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QCD at proton Colliders

Hard process + soft (underlying) interactions “Hard™ Scattering

PT(hard)

Outgoing Parton

(the majority in fact ...)

AntiProton

Underlying Even

Initial-State
Radiation
Final-State
Radiation

e Rely on the factorisation theorem:

Opp—x ~ 3 Y fo(@, Q) oy (2, Q%) @ 640,—x
— (= % 9 Soft QCD,
non-perturbative (PDFs)

¢ Parton

Hard cross section,
perturbative

= Proton structure described by u Valldl.‘ry .and precision
) —— Parton Density Functions of existing pQCD
calculations ?

M Need to be measured

- But the evolution of f(x) with QZ? is described by perturbative
QCD: DGLAP equations

qu(z) qu(z) qu(z) ng(z)
q g q g
a H—% a +§ g mrm< g m@e§
-z g -z q 11—z q -z g
N Ts DGLAP always valid ? (BFKL at lower x ?)
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Probing the proton

Scale of the probe, Q2
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Fractlon of proton momentum probed X

N Gluon and sea: QCD dynamics [MSTWO08 PDFs, G. Watt]
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Proton structure for the LHC
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e LHC - HERA: same x-range, factor 100-1000 in Q2

E. Sauvan — LAPP Annecy ICHEP10, Paris — Experimental QCD Results and Impact on LHC Physics - 4



Experimental informations on PDFs

Process Experiments Partons L
DIS Fixed target BCDMS, NMC, q.9 %108; ) e s

E665, SLAC B 1 o e e
DISv - N NuTeV, CHORUS, ¢,s } CoRIR Ceneat ek

CCFR - T _zas
pp, pIN Drell Yan E605, E772, q, g at high x 07

E866/NuSea 0ty o = ¢
W, Z in pp collisions CDF, DO d.u,d/u at medium r way ),
DIS collisions HERA q.q 0 Ll / 2
Jets in ep collisions  HERA q, q oL HHH \ \\\\
Jets in pp collisions  CDF, DO g.q at high = F |\HH A ?
Fr in DIS HERA q 10_1- . R 7
cc in ep collisions HERA g.c S ST R o
bb in ep collisions HERA g.b 1 0 10 .

e Global fits: PDFs determination using available data sets

< Different extractions, based on different = “Global”: MSTW, CTEQ,

data sets NNPDF
= DIS + DY: AKP, JR
- Differences in theoretical treatments - HERA only: HERAPDF

(o, heavy flavours, ...)
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The prOton at the LHC [G. Watt, A.M. Cooper-Sarkar]

e Partonic luminosities from different PDFs: e Cross sections:
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A Inputs of new data will help s as :
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Spine of PDF determinations: HERA
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Spine of PDF determinations: HERA

e Neutral Currents (NC):

+
d’ocyvt  xQ? y? Y_
+ NC
e (k) /ve/(k') O, NC = = F; — —F; F —xF3
> 2:20 @ desz 27['a2Y_|_ Y_|_ +
p®), N Yy = g—: (Inelasticity) Y+ =1+ (1—1y)?

NI)

F), Fj?, Fzz} =z {eia%qivqmvi +a3J (¢: +di) W F,: quarks

(at LO)
Z _
[e’L‘FQ afL‘Fg.Z} =2z ) leqaq,vq0q] (0 — @) wu F3: valence quarks
beyond ’
(L?;on OF,/0InQ* ~ ay - zg (scaling violations)

N Gluon density
e Charged Currents (CC):

occ(etp) x z [(1 —y*)(d+ s) + (@ + o)
e (O, g}_/ViZq)V/(k) occ(e™p) x x [(u+c)+ (1 —y*)(d + 3)]
p ), >

> o o
N') e*p most sensitive to d w Quark flavour

= e-p most sensitive to u :
separation
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HERA NC: towards final precision

H1 and ZEUS
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June 2010

HERA Inclusive Working Group
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HERA CC: towards final precision

