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The High Energy Frontier Landscape in the 1990-2010’s

T
N FERMILAB
0.21 TeV, ~ 0.9 fb'/exp. HERA 1.96 TeV, ~ 4 fb/exp.

~ twice more expected
until 2010

0.32 TeV, ~ 0.5 fb1/exp.
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‘ All good things come to an end... ‘

% HERA Fest 29/06/07 _ HERA Control Room 30/06/07 23H00

Last Beam Dump
30/06/07 23H30

i
A

ZEUS Run End Party 30/06-01/07/07 H1 Control Room 30/06/07 23H00
™ oAl OBE AR E 2 A WY N
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H1 Integrated Luminosity / pb*

Status: 1-July-2007
4m I_ r 2 3 & |

— electrons _,,rf”r Low E
—— positrons p
= low E

The final HERA

300 - data samples

~0.5 fb-! / experiment
200 -

balanced e*p and ep samples

~35% polarised e at HERA 11

Low-E, runs for Fy

L

0 500 1000 1500

Days of running
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Building up the HERA legacy
THE HIGH-ENERGY FRONTIER

PRECISION MEASUREMENTS
LHC needs

Proton structure and dynamics
Diffraction and the low-x limit

C. Vallee 27/01/09 HERA legacy and LHC



THE HIGH-ENERGY FRONTIER

A

C. Vallee 27/01/09 HERA legacy a




HIGH ENERGY FRONTIER:

Quark sub-structure

quark radius R
q factor:(1-R 2Q%/6)

Neutral Current (ep — eX)
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10°F Mass
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HIGH ENERGY FRONTIER:
Isolated Leptons + Missing P,

e,iu + P"' events at HERA 141l (e*p, 0.58 fb')

7
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PX (GeV)

HERA legacy and LHC

SM :

€, 1
e, |l + P:iss events at HERA I+l (e®p, 0.97 fb")

HERA Exotics Working Group

L - .
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HIGH ENERGY FRONTIER:
Multi-Leptons

Multi-electrons, HERA I+ll (e"p, 0.56 fb'1)

Events
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Multi-electrons, HERA I+l (eip, 0.94 fb")

2e + 3e

HERA legacy and LHC
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HIGH ENERGY
FRONTIER:
Generic Search

Multi-body
topologies
P/ >20 GeV

SM OK

C. Vallee 27/01/09
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PRECISION MEASUREMENTS

LHC needs

(plots from contributors to the PDF4LHC workshop)

C. Vallee 27/01/09 HERA legacy and LHC
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HERA < LHC 10 g
kinematics F X, = (M/14 TeV) exp(=y)
10° s Q=M M =10 TeV
e g S
> ./ [ —1» High x quarks/gluon
W v 106? & """"" """""" "3, Highx qm{rks/
] antiquarks
o 10 F = Intermediate-x
> ]
. 8 gluon/quarks
(¥ it 4 =
T M = 100 GeV 4
~~ oy > Low x gluon/quarks
@ =y, z0
7\ 10 F E
q x q
1 =
» Test QCD dynamics
10' E E
10"
10" 10° 100 1w' 100 10® 10 100 X
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HERA > LHC 10 g
kinematics F X, = (M/14 TeV) exp(=y)
10° s Q=M M =10 TeV
i 10" e
e :
> ./ 1> High x quarks/gluon
W v 0E  M=1TeV et 13, High x quarks/
] antiquarks
—~ 10 F =+ Intermediate-x
= 3
8 gluon/quarks
e\/e = 10tk M = 100 GeV 4
wy > Low x gluon/quarks
Q2 0% 7.0
’ 3
7\ 10 E
q x q
10°
» Test QCD dynamics
10' E
10’
10”100 100 1wt 10t 10 1w 10 X
C. Vallee 27/01/09 HERA legacy and LHC 15



& [nb]

