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‘HERA = currently best (?) QCD Iabor'a’rorx \
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semi-inclusive final states

Both direct and indirect relations to
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‘%)E:acrgpg‘rance for open heavy flavor a'r LHC/HERA
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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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The structure ot the proton

e Measure cross section -> talk V. Chekelian

2o 27702 small
— == {1+ -.1f)2]~ VE(x, Q) +-Y_ xB }
= - athigth

to Oth order QCD (Quark Parton Model, Q2 >> m 2):

-> talk E. Gallo

¢ Parton distribution functions (PDF) in pQCD

57 (x, Q%) = x ) e lgi(x, @) + i (x, Q%)

q; — probability to find quark with flavour i in proton
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| Reduced cross section |
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| Parton density funcions |
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FZ and g I uon dens ITY “z(‘\l H1 and ZEUS Combined PDF Fit
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|H1 and ZEUS cross section combination |
coherent treatment of experimental effects
-> cross calibration (improvement better than naive /2 )
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'strong improvement |

e e =
most noTably at low X (also at high Q?, LHC domain)

H1 and ZEUS Combined PDF Fit
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. Without HERA Data HERA | data (one experiment)  HERA | combined
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comparison with other
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Luminosity measurements at LHC |
M Lukminosi_tyf m;asurements at'LHbe: summa;y__

—
predictions:
can also be reverted
2008 {Eph"]l 2009 {D.Efl::l'1} 2010 {Efb"] 1,.0 ConSTr'Clin PDFS

van Der Meer 20% 5 -10% 5-10% -> 1'(1”( D Wiedner

Beam-Gas 10% < 5% < 5%

| " = | «+— | relies on knowledge
pp pp+HTH 20% 2. 5% 1.5% Of PDFS

&
o o o zh

Hera-LHC workshop

ATLAS/CMS: QUALITATIVELY SIMILAR CONCLUSIONS |

BUT AFTER 1ST YEAR, DIRECT MEASUREMENT: TOTEM (3%), ALFA (5%)
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‘PDFs: beware of heavy flavour treatment \

PREVIOUS DISCREPANCIES RESOLVED!

redlctluns for W and Z cposs-sections for LHC and Tevatron (in brackets) with

com and vector boson width effects, and common branching
ratios.
By - aw (nb) | B+~ - oz (nb) B o
MSTW 2008 NLO (prel.) | 20.45 (2.650) | 1.965 (0.2425) e Gluon
MSTW 2008 NNLO (prel.) | 21.44 (2.739) | 2.043 (0.2512) 10 -
./ [ )
Ratio to MSTW 2008{;}% = = 3 A
hed) | 1.002 (0.995) | 1.009 (1.001) E : \ / E:
MRST 2006 NNLO 0.995 (1.004) | 1.001 (1.010) i j \
MRST 2004 NLO 0074 (0.990) | 0.982 (L.000)  §° ‘ Gav? =
MRST 2004 NNLO 0.936 (0.99190.0.940 (1.0 d | Q'=10'Ge 1
11 I 11 B0l IIIII|I " |
CTEQ6.6 NLO 1.019 (0.978) | 1.022 (0.987) = - m i

Increases from MRST2006 compared to MRST2004 due to changes T correction

(NLO) or completed (NNLO) heavy flavour prescription. % i | .
6% increase! > uncertainty

Virtually no change from MRST2006 —+ MRST2008. Not guaranteed to be true for

all quantities.

Consistent with CTEQ6.6, but systematic differences mirror shape of gluon/quarks.

similar findings by CTEQ [RERORNE] Hera-LHC workshop

FOFALHCMSTW
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| Why are heavy flavours important? |

charm contribution to F, up to 40%!
|kinematic effect of ma:%
|competing scales for perturbative expansion |

e.g. m, Q?, pr -> terms log Q?/m?
log pt2/m?  etc.
*

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

“mass threshold" -> avoid!

