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Dark Matter
23%
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Quarks and Leptons
4%

Matter in the universe

Dark Energy
73%

atoms have
electrons ...

which is made
of protons ...

[ _—
m .. and

orbiting
a nucleus ...

neutrons

which are
made of quarks,
up-quarks and
down-quarks ...

which are at
the current limit
of our knowledge.
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~100 years ago: Geiger, Marsden, Rutherford
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?_..as if you fired a 15-inch shell at a piece of tissue paper

and it came back and hit you."

GMR

Discovery of the atomic nucleus 1909
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A “punctual” particle can probe a composed particle:

the beginning of the “beam microscopy”




SLAC Linac

ELECTRON SGATTERING
Electron Scattering from the Proton*{{ 1029 | :’;O“ME“J?SEgE)N Hofstadter
RoBeErRT HOFSTADTER AND RopeErT W. MCALLISTER ) | ,
Department of Physics and High-Energy Pliysics Laboratory, —\
Stanford Universily, Stanford, California
(Received January 24, 1955) !
WITH apparatus previously described,!? we have % 1630 — ]
studied the elastic scattering of electrons of e | ANOMALOUS MOMENT
energies 100, 188, and 236 Mev from protons initially N 7
at rest. At 100 Mev and 188 Mev, the angular distri- %
butions of scattered electrons have been examined in - ,
the ranges 60°-138° and 35°-138°, respectively, in the ; MOTT CURVE -~ | ‘W O
laboratory frame. At 236 Mev, because of an inability g 03! B , ! \‘\
of the analyzing magnet to bend electrons of energies 5 '\)}\{}
larger than 192 Mev, we have studied the angular » EXPERIMENTAL CURVE 7\
distribution between 90° and 138° in the laboratory a \\ *
frame. In all cases a gaseous hydrogen target was used. S ! '
\
i
10°32 :
30 S0 70 S0 1o 130 50
LASORATORY ANGLE OF SCATTERING (IN DEGREES)
proton were a spherical ball of charge, this rms radius Pobs —_ F(CI) Ppoint—paxrticle
would indicate a true radius of 9.5X10~* c¢m, or in . .
round numbers 1.0X 10 cm. It is to be noted that Accountable by elastic scattering
if our interpretation .is correct t!me Coulomb law of over finite size (~1fm) charge distribution
force has not been violated at distances as small as
7X107* cm. To “resolve” the proton: need more energy!

Go to inelastic regime!
When Q2 >> Mp Deep Inelastic Scattering

C.Diaconu 5



SLAC experiments at high enerqy (1960)

Beam Position
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Fig. 14. Layout of spectrometers in End Station A. All three spectrometers can be rotated about
the pivot. The 20 GcV spectrometer can be operated from about 13 to 25, the 8 GeV from
about 12° to over 90°. The 1.6 GcV spcctrometer coverage is from -~ 50°— 150°.
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40 years aqo

“Scaling” with Q: point-like partons
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2 2
Q [(GeV/C) ] The Nobel Prize in Physics 1990 "for their pioneering investigations concerning

deep inelastic scattering of electrons on protons and bound neutrons,
which have been of essential importance for the development of the
quark model in particle physics"
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~100 years ago

A short history of resolving matter structure

Geiger, Marsden. (1909)

Rutherford(1911)
E«=5.5 MeV
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[polarised collisions since mid 70's]

40 years ago: partons
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HERA: The unique electron-proton collider

DEUTSCHES ELEKTRO!:XEZE‘:.?IY}JCH ROTRON D EsY

NOTKESTR. 85 - 2000 HAMBURG 52 - TEL. 04089 980 - TE\ ELEGR.-ADR, DESY HAMBURG

DESY HERA 81/10
July 1981

A Proposal for a large Flectron-Proton Colliding Beam

Facility at DESY

Volker Soergel and the Minister of Science of Germany, Heinz Riesenhuber,
at DESY (Hamburg) announcing on 6™ of April 1984 that HERA will be built.




HERA Experimental Complex
e*(27.6 GeV)\\ p (820/920 GeV)

E..,, = 320 GeV

(H1)
Haiir North (H1)

HERA The world unique ep collider

(equivalentE, =50 TeV)

Halle Ost (HERMES)
180 bl!nches Hall East (HERMES) %
Crossing: 96 ns

Halle West

Hall West —a— Elektronen / Positronen

Electrons / Positrons

< Protonen
Protons

<A Photonenstrahlung
Photon Radiation

Halle Siid (ZEUS)
Hall South (ZEUS)

e
C.Diaconu

10



11

C.Diaconu



C.Diaconu

First Luminosity 1991

| FIRST HERA e-p COLLISIONS |

AS OBSERVED BY THE H1 LUMINOSITY-DETECTOR MONITORING SYSTEM
SATURDAY 19 OCTOBER 1997, 1834

19.10.1991

Rate,Hz

Linear Scale, Compressed Time

N
" = 13 14 5 Time, min 28 30Time,min
Electron Energy 12 GeV
Proton Energy 480 GeV
Expected Luminosity  0.95 x 1028 £ 30% cm?s ™
Measured Luminosity 1.03 x 10%6 + 13% cm?2s !

