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\The HERA ep collider and exgemmen’rs |

Status: 1-July- 2007
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| Some asgecfs of comgarisonHERA-LHC

HERA LHC

ep: soft QCD effects pp: large soft QCD effects
larger than e*e-, smaller than pp mostly still to be measured
mostly well measured and parametrized

very well suited to measure proton structure needs
proton structure and precise external input (e.g. HERA).
Standard Model (SM) effects SM measurements at higher
at scales up to ~100 GeV ("HERAscale") energy but often less precise
small window of opportunity for large sensitivity to

new physics particularly :‘ici,:cu ssed new physics up to scale of
sensitive o ep initial state here several TeV (Terascale)

complementary!
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\DeegInelastic eg Scaﬁer'ing at HERA

Measure parton density functions (PDF)
= density of quarks and gluons in proton
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Kinematics of Deep Inelastic Scattering (DIS)

v
. v,

(/) Electron < f’ .

------

* Proton (P)

kinematic variables: Electron (/') q=(-(

QZ = ‘q2 photon (or Z) virtuality, squared momentum transfer

’ Q2 <1 6GeVe
X = Q_ B jorken scaling variable, photoproduction
2Pq  for Q? > (2m,)*: momentum fraction of p constituent
SRR Q> 1 GeVe:
Y = 3 inelasticity,
(P v momentum fraction (of e) DIS
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Parton density funcions
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H1 and ZEUS
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The structure of the proton

e Measure cross section run in 2007

[
A 27a | o
dxdQ? - 0%x Hl+(1—}/)2]— y*Fi(x, Q%) +-Y. J.'FF‘:}
atl‘tighQ2

special HERA

to Oth order QCD (Quark Parton Model, Q? >> m 2):

T Parton distribution functions (PDF) in pQCD

B™(x, Q%) = x Y eflai(x, Q%) +4i(x, Q%))

+ q; — probability to find quark with flavour i in proton

21.7.08

A. Geiser, HERAscale to Terascale, Gomel 09

Electron = JH “:j':::!::===-ﬁ, = *

"higher"
/ order QCD
corrections

in general:
F, structure

function
IS not PDF

32



| Reduced cross sectio |

2
o= F(x@®) - L. F(x.(» = measured quantity

}+ =0 for real spin ¥ partons
(Callan-Gross)

F, ~ quark distributions ‘

¢ 2 [T
© Q% =200 GeV?
o J=R ] Fr(z,Q%) ~ asrg(z, Q%)
) /!i."‘t data 0
s T d ~ virtual quarks from
I e | transverse virtual gluons,
o e | 5 regularizes reduced cross
B U | section at low x/high y!
L ] E
o Lol o il o veal o Ol B
10° 107 1wt in most of phase space:

X

GPN:FZ
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G
b

|F2 and gluon density I\,LL

DGLAP QCD evolution:

sea quarks, g->qq
positive slope

/ (scaling violations)

gluon density ‘

/

H1 and ZEUS
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valence quarks "

HI1 and ZEUS
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\Hl and ZEUS cross section combination \

E—— e
JHEP 1001:109 (2010)

coherent treatment of experimental effects

- Selected bins from the final seeG;raIk
combination of HERA-I NC data >. Glazov
H1 and ZEUS
g; B x=0.002 e HERAINC e'p
1% 4 ééﬁ ag‘ﬁﬂ ZEUS
1.2 | + £$$ |
B ’
wl "
oo | g . e o NPT | w0032 Beyond the V2 statistical
L s, QE% =008 improvement, effectively
os cross-calibrate to tackle
“f | “%; (different) dominating
o Lo L R . H1, ZEUS systematics.
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NLO QCD fit to combined HERA I data

L “ H1 and ZEUS
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High precision, massive treatment for heavy flavours (TR-VFNS), detailed study of PDF unc.

avallable in LHAPDF
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Comparison to Tevatron jet data ‘