- Statistical precision also improved for CC's
CC,e-p CC,e-p
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PDF determination from HERA alone

- HERA data are enough to determine PDFs of good precision

e HERA | combined data e Including HERA I
: H1 and ZEUS H1 and ZEUS HERA I+II Combined PDF Fit
S e 1 =
“ | HERAPDF10  @=10Gev? = 'HERAPDF1.5 Q?=10 GeV? :
- i —— HERAPDFL0 os 7(pr‘e|) —— HERAPDFL.5 (prel.) -
B <xp. uncert. Tl B cxp. uncert.
i E model uncert. L Cl model uncert.

0.6 - parametrization uncert. - parametrization uncert. &
. 0.6 - £
- z
- ) Z
0.4 0.4 - Xg (x0.05) z
2
0.2 0.2 %
Z
-«
=
=

10 10° 10 10! 1 10* 1

e Advantage: controlled systematics
= Errors reduced at high x,

mainly visible on valence
=» Parametrisation error addressed distributions

= Errors estimated using Ax* = 1

E. Sauvan - LAPP Annecy ICHEP10, Paris — Experimental QCD Results and Impact on LHC Physics - 11



PDF determination from HERA alone

e HERA | combined data e Including HERA I
= 1F 2 2 g 2 2
~ o Q =10 GeV = Q" =10 GeV
- 0.8
HERAPDF1.0 HERAPDF1.5

(prel.)

= Errors reduced at high x,
mainly visible on valence
distributions
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The gluon at medium and high x
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The gluon: jets in ep collisions

e
e
: v*/Z
1 jet . .
T ol a = jet = Sensitive to
- jet q 9 = jet os * (gluon + quark)
P4
Boson-gluon fusion QCD Compton
H1 and ZEUS
&n 20
Q* =10 GeV?
_ e At HERA, jet measurements constraint
5  ERAPDELO (M 0176) the gluonin 0.01 < x < 0.4
B total uncertaintyS ‘
v 0 (M,)=0.1156
I v (M, )=0.1196
*l e Gluon distribution and oy linked
| - Combined fit with DIS data
1 expected to reduce gluon
uncertainties
ol i - And o5 may also be extracted
X
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The gluon from jets: ep collisions

e Measurements of inclusive, 2 and 3 jets = Jet energy scale uncertainty

L L 0 3
production in DIS and yP down to 1% for Eyet > 10 GeV
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The gluon from jets: Tevatron

e Tevatron jets: constraint the gluon at high x

e Dominant exp. error:
jet energy scale, now 1%
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The gluon

from jets: Tevatron

e Tevatron jets: constraint the gluon at high x

e Dominant exp. error:
jet energy scale, now 1%
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- Used in global fits to constraint the gluon in a region
relevant to new physics at the LHC
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A fundamental parameter: as

e Accessed from jet measurements
= From HERA

o, from Jet Cross Sections in DIS

H1 as(Mz) = 0.1168 £ 0.0007 (exp.) 70203 (th.)

40.0037
o 7EUS as(Mz) = 0.120812:9937 (exp.) + 0.0022 (th.)
*  H1 data for Q? > 150 GeV?

L otteos o g8 (s a0t 000 2 Further progresses require NNLO
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The gluon towards low x
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Direct FL measurement at HERA

e In QCD, F, > 0 due to gluon emissions = Direct measure of the gluon density

y? 2
Fr, y=Q"/sx

14 (1 —y)2

orNc = F>

* Method: = Keep x, Q2 constant and vary y
2 Vary s: special runs with E, = 460, 575 GeV

H1 and ZEUS

April 2010

= Sensitive to the gluon
distribution at low Q?
and low x

N Evolution scheme

| = HERAPDF1.0 ®

HERA Inclusive Working Group

| NNLO fit (NNLO?2),
-0.2 | T 2223:1:%2 QCD dynamics at low x?
2
10 10 Q2 / GeV?
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Flavours in the proton

[MSTWO8 PDFs, G. Watt]
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e Heavy quark flavours in the 0.2 <
g ---- RT optimized +
proton are radiatively i e S T
generated from gluons g — qg@ 10 10 Q% / GeV?

