC
o S is kinematically similar to M ~ 14
< UE GeV at the Tevatron (messy region!)
591 wh  wewew /| O Hadronic dynamics does not scale!
7 w0 b e | (I logarithmic scaling violations
.00
| [1 different particle contents (W, Z, t,
o H at ~ 100 GeV)
R a— 0 pp vs. pp scattering: reduced gq

cross sections; enhanced gg and gg
Cross sections
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QCD components at LHC.
precision factorization for single-scale observables

Assumptions:
Q% > 1GeV?
Pi - Py : :
{X}E{ ZQQJ} ~ 1lfore =+
< {In(X)} ~ O
pi =mi ~ Q°(or <Q7)
Examples:

0 DIS structure functions F;(z, Q2)
[] total cross sections for heavy particle production o (Q2 ~ M }%)

O do/dqr at large qp (q% ~ Q?)
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Inclusive structure functions for
lepton-nucleon deep inelastic scattering

1 rz Q 1
F , — d Ha —y a y O -
o= % [ (5 M) FupE ) + (Q>
00 "Hard parts” Hq(x /&, Q /) can be calculated perturbatively

0 p is a factorization scale; u ~ @ to avoid large logs In"(Q/u) in

Ha(a:/i', Q/,LL)
O f, /p(§ , ;) are universal parton distribution functions (PDF’s) satisfying the
known evolution equations (DGLAP):

d x,
Mfa/p( M)—Zflﬁ a/b( )fb/p(y ().

[ Parameterizations of f, /p(g, ) at u = ug ~ 1 GeV are found by fitting to
the data (DIS, vector boson and jet production,...)
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Global analyses of hadronic data (CTEQ, MRST)

Minimization of 20 PDF parameters + experiment normalizations + control
parameters for correlated systematic errors (about 100 parameters in total)

Energy reach in unpolarized experiments 11 (12) experiments at

LHC 14000 (Q?) > 4(2) GeV?, (z) > 6-10°
Tevatron-2 _ _ o
Tevatron-1 [1 deep-inelastic scattering in a large
Tevatron-0 range of (), for a variety of targets
HERA (p,d, Fe) and lepton beams (e, u, v)
E605
E866/ Nﬁigi‘ (] fi xed-target Drell-Yan pair production
BCDMS

NMC [1 W-boson production
CCFR/NuTeV
S [GeV]
10 100 1000 10000 [J Tevatron jet production
[ NLO (CTEQ), N3/4NLO (MRST)
[1 Large number of experiments needed for flavor separation

0 u(z) # d(z) # 5(=);

s(x) # 5(x)? (€TEQ, 2003); uP () #= d"(x)7 (MRST, 2003)




Ratio to CTEQ6
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Uncertainties in £, ,,,(z, Q) at Q% = 10 GeV* (CTEQS6)

d at Q = 3.16 GeV
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Global vs. DIS-based fits

[0 Global fits (CTEQ; MRST)
[1 Data from DIS, lepton pair and inclusive jet production
[] Separation of most parton flavors
[INon-negligible tensions between different experiments
[1Acceptable PDF sets are selected by applying an approximate cri-
terion
0 CTEQ “tolerance™ §x2 = 100 < 90% c.f.
[ MRST “tolerance”; §x2 = 50
[0 DIS-based fits (Alekhin; H1, ZEUS; Giele et al.)
[1 DIS experiments only
] PDF uncertainties can be introduced according to the exact statis-
tical definition (§x2 = 1 <65% c.f)
O Insufficient information about sea parton flavors (d — «, g, ...)
[1disagree with a part of p/N scattering data
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Total W and Z cross sections

[1 Monitors of the beam and parton luminosity at future colliders
(Dittmar, Pauss, Zurcher; Khoze, Martin, Orava, Ryskin; Giele, Keller)
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Total cross sections: NNLO QCD corrections

oiot@p = V)= Y [ dw1dwafyy(21) fy5(22)5101(ab — V)

partons

[0 NNLO hard cross section 6ot (ab — V)
(Hamberg, van Neerven, Matsuura, 1991; Harlander and Kilgore, 2002)

[0 Partial NNLO results for parton distributions f,, /p(ac)

3.6 1 7

34 W Tevatron Z(x10) -

[1 Scale dependence 32 % (Run 2)
of order 1% 3.0 - :
528 ¢ g NN E

[0 NNLO K-factor is about 1.04 at —*°¢ *NLO;@
m 24 ¢ CDF DO(e) DO(u) T T E

the Tevatron and 0.98 at the LHC - ,, ) .
(MRST'03) ?Z Lo E

1.6 :
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Sources of differences be-
tween CTEQ & MRST