Tevatron Jet Cross Sections
:3‘ 108
D % DO Runll
© w0 ., ~=7] HERAPDFL0
g i b ‘.l‘."‘\’\ (c}ronr(])?]-lse:r%z)afi\];gsc%\rlrl_)o eg e o
5 gl . | frequent criticism of
E — HERAPDF:
S 1 | i fit does not contain
S e picoan0) Tevatron Jet data
10 %%
- . e
" 6 i % 04< |yie‘| <0.8 (x 103)
- 08<y¥ <12
0 :: 12< ¥ < 1.6 (x 109 bUf never‘TheleSS
o describes them very well |
B 1.6 < |y'® < 2.0 (x 10°)
10 :: 20<y¥ <24 (x 109 (GISO W) see talk
0‘ ‘1(‘)0‘ - ‘2(‘30‘ - ‘3(‘)0‘ - ‘4C‘)O‘ - ‘5(‘)0‘ - Z{F)O - ‘700 M. Cooper,_sar.kar.
P, % [Gev/c]
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'strong improvement |

e.g.. predictions for W production at LHC

see talk

M. Coopeltf gmrRaapidity

Without HERA Data HERA | data (one experiment) HERA | combined ) 2
E I e Ir ) [ 7 TeV |
9k 1 1 1 . F 1 15- HERAPDF1.0 - 1
ke : 1" ML - i ’
w [ I ] i :
o 1 1f 2 1] :
O ¥ [ i ]
+u5 g 05 | 51 o
S 1| . experimental only =
ﬂ_a ; d 0? bbb b b b b b ,
ol £ i e -5 B . S J— X §_ E ,
+20% :i%‘%ﬁ __ _: : __: 0.03 »—*
ﬁ'—' T 1“4.5_" il T B TR T T A P FOOE: Ml
4321011234 432101234 MU T '
W rapidity W rapidity W rapidity Y
only the fit uncertainty shown here, U4 s
courtesy M. Cooper-Sarkar no model variations y
: - & model errors m
improvement driven by low x sea and gluon 0
(W mainly produced via sea-sea partons) N 3"
Model errors: <.
m, (dominant), my, f,, Q2 .,
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\comparison to other PD

il

HERAPDF1.0 vs. CTEQ6.6 and MSTWO(8

Xg (x 0.05)

xS (x 0.05)

- CTEQ6.6 90% CL

Q?=10 GeV?

HERAPDF1.0
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‘Eredicfions for W cross section at LHC \

see talks
NLO W™ — I'v at the LHC (\'s = 7 TeV) J. Stirling
< 86T T M. Cooper-Sarkar
= - ]
4 — . -
0 ° - 1 | Comparisons of W+ cross-section
Y e 1 | as a function of ag(M,)
. I il B T -
§ ol (6% CLFoF 7 | MSTWOS
PP ® MSTWOS _
E sal t-| m CTEQ6.6 B CTEQ66
e L " | A NNPDF2.0 N HERAPDF1.0
_ v HERAPDF1.0 i
5.6 — Vertical error bars o ABKMO9 | NNPDFZO
[ Outer: PDFa. GJROB 1 | ABKMO09
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o (M?) L i
plot from G.Watt -MSTW stz similar for Z, W

relevant for luminosity measurement at LHC | sce talk

(standard candles) M. Grazzini
significant contribution to uncertainty from heavy quark treatment
28.9.10 A. Geiser, QCD at HERA, Trento 10 15



| Why are heavy flavours important? |

see talks

charm contribution to F, up to 40%! P Timenez-

: : Delgado,
|kinematic effect of mass > rgrf?s%?\o
* n . . blumieln,
|competing scales for perturbative expansion| (M. Ubil,

etal. ..
e.g. m, Q?, pr -> terms log Q?/m?

log pt2/m?  etc.
*

=> “"massless” treatment allows resummation, but fails near

“mass threshold” -> avoid |

=> "massive"” freatment gets kinematics right,
but does not allow resummation (fixed flavour number schemes)
or induces ambiqguities in QCD corrections near flavour threshold
(variable flavour number schemes)

check different schemes against HERA data

28.9.10 A. Geiser, QCD at HERA, Trento 10 16



'Heavy flavour contributions to F, |

mainly
Boson Gluon Fusion,

Q’, x=Q2pq -» F, driven by gluons

multiple hard scales:
sz mb,C' pT

anything

flavour
tagging
b C

- O =—

C

28.9.10 A. Geiser, QCD at HERA, Trento 10 17
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data in agreement with NLO
and NNLO, but

start to
discriminate between
different schemes

check ) POE oy LHE:




cc
FZ

0.2

combined HERA (H1 and ZEUS) data:

\charm contribution to F, \

X

but sensitive to m_:
uncertainty band 1.35-1.65 GeV
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H1 and ZEUS