=> "massive” treatment 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
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'Heavy flavour contributions to F, |

anything

flavour
tagging
b C

- O =—

C

mainly
Boson Gluon Fusion,
driven by gluons

multiple hard scales:
sz mb,C' pT
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|Beauty contribution to F, |

HI+ZEUS BpbeQ)

i

£ o ] data in agreement with NLO
=L T 40-110 pb - and NINLO, but errors still large
o 1 x=0.0005 .
107 4‘% (only small fraction of data analysed)
x=0.002 _ ]
o0 | 2 | improved measurements
z | ->discriminate between
SLompe different schemes
1k =l _ _ R ’ |
oors 1 > cheekh RDFE gy LHE:
? ] see also talk C. Royon, Z + b at Tevatron
10 'l:— -
e HI HERAI+I1 06 ¢ p (prel.)  x—0.032 |
. = ZEUS (prel.) 39 pb™" i=0
10 L e MRSTO4 __
- —— MRST NNLO 1
e CTEQ6.5 _
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1D_3 L i >> My 3/
10 10 10
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\Charm contribution to F, \

HERA F.° . L_arge_amount of measurements
G semnd™ o HIHERAL(DS using different methods available.
10 ’J:: x= 000008 (x4 5 HI(prel) ;liillﬁll:j" (VTX)
1010 5‘:,;#:4‘1 ZEOS ey HERA T in agreement with QCD predictions
10 ? ﬁ _F.g,_[r f:““ﬂmmmdls:- 20-130 pb—l s gluon PDF ~OK I
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108 B _-j— X = 000035 (x ') . Q
o ﬂf"*;nf# S understand mass Y
ey s o “’f: <= 0.0008 (x 4" effects from beauty
__T__._.__= x = 001 (= 4"
107 _ :r“’rfn__ x = 0.0012 (x 4°) H
U e T s -> improved theory
- e x:u.l]l.:l-qud--"r
_-P‘JF"__—FH‘H_-- = LEES I v ] =
I -> [urthertest/eonstrain gluom Rk
10 * hmmﬁ:;:_._ x = 0006 (= 47
10 F:__T__n___* x = 0008 (x 4°) Dataset: L [pP]:
NLO QCD: e OH1 HERAI (D) 19
'_1 " ox=pon ] B H1 (prel.) HERA I+1I (VTX) 58 + 54
10 — 0 O ZEUS HERA| (D*) 82
. - - 3 O ZEUS HERA I (D*,D,D ") 82
5
Q*Gevh @@ ZEUS (prel.) HERA Il 135
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| Jets at HERA constrain gluon distribution |
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|measurement of o.|

e e =

ep interactions directly sensitive to o,

QCD-Compton

HERA

60)
0.2
0.15 —
e
------ QCD
o (M,) =
0.1 -

(\S Bethke, hep-ex/0606035)

e ZEUS (inclusive-jet NC DI|S)
v ZEUS (inclusive-jet yp)
» ZEUS (norm. dijet NC DIS) |
= H1 (norm. inclusive-jet NC DIS)
» H1 (event shapes NC DIS)

==y

‘-“I--__

0.1189 + 0.0010 E ]

10

100

1= Q or B! (GeV)
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'ZEUS/H1 combined ., |

can gain in sensitivity by combining measurements with

different systematics/different theory uncertainties

select suitable | »~ =~ HEEﬁive.jethms
subset of o2 _ | * ZEUS (fr01211 dG/(;Ejf;Zt )
measurements : TIH R H
focus on small | . QCD I i
NLO error | w. dRmE
(NNLO not yet available) ° Bt (GSZV)
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.combined o |

........ new improved result
th. uncert. cons IST@HT W'Th
L Hﬁ—i Inclusive jet cross sections in NC DIS p rev | ous ones an d
exp. uncert. ZEUS (Phys Lett B 649 (2007) 12) wor I d avera 9 e
—o—i Inclusive-jet cross sections in NC DIS

.........

H1 (DESY 07-073)

total error: 2.7%

HERA combined 2007 inclusive-jet NC DIS
(this analysis) g (Mz) = 0.1198 = 0.0019 (exp.)

s HERA average 2004 total error: 4.3%
(hep-ex/0506035) @s(Mz) =0.1186 +0.0011 (exp.) £ 0.0050 (th.)

e World average 2006
(S. Bethke, hep-ex/0606035)

0.1 0.2 ' 014
a (M)
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[most recent HERA a, measurements |

o, from Jet Cross Sections

-~ H1 Preliminary (0;0,0,-0)

i = oy u=Q)for Q*< 100 GeV?(HERA)
« ap=Q)for @*> 150 GeV? (HERA I+ll)

=~ Combined <o (u)> éincl., 2-, 3-jet)
0-3_ frnm QE > 150 Gev —exp. uncert.