= Cross talk gluon & sea quarks

= Depends on the th. treatment of
the transition Q? -~ m. ., / Q% >> m.
(massive / massless)

b

E. Sauvan — LAPP Annecy ICHEP10, Paris — Experimental QCD Results and Impact on LHC Physics - 21



Flavours in the proton

[MSTWO08 PDFs, G. Watt]
T T TITT \I‘: IIIIIII| T T TTTIIT T T TTTTIT

S ' e LHC probe PDFs at small x:
=3 Q*=10* GeV* | large fraction of heavy quarks
I g/10
_ 2 ¢ : 1.4 ¢
0.8 18 F W E 19 -
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I i © -
od de 08 [
: Y So6 |
_ 08 [ $ 06 |
0.2 0.6 £ | 204 F
: 04 F{ © :
ol 0o 202
10*  10° 102 10" 1 — F nd -
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. :
Heavy quark flavours in the > At LHC, W=, Z are mostly produced

proton are radiatively

generated from gluons g — q@ by sea qq collisions

= Cross talk gluon & sea quarks .
\ Exclusive measurements (c,b)

2 Depends on the th. treatment of sensitive to gluon + theoretical

. 2 5
the transition Q* - m_, /Q*>>m_, treatment (near m_, threshold)
(massive / massless) ’
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Impact on LHC cross sections

[ A.M. Cooper-Sarkar]

e Low Q? changes in PDFs translate to high Q2

e For example: variation of m¢ in PDFs determination

1.5

— HERAPDF1.0 e F7 (DIS NC’s) constraints xu+xc

B exp. uncert.
.| model uncert.
| param uncert.
—— mc=0.165

e xc modified by charm treatment
and m¢ choice

0.5

0 b b < Imply changes in xu
0.05

-0.05
-0.1

N Changes by possibly 3%, depending on heavy quark treatment
M Charm data help to constraint it
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Charm of the Proton

e At HERA: production by boson-gluon fusion
+ H1 and ZEUS

Q=2GeV? | Q=4GeV? |

Q%=6.5GeV?

27.6 GeV

October 2009

_ - = -
C {] I A IIIIIII| | 11 IIIIIII| | IIIIIII| | IIIIIII| | 11 IIIIIII| | IIIIIII| | IIIIIII| | 11
0.5 — Q’=12GeV’ | Q’=20GeV’ |_ Q’=35GeV’

e Charm tagging with i

* + 3 {] ] IIIIII| | ||||||I| L LI LI T ] IIIIIII| 11 IIIIII| LIL] 11 11 IIIIII| ] IIIIIII| -::-l::.
D, D+, muons, impact 05 Q’=60GeV? | _ Q*=120GeV?|_ Q*=200GeV?
parameter ' 3 X

- New, precise, combined data |

HERA Heavy Flavour Working Group

0 bl cvvl v O vl vl ol O vl vl ol )
0.5 Q*=400GeV* Q*=1000Gev?| ® HERA (prel)
N New constraints on - T - MSTWOS NLO
theoretical treatment of I N\ L \ — EEE%Z;SN
HF and mc in PDF fits 0 P N T T I ABKM FFNS NLO

---------- ABKM FFNS NNLO

-3 -4

107 10 1070 107
X

10™ 10
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Beauty of the Proton

ZEUS

e Control of beauty is also important g o225¢ " =~ ' o
for some aspects of the LHC physics © b * ZEUS (prel) vix 34 P