LHC needs: W/Z production

/ q 7° o
> < W mass determination

< 2IJ:
, 2 o
W/Z. cross sections -4 i
14 : - B
o) Brliv) —— .
13 - W oW Bilfy] rse—s ;
3 % o(Z) Brittr) —e— 0
12 [ { } { { E T 'E
B
11+ - -
10
10 F WI- A -
w . -15;—
R ! ! : i B ] e
. s i K 5
8 ] PDF set index
Tz 1 Spread of ~25 MeV
il : ! ' . . in M mass fit
5 1 | 1 | | | ° °
ZEUSJETS ZEUS-S CTEQS1 CTECSES MRASTOT  MPSTO4 due to PDF uncertainties

in rapidity distribution
(goal is ~1 MeV)

C. Vallee 27/01/09 HERA legacy and LHC 16
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LHC needs: W < 7, — top PDF correlations q

q> Z°< n
q w

9 L4
q \%
W#* & Z cross sections at the LHC
22 : . . : .
Gy
NNLL-NLO ResBos
2.15 2 Fzeus-fn
-0 ZEUS-TR
y ZEUS-Z1
2 211 o NoPDFs MW O
5 ® NNLO PDF's CTEQ6.6 .~
T 205} S mAlekhin'02
O\I\:I, I:‘nD..‘A_l\'ﬂJ’UG
1 = I
aQ MRST 04
a &
= MRST 02
)
1.95¢
1.9
185 19. 195 20 205 21 215 22
Trat(PP—~>(W*=£v)X) (nb)
Ow

C. Vallee 27/01/09

W and Z strongly correlated

Q
N

Tt (PP — (Z° = e*e )X) (nb)

= |

82(9.0% 30(3.3% :
CTEQ6.5 o — 908 J_rssggj%g (scales) J_rzggw%g (PDFs) pb
3 L +89(9.2%) +11(1.1%) :
MRSTW-06 6 =961 ") /574y (scales) ) (PDFs) pb
Z° vs it production at the LHC at NLO
my=p=171 GeV
2.15
2125 |
2.1
. CTEQ6:6
2,075 -
2.05
2.025 |
2.
0.82 0.84 o_éf_; 0.88 0.9
Tra(Pp = tHX) (nb) GtOp

HERA legacy and LHC

Top uncertainty ~5%

anti-correlated with Z
17



LHC needs: SM Higgs production

SM Higgs production

=
1=
-

ggqq —= tth
TeV4LHC Higgs working group

1 b
y > ....... h
qq—Zh
| | I

100 200 300 400 500

* Sensitive mainly to gluon and light quarks at low or intermediate x
* Beauty PDF contributes mainly at low mass for a SM Higgs

C. Vallee 27/01/09 HERA legacy and LHC 18



100 ¢ ——r i
: (g9 — H) [pb] ]
[ o= 14 TeV ]
I MBET — i
10 Alekhm """ -

C. Vallee 27/01/09

a{gg — Hgg) [ph| T

MEST ——

0.1
1000 100

My [CeV]

HERA legacy and LHC

My [GeV]
Higgs cross-section PDF uncertainty ~5-10 %
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LHC needs: PDF cross-sections correlations

Correlation with pp — ZX (solid), pp — tt (dashes), pp — ZX (dots)

d:, A99g—h® ¥ bb—-h® + 5 —hT O WTh? ¥ h°via WW fusion
‘T’ 1;11'+rw—;z 410 Z(Tev .-';;f—%#"';—‘?:q::::rr* .
S [ o -.co SN - \ Heavy Higgs
- L {3 - ,',,}'_.(-l-!u'—-h).‘{:zuev%)_ "’.{_f.”.'{!"-" : =S correlated
_9 - W X #-channel single top:Z it e B o
= ' | with top
[J)
S
-
O
&)
\ o Light Higgs
—0.5 e e correlated
with W/Z

100 150 200 250 300 350 400 450 500
Particle mass (GeV)

— Best Standard Candle to which to renormalise may depend on mass

C. Vallee 27/01/09 HERA legacy and LHC 20
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LHC needs: high-mass Drell-Yan cross-section

‘-l> / €
qQ’ A\%Y% \Y

MEST2001

I l‘Jri--I-I'C

e |

I I L T LN L B —I + _"'|_I'ir Tl _.__I" |

: max— best-fit) /best-fit s ":_.—L:'L--":_L__I ;
min—best-fit) /best-fit —nr i

MY (G

PDF error (log.)