12



HERA

construction started in 1984
physics: 1992-2007 HERA Program

200 T T T T T T T

Delivered
A three decades endeavour | |yminosity 800 pb-!

2200 —

HERA Il

FOoOo [

60% of the data sample
in the last 18 (running) months

Ss00 —

S00—

New physics capabilities at HERA 1I:
Polarisation, trigger, tracking upgrade

400 —

=200 —

200 —

41 o 20I(;I1IZI1EUS:
100 — = pb- ep
~300 pb' e*p
19*81 19*84 Low energy runs
?992 1994 1996 1998 2000 2002 2004 2006 2002
T i 0 Time / Years
proposal approval startup
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H1 Integrated Luminosity / pb™

400

300

200

100

HERA Luminosity

Status: 1-July-2007

| I ' | | Low E'p Ruhs ' |
electrons N
- —— positrons
- —— low E o
9
! ! | | | ! |
0 500 1000 1500

Days of running
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The Detectors

Complex detectors, large international collaborations (~800 physicists)

C.Diaconu
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H1 and ZEUS detectors

411 detectors, excellent tracking and calorimetry

.
,
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“
4
.
:
S LN
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The strong force

in a clean “laboratory”
Jets, Diffraction, Low x

The Physics at HERA

The proton structure

with unprecedented precision
Parton distribution functions for the future

The new physics
at the energy frontier

The proton spin surgery

Longitudinal and transverse spin measurements

17



Deep-Inelastic Scattering

e(k) e (k) 6{('132 v (k')

NC 2~ Z0(q) cc (W (@) o
P (P: ) \ p (P ) \ '

Xv(P’) \/\'J{PI)

Q@ Qr=—¢>=—(k—Kk)?
virtuality/resolving power

Y ¥

/

2

QL xr= 2P BJorken scaling variable,
momentum fraction of the scattered
parton

@ y=ip

Related by Q% = wys

inelasticity

C.Diaconu 18



Charged Current (CC)
= q l.; 1

I ﬂll.
]
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DIS at HERA

HERA I &I

p T T T T mTrTT | I T I T I | I T I IE
> -
[}) ¥ H1 e'p NC 94-07 (prel.) 7]
g 10 E A H1ep NC 94-07 (prel.) E!
'g_ - O  ZEUS e'p NC 06-07 (prel.) |

o E o ZEUS ep NC 05-06 =
o 3:C SM e’p NC (HERAPDF 0.1) |
E 101 —— SMep NC (HERAPDF 0.1) __

= * =
- 2 - 3
= L

102 * H1e'p CC 03-04 (prel.)

A H1e'p CC 2005 (prel.)
ZEUS e'p CC 06-07 (prel.)
e ZEUS ep CC 04-06

10°° SM e’p CC (HERAPDF 0.1)
SM e'p CC (HERAPDF 0.1)

y<0.9
P.=0
10—7 1 1 lllllll 1 I]l[lll
10° 10*
Q2% (GeV?)
I\ 12 i
Q* ~ M7, , (EW regime)
‘JR
‘ r...<10"%m

quark
“p”/1000
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DIS: Cross sections, structure functions, partons

e(k)

e(k)

r(P)

\JL\\*QSEFV)
2 eip 4
e d=o NC ll-‘Q - Y. ~ . ) ] o
CT’ o — ¢ ¢ ¢ > — 1;12 — j;ﬂ - l;ﬂ ’ ! — 1 :i: J_ — =
Ve drdQ? 27ma2Y, Y . Yy ’ + ( 2
Leading Order picture of the proton Parton Distribution Functions
YZ 7] 2 2 2 _
— F2 |:F2, F)7 F3 = =z Z [61. 2e4Vq, Vg + (lq} (g + q) quarkS
B gluons from scaling violations
YZ Z | _
F3 {;ng' o F3 = 2 Z leqaq,vqaq] (g — @)  (valence) qUArks
FL Fr, ~ zasg gluons

CC: similar decomposition, but different quarks combinations accessed
flavour sensitive (separate in e+p/e-p)