L Q’=2GeV? | Q’=4GeV?
F 1
ﬁ.\ i 5
\HHH‘ R | \HHH‘ 111 \HHH‘ | \HHH‘ | \HHH‘ 111 \HHH‘ | \HHH‘ | \HHH‘ 111
| Q’=12GeV? | Q%=20GeV? | Q?=35GeV?
7\\\\\\\‘ | \HHH‘ | \HHH‘ | \\7\\\\\\\‘ | \HHH‘ | \HHH‘ | \\7\\\\\\\ | \HHH‘ | \HHH‘ 111
| Q°=60GeV? | _ Q°=120GeV?|_ Q°=200GeV?
I I ¢ I 3
LI | \HHH‘ | \HHH‘ [N AR | \HHH‘ | \HHH‘ L 11 \HHH‘ | \HHH‘ | \HHH‘ L 11
| Q°=400GeV’|__ Q°=1000GeV?| 10 4 10 3 10 -ZX
- - ® HERA (prel)
- 2 B HERAPDF1.0
\HHH‘ | \HHH‘ | \HHH‘ L 11 \HHH‘ | \HHH‘ | \HHH‘ L 11

-4 -3 -2 -4 -3 -2

10 10 10 10 10 10

A. Geiser, QCD at HERA, Trento 10

October 2009

HERA Heavy Flavour Working Group

reasonable agreement with QCD
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and sensitive to here: massive
heavy flavour schemes VFNs schemes
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linclude charm data in HERAPDF fit |

12 13 14 1.5 16 17 18
mz* | GeV

shallow mass dependence

( pole mass + modifications from VFENS
scheme -> effective model parameter )

L see talk
does not change the PDFs significantly (for fixed m.), but affects y2: R. Placakyte
without charm data with charm data
9 680, H1 and ZEUS (prel.) : _ _ H1 and ZEUS (prel.) N

660 [ m{™(opt)=1.308+0.100 GeV -11.15 E = i mz(opt)=1.572  0.018 GeV | E

[ HERAPDF 1.0 = 10001 HERAPDFL.0 + F¥(prel) 1.6 R
640 RT VFN Standard -11.1 e RT VFN Standard |

B e flexible param . i e flexible param :
620( o standard param i 900 N . i zl c:)

: 1105 i o standard param 1.4
6001 l default ] i . |

3 000" ] 800 ‘ 1
580 ¥ ;)'C')'O"Q"g'é'ef‘ﬁ? """""""" -1 - default °

- ° o o go° ] - o ] 12
560 1 = S

: H0.95 ! R
540(- 1 - ‘ : |

C T e Seg g™ —11

- range - -
520k , | L2109 600_| g range o

12 13 14 1.5 16 17 18
mg°* [ GeV

strong mass dependence
m_medel = 1,57 £ 0.02 GeV
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‘ reanaly g \

lyse HERAPDF+F,¢ using different V

H1l and ZEUS (prel.)

1200
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600

HERAPDFL.0 + F;’(prel.)

RT VFN Standard
RT VFN Optimized

ACOT full
ACOT

ZMVENS

different “optimal” effective masses
for different VFNS schemes yield

| | |
1.6

very similar fit
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FNS schemes

other par., O

S

del
_ an‘f? “(opt) / GeV|  stat syst
detault
RT Stande 1.57 +0.02 +0.01 | -0.03
RT optim 1.47 +0.02 +0.01 | -0.03
ACOT full 1.58 +0.02 +0.02 | -0.04
ACOT y 1.25 +0.02 +0.02 | -0.04
ZMVFNS 1.67 +0.02 +0.06 | -0.06
O
)] %_N 0al Q*= 4GeV? Q*=65GeV’ Q*=12GeV? =
< | 4 5
g 0.2r F \ é‘:)
o \ \ g
S EU_No.g, | Q2=2‘0GeV2‘ | Q2=315GeV2‘ | Q2=6‘0GeV2‘
E \ 5
< ' o
o £
L o 02 5\\\‘ \\‘ z
18 k‘f_LN 0.2> | szizoeevé i | QZ:éOOGeVé | QZ:A‘mOGeVZ‘ E
mpree / GeV : N | ;\ k 3
0.2 \ é
Wggp @Fi0006eV g4 10° 107 10 10° 107
b ¢ HERA (prel.)X X
0.2 HERAPDF1.0+ F(prel.)
— RT Standard
0.1r i —RT Optimized
— ACOT full
. 0 Lo . , —ACOTy
A. Geiser, QCD at HERA SIS —zaves
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64