12 - x=0.00013 i=7 ® ZEUS (prel.) e 363 pb
2~ 0,200 _1 1

- | A ZEUS 1 114 pb

- J O ZEUS p+vix 126 pb” -
0.175 [-x=0.0002 i= O H1 vix -
[ ] ZEUS-S+HVQDIS]
0.150 — ~— GJROBNLO -
Ex—0.0005 =5 © ABKMNNLO -
0.125 [ " --- MSTWO08 NLO 1
" Fx=0.001 3i= 2 £ -~ MSTWO8 NNLO]
- — CTEQ6.6 NLO ]
0.100 - -
- x=0.002 i=3
) 0.075 —
e New, precise measurements from i ]
HERA 0.050 [ X=0-0081=2 M .
= Good agreement with R : F ]
calculations antd Senadhdl
o . 0.000 f.X=0:032 =0 m
- Combination will further Rl S I R B

. . . 2 3

improve the precision 10 10 10
Q? (GeV?)
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Testing proton’s flavours at the Tevatron

= Associated boson - heavy quark production
I'Y

b/s b v W Sb W q—(VVVV
9 c c - b/c
p/cb b/ b T e

e Direct measurements of:

e Production of y with b/c jets
e Production of W/Z with b jets

e Production of W with c jet
- Sensitive to g and s, cor b PDFs

= Backgrounds to Higgs, top, and new
physics

= Tests of pQCD calculations
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v+ c/b jets

: : §18FDo, L =10m" |y|<08 [ yy*<o
e Production of y associated sz_ e }ﬁy'_ﬂ_o b x v+b
with b/c jets, comparedto 35, ,f v+b+x Py >15GeV ¢
NLO predictions 31.z§— /+. L : j%,
1:+%-I§-Lu.-%u.ww F R
= PDFs probed in 0.01<x<0.3 08} N :
06 " data / theory . 2
- CTEQE.6M PDF uncertainty -
0.4 -imimim IC BHPS / CTEQS.6M 5
S IC sea-like / CTEQ6.6M -
e Good agreement for y+ b 0% Scale uncertanty ST
asf VY0 = yYe <o
= But yet no sensitivity to TE v+c+X Y+ C | v+c+X
PDFs g :' !
2.5F T -
: : 2F -
e Difference for y + c with : % o ; %
: : Y e T I i
]ncreaS]ng PT 1 ;—— f"—”‘_—it—T:: —_—__—i—__‘ —--- T H ?#j-'_:*:—:—:—:_“_—:‘_‘ —— _
0.5F -

= Intrinsic charm or
Uncertainties ing_>c(—:? 40 60 80 100 120 140 40 60 80 100 123“.2:%}

[DO, PRL 102 (2009) 192002]
[CDF, PRD 81 (2010) 052006]
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Z+ Db jets

o epTT T T T E e First differential cross sections
8 1_3:— . CDF Data a) —
= 14F . = measured by CDF
:ﬂx 1;_,...........5 ......... MCFM Q2_<p21et> _i 9 Large Spread Of theoret-lcal
Sl oo (CTEQ6M PDFs) - predictions
% ® ] 2 fb 1 E
S oz2F T E M Needs of full NLO,
%0730 a0 50 "' importance of the
choice of u,, p.
- 1.8:—L T T T T I 4_:
3 1_5;— L CDF Data a) —;
e OF ALPGEN Q?=mi+p, E e Ratio (Z+b jets)/(Z+jets)
%;x A S — BYTHIA = measured by DO with 4.2 fb':
2 %'_ 0.8 =
b I S (CTEQSL PDFs) 4 0.0176 4= 0.0024(stat.) 4= 0.0023(syst.) pb
5| o4 =
® % 1 @ NLO (MCFM): 0.0184 4 0.0022 pb
%D 30 40 50 60 70 80 90 100

EX® [GeV]
[CDF, PRD 79 (2009) 052008]
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s,d W
S
s, d W
;g i c
b w
.
b W,
;‘3’9 i b
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W+c/bjets

e W + c-jet production: dominated by s-g fusion (~90%)
= Sensitive togand s PDFsat pu, =M,

CDF measurement: (p7 > 20 GeV, |n| < 1.5)
ow ¢ X Br(W — fv) = 21.1 £+ 7.1(stat.) 4= 4.6(syst.) pb