C.Diaconu 20
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Proton make-up

no substructure

3 free valence quarks

3 bound quarks

Valence quarks
Sea quarks
gluons

21



HERA Data at low x

3
| Before HERA
a5 L =15 GeV®
- — £o84 F2
i _ 1 _ 1 _ -
o Lo EHLD BS _ H1 1992, L = 22.5 nb _ H1 1994, L = 2.7 pb _H1 1996-2000, L = 20422 pb
B L 2 2 L 2 2 L 2 2
: e KMRS 90 : Q =15 GeV : Q =15 GeV : Q° =15 GeV
15 15F — H1PDF 2009
I GRV 1 D1
- - © BCDMS, NMC
i A NMC [ * H1
I wecoMs | 1[
05 F ' 05
0 | RETTT AR BRI RTIT T IR O_ PETITRETIY B wl L L L L L . L
1wt ot w9t W 3 2 A 3 2 1 3 N .
10 10 10 10 10 10 10 10 10
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DESY09-005

Q=12 GeV’

10% 107 107 10
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Q° = 15 GeV”

NS SR SR ST N

Q° = 45 GeV”

DIS data from HERA

Q° = 20 GeV’

I BT

Q° = 60 GeV’

H1 Collaboration

Q= 25 GeV?

wd besseead o

Q" = 150 GeV~

aud

10% 107 107 10

aamd el aand

10* 10" 107 10" 10" 10" 107 10"
X
H1PDF 2009
e H1 Data
©  H1 Low Q?
H1 High Q?

=]

2

0.75

0.5

0.25

0.4

0.2

HERA e*p Neutral Current

o H1 e’p 94-00

o ZEUS e*p 99-00

— SMe*p (CTEQSD)

LLLLL B L

Q? = 200 GeV?

TT T T[T T T T[T T T T TTTT

FETTT] I RRTET M

Q? = 250 GeV?

T IR ATTT M

AL B LU AL

[T AT A A

BN

LURELLL B L B L) R AL

Q2 = 350 GeV?

AT A WS W

!
T

Q? = 650 GeV?

T B RETTTT MR,

1 Q2 = 800 GeV?

TR AR SRR

R

| Q2=1000 GeV? |

Q? = 1200 GeV?

ol Py

Q? = 1500 GeV?

RN AR RN RN RRRE

A N I W At A

Q? = 2000 GeV?

AR AR AR RN AR

NS EEEE AN ERERE AN

RN AR AR AR AN

FERTTT EERRRTTT B,

Q2 = 3000 GeV?

REEN AR AN RN AR

Q? = 5000 GeV?

I A FREE FREE NNE

T MRRRTT|

Q? = 8000 GeV?

t

L B

Q? = 12000 GeV? |

e

Q2 = 20000 GeV?

e
Q? = 30000 GeV? |

NC:cover a large domain in Q2, precise, in well in agreement with QCD
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Evolution with Q2: Scaling Violations

a(z)
d‘O‘eip TQ4 0F; 2 9
T = i — % dlog Q2 — &S sg(z, Q%)
: dxd@? 2maY, g
q(1-2)
o 2
=14 |- x=0.002 % =
El i# &
L om
2 | low X LT O ZEUS
j i$h< o Hl
! o?! low X
08 [ & % % x=0.02
[ ° o Qar ?Si $ T 5
06 ; QO OL:_ ":‘.::4‘
g“ a) r«ng § a(z)
© £ q
“r s high x x=0.25 E;
e
o2 | "HOTeLN24 4 4 3; o(1-2)
: (examples of measurements) . . ... ; . . _OF; _ 2
° 10 10° 10’ 10 810gQ2 = Q(w Q )

Q% / GeV?

A clean way to constrain the gluon and to extract the strong coupling
C.Diaconu 24
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Charqged Current

G ~T+T+ 1=y (d+s)
Goe ~u+tc+ (1—y)*(d +73)

« e p most sensitive to d(x, O°)

- e p most sensitive to u(x, ()

Disentangle quark favours

0.75
0.5
0.25

HERA Charged Current

# Hiep
O ZEUS ep 98-99

% H1e*p 94-00
O ZEUS e'p 99-00

— SMep (CTEQSD)
--- SMe'p (CTEQ6D)

J\II[ T \l\HHl UL

Q? = 280 GeV?

!llll

IILJIHJ

I \IIIH‘

Q% =530 GeV?

| 4

JHI[ T \IIIII\] U LA

- Q@%=950 GeV?