o] B ° °
= 9
L : [recheck W/Z predictions
bé 62- HERAPDF1.0 + F5*(prel.) 5 — -
60: % optimal <
: = using "optimal® mass parameter for
58_— % G eaCh SCheme r‘educes Spr‘ead be'rween
56_ 2 ;é pr‘ediC'l'ions to <1% | (except ZMVFNS: ~2%)
- Z X RT Standard .qz) R
cab — = omimie |2 reason: charm data constrain sea quark
; v P flavour composition in relevant x range
L L
Il Il | Il Il Il | . .
5275 | 16 18 (differences for gluon remain)
mnéodel/GeV scheme | my=(opt) | x-/dof _;(E/ndp | oz(nb) I ow-(nb) ow-(nb) |
RT Standard | 1.58:0%2 | 620.3/621 | 42.0/41 | 29.27+}97 | 57.82:01% | 40.22:010 |
NLO W* I\ at eLHC(\@=7TeV) RT Optimized 1.46;‘3;3';? 621.6/621 | 46.5/41 29.1?:3:?: 5?.'?5:&;‘, 40.15':}}_—::;’
3 6.6_- — T T\ T L N LA A S B e S i ACOT full lSS*};Sj 621.2/621 | 59.9/41 29.28f3j:2 57.93:}‘:;2 40.16_‘_1;;:%
= - ] S-ACOT-y | 1.2673%2 | 639.7/621 | 68.5/41 | 29.37+0% | 58.06-01 | 40.23701!
= S4r | - ZMVENS | 1.68'0% | 667.4/621 | 88.1/41 || 28.71°01 | 56.77:03 | 39.46'0% |
= Ly N e § differences 3706 93% S
T 62— Do\ e ]
E Moo VYT i
R S O e 1 MSTWO08, CTEQ6.6, NNPDF2.0 use
P S U B | ocreass different schemes and do not all use charm
b L . — .
T v werapoFio |1 mass parameters at the optimal values
B8 e PoFony iy ]
[ owerPore o —————7  ->may partially explain differing predictions
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ladd low energy data (F; region) |

combined HERA data, Ep= 920, 575, 460 GeV
see talk
H1 and ZEUS V. Radescu
15t Q%=24GeV?| * Q%=32GeV?| Q%=45GeV? S
N
_ 5
=
SR | ]
- B
HERA prel. <
= E,=0920 GeV s
* E =575 GeV 2
[ (U]
® E =460 GeV o
. . . £
Q?=80GeV? | Q%=110GeV? g
S 0_ ® HERA preliminary — ACOT full — b-Satdipole 4 ‘%
5 | = HERAPDF1.0 === ACOT-y  --- b-CGCdipole @ e
4 o L= Q%3.5GeV? FFNS £
E] 0.2 Q%=5GeV? — NNLO «g=0.1176 S
S --== RT optimized === NNLO 0g=0.1146 o
+ ; 1 1 1 1 L1 I| 1 1 1 1 1 1 II| 2 I
(]
'HERAPDF1.0 2
| — 6,920 % 10 10 sz GeV2
— 0,575 £
I [ — (460 é
r w o o
n n n n n n T
s Y e PTG using NNLO or using

fit does not significantly change  different heavy flavour scheme
PDFs, but bad 2 at low x and Q2  (€-9- FFNS) can help for F,
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x,Q%

+

add high Q2 HERA IT data to combination
ongoing effort: NC ‘ see talk A. Glazov ‘ .

r,NC

H1 and ZEUS H1 and ZEUS
N/-‘\
0 ® HERAINC e_*p === HERAPDF1.0 ¢'p 2,‘ o3l @ HERALIINC e_*p (prel) === HERAPDF15 ¢'p
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"
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o} B G o ﬁ
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1 E 1 = o)
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-1 -1
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- i B 2 3
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10 10
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HERAPDF1.0 > HERAPDF1.5
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0.6

0.4

0.2

H1 and ZEUS

Q% = 1000 GeV? Q= 1500 GeV*

August 2010

Q% =2000 GeV*

Q% = 3000 GeV* Q% =5000 GeV* Q* = 8000 GeV’

HERA Inclusive Working Group

Q% = 15000 GeV*

H1 and ZEUS
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refit:
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0.2
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xS (x 0.05)

[ | HERAPDFLO (HERA 1)
I HERAPDFLS (HERA I+1I)

HERA Structure Functions Working Group

-

=
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Q* = 30000 GeV’ 10 10 X

_

=
;

=
;

® HERAIHII CC ep (prel.)
=== HERAPDFI1.5

HERAPDF1.5 :
significantly
improved
uncertainties
at high x
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Jet

remnant Jet
e Jet

0CD works!