)(2 increasein global analysis asthe
W and H cross sections are varied at the TEVATRON D Selectlon & Welghtlng Of
s [ im0 S data in the fit
7 o e 0 Parametric form of PDFs
[ . i at p = po
= S
- o cMRST202 [0 Definition of as at (N)NLO
E 0 - ! | + |
S [1 Assumptions about sea
° T T B flavor symmetries
AN R O Treatment of heavy flavors
c v v b b b b e b by I
-4 -3 2 el o 1 2 3 4 ]
At it i [1 Electroweak corrections
[1 acceptance

(Frixione, Mangano, 2004)




Electroweak effects in oy

[1 tree-level approximation
iInsufficient!
[ EW corrections, updated EW
parameters
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28rF

275 ¢

W >ev) [nb]

N
o))
ol

opp>

26+

255 |

25+

N
\‘

o N * KNNLC in the Tevatron Run-2
Range of PDF uncertainties (CTEQ6.1)

| ~3%
Br[w]=0.11, Br[Z]=0.033

[ ~3% |
| ®

\ !
Breit-Wigner line shape
with running width

PRELIMINARY

0.25 0.255 026 _ 0.265
opp>Z>eeg [nb




otot (W) and o4, (Z): standardization of theory predictions (in progress)

Collider/ Cross section (pb) CTEQ6M MRST
program 2002(NLO)
Tevatron o(W — fv)(SigmaTot1) 2526 2548
(v/s =1.96TeV) | o(W) at Q=80.423 GeV 23773 23988
wttot o(W)-0.1068 2539 2562
o(W) -0.1084 2577 2601
ResBos o(W — fv) 2588 + 6 2606 + 6
MRST’'02 paper o (W )-0.1068 2600 (1.4% above WTTOT)
LHC o(WT — fv)(SigmaTot1) 11525 11444
(v/s = 14TeV) | o(W~ — fv)(SigmaTot1) 8497 8500
wttot o(W — fv)(SigmaTot1) 20022 19944
o(W) at Q=80.423 GeV 188549 187885
o(W) -0.1068 20137 20066
o(W)-0.1084 20439 20367
ResBos o(W+ — tv) 11899 + 43 11891 + 43
o(W~ — fv) 8717 £+ 29 8799 + 29
o(W — fv) 20616+52 20690+52
MRST’02 paper o(W)-0.1068 20400 (1.6% above WTTOT)
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Cancellation of PDF uncertainties in o4ot(Z) /oot (W)

(Huston, P. N., Pumplin, Stump, Tung, Yuan, 2004)

287 | | | 3 ‘ | | | |
o N0 * KNNLO iy the Tevatron Run-2 O * KM atthe LHC
Range of PDF uncertainties (CTEQ6.1) Range of PDF uncertainties (CTEQ6.1)
275 | | 205¢
~4%
2 2
=t = 20!
® )
A A
= 265 |3
I\ A
=¥ 2 195
= =
S
° 2.6+
19 ¢
255 ¢
25 | | 185
0.25 0.255 _ 0.26 _ 0.265 1.375 1:9 1.925 1.95 1.9j5 2 2.625
o(pp>Z=>eq[nb o(pp>Z>eq[nb

[ In spite of different quark flavors, a measurement of o(2) will
constrain (W) (and possibly other quark-dominated cross sections)!
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QCD components at the LHC:

multi-scale factorization (resummation)

Q?° > 1GeV?

. Di-Dj
1] :F
& [In(xy)| > 0

X >1 (k1) forsomei, j

The perturbation series have to be reorganized to evaluate the sum

0. @)

Z Ozrgz Z Cmn In™ <XZJ)
n

m=0
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Examples of resummation

[]

Mass logarithms In(u/m;) (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi)
In(1/x) (Balitsky, Fadin, Kuraev, Lipatov)

In(qT/Q) (Dokshitzer, Dyakonov, Troyan; Parisi, Petronzio; Altarelli, Ellis, Greco,
Martinelli; Collins, Soper, Sterman;...)

In(1 — x) (Sterman; Catani and Trentadue; ...)
In(1 — z) and In(qg7/Q) (Li; Kulesza, Sterman, Vogelsang; ...)