[N

[

PR P
i T Q@?=3000GeV? | Q°=5300GeV® |
i T 1; T 1
- T T . 7]
i \ T i T *xx 3% ]
jllll Il llHI![ l‘]‘( HA?!IH‘ 1 IJIIlHl 1 1‘*& lTjHIi Il l’II!IJ] Il | Y IT
ill[ T WIH\H[ T LB Igi\f‘ T I\IIIH‘ T 1!\1\££1II T \IIIII\! T F‘HI&
- Q®°=9500GeV® | Q°=17000GeV® |  Q°=30000GeV® |
:HII‘ i | lHH[ Tﬂ ﬂ_";IHJ 1 llllld '1*5 \"l_'—l 11[ L1 IIIHI | Rl;
-2 -1 -2 -1 -2 -1

10 10 10 10 10 10

X
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Sharpen the output: H1 and ZEUS data combination

. 2
=+ Z 57

J

X:.Zexp (Mi,true, aj) — Z

i ¢ J

“Double” the statistics
Extra-constrain the coherent systematics / #

H1

O

(N

N

C

Di ir combined

Example

From HERA | ZEUS

Improve the precision by “cross-calibration” of the systematic effects

C.Diaconu



0.8

0.6

0.4

0
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H1-ZEUS cross section combinations

HERA I e"p Neutral Current Scattering - H1 and ZEUS

T I ‘ T I I

I T I | T T I | T T I | T T I |

x=0.002

e HERA I (prel.)
O ZEUS
O HI

1153 individual NC/CC (HERA | data)
averaged to 554 points

— H1 2000 PDF
— ZEUS-JETS

HERA $fructure Functions Working Group

10 10~

High Precision => PDF’s

27



The PDF determination: factorisation and evolution

2

® f(z, Q)

g — C —
DIS le%gr%%ativg 8(I:'SOH l non-perturbative

factorisation

PDF Parametrisation at scale on . typically 20 parameters
XPDF(x.07) = Ax"(1-x) (1 + dx + e /x + fx* + g°)
4 A

|
| \

08 — ,,.,,__‘]; —X o

f \
,." high \x suppresion Parameters Ab.c.d.e.f optimised in fit
) for each PDF

0n ! .
governs low x behaviour
- "
some parameters constrained by sum

PDF(x,0.2)

0.5
|
04 “"
03 :' rules e.g. momentum sum = 1
0?2 ’l"
;
01 Y
J u,dx=2 ) d, dx=1

0 3 X .
10 10
x
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The PDF determination: factorisation and evolution Q2

_ 2
OpDIS — Cleptonﬁv}ggggon Y f L, Q

perturb non-perturbative

factorisation

PDF: parametrisation at scale Q2

Evolution in Q? calculable in QCD (DGLAP):

52 fi@,Q2) = Y. P @ fj(x, Q)

The PDF's play two (equivalent) roles:

. nucleon chemistry: understand how the baryonic matter is made
. predictions via factorisation ansatz (for instance for LHC)
C.Diaconu

X

f(z, Q% = 10000) 4

;IO-S 1
f(x, Q% = 1000)
1073 1

_ Qf

f(ch‘Q? = 100) <0

O @)

e 1

parametrisation

29
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The common fit of the combined HERA | data

l"l

xS (< 0.05)

L] lllllll L] L} lllllll L] L 'll'lll L] L A A A

2003 Q* =10 GeV?

—— ZEUS-JETS (prel.) 94-00

uncorrelated uncertainty _

[ correlated uncertainty

H1 PDF 2000

Bl exp. uncertainty
] model uncertainty

xg (< 0.05)

10+

1073 107 10"

S
»

Experimental+Model uncertainties taken into account
Errors of the fit estimated using Ax?=1

Hl and ZEUS Combmed PDF Flt

08

0.6

04

02

2009 | P=10GeV?

—— HERAPDFO0.2 (prel.)

- exp. uncert.

|:} model uncert.

- parametrization uncert.

xu,

April 2009

HEIRA‘ Stll'ucture. Flinct.ions W"orl.(in;‘; Groui) l

1073 102

Improvement in precision is visible, originate mostly from data combination

30



HERAPDF compared to global fits

Global Fits: include more/diverse data from pp, fixed target

1 ! LI I LR i UL B R | b Ty TTTTT] J rrrrrey ot 1 ! LR ’ L ’ N REREAM ‘i"""
= - Q?=10 GeV?> | %= . Q*=10 GeV

08| = 08

O\ X8 (x0.05) = HERAPDFO.2(prel.)
(exp+model+param)