NLO uncertainty H1 h.fgﬂa,?;im multiplicities ~th. uncert.
prelim

H1 low Q7 incl. jets
H1prelim-08-032

ZEUS incl. jets
Phys Lett B 649 (2007) 12

HERA comb. 2007 incl. jets
Hiprelin07-032ZEUS-prebo7-025 e

¢

0.1_ 1 1 Lol 1 1 ] R T B Bethke =

Prog.Part.Nucl.Phys.58:351-386,2007.

| | 1 | |
1 02 0.1 0.42 0.13 )

10 Q/ GeV

already from single measurement/single experiment, experimental error
smaller than world average -> need to improve theory
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\HE RA o, competitive to e+e-

e ————— S e =
New NNLO ag fits In ete

NLO+NLLA
T T 7

& Nl Luisoni
ag (Mz _— | .. | . - ’
( ) | ' HERA-LHC

workshop

consistent results at NNLO,

scattering between
variables much reduced.

calculate weighted average
for ag (Q) from 6 variables

A 6 o : 1
fg = T_!.:i wi ag, Wi X =g
T

—

= ag(Mz) = 0.1240 £ 0.0033

HERA comb. 2007: 0.1198 + 0.0032 |Will improve further
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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 recent progress, see e.g. HERA-LHC workshop
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"resT QCD with semi-inclusive final states \

charm and beauty production

single photon production

j@TS -> previous talk C. Royon

inclusive diffraction

exclusive VM production - talk w. Bartel
constraints on BSM physics - talk s. Gruenendahl

=> investigate validity of QCD
and validity of predictions for LHC

28. 6. 08 A. Geiser, QCD at the HERAscale, PIC08 27



cnarm.

D*/D*

- distributions

D* in Photoproduction
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- N
5
PP | .
g 10 g
© ]
R, ;
102 :
4 5 6 7 8 910

P2’ (GeV)

T

do(ep — eD*X) / dp_ [nb/GeV]

o

D* in DIS
10 E= H1 Preliminary —e— H1 data (prel.)
= HERA I HVQDIS (MRST2004FF3nlo)
;% HVQDIS (CTEQ5f3)
1.3<m < 1.6GeV
1 g_ % l-'-; =Q2 +4m§
— 1 <|.Lf!rfpo <4
: o(Kartvelishvili) = 3.3+ 0.4
107 £ ——
= 5 < Q%< 100 GeV?
— 002<y<0.7
B MmOl < 1.5
10 §_ ——
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12 E — 1
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8
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p.(D") [GeV]
reasonably described by
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e

- distrib

| charm: D*/D* p-

utions|

D* in Photoproduction

D* in DIS

= — ) H1 Preliminary =~ —e— H1 data (prel.)
= | ::E:;ellllmlnary e H1 data (prel.) % . HERA I HVQDIS (MRST2004FF3nlo)
A 1.3<m, <17 GeV x 5
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o t w
1<pu/p <4
;20 [ 0.5 if::/?po <2 I- | #%*
° | * »—*—1 -8 1 ;’:# 13<m_<1.6GeV
10— |—§— n? =Q2C+ 4m?
Q% < 2 GeV? 8 SOQZ < 1%0768\/2 19‘- l-lfr"'l-lo <4C
< < e I~ WISy <0, g 4
i ::(c; *)\iv:‘ja ::\5, GeV b D *§’> L5 GeV a(Kartvelishvili) = 3.3+ 0.4
0 mo9 <15 | | ‘ | o I . I ! . ! . !
1.5 -1 -0.5 0 0.5 1 1.5 10 E1 Theory scaled by o, /a4
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ZEUS D*inDIS 1 $‘C$Z'+
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INLO scale choice? example: Higgs at LHC |

E————— e =

S. Moch, A. Vogt, Phys.Lett. B631 (2005) 48
E[] 1 1 1 1 1 1 1 1 I 1
O(pp — H+X) [pb]
™, 1A . v
B ",
FO =ty L
- -‘-‘-"'—l_
___——‘"01:—""9-‘,__'____
| — e -
40 - RN S
NLO
0 -
j;:LDE]:IFIL'-Z-'!{ LO .
——— NLO
0 |
0.2 0.5 1 2 3
Up /My
?
28. 6. 08

in principle arbitrary, but
NNLO stability:
* NNLO =NLO
donno/dr =0

N3LO stability:
* N3LO=NLO
* N3LO=NNLO
°  donomu/dn=0

——  "natural” scale

NNLO/N3LO calculations,
where available, often
suggest ren./fact. scale

~ half “natural” scale for NLO
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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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(do/dQ)yy / (do/dQ?)y,

og(Mz)

also partially at HERA (examples)

multijet-Production in DIS

ZEUS

new scale
|nC|L|S|Ve Je'fs approximate

estimate (A.G.),

GT lOW QZ to be calculated

exactly
¢ H1 prelim. HERA-|

NLO*(1 +35, )
(0.25-4.0) 12

do/dQ? [pb/GeV?]