+

Q>y,Z°< n
q n

I Ac/ovs M

107

107
Miee) (GeVic2) (log.)

Uncertainty varies from ~5%
to ~20% at high mass
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LHC needs: high-P; jets cross-section

PDF Errors on Inclusive Jet Cross-Section

= 05
= = CTEQe6.1
c -

041
8 —
= = —+
g 02— T e T
‘I- E -, ——t
S 0.1 ; ., ——
a-" = - I__:':__

-0:— —_— . T

- .

01— e .

- T —|—_,_—|—_'_:|:—|—
021 —+
0.3
045
_0.5:I | 11 1 | 11 1 | 11 1 | 1 1 | | 11 | | 11 1 | 11 1 | 11 1 | 11 1 | |

200 400 600 800 1000 1200 1400 1600 1800 2000
pT (GeV)

C. Vallee 27/01/09 HERA legacy and LHC

Uncertainty up
to ~30% at high P
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LHC needs: Diffractive Higgs production

~_~¢

Y

empty
region

Y P
Cross-section depends Structure of inclusive
on 2-gluon GPD’s colorless exchange

also necessary for
background (high f3)

C. Vallee 27/01/09 HERA legacy and LHC 23



10 g 1 IIIlIIII 1 lIlIIlII 1 IIIlIIII 1 IIIIIIII T TTTomn T T TTTITT T orrrm

= (M/14 TeV) exp(zy)

10 Q=M M=10TeV

PRECISION
MEASUREMENTS

Proton structure ¢ L
and dynamics :

M =100 GeV

Q" (GeV)

C. Vallee 27/01/09 HERA legacy and LHC 24



CC intermediate Q?

Typical interactions

for

precision measurements

o L3 _'—f
NC intermediate Q> ?
C. Vallee 27/01/09 HERA legacy and LHC 25



MEASURING THE PROTON STRUCTURE

e

e A&

‘"¢ e q
2 _eEp .4 q
Q’ Y, L° Gl = d O.“‘ c 10 = Q?%/sx = (1-c0sB*)/2
P NC™ dzdQ? 2ma?Y, 4
q x
. > Y_ - 2
— [ — Y FL:FY 2By Ye=1£(1-y)
valence + sea quarks 1 valence quarks
gluon
e .V . > _
o€ p)oc x[(1=y Nd+s)+@+c)] x(A+P)

A . ole pyex[+e)+(1-y*)Nd+s)] x(1 -P)
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PROTON STRUCTURE

valence quarks

e\/e

0.8 |

Y, Z°
q

xF; ~ o(e) — o(e")

L

~Q2u,+d)

H1+ZEUS Combined (prel.)

Q’=1500 GeV*?
— HI1 2000 PDF
- ZEUS-JETS PDF

C,(x,Q7)

C. Vallee 27/01/09

500 GeV?

1000 GeV?

1500 GeV?> b

3000 GeV*

April 2008

=
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HERA legacy and LHC
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~ 1
PROTON = N - e  x=0.000032,i=22 ® HERA Ie"p (prel)
e L x = 0.00005, i=21 -
STRUCTURE g 1 o M e A= A0, 1720 O Fixed Target
= x =0.00013, i=19
~ S P x = 0.00020, i=18 [ 1 HERAPDFO.1 (prel.)
o | ﬁ‘;'""..,_ x =0.00032, i=17
10" & =0.0005, i=16
valence + sea . :’H/’*’ﬁ» x x=0‘0{){;8, i=15 aF. ;
5 x =0.0013, i=14 —— o (07)xg(x,0%)

ow E=RaheISL (DGLAP)
. x=0.005, i=11

3
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I IIHII[[ T II[IIIT[
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\/ C EEmmEE—e———%0-000-0s0 00 eelete—s  x= 0.05, i=6
Q2 i mﬁ—“—.—w“ﬁ-—’. X = 0-08 l=i
7.0 10 ;1=
y’ Em-_"m.'.‘“r.—.-—l_.. x=0.13. i=4