I MSTWO08 68% CL

(€ (x 0.05) ) HERAPDFO.2(prel)
(exp+model+param) \ - 0.6

I CT1EQ6.668% CL

04

xS (x 0.05)

02

Interesting comparisons and studies of PDFs for LHC
HERA PDF: A fit of a coherent DIS data set

C.Diaconu




o, (x Q)x

10

10

10
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The combined data compared to the fit

H1 and ZEUS Combined PDF Fit

E +
S x =0.00005, i=21 ® HERAINCe'p (prel)
Y s x=0-%(x?0((}>(i)5i;=2019 ) Fixed Target
- X=0U. ) 1=
8 .’::::’:". x = 0.00020. i=18 B HERAPDFO0.2 (prel.)
*® x =0.00032,i=17 (exp. uncert.)

— .-% x =0.0005, =16
s '-M x = 0.0008, i=15
B .,M x=0.0013,i=14
= .—M x =0.0020,1=13
E . W x =0.0032,i=12
B '--W x =0.005,i=11
3 OW x =0.008, i=10
E W x=0.013,i=9
: '-’W x=002,i=8
E ¢ Wﬂmﬂ x =0.032,1=7
- R, e 80000000 00vetes oo x =005,i=6
. pgEonod
- pediy—E—e O OO0 OOO0EL e oo x=008,i=5
- et ERENEE————ege eteeetog o oo x=0.13,i=4

OO TR —eve x=0.18.1=3
i M T
. * x =040, i=1
T M x = 0.65. i=0
. 1 Ll lljl . lll 1 1 l‘ll“l L L 'llllll - 11111 1 1 Ll Ll

2 3 4 5
1 10 10 10 10 10
2 2
Q% GeV

=k

D

2 e
S sz _ Loyl 20
B NG = 32 h Vs
& 7h dxdQ? 2ma?Y,

Precise data in the scaling
violations regions (gluon)

Coherent data sets combined:
vast coverage of the proton “map”

Dramatic increase in precision

HERA Structure Functions Working Group
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HERA and LHC

LHC parton kinematics

10 L L L B R S A N R L B B R L B L B AR R

M= 10 TeV

108 ;— LHC

10" F

Q2
L Q2=M2
(GeV"I 6 3
]_05 L f(x,Q* = 10000) ﬁz
Example
pp: W (at rest) corresponds to 10 M= 100 GeV o, = 1000
Q?=M,,2 =6400 GeV? :
10°
x=0.2 for Tevatron (1.96 TeV) F go S = 100 4=
F >
x=0.005 for LHC (14 TeV 2 L : 35
( ) 0 E M = 10 GeV % Eo'fg’
[ DGLAP e e
16 g_ (theory) E PD
10° peeml o s psnend ol o '
107 10° 10 10° X -
parametrisatio
x n

DIS data is the support for LHC predictions (beware the very low x!)
Precision in PDF’s is mandatory for some areas of LHC physics

C.Diaconu



Predictions for LHC, some examples

N.Adam et al.
. ) ) o T T ] Z — I'I" NLO Cross-Section arXiv:0802.3251
- | ! I I |
o(gq — Hqq) [pb] ] 2400/~ im0 eer
Vs =14 TeV l . %’ i
s MRST —— - __ 2200 ¢ ¢
CTEQ =3 L i
""" o [ ]
1 » 2000 — -]
[ 1.2 i ]
i 1'11? e SIllieeel 1800 — e swsTve (NNLO) CTEGe1  WRSToH (NNLO) o (NLO)
105k el PDFSet
b ﬁ . . N
1 Total Theoretical Uncertainty (%)
- 0.95 Uncertainty Cross-Section A | Acceptance AA
0200 Missing O(a) EWK 038 £ 0.26 0.06 + 0.21
0.1 . Total QCD Uncertainty 1.51 +0.75 2.55 +0.79
100 1000 PDF Uncertainty 3.79 1.32
My [GeV] Total Uncertainty 4.14+0.3 3.0+0.7
Various fits give incompatible results PDF error dominant for some standard signals

The variations in the P spectra due to PDF's can be limiting factor for non-resonant searches

More precise data for PDF's is the best medicine

C.Diaconu 34



Example: W boson production at LHC

Without HERA Data

HERA | data (one experiment)

Only the fit uncertainty shown here, no model variations
The step in experimental precision is significant ~2%

A.Cooper-Sarkar and E.Perez

HERA | combined

E) 2 (assuming DGLAP) : 2r gt BT
n B . ] ‘15| :!
o L TR S \ : ;
2 a1} | ; HERAPDF 0.1
O g
% 0.5 [/ 0.5 L
if 1 , 1 : 1
QS 3 ~Cre—— e E (ﬂ F 3 09-‘? E K
20 | 1 ——— 10%p == =
Py . . oveireven reverreves: R AT R 3
432 4.0 1 .23 % 433232012 3% D483 44043349
W rapidity W rapidity W rapidity