2
IIII|

10 10°

05
® ZEUS 98-00
.| Energy Scale Uncertai
0.45 =3 CTEQ4MNLO®C,, d(ms <12/ (Q +E@
04|
0.35 N
0.3 t$(|\.'|3l o) > 25 GeV
''''''' TEQ4 - . =0.122
...+ CTEQ4:0=0.119
0.25 [ -e-e-e- CTEQ4 : 0 _=0.116
- ---- CTEQ4:0.=0.113
- —— CTEQ4: O °=0.110
0.2 -
014 [ b) |
0.13 '
I X ! 1
0.12 ? ;' l
C k i i [ ]
011} ! +
0.1 i
--- Theoretical Uncertainty
World average: 0.1182 + 0.0027 1
009 — L | | | [ I ]
1 2 3
10 10 Q2 (GeV?)
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many other measurements OK with
natural scale (but also with reduced scale)

A. Geiser, QCD at the HERAscale, PIC08 32




HERA

beauty at HERA

S T L
g 10°F ; do/dp;(ep—ebX)
Z‘g“_ F Q%*<1GeV?, 0.2<y<0.8, n°< 2
| w4 NLO QCD (FMN
a0 E ——  ktfact. (LZ J2003 set 1) 3
a J| reasonably
v ¢ H199-00 b jet i 1 described
- ¥ H199-00 b—y jet
10 B @ ZEUS 96-00 by jet 3| by
- A ZEUS (prel) 05 by jet 1l NLO QCD
. O ZEUS 96-97 b—se -
1 & O H197-00 b-D*y -
E W ZEUS 96-00 b—sD*u A results TR j alsoby
" % ZEUS 96-00 bb—up / =] Ky factoriz.
oLt ZEUpe00brgiet -y v v v v v v vy w | approach
0 S5 10 15 20 25 30
<p> (GeV)
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10%r
- H1 preliminary * I h d o
=t |single photon production |
3 | Inclusive
3 ’ ; -
2
~ ZEUS
. 10
~ - 5‘ I | I | | | | | | | | ] -I tl ;: | | | I | | | i
© eP— Y oot T IELH
° G 10 e (@) 5
| —e— H1 HERA2 (prel.) — ]
| 4% FGH (NLO) ® hadr. 'g_ E
meae 2L (kT fact.) @ hadr. R n
1 L] = ! iTE
5 10 15 H 1 ZEUS fTpe’) [
E’ [GeV] b D NLO+had. (KD 0.5< g« 2
T e L ... S
= MLO+had. [FGH] pg=1
> H1 preliminary r A
8 _ _ 10 —— FYTHIAS3 .
B ...... Wlth Jet EI ..... I !-IEHI'WW':IEE]5 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 E
Z 6 8 10 12 14 16
mgl:
S E. (GeV)
©
e
k factorization slightly better than
| —e— H1HERA2 (prel) T
4 ranonor s NLO at low E-? else both OK
sm== ZL (k_r fact.) ® hadr.
1 . L
5 10 15 _ 2
E?r [GeV] A. Geiser, QCD at the HERAscale, PIC08



|can Tevatron results be used for LHC? |

ol [ T IIIIIII| T IIIIIIII T TTTTT

eg. inclusive W/Z 5 5 ..l

pr'OdUC'r|On bb"m?f Atlas and CMS rapidity plateau
(LHC luminosity monitor)
Y

see also talk T. Bolton

o0 Central+Fwd. Jet=
COF /D0 Central Jets

H1

FACANES

heware of .
low x eifects .

JENGEDEDDOL
:

saturation N 2 _ yi v
multiple interactions 2 L 10 Gev

10 E m
BFKL vs. DGLAP 15 |”||||IIIIIHHHM

=> study at HERA ||||||||||||||||||||||||||||||||||||||||||||||“" j

see 1'0"( C ROYOH m_'?m m'E 1{:'5 m“L 0" 107 m'Lm”“l
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HERA inclusive diffraction

|Diffractive structure functions

HERA: example s (=2
& * ZEUS LRG [M,<1.6 GeV]x0.87
b=  H1 LRG (M, <1.6 G&V}
- H1 Fit B
Fa 10 H1 Fil B [axtrapolated)
£
" H',:? fe.027 {1=7)
measure T e
10 -~
‘ " .H-!'ﬁi [i=0.067 (1=5)
?__.-

.
rd ﬂhi [i=0.107 {I=4)
>' M . 08
X 1 ra ':'!'Z'd'ni i=0.167 [1=3)
. §2

]
4 M fi=0.267 (1=2)
e B 'l"?qi'
A et Bal.433 [I=1]
10 - L_r—s"'-'wi—
F'_'H
E \ - [=0.567 {1=0)
---------- Hrﬁru;rﬁ.-
2
10
10 10
Q? (GeV?)