In(gr/Q) and In(u/Mg) for heavy quarks (P. N., Kidonakis, Olness, Yuan)

Inter-jet energy flow (Dasgupta, Salam; ...)
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Resummation for transverse momentum (g7) distributions

Conventional factorization

[1is OK for inclusive cross sections

sep

qr > qr
. (hard part)

\

[1 leads to discontinuities and large logarithms in
differential Gross sections

Lainm g;;, m = 0,...,2n — 1 in g7 distribu-
T sep

qr < qr
tlons asqr — O (PDF)

Solution: summation of logarithms through all orders of « ¢ (Dokshitzer, Dyakonov,
Troyan; Parisi, Petronzio, Altarelli, Ellis, Greco, Martinelli; ..)

Its validity is proved by a factorization theorem for k-dependent PDF’s (Collins,
Soper, 1981; Collins, Soper, Sterman, 1985; Collins, Metz, 2004)

[1 prediction from first principles of QCD

[1 applicable to a wide range of processes at pp, ep, and ee colliders
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g resummation for vector boson production at the Tevatron

>
S +power corrections
> 120 | /
. . Q B
Resummation: W boson production &
at the Tevatron 2
o 100
O

— Incoming I

particles -

— Outgoing <0 B

]5’ _p’ particles i

60

No QCD radiation ¢ — %m q

w 40 pp— (Wt 5 eve)X
CTEQ6M
o ’sﬂsﬁv = Perturbative
QCD radiation ——» _’4\19 £0 physics dominates
pT # 0 O ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L
0 ﬁ 5 10 15 20 25 30
>7 + Nonperturbative Qr, Gev

dynamics ("intrinsic k;")
Needed to precisely measure the Monte-Carlo integrator ResBos (Balazs,
W -boson mass P N, vuan). resummed NLO with el-

(6 My /My < 7-10™%) ements of NNLO in Collins-Soper-
Sterman (CSS) method

Resummation describes all g7 range in one unified framework
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QCD factorization in hard and soft regions

Finite-order (FO) factorization Small-gr factorization
Moo < 6~ QF Moo < 6 < Q2

y—t
(Lt

\——

Solution for all g7
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Factorization at g7 < Q

Realized in space of the impact parameter b (conjugate to g7)

doAB—V X db g o
3 5 — e T bWab(b7anAaxB)
AQ7dydqr | 2 « 2

Wb (b, Q, 4, 25) = |Hypl|? e—5<b’@>fa<m,b>fb<x3,b>

H,p 1S the hard vertex, S is the soft (Sudakov)
factor, P,(x,b) is the unintegrated PDF
Pa(z,b) = /d”_ZETe_iET'EPa(:I:,ET)

When b < 1 GeV~1, S(b,Q) and P.(z,b) are cal-
culable in perturbative QCD;
Py(x,b) factorizes as

1
_ d
Pajalz,b) =Y / —f ja<f,uFb>fj/A<§,uF> + O(b?) = (Cja @ faja) + O(b?)
j €T

(note the power-suppressed terms)
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Models for W, at large b

To perform the Fourier transform to ¢, space, we must know

Wab(b7 Q)an 'CCB) at0 < b < o0

Several models exist for the large-b behavior (Collins, Soper, 1982; CSS, 1985;
Qiu, Zhang, 2001; Kulesza, Sterman, Vogelsang; Guifanti, Smye).

e_SNP(b7Q7b*7“°)
pert

Wab(b7Q7xA7xB)|allb — Wab(b*aanAaxB)

O Syp(b, Q) is an effective nonperturbative function (universal in Drell-
Yan-like and SIDIS processes)

[1 Renormalon analysis (Korchemsky, Sterman; Tafat)

SNp(b, Q) ~ b2 {al + a>InQ + }

@ small corrections
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Energy dependence of the nonperturbative smearing a in Drell-Yan pair and
Z boson production (Konychev, P.N., 2005)

2b,, bmax=1.5 GeV™*
2
a[GeVe]  Nonperturbative coefficient in e

1.2,
| * E288
, ACDF Z 2
0s | N Snp(b, Q) = a(Q)b”,
: ¢ R209
0.6 .
: + with
. ; 2
0.4 !@ﬁ!' a~ (k%) /2
0.2
e ‘ ‘ L ‘ GeV
5 10 20 50 100 zooQ[ ]

Dependence of best-fit a(Q) on In Q is approximately linear, with the slope
(ap =~ 0.184 +0.018 GeV2) In excellent agreement with renormalon analy-
sis + lattice QCD (a» =~ 0.18"_"8.'53 GeV2)



Pavel Nadolsky, EFI Mini-Symposium, U. of Chicago, March 14, 2005

QCD components at the LHC:
factorization at small x

W, Z, and Higgs boson production at the LHC:
typical z ~ afew 1073 <« 1

DGLAP factorization (g resummation) works well when x is not small
Can small-x effects affect factorization (resummation) at the LHC?