Eur. Phys. J. C67 (2010) 1

10°

10°

10¢

10
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107

5 < Q? < 100 GeV?

Tk

do/dES (pb/GeV)

[ * Hidata
i NLO & hadr
-
B 3 (b}
-1 jet
[ H1 .
0 50
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- « H1 data

3 NLO & hadr

2 jet ' @

- H1 *

10
P [Gev]

[ . * H1 data

3 J HLO & hadr
- 3 jet ("
' H1 ¢

10 5.0
P, [GeV]

=
=
~J

ZEUS-prel-10-002

ZEUS

i
=
=

(=
=
h

10

i
[ &)

10

10 ~

Breit frame

* ZEUS (prel.) 300 pb™
—— NLO ® hadr ® 7"

(= 1000}

1000 < OF < 2000 GV’
I LMy

L o, o,
a 125 < 7 < 350 GeV
10 (x100000)
- 250 < Q1 < 500 GeV? -
2 LU
10
500 < QF < 1000 GeV?

2000 = QF < 5000 Gev’
(x1n
2<ni<1.5 Q* > 5000 GeV?

lcos "ﬁ,' < .65

(x1}p

jet energy scale uncertainty

5

=> Measurements of o,

A. Geiser, QCD at HERA, Trento 10
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Running of o |

ep interactions directly sensitive to o,

QCD-Compton examp|e: ZEUS
» L L B B L B L L L
S 0.22 I ZEUS (prel.) — QCD _
_ o NC DIS 300 pb”
0.20 - [[7] corr.uncert. | th. uncert.
R o photoproduction 189 pb”
0.18 - [[]] corr. uncert. th. uncert.
0.16 -
0.14 -
0112 __ | |_
10 20 30 40 50 60 70
jet
E (GeV)

running of o, from single experiment
28.9.10 A. Geiser, QCD at HERA, Trento 10 27



'recent HERA o, measurements

il
example:

o from Jet Cross Sections in DIS

a MNormalised jet cross sections at high t)3
S i HI1 (Eur Phys . C&5 (2010) 363)
* H1 data for 5 < Q° < 100 GeV? ;

- o [ ! Multi-jet cross sections at low ()7

- * Hidatafor@®*>150GeVv¢ | ... i R
0.25 ] B . H1 (Eur Phys J C67 (2010) 1)

L Fit from Q? > 150 GeV? [arXiv:0904.3870]

- i, = 0.1168 £ 0.0007 (exp.) ﬂ% (th.) £ 0.0016 (PDF) e Inclusive-jet cross sections in yp

= E== Central value and exp. unc. ZEUS-prel-10-003
n 20 K ThEﬂl"'f@PDF unc. —_—— Inclusive-jet cross sections in NC DIS

- ZEUS-prel-10-002
- | HERA combined 207
(Hlprelim-07-132fZEUS-prel-07-015)
u 1 5 e HERA average 2004
(C. Glasman, hep-ex/0506035)

i - World average 2000

I~ (5. Bethke, Ear Phys J Cod (2009) 689)
01-10 I 1 ' 1 ' 1

1 1 1 1 | 1 | | | 1 1 | | 2 : 0'1 0‘12‘I I IO.I]_4I
10 10 o (M)

u / GeV

already from single measurement/single experiment, experimental error
similar to world average -> need to improve theory |

28.9.10 A. Geiser, QCD at HERA, Trento 10 28



reminder: O, and grand unification \

error on o,
dominates <o
(theory!) -0

sSUsY
Grand Unification

10 oz

=> need °16Z 105~ 1010 1.‘314|"

| Q [GeV] 2
NNLO Qb! _— If SUSY found
-> HERA | . — 0.1 1308 0.003 at LHC, HERA

would yield == - will help to test

e | AN
- T |
Qs value =4 T 1 > 0° 10° 10

( O(1-2%) ) SRR distance in m

hep-ph/0407067 B._Allanach ... P.Zerwgs

strong

Y

electric

magnetic

electroweak

gravity
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lencouragement |

would like to express strong
encouragement to the brave theory
collegues who are engaged in such difficult
NNLO calculations for HERA