NLO (MCFM): 11.0 T35 pb

A Fair agreement

e W + b-jet, CDF measurement:
Objets X B(W — fv) = 2.74 £ 0.27(stat.) & 0.42(syst.) pb

Theory: PYTHIA: 1.10 pb, ALPGEN: 0.78 pb,
NLO: 1.22 + 0.14 pb

N All predictions lower

[CDF, PRL 100 (2008) 091803]
[CDF, PRL 104 (2010) 131801]
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The gluon at low x

~
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Another view on the gluon at small x:
Hard Diffraction

= Results from a colorless exchange

e In ep collisions * In pQCD, viewed as
e

(infinite momentum a 2-gluon exchange (at Lo)
(@) frame) (proton rest frame)

}x -
Fractional p

momentum () Gap in rapidity
loss O Proton is intact or
P &< P .
(t) quasi-intact

Momentum
fraction of (B)
struck g

- Process dominated by gluons

® In pp collisions 2 Probes small x domain (x<0.01)

p Rescatter
with p ?
g (x) jet N Exact nature of the

diffractive exchange ?

g (B) jet - Complicated by
soft interactions,
destroying the N HERA is the unique place
_ A . rapidity gap to study it
P P
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Inclusive diffraction at HERA

e Measurements based on a rapidity gap: Large Rapidity .
Ga S
_ XIP=D_01 H1 preliminary p <i; ................................ 3 e
= 4| o zeusLre M <16GevyosT = Final data from the
o 10 'f = H1LRG (M,<1.6 GeV) 1996-2007 preliminary ; )
x& --:- Dipole model (C. Marquet) 2 exper]ments
X .
_("') i H1 a 40 X,5=0.01 ‘ . H1 preliminary
103 -'.'"O.'. =0.008 (1=10) ] %h ?Ei EE’EF%MF::&(EE:&1?99:12)007preliminary
o - !t extrapo ate
_____ !).. $=0.013 (1=9) ZEUS z_ 35 | - g:pgzbr:ol:c;teﬁc. Marquet) Hl I
_.5_..-.i-- p=0.02 (I=8) alione
0%} e mg  B=0.032(1=7) | 30_ e
o-8v F PR B AL .
o008 s 2 | -Dipole model
10 | [ > ,
o _ Model of
T 15 | / . .
1 g, = i diffractive
0 Qoo ® B=0.32 (I=2) 101 P D FS
00 0.8 0. MmorR L. &0 0
.1 $=0.5 (1=1) 5 1
10 } oo.o.!!Q!ob!)-fioO-d-q p=0.13 (f=130)
. $=0.8 (I=0) ‘ ,
) .Q..Q..Q!?.!?.Q.Q.Q.d.a...i. 10 10°
10 ‘ — Q? (GeV?d)
10 10 ‘ E . . . .
ntering in the precision era
Q% (GeV?) 9 P

> Positive scaling violations: gluons % A challenge for pQCD models
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Large
rapidity
gap

Proton
tagged

Inclusive diffraction at HERA

e | arge coverage of the kinematic plane, using also proton taggers
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Forward Bfro’ron Spectrometer

Large Rapidity
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e HERA

doldz,,dQ” (pb/GeV?)

From HERA to LHC Diffraction

data may be used to determine diffractive PDFs (dPDFs)

p p

e DPE data (stat. only)

2 - _
= F F,=15.0+1.2% (t)
Q 600_— (stat.only) |~ POMWIG: CDF@&H1
e - [) ExHuME /
500 CDF Best Fit to Data /
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400;‘ ..... EE®S 10 GeV .
a0k 2 < 5 Gev production at Tevatron
200F :
. Inclusive
100 diffraction
o: ] N T TR E“!.-
0 0.2 0.4 0.6 0.8 1
Ry = My / My
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0P factorisation
P —_ . .

dPDFs: universal parton proton
conditional probabilities
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= Important inputs for the
LHC forward physics

program
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Conclusions

e QCD dynamics of the proton plays a central role in LHC physics

= Hard cross sections calculation, underlying event, soft physics, ...