For the same hard scale @, the magnitude of small-x» effects may be neg-
ligible in one-scale observables (as(Q)) < 1) and important in multi-scale
observables (as(qr) = 0.2 — 0.3)
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Tensions in NLO global fits of inclusive (one-scale) data?

[ MRST (2002) finds tension be-
tween the small-x & Q DIS and
high-p Tevatron jet data

[1 Need for NNLO (resumma-
tion of In(1/x) terms)?

[1 CTEQ (2005) does not observe
such a tension

[ Removing the small-z & () data
changes x2 by 62 < 100

small-z DIS data) and “standard” form of the PDFs
MRST PDFS are Vel’y dlffel’ent |:| NLO f|ts are reasonable
4 24
[ MRST-NLO ] [ MRST @ (- gl fered) ]
I — default LHC ] [ CTEQ + (+g|3co)2 g:mely(;re W@ LHC ]
| . ) 22 X (- gluon allowed) -
3L T conservative | i NLO 7
ié‘ L ig 20 j_::::}’*::!:::::::-i&:::::::::::f::::::::::;
= T — X
'I?Z 2r ] o 18 [ * -]
z | =
g 1 _ i ° 16 C o ° -
L i X,=0 0.0002 0.001 00025 0.005 0.01
[ 14 L
N




O(a2) corrections to DIS production of high-py hadrons at HERA
(Daleo et al.; Fontannaz et al.; Kniehl et al., 2003-2004)

Semi-inclusive DIS in v*p ¢.m. frame

e ol .
\‘ N ' 100} il
‘/ 7 ‘ : ® Zeus data

Yo 7| {8
p\. O~ qr/@Q : g
Parton mode!: OH =0 :g E
S .
1 o] i
: [}
> 7 Lo -
Target fragmentation Current fragmentation
O T
“‘E 1.5—J—’_,ﬁ
Production of light hadrons: H =r, K, p, .. N e S
or energy flow o

Kniehl, Kramer, Maniatis, 2004

Production of heavy flavors: H=D, B, ...

O(a2) is not sufficient to describe the differential SIDIS datal
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Possible small-x effects

0 Enhanced gluonic activity at 2 < 102

0 large O(a2) corrections to hard gluon scattering

0 gg — H

0 ~*g — qqg to dijet and forward jet production at pp ~ @ in SIDIS
at HERA (recently calculated)

[J Deviations from the DGLAP factorization picture caused by o7* () In"(1/x)
(to be resummed via BFKL equation)
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Physics behind DGLAP factorization (cartoon)

Proton
2y
% > m» B?’?%: >
p*
%é
Nocp < kpp < o Lkp < Ky
+ ! \‘f L—p-

Probed parton is highly boosted throughout all evolution
Soft and collinear radiation
[1 dominates parton evolution
[1 factorizes from the hard scattering
(1 is “collimated” (“k-ordered”)
Angular distributions are described in a b-space resummation formalism

(Collins, Soper, Sterman, 1985)
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The ultimate energy loss scenario (BFKL)

E> ... > FE > F

g

Proton

No k7 ordering

[1 The probed parton loses practically all energy through radiation
[1 The radiated partons do not have to be k-ordered
[1 Essential signature: broad angular distributions of the radiated hadrons

As x decreases, kp-unordered dynamics may turn on faster in g distribu-
tions than in inclusive cross sections

Compare a$(Q) In™(1/x) and a’$(1/b) In™(1/x)




Preasymptotic suppression
and u < 1 — 2 GeV (Ciafaloni,
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of Pyg(z,n) atz < 10~4 — 1072

Colferai, Salam, Stasto, 2003)

20

10

5

.

Quadratic solution

Expanded solution

—— measured In(1/X;,,)
3/(2 wy)

0.01

0.1

(PI

[0 may suppress do/dqr atqr < 1 — 2 GeV

[1 together with enhanced gluoproduction at ¢ > 2 GeV, may lead to

hardening ("broadening”) of g distributions
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Resummation for the Tevatron
and LHC at small «

(S. Berge, P. N., F. Olness, C.-P. Yuan, hep-ph/0401128; hep-ph/0410375)

T < 102
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Semi-inclusive DIS in v*p c.m. frame