More data to be included:
HERA Il data high x/Q? => ultimate precision to be obtained

C.Diaconu 35



R = (TL/O'T = (F2 — 2.’L’F1)/2.’L'F1 — FL/Q.’IJFl

C.Diaconu

Longitudinal Structure Function F,

o, = F,(x, Q%)

=0 for spin Y% partons in QPM
(Callan-Gross)

Breit Frame

Virtual Boson Quark Lines
Boson helicity &
_— —
\/\/\/\/< —_—
N

Helicity 1/2 quarks

Fr(z, Q%) ~ aszg(z, Q?)

Altarelli, Martinelli, 1978

2

U—, - F(x, Qz)

Y,

Fundamental form factor of the proton
Proportional to the gluon, important for PDF's
Discriminate between theoretical approaches

0'5 T IIIIII‘ T llIIIIII T IIIIIIII T IIIIIII TTTITm 0~5 TLI! |!|"1 T IIIII‘ T IIIIIIII TT Illll T 1T
Q’=5 GeV? W Q=20 GeV?
0.4 _ o — 04 —
A NLO fit A
—— NNLO fit \
O\ resum fit TN
03 1y — .~ 03 I~ W 1
‘\-,. '( %
\ u:‘
- A — 02 \ M\ =
0 b \ \'\ '\
" Ny
s \Y
01 L - \'\\ i _ 0.1 x -
N3
\ \
‘ 111 ‘ I I 11
0 ‘ I III -;lllllll-l 1 1 n _‘ ‘I

R.Thorne, DIS08
Experimental Method:

keep x,Q? constant, vary y: ys=y's'=Q?%/x

Vary s : Special Runs Ep=460,575 GeV

Fi, ~ C(y) * (0(E,) — o(Ey))
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F, averaged in each Q2bin

H1 Preliminary FL

— 1
e ] — HI1PDF 2009
5 - @ HI (Prelim.) - - CTEQ 6.6M
~ | E, =460, 575, 920 GeV --- Alekhin NNLO
L MSTW NLO
- I MSTW NNLO
(=2} M~
- n (e o] ™ M~ L N o &N M~ o
(=] =] *~— -~ N &N 8 nH w (=2] n o™
x§ 8§ 888 58§88 8¢ ¢ ¢§
05— = =& = o = e =T = R =
0_
1 1 1 1 1 1 1 1 | | 1 1 1 1 1 1 1 I
10 10°
2 2
Q“/GeV

Work ongoing to extend to lower Q?/x: test QCD, constrain gluon

C.Diaconu
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Let the electroweak fo_rce be with vou : xF;

- ,
()'\( = F5

From (net) unpolarized .c;-:ip NC cross

sections the structure function .:-Jff-;, IS
determined

- }-’ N L
.

~ Z interference dominates 1 F,
sensitive to the valence quarks and
only weakly Q* dependent

vF]7 = Z(2us +du + A)

A = 2(ugeq — U+ c— )
+(dsea —d+ s — 3)

C.Diaconu

.)

Yo

1/ 33—11

) i Y,
HERA
‘?"-cﬂ 1 | R LY | . """_ :\2'-‘—-:'-': I- | L L | i
3 H1 (prel.} L ZEUS (prel.) -
08 - 08 1 -
L | ©%-1500 GeV? L Q%-1500 GoV?
0.6 I [ 4 0.6 L __
01 [ /i/ }\} i 04 [ {Ii ]
02 [ { } ] 02 | ' I i -
I -\I: ]
0 T 0 l 1
10° 10" 1 10 10" 1
X X
s, ! v an
= L H1+ZEUS Combined (prel.)
08 Q=1500 GeV? ]
—_— T 20000 PL
06 ZEUS-JETS PDF -
0.4 :._ { --___ s _.I._.:-_'Ij-}:\.\ ]
02 T l I i\ ]
0 . — %
10° 10" i
X