N

x=0.18,i=3

9 x q b
E x=0.25,i=2
DGLAP works 10 _1; x = 0.40, i=1
on a very large :
) ~ )
phase space ! 10 & x=0.65,i=0
10_3_|| | |||l||| | |||1||| 1 | |'|||||| 1 | IIII1I| ; 1 | IIIII'Ii — 1 N i |
I 10 10” 10° 10" 10°

C. Vallee 27/01/09 Q% GeV?

April 2008

HERA Structure Functions Working Group



PROTON STRUCTURE: the power of combining

ngl:) (ﬂ[i’“‘uea AO’_}' ) = Z

Cross-calibration
of both experiments

l

systematic
uncertainties
reduced together
with statistical errors

C. Vallee 27/01/09

[J;"\.»]?:,Ll’l_l(—.‘._ (A[a + Z;: oM* Aafj )J 2
J

I A(fl’ j
3

HERA I ¢’p Neutral Current Scattering - H1 and ZEUS

g 1.4 __ x=0002 .
° 1 g}&% e HERA Ie'p (prel.)
12 [ e O ZEUS
T 1 L@
r |Ji o HI
I lee)
1 ‘_ ;1!&
L J.
08 | éﬁpy x=0.02
- e
06 g;’i |
T L e
. .l_&r‘&-
R x=0.25
02 | ﬁ;&‘? %%
0 I|| || L L1l |lll L L L l 1 |
1 10 10° 10° 10?
Q°/GeV~

HERA legacy and LHC

HERA Structure Functions Working Group



xf

0.8

0.6

0.4

0.2

Extracting the essence of Structure Functions

common PDF Fit on HERA I combined data

- xg (x0.05)

xS (x0.05)

H1 and ZEUS Combined PDF Fit
T T R | T to

Q*=10 GeV?>

—— HERAPDFO.1 (prel.)

- exp. uncert.
|:| model uncert.

;Apllil 2608

HERA Structure Functions Working Group

Standalone PDF Fits
T T TT T T T TT7T T | T ; T T T TTT | 2 u 1
Q°=10GeV e -
—— ZEUS-JETS Fit
|| total uncert. | 0.8 -
xu,
H1 PDF 2000
- exp. uncert. _
[] total uncert. 0.6
] 0.4 -
0.2
11 J L 1 | 1 1
-4 -3 -2 -1 0
10 10 10 10 1 10-4

C. Vallee 27/01/09

HERA legacy and LHC
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xf

HERAPDEFO0.1 versus CTEQ and MSTW

uncertainty on low-x gluon and sea strongly reduced

Q*=10GeV: | % Q* =10 GevV:
0.8 - 0.8 N
] xg (x 0.05)
HERAPDFO0.1(prel.) | _ s HERAPDFO.1(prel)
0.6 - CTEQ6.5M 7
0.4 - -
0.2 -
0 11.11-
10 10° 107 10! 1
X X

C. Vallee 27/01/09 HERA legacy and LHC 31



do(W*)/dn (nb)

s8.Be. £ .

b

»

C. Vallee 27/01/09

HERAPDFO0.1 impact on LHC

the example of W production

#..
L 4
L 4

Single experiment PDF

e - a I e =

HERAPDFO.1

HERAPDFO0.1 publicly released in LHAPDF (version 5.6.0)

...to be exercised by the LHC experiments !