for (some) recent progress, see e.g. HERA-LHC and
PDF4LHC workshops

28.9.10 A. Geiser, QCD at HERA, Trento 10 30



mfmr'ed and collinear safe jet algom’rhms

DESY-10-034, mar'ch 2010

kt used for HERA data since decades
LHC mainly uses anti-kt

see talk
M. Cacciari

study of anti-kt and Siscone at HERA added recently

(before first LHC results) e
high Q? jet data :j: j:

tree

kt and anti-kt start 3 FINAL STATE PARTONS
to differ only from

1-

4 partons/particles onwards
-> need partial O(a3) QCD calculation

similar measurements also for

photoproduction at HERA IT
28.9.10 A. Geiser, QCD at HERA, Trento 10

2 FINAL STATE PARTONS

2-loop

tree

loop

& 4 FINAL STATE PARTONS
O
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kt-, anti-kt and SisCone Jet production at high Q?

ZEUS

Sz k]
; AR R AR R R AR RN RERR B % 1%”,5 o
5 10 4:_kT (X 100) _: :é 0.8 f— \1 theo‘retical‘ uncerltuinty‘ T ZE[‘JS 82 p‘b'1 —f
3 B ; ] E1.2:—}}‘;m:til-l}(T}‘H‘HlH‘HlH‘H‘.:‘I—:
&103_3ﬂﬁ-k e ZEUS 82 pb ] i fo5t Firs snissasss Sassotons ‘ _
:52'\ - — NLO ®hadr®Z" - 0.8;11}Illl1}11}II|11}II|IIM}"I;
= 5| 7 1.2 —  SIScone f E
:-8 10 E SiJcone E 1 ;W//W///ﬁf/ﬁr” T
- i ] 08 £ | | | | Lol | | ]
10 . ] < 11 - |
B 7 S E
- . = 1-
" . g 09 -
Lo 0*>125GeV? - L E
4 2<mE<Ls - - |
10 L lcosy,l <0.65 s, ME, |
- g E 1.1 - E
i |:| jlet ene‘rgy scale u‘ncertflclintyl | | . c% 1 B
1.1 PR - g
_E i | | ‘W had‘ronislationluncerltaintjlr 7 E 9 - b 4
§ - - -% 5 10 15 20 25 30 35 40 45 50 55
bt 1 | nn \Trn‘ | .
g - ETg (GeV)
© B 1 °
509 e ===—==d  performance of all three jet
= Tt R — m 7 M M M
g | == s . algorithms very similar,
=} 0.8 S IS AN NN AT SNENE AN AT AN AT A S AN AN AN AT NN ST AN ANENENAN AN o 3
S 5 10 15 20 25 30 35 40 45 50 55 well described by O(a.’) QCD
=

jet
EJ’EB (GeV) ERA, Trento 10 32



‘%)E:acrgpg‘rance for open heavy flavor a'r LHC/HERA

S e e e (R SR
2 I S S S R
2 R
c 100 = LHCD &z
@ — IIIII]
S — (0) ===
S e
< similar
o 10 = : =2 | for other
o) I 2] | final
e | (D) | o RS states
ol N B |\ | N

1 | v 1

n of Q-hadron Q=c,b
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(pb/GeV)

-y
o

do/dp®

10

'beauty in photoproduc

tion |

RA

HE

3 1 1 1 I 1 1 1 1 I I 1 1 1 1 l}I 1 1 1 1 I | | 1 1 1 I
E : do/dp(ep—ebX) E
E QP<1GeV?, 0.2<y<08, m"<2 3
2[ = NLOQCD(FMNR)
E 1* = 1/4 (m* + p3) E
i ¢ H19%-00bjet " 2_ .2 2 .
A H199-00bopjet = _é Ho=m Py ]
& ZEUS 96-00 b jet .
i <5 ZEUS 05 b jet E
- ¥ HA1 (prel) 06/07 b— jet -
" O ZEUS96-97 bse '
- A ZEUS120pb ' boe -
E [0 H197-00b—D*
[ W ZEUS 96-00 b—D* E
a[ % ZEUS114 pb' bb—pp 7
E * ZEUS {prel) 128 pb™' b jet a

] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I 1 ] ] ] I

0 5 10 15 20 25 30
<p2> (GeV)
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reasonably
described

by
NLO QCD
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INLO scale choice? example: Higgs at LHC |

e ——— :
o5 Moch, A. Vogt, Phys.Left. B631 (2005) 48 in principle arbitrary, but
- | NNLO stability:
o(pp — H-X) [pb] * NNLO =NLO
ol - M, = 120 GeV donnio/du = 0
- e : N3LO stability:
| - - FH'“":_,—____—_——__ ]
40 L s - +H"""-—.._,__ _: ° N3LO - NLO
' ““‘a,h i * NS3LO=NNLO
NLO ] °  donomu/dn=0
20 - e T
— NLO,.. LO —— natural” scale
T N NNLO/N3LO calculations,
0 . where available, often
02 05 1 73 suggest ren./fact. scale
Ug / MHY’ ‘ ~ half “natural” scale for NLO
28.9.10 A. Geiser, QCD at HERA, Trento 10 35



ed scale study, or

‘ personal remark:! either dedicat

consider to use default QCD scale py/2

for your favourite NLO cross section
predictions, including LHC,

in particular before claiming discrepancies

=l
N -t o

d?c/dYdP. (nb/[GeV/c])
— —
=3 o

— — — —
o © o o
& in & ]

-
=I
4y

more details: arXiv:0711.1983 [hep-ex]

some people are doing this already:

w

P; jet [GeVic]

o
= 10 . . ——|y| < 0.5, Cone R=0.7
3 inclusive wonerent
= _ . g 2 . D Systematic uncertainties
- ‘L,*_ CDF Runll Preliminary ~—e— bata b JZTS 5 10 J ets — NLO (JETRAD) CTEQ6M
% A=, I:I Systematic errors /IE: 10 Rsep=1 .3
E_ —— NLO prediction CTEQSEM d: =
E corrected at hadron level 3 1
] 8
- 10
- -1
= = = T 102_? Lint=143 pb
= MidPoint jets, R;,e=0.7. f000= E
= 3
= \IE=1.96TeV,fL~300pb'1 10 & .
o = DQ Run Il preliminary
% IYI(U-? 1 0-4 B | 1 1 1 1 | 1 | 1 1 I | 1 1 1 I 1 1 1 1 I 1 1 | 1 | 1 1
B AN S T T T T N T T Y N AN T N AT T N T O T Y O 100 200 300 400 500 600
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in hadronic energy flow in DIS at HERA: Z. Phys. C59

.08

.04

0

i
— e
L e e e e ® ‘

40 80

120

P
60

angle w.r.t. electron
28.9.10

Observation of colour strings/dipoles |

(1993) 231

"In the low x region, the
e peak in the hadronic energy
flow in the direction of the
current jet is shifted [..]
towards the proton remnant
with most of the energy
appearing between the
position of the expected
jet peak and that of the

proton remnant.”

B theory: colour dipole model
o NN
. Frﬁ—*L e, see also H1,
N T T ~le | DESY-94-033
) —2 —1 0 ' 2 3 4 5 6
rapidity difference w.r.t. expected QPM jet
A. Geiser, QCD at HERA, Trento 10 37



Long range two-particle correlations in CMS

see talk
G. Dissertori

CMS 2010, Vs=7TeV

MinBias, 1 .OGerc<p1<3.OGeWc N>110, 1.OGeWc<pT<3.DGEWC

arXiv:1009.4122 [hep-ex]

R(An,A¢)

could it simply be a rediscovery of
colour strings/dipoles
between (semi-)hard partons

and proton remnant ? [.cc taik
G. Veres

28.9.10 A. Geiser, QCD at HERA, Trento 10 38



Summary and conclusions

i HERA is currently one of the best QCD laboratories

in general, agreement with NLO QCD, success of the Standard Model !

HERA contribution to PDFs will remain THE reference for decades

Many data sets being added. Currently special attention on F.c.

HERA has potential to yield world best measurements of o,
(need NNLO calculations | partially in progress).

have colour strings/dipoles, seen at HERA since 1993, been rediscovered
at LHC?