6

pH\ On ~ qr/Q

Parton moddl: GH =0

=7
Target fragmentation Current fragmentation

- >

Production of light hadrons: H =r, K, p, ..
or energy flow

Production of heavy flavors: H =D, B, ...
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Semi-inclusive hadroproduction at small polar angles
O ~ qr/Q — O

o= 0.3 -
> } NLO
%) ! CTEQ4M (1 At 6 — 0, hadrons
o ' x = 0.0049 : :
o : Q = 5.7 GeV recoil against soft or
S \ H1 Collaboration collinear QCD radiation
5 1 PLB 356, 118 (1995)
5 0.2 '|
™~
[1 Finite-order QCD fails
0.15 .
resummed = resummation!
0. [1 Instructive tests of soft
QCD radiation
0.05 [1 variety of processes
_________ & observables
p Lol TR (I initial- and final-

state radiation
Hadronic energy flow > . at small g
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qr dependence of energy flow at small x

Data from H1 Collaboration

(1/olol) dz./dq,, CeV"

T L
>
8 Q* = 13,1 GeV [ Q@ =144 GeV?
O;_ 0.2 r x = 0.00036 0.2 r x = 0.00063 0.2 u
Q [ L [
W [ * +
D o1 R 0.1 0.1
§ r r C
:/ O 1 1 1 1 I 1 1 1 1 O C 1 1 1 1 I 1 1 0
0 5 10 0 5 10 0
0.3 0.2 0.2
@ = 14,9 Gev? H O° = 28.8Gev?
x = 0,0023 x = 0,00093 i

(1/0101) dz./dq,, GeVv™'

13.1 < (Q?) < 70.2 GeV?,
8x107% < (z) <7 x 1073

Can be parametrized as

Resummed E-flow: CTEQ5M1
PDFs,

1 — 3
SNP = 2 0.013 x@
+ 019 (567

Possible interpretation:

rapid increase of “intrinsic” k7 when x
decreases (first signs of
kp-unordered radiation???)

No mechanism for such increase in
the O(as) part of the CSS formula

P(z,b) = (C® f) (z,bs)e POV,

0.013

T

atz < 1072

p(x)
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Small-z effects on pp — Z9X at the Tevatron

pp — Z°X (Vs =1960 GeV) pp - Z°X (Vs = 1960 GeV)
0-8 7\ T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T T T T \7 80 7‘ T T T T — T ‘ — T T ‘ T — T ‘ T T — ‘ T — T
0.7 . - 70 & ]
No small-x broadening (BLNY) r No small-x broadening (BLNY)
6L [\ With small-x broadening { 60 i ....... With small-x broadening ]
%‘ 0.5 } - < 50 |- -
Q

g CTEQEM1 O] o CTEQ6M1

2 04 al 'y & g vl > 2 .

g g [

3 03 5 30 .
0.2 20 7.". ]
0.1 10 ; ]

0 Cov v b v v v b b v v b b by 0 . T T B B B B B e
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Small-x effects at the LHC: visible even in the central region!
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distribution
Broadening increases in magnitude as y grows
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Summary
[1 LHC will be particularly sensitive to sea parton interactions, small-x scat-
tering; percent-level predictions will be needed in this new QCD regime
[1 Recent developments include

[ precision methods for understanding the PDFs and their uncertain-
ties at NNLO

[1 resummations for 2- and 3-scale observables
(depending on Q, g7, x, M4, ...)

[1 Studies of QCD processes at small x, small (), or forward rapidities at
Tevatron and HERA are crucial for reducing uncertainties at the LHC

[ If broadening of do /dqr is observed in forward Z boson (Drell-Yan pair)
production in the Tevatron Run-2, it will strongly affect predictions for W
and Z production at the LHC
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Backup slides
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Small-q7 cross section is related to a form factor in the impact parameter (b)
space

d2b
(2m)2

do
drdzdQ?dg? .

e_i‘fT'gﬁ(z, b)e_s(b’Q)f(:ﬂ, b)

S(b, Q): soft (Sudakov) factor (same as in DY process)
P(z,b) ~ (C® f) (x,b): b-dependent parton distribution
D(z,b) =~ (D ®C) (2,b): b-dependent fragmentation function

From angular distributions of the hadronic transverse energy flow,

x faszgi
da:dQquT da:ddequT
o Cconst - / WG_ZQT'be_S(b’Q)f(CC, b)7

one can learn about the z-dependence of P(z, b) and make predictions for
the Drell-Yan processes
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What is g7 in DIS?

qr ~ polar angle 6 in the v*p c.m. frame

(Pr)7r _ (2 (1 - z) (9% N )

Discontinuities in do /dff; are due soft and collinear radiation:
do > ag\" 2 9%{
(@), o= 2. {“"“QHH% 2, i
H— n=— m—

The all-order sum is

do
dxdQ2dzd0%

oo [ d4b
S J (2m)2

e_iCTT'bW(b, Q,z,z)+ ...

QH—>O