HERA |l results with polarized beams

Charged Current e’p Scattering

HERA can run with e* =Nk I A R A B A R
and both e-beam polarisations (P=0.25-0.4) 2 & ep - vX -
S L e H1 2005 (prel.) i
n n © 100 — © H1 98-99 —
B ZEUS 04-05 (prel.)
e _ e p i R |
o p(P) — (I:EP)UP_O i A ZEUS 98-99
R 80— e'p —» vX _|
- é ® H1 99-04 7
CC: linear dependence established in DIS I e 4 ZEUS 06-07 (prel.)]
B A ZEUS 99-00
at HERA 60 - 3, -
- CTEQ6D i
_ _ - -~ MRST 2004 i
Compatible with V-A structure a0 b ' B
(no RH currents) _ N .
200 AT @2>400 Gev? ]
- y<0.9 .
1 "I 1 | I 1 | | 1 | | | 1 | | | J
03 0.5 0 0.5 1

It may be concluded that positive muons produced
by interactions of high-energy antineutrinos with
nuclei have a longitudinal polarization oriented along
their momentum direction. Within the eXperimental
errors the helicity is found to be +1, consistent with a
purely V, A form of the interaction. An upper limit

CHARM (1979):
v, N—uX
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Proton as a laboratory for the stronq force

Investigate the

Hadronic Final State ~ ———>  gh' &

—.- 4’-
_;L
3 -: X 1 l 2
X P I Mj
N ‘_r __________ } M3 =
e /00001 E ~Y
S %) g
p i‘. .__;'_'_' p " ?_-_.-:-
L, P,
(b) ©)

Jet production probe:
-the strong coupling
-gluon density in the proton

C.Diaconu 20



Running of the stronqg coupling

e (Q2) = oz )
1994 T T Blag (12)) log(Q7/12)
— ITTI T T TTTIIT] | TTTITT] T T TTTTTT[
N@» e [l - data .
0.5 (b) - o, from Jet Cross Sections
- H1 Preliminary
- (1= Q) for Q? < 100 GeV? (HERA )
0.4 - . I * o (1 =Q)for Q%> 150 GeV? (HERA I+lI)
i & Combined <u (u)> }incl., 2-, 3-jet)
0.3 from Q%> 150 GeV
L N NLO uncertainty
0.3 .
0.2 :
L . )
0.1 Lol ol ol ol 0.1_ ! ] Lo ! ! ! Lo |
10! 107 104 104 2
10 10
Q" [GeV?] Q/ GeV

Uncertainty largely dominated by the theory !

C.Diaconu 41



Strong force measurement

—exp. uncert.
H1 high Q? jet multiplicities Lo th- uncert.
Hipreilm-080317 L eeecamaaness
H1 low Q% incl. jets
Hlprelim-08-032 ] __________________ ::_-_' ..................
H1 norm. incl. jets B
Phys Lett B 653 (2007)134 T
ZEUS incl. jets
—e— T i
Phys Lett B 649 (2007) 12 —— .
) ) L o, =0.118 0.003
HERA comb. 2007 incl. jets | -
H1prelim-07-032/ZEUS-prel-07-025 ciemieeee
25 =
ALEPH 4-jet rate
rPhvs 27(2 i
Bethke @
Prog.Part.Nucl.Phys.58:351-386,2007. 24 Ll n
I | | 1 I | 1015 1016
0.11 0.12 0.13 Q[GeV]
”“‘Mz) hep-ph/0407067 B.Allanach ... P.Zerwas

Present precision:
0.6% (exp) +3-4% theory

Fundamental Measurement: a bridge to the future
More data to come (combinations)

C.Diaconu



Proton's charm

The proton “contains” charm (1.6 GeV) and beauty (4.4 GeV) quarks

cc
HERA F,
| — - — - —_—
+ =l x=0.00003 (4" O H1HERA I (D¥) i
10— 000005 (x4 O H1HERAI(VTX) 3
- - x=0.00007 © ZEUSHERAI(D®H = |
0] (x4®, © ZEUSHERAI(D',D’,D) |
> D*, D+, etc. 10 7 x= 000013 ZEUS (prel) D}gERA II: -
C ' i ° x4 HI (prel.) HERA II: ]
= Displaced tracks 10°f x= 000018 (<4 JHpre) YAl
B x = 0.0003 (x 4"%) 1
10 31 _ x=0.00035 (< 4') .
- . x = 0.0005 (x 4% 1
107} x = 0.0006 (x 4'%) =
109 x = 0.0008 (x 4'") B
g x =0.001 (x 4'% ]
10 5; = x=0.0012 (x4’ =
- = . x=0.0015 (x 4°) g
. 4] == .
ce/bb Fcc /bb 2y Y Fcc’,x' bb 10 - B & x=0.002 (x4 E
Or — Lo — Y / +L 1031 e | x = 0.003 (x 4°)
f Sl x = 0.004 (x 4%)
2 W