@ for QCD only fraction of statistics has been analyzed so far in many cases.

combination of H1/ZEUS results ongoing (first results published)
-> towards full 1 fb-! results (H1+ZEUS, HERA1+2).
-> expect significant further improvements over next few years

@ many of these improvements relevant for physics at LHC

28.9.10 A. Geiser, QCD at HERA, Trento 10 39



Unused + Backup slides
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Tevatron Jet Cross Sections

Comparison to Tevatron

”: 8 0.9 [T ‘ ‘\\\\‘ ‘ \\\\7
O 108 o a
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© w°h \\,‘ 77 HERAPDFL0 0.8 CDF data .
£ - teq ConeR=0.7 - fastNLO - — HERAPDF15 E
*as_‘ - ‘\‘ Q'Q\"‘ (+ non-perturbative corr.) 07 - total uncert ‘ i
9 3 LN C . 7
S ~ - — MSTWO08 :
ol i .\ ‘:“‘ .A{%”’@u ~—~ 0.6 Eo E
z i -~ e C .
N% 1 i o“\.% \»’.\4)‘\0&.& ﬁbib%%i % 0-5 ; 7:
© - Y Te %) < 0.4 (x 10% <C - ]
107k \\ .\“‘y %%% 04 ? E
o of \ k:"‘,&.\ k&% : 04< |y'¥ < 0.8 (x 10 0.3 —
S *ou, oy - - -
i . oy, 08<p<12 02— =
10°L * K 2 C ]
; \ \% 12<y¥ < 1.6 (x 10°) 0.1 — —
10-12:: %\} % i« 07\\‘\\\\\\\\\\\\\\\\\\\\\\\‘ .
- % Ho<p<20610% 0051152253354
-151

10 i 2.0<ly¥|<24(x 107 y

0 L \l(‘n\ L L \3(;0\ L L \4(‘)0\ L L \5(‘)0\ L L \6(‘x)\ L L \700

P, [Gevic]

see talk
PDF discussion group
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HERA physics luminosity vs. time
RS ——— e~ == =

H1 Integrated Luminosity / pb'

28.9.10

4“" T T T T | T T T
B electrons e p
- = positrons B
- = low E
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200 &
o
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- O
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-polarized /920 GeV
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| [ | | 1 | [
575 GeV -
460 GeV -
lower p-

energy

e+

HERA-1
1992-2000

unpolarized |

1000 1500
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Example: Higgs cross section at LHC

e e =
LRI JNLELL L L N B L L LB LB L L LB NI LB B
102 o(pp —-H+X) 107
Vs =14 TeV
10 *;3. mt=175GeV 105‘_
: \\:\ ____________ CTEQ4M _'8-
N 1 T 10° 5
e &
o. 4F s, TR I =
107 S5 gG> HW 10" 5
TR )
102 - T 10% €
E --------- ey _ 3 ()
- ~ :-....,wa_:"_gg:qa—» Hit 1 5
10'3 M. Spira et al. 9g.GG—+Hbb e, Tl X "':'l".'.';_"_'.-:-:.. 102
4 F wessm 93—~ H‘Z”é
10 N T | I T A T I B | il S | I | W e =N
0 200 400 600 800 1000
M., (GeV)

Knowledye of gluom and yuark distriutions needed
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see talk
R. Placakyte

\Charm contribution to F, \

S - = - o
LL Q’=2GeV? Q’=4GeV? Q°=6.5GeV? §
025 |— — g
i Mg 5
- 3 o)
F £ s g e, #
0 | IIIIII| | | IIIIII IIIII| | | IIIIII| III| | | IIIIII| I
10" 10° 107 10° 107 107
o
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H1 and ZEUS have also # w é : 14 5
. - A - £
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¢ % 4 | S
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0 1 1 IIIIII| 1 11 1 IIIIII|_3 1 1 IIIIIII_2IIIII|_3 1 1 IIIIII|_2 S
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|can Tevatron results be used for LHC? |

ol [ T IIIIIII| T IIIIIIII T TTTTT

eg. inclusive W/Z 5 5 ..l

production % - rnm
L : 10'E
(LHC luminosity monitor) = /D0 Camteal Tt
10" H1

FACANES

heware of .
low x eifects .

JENGEDEDDOL
:

saturation N 2 -+ v
multiple interactions o E 4= 10 Gev

o ¢ m
BFKL vs. DGLAP i |”||||IIIIIHHHM :
=> study at HERA | |||||||||||IIIIIII|||||||||||||||||||||||||||I“' ) j
(sorry, not today) 7 l{; g L : [; . 11:; . 1.;; y 1{; y Kl
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(do/dQ)yy / (do/dQ?)y,

og(Mz)

Use of ny/2 at HERA (examples)

multijet-Production in DIS

o
o

ZEUS

inclusive jets
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b) | - E
e == ,-
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« _ | many other measurements OK with

Q? (GeV?)

natural scale (but also with reduced scale)
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