[ detect
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% !Diffmc’rion at the LHC \ |

F PO i

(9ap)
g{x} ol %
a (3 5
g (p) pak .
a () I
{gap} [gapi
'Central Exclusive
Production’
Opportunity fo study Single and - DPDFs for backgd
Double Diffraction with and without - Unintegrated
hard scales (jet, heavy flavours, W, Z). gluon > J/¥ /Y
- Depend on DPDFs from HERA - Gap survival models
- Also on gap survival factors! (KKMR, GLM )

.. lots of possible input from HERA!
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Meanwhile in pp(bar) ... €& | _wre  + corom
WO s X2 7 GeV
WD;' (Q°= 75 GeV?) 0.035 < £ < 0.095
’ HUQE Rescatter t<1.0Gev"
_ p e —
corrections A%U.uthp? 10 T L T |
when applying 2% jet ——E
DPD_Fs: | Gap ey jot ' ’
survival :
factor~10 () 0q| — H12006 DPDF Fit A
[gap} h é — H1 2006 D|PDFFitB, . . o
— i = 0.1 1
p P B
S h{p ﬂs Cl CGH"'T‘GI EXP"’? Rescatter
:%I' ¥ with p?
| ——C, jet T N
Most models predict _ |

gap survival probability ... TRV AN
= 1 (direct)

<1 (resolved .. e.g. Kaidalov,

Khoze, Martin. Ryskin > ~0.34) ? ~ P P~ P
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H1 Dilﬂrantivelnijet Pru-ll:luntiun DIJE.'I' Phofopr"odcuﬂon:

w
EE' H1 20086 Fit B DPDF ZEUS
=l 2 ¥ 1 T T Y ] ¥
> 08 L i
E Lﬁ Eﬂﬂﬂ ® ZEUS 7T pi” {H} .
é 0.6 C, jet ‘§ ~s00l —— ZEUS LPS, GRV . .
:% - —Cjet X ces HA 2006 A, AFG {x 0.87)
E E [ enemame HA 2006 A, GRIY (X 0.87) f———mmme—em
% 04 400 —— H 20068, ARV (x 0.87) —
S o2} . P P

H1 - ‘

i i i i l‘"l Rescatier
o 180 200 220 240 ?L%ﬁj with p?
W (GeV) o (x) ot

2 4 ()
- H1 97 E_I_JE'H > b Gel gz —— f 1
"Suppression by factor ~2" g e
- ZEUS 99-00: EJetl > 7.5 GeV g 1_ B :
"Weaker suppression” 2 . | .
partially due Er}claj different E, cuts  (Valkereve) 04706 08 !0

- Neither collaboration sees difference between resolved and

direct regions, in contrast to theoretical expectations!
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107 :_ ExHuME {hadron level)
- B Default
_ . : * Derived from CDF
(K. Goulianos) a o 1q':||E Run Ilﬁ:“'{E:""}
=8 ﬁ E sysleimalic wicerlainly
arXiv:0712.0604 | G 1- —\’;\
PRD to appear soon | ‘= F
S==T 0 —F
5 |o T ~
102 ;_ 36<1,, <59 .
- 003 <i_<0.08
-HTE'-l..l..l.....|..|..|..|
20 40 60 80 100 120 14 160

M. (GeV/c®)
curve: ExHuME hadron-level exclusive dijet cross sections vs. dijet mass

points: derived from CDF excl. dijet x-sections using ExHuME

Stat. and syst. errors are propagated from measured cross section
uncertainties using M;; distribution shapes of ExHuME generated data.
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Summary and conclusions

@ HERA is currently : 1 S
best (?) QCD laboratory B

@ Ingeneral, good

agreement with

NLO QCD, success of the standard model !

-> extract PDFs, o, .. with great precision also F_ -> this afternoon
improve understanding of how to treat specific final states

NNLO calculations in progress.

@ Currently, only small fraction of the HERA ITI statistics has been
analyzed in many cases. Combination of H1/ZEUS results has started
-> towards 1 fb-! results.
-> expect significant further improvements over next two years

@ many of these improvements relevant for physics at other
colliders, in particular LHC
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