N Understanding of its structure being tighten up by HERA
and Tevatron colliders

(PDFs can only be measured and not predicted)

¢ |Increased precision of data

> HERA is delivering its final data with optimal precision
=> More exclusive observables: jets, heavy flavours, ...

= Diffractive measurements now entering the precision era

N Numbers of measurements now challenging the theory precision
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LHC experiments:

" We are at the top .....
[Guido Tonelli]

[ Apologize for subjects or results not shown ]

[ Thanks to : all contributors to the results
presented, the organisers, the speakers of the
structure function and QCD sessions,

C. Diaconu, A. Geiser, L. Schoeffel ]
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More ...
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v ¥ production at Tevatron

— AN . + fragmentation
e Test of pQCD 9 Lo g L (reduced by isolation)
e Major backgroundtoH->vyy 3 _ |\ A goq _

=> First measurement of double differential cross sections

T qE i T 4L D@, 4.21b" b T F 5
T 1-Dg,42fb b)) & T M <80 Gev § - Do.42f (b)
S - 30GeV<M, <50GeV > F T S - 80GeV<M, <350 GeV
) L L L
N % - $ 9 , °*data 3
e el 210"" — REsSBOs ;
& F 5 F _= _ —DIPHOX
3 3 L < [ “PYTHA
= s 103  PDF uncert.
S 102- T, a2l % - =—scale uncert.
5107 B107¢ 2
° T v }

I ) i 4
& 3f 3 8103*' .
? 25 2.3r @ 2.5/ -
W 2r 2 0w o _
€ 1.5 1.5- & 1.5 .
2 1 1 o -1
_g 0.5 | | ‘ . . ; | 0. 5_ ..6 0. 5_ § |
S 16 1.8 2 22 2.4 2.6 2.8 3 - .
“ A4, (rad) 1618 2 22242628 3 5 164§ 3 2324 26 28 3

A¢,, (rad) Ao _(rad)

= No theoretical prediction describes data in the whole phase space

= Needs of NNLO ? Miss-modeling of fragmentation at low mass ?
[DO, arXiv:1002.4917]
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Inclusive Isolated photon at Tevatron

2 > —e— CDF Data, L=2.5"
o —a (a) ata, L=2.
o Fe systematic uncertainty
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- Discrepancy at low E_
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+ fragmentation

Compton

inclusive photon cross section 0O<|n <02
partonic subprocesses
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D
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- Experimental and theory uncertainties
~ PDF uncertainty

[CDF, PRD80 (2009) 111106]
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pr/ GeV

% No sensitivity to PDFs yet
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Prompt photon + jets at Tevatron

. . PP ytjet+X
e Measurement as a function of P_ for different y and jet rapidities
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- Data not described by NLO predictions

+ different PDF sets
[DO, PLB666 (2008) 1435] heeded
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HERAPDF1.0 vs. Global Fits
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HERAPDF1.5

H1 and ZEUS Combined PDF Fit

- YW T T T ) =
s =
Q=10 GeV* >
=
=> Errors reduced on i xg ‘
the valence and sea |
gy | [ | HERAPDF1.0 (HERA )
= Sea is much softer ' I HERAPDFLS (prel)

(HERA I+II)

at high x

HERA Structure Functions Working Group
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W asymmetry at the Tevatron
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Jets at the LHC

Perturbative Predictions: NLO QCD Theory Calculation

NLO pQCD calculated with NLOJET++,

[T. Carli]

efficient uncertainty calculation using: APPLGRID

default PDF: CTEQ6.6 variations: HERAPDF, MSTW2008, NeuralNet-PDF

Leading jet Pt as renormalisation and factorisation scale, independently varied by factor of 2

range

Tjet

Theory uncertainty

about 10%
over measurable
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