HERA legacy and LHC 32
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d’c/dy"'dp,. ' [nb/(Gev/c)]

—_— —
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o
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e

(=] I| II I| ]l I| I] II ll II 1| I| II fl || ][ || I] I| II [I I[ Il I| T

S

Tevatron Jet Cross Sections

E.Tassi K, D=07

[ 1 CTEQG6.6 (fastNLO)
77§ HERAPDFO.1 (fastNLO)

Ratio to CTEQ 6.6

Iy < 0.1 (x 10%
0.1 <1y <0.7 (x 10%)

0.7< 1y < 1.1

L1<y* < 1.6 (x 107)

1.6 <ly*1<2.1 (x 10

11 | | I ) [ | | I | ] | I I | I | | | I N I | I |

100 200 300 400 500 600 700
jet
P, [Gev/c]

HERAPDFO0.1 impact on LHC

the gluon at high x

Iyl < 0.1

I[]Ilillllllllllllillll

Reasonable behaviour at high x
though no input from
Tevatron High-P, jets in the fit
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COMPLEMENTARY INPUTS to the PROTON PDF’s

N H v~

- Fixed Target NC/CC
L A ‘;\ , — high-x quarks
q q q q

M Tevatron High-P jets
— high-x gluon
q >Y ] Z°< p’ Fixed Target Drell-Yan
~ — high-x antiquarks and @/d asymmetry

q> / ¢ Tevatron W/W-

*
e
.

q W v — u/d asymmetry at high x
Vi N
W Dimuons in Fixed Target CC
P d a — strange sea
S c v X

C. Vallee 27/01/09 HERA legacy and LHC



COMPLEMENTARY INPUTS to the PROTON PDF’s (personal

comments)
Fixed Target NC/CC
W By,
\0/ Vi s B Nuclear corrections (CC) and
Y, L W possible Higher Twists (low Q?)
q/\ q q/\ q Still needed with final HERA 11 high Q2 NC/CC ?
M Tevatron High-P, jets
Still needed with high precision HERA F, + jets ?
q >Y ] Z°< p’ Fixed Target Drell-Yan
q Nuclear corrections same as in DIS ?
w
q - e Special data will
> Tevatron W*/W" «— stay necessary for
q W \Y subtle asymmetry effects
e /
- y Dimuons in Fixed Target CC
P d ! Increased tolerance needed in global fits
S ¢ X — minimize number of experiments

C. Vallee 27/01/09 HERA legacy and LHC 35



llz\/ bV s TOWARDS OPTIMAL
Y, L° W ’
b 4 PROTON PDF’s FOR LHC

M In the era of

high precision HERA results

q v, 70~
q > < " optimal inputs for LHC PDF’s
i ; and
> / PDF model uncertainties
q W \Y
Ve, ~H are essential questions
W " to be addressed by the
s/\c/ . PDF4LHC workshop

C. Vallee 27/01/09 HERA legacy and LHC



0.3

0.2

0.1

PROTON DYNAMICS

the strong coupling o, from multi-jet rates

-~ H1 Preliminary

« o, (1L=Q)for Q% <100 GeV? (HERA I)

* oy 1L=Q)for Q%> 150 GeV? (HERA I+ll)
— Combined <u(u)> 2(ir‘n::l., 2-, 3-jet)

from Q2 > 150 GeV

NLO uncertainty

e\/e

—&Xp. Uncert,

H1 high Q? jet multiplicities ~th, uncert,

Hiprelim-08-031 ...t!:.....

H1 low Q% incl. jets

H1prallm-08-032 g
H1 norm. incl. jets B
Phys Lett B 653 (2007) 124 N
ZEUS incl. jets

e i
Phys Lett B 643 [2007) 12 ...
HERA comb. 2007 incl. jets | -
H1prelim-07-032/ZEUS-prel-07-028
ALEPH 4-jet rate
EUr.PRYS.. C 27(2003)117 ~e3
Bethke =

Prog.Part. Nuel.Phys.58:351-386.2007.

0.11 0.12 0.13
tg(M,)

HERA exp. error ~ 0.7 %
a challenge for theory !
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PROTON DYNAMICS: directly probing the gluon with F,

a d”

O'

2ot

One =

dde

ZEUS

el EErERRTT |
™

. T R Bt ¢
Q= 32GeV?

Q’= 45GeV?
« ZEUS (prel.)

| — ZEUS-JETS

el T | A e
=T T o

' II=,_ tx, ‘Q-‘)

T L

Q*= 80 GeV?
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PROTON DYNAMICS: F, compatible with NLO DGLAP predictions
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PROTON DYNAMICS': Heavy Quark generation well described by DGLAP
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Typical diffractive
interactions
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INCLUSIVE DIFFRACTION

My

empty
region

O(Xpp) ~ 1/Xp
P p

~10% of events are diffractive,
logarithmic variation with Q?

l

diffraction is a leading-twist
intrinsic part of the proton structure
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Perturbative structure 3 o4]
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z-singlet(z)

z-gluon(z)

Diffractive PDF’s extracted from a common fit
to diffractive inclusive
and dijets cross-sections
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Q'=y . Factorisation of diffractive PDF’s
¢, Jet holds in DIS for charm and jets as predicted
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Factorisation of diffractive PDF’s
broken by a factor ~7 for diffractive dijets at Tevatron
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DIFFRACTION and LOW-X DYNAMICS

( experts please shut your eyes !)

Williams-Weizsacker

Approximation
e 1 AR? ~ 1/Q?
d().ep/dde2 ~ (I)y*(ySQz) X o.y*p(WZQQz) W2 = E2cms(y*p)
~ Q% (1-x)/x
a/Q* [1+(1-y)’]/ly x 0a/Q*xq(x) scale invariance
at high x

WWA allows to relate
diffraction, photoproduction and deep inelastic scattering
at low x in a unified frame.
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ANQY)

Low-x limit: inclusive cross-section

Color Dipole
v (QY) ’ -
CIAR ~1/Q? £+ X
At~1/xM, |
0.5 W2 ~ Q?%/x
- F,=cx7, x<0.01
0.4 | MQ?) inc 5y 2 5 5
i o.y*p(w 9Q ) ~ as/Q Xg(XSQ )
BiJ [~
~ (ls/Q2 x-MQ2)

0.2_— 1
E'_:,—-*‘}‘A o H 96/9‘7\ ~ a/QF W2HQ)

o.1 L — A=a In[Q*/A?] *§
----- extrapolation % Rise of 7. with Q? reflects
ol i i |F increased low x gluon
1 10 Q21/° - DGLAP radiation at high Q?
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Low-x limit: diffractive cross-sections

v* (Q%)

Color Dipole X, 0@, Jy, Y,y

1 AR? ~ 1/(Q*+M,2)

At~1/xM, | W2~ Qx

Simplest colorless exchange

® pZEUS 120 pb s JayH1
e RSS9 is from two gluons
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| | { . ~02/Qr  x 2 (QFMY)
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"\i _' ~ a2/Q? WaAQ M%)

™~ Rise of 6 with (0°+M /) reflects
; entering the hard diffraction regime

W dependence
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Low-x limit: diffractive cross-sections
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Low x limit: is saturation observed ?

Geometric scaling in DIS

A E_ 103: R MU R L I AU R
Saturatien '\_ 2 L
S ¢ )
Q2 DELAP CRE TP
o~
102; -
non-perturbative region .
X
2 )2 2
0,.,(W5Q%) ~ a/Q* xg(x) ol
diverges at low x :
* I ZEUS BPT 97 o %
2 - 2R 2 i ZEUS BPC 95 %
Rp [1 —e(@/Q R, Xg(X))] Hl1 low Q* 95 A
1 e ZEUS+H1 high Q” 94-95 o ;
saturates to the proton surface sz g / %%
L x<0.01
' i a; & Trivial domain <> %%
I (scale invariance) |
Geometric scaling predicted:
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10 10

Universal saturation scale Q2(x) ~ a/R 2 xg(x) 1= Q¥YQJ(x) i
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LHCDH
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New insights in -

low-x dynamics from hard diffraction = | -.:I
=
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PRECISION MEASUREMENTS

More results
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Does the e-probe

behave as expected ?

YES!
EW unification
in the t-channel
at the My, ; scale

C. Vallee 27/01/09
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Occ (Pb)
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OCD Dynamics:
probing DGLAP with
multijets at low x

Jet Jet

Jet Jet

. BFKL ?
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Diffractive processes: impact parameter
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Inclusive
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Perturbative QCD description of hard diffraction
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