. 10 “¢ i} = 0.006 (x 4*
About 20% of the proton is charm : T B
10 | Mt X=0.008(<4) N
NLO OCD W® o x=0012
B H (X 42) n
1 | — CTEQSF3 ’T’::j—l -
QCD tests 1; _____ MRST2004FF3 x = 0.02 (< 4")
-1 L x=0.03 |
10 ¢ + 0 S 0, 3
. § 4§ (x4% 3
Further constraints on PDF’s F et T ]

2 3

gluon 1 10 10 10

2
Q* (GeV?)
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Proton’s beauty

About 1% of the proton is beauty

Flavour control in PDF is crucial
for some aspects of the LHC physics

More data is available
for the final heavy flavour analyses

~bb

0.02

0.01 |

0.1

0.05

0.04

0.03

0.02 ¢

0.01

H1+ZEUS BEAUTY CROSS SECTION n DIS

Q SGeV

Q = 12 GeV

Q 25 GeV

Q=200 GeV” |

MR EET] B A T
] Y

Q=650 GeV” |

100 10 10

« HI (Prel.) HERA I+II VTX
= ZEUS (Prel.) HERA I1 39 pb™' (03/04) p
1 v ZEUS (Prel.) HERA II 125 pb™' (05) 1

1 — MSTWOS (Prel.)
{ CTEQ6.6
e CTEQS5F3
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Hard Diffraction at HERA

10% of DIS events are diffractive:
produced via an colourless exchange

assume factorisation:
determine the structure of the diffractive exchange

empty rapidity region (gap)

or intact proton detected
down the beampipe
(roman pots)

I/N(dN/dn )

fa)

H1 ep — €' Xp'

[i[] L H
DDD'_‘_‘E

Y

e HI data 1994 200 nb1 .
CDM
MEPS .
Y |
"
o o o 4 o * A
. ¢ !
| i [
2 0 2

T] max
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I
3%x,,0,00)

C.Diaconu

10

10

10

“Diffractive” proton structure

HERA inclusive diffraction

X,p=0.003

® ZEUS LRG (M <1.6 GeV)x0.87
© H1 LRG (M<1.6 GeV)
H1FitB

- H1 Fit B (extrapolated)

o 3_'§ B=0.027 (1=7)

.
.
.

. $=0.043 (I1=6)
2T
o 8-
A
; ¥ G P=0067 (=)
e 8.-0

ﬁé‘ri =0.107 (1=4)
@ l¢9§‘
i ®
L7 1%‘1.0—-. B=0.167 (1=3)
o
o q}q‘“!
e o B=0.267 (1=2)
5 o 9 W
o § ®g¥

.- B=0.433 (1=1)
- ° .Q,s W ]

- (=0.667 (=0)
-------- .E E e o0 ,u,!! % i 3
2
10 10
Q? (GeV?)

2

D_ D D
o, cF,— _y sFL
1+(1-y)
- - D
H1 Preliminary F
L
G~ 0.04r
o :
& 003 el
“& : 2 2
5 002-_ Q° = 13.5 GeV
(= I - X, = 0.003
L. [
o 0.01F
P N
oF
E H1 2006 DPDF Fit A H1 2006 DPDF Fit B
-0.01 — —Xp F{ —Xp FY
- o Xyp F)
-0.02 C 1 L 1 1 L1 l 1 L L L L 1 11
10™ 1
Unique measurement, B

in agreement with the theory

H1 and ZEUS corrected to the same phase space
Ready for combination,more data to come: constraint diffractive phenomena at LHC
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209 GeV

HERA as collider at Fermi Scale

before LHC (pp, 14 TeV)

e %+  FERMILAB
1.96 TeV
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e eV LeptoQuarks Searches
>L‘b<
q g

> 10°F
Lepton-jet resonance S 10°k NC
e+iet 2 10
[} C
- > L NC, P=-27%
w 10E Tt (prelim.)
| —sM

"t

C.Diaconu

SM uncertainty

50 100 150 200 250 300

—h
<
[

Events / 20 GeV
> <

15— — SM

M, ./ GeV

CC

CC, P=-27%
-o- H1 data (prelim.)

SM uncertainty

50 100 150 200 250 300
M,/ GeV
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Multi-Leptons from ep collisions

H1+ZEUS at 2P _>100 GeV
| DATA SM prediction

e’p 7 194 +0.17 2.60
ep 0 1.19+0.12

Multi-Leptons at HERA

® H1+ZEUS (056 fb")
= SM
SM Pair Prod.

Events
3

1 120 140 160 180

> P, [GeV]
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HERA end of run: June 30, 2007, 23h30

h] Current (mA]
23333337 Momentum(Gev/c] Lifetims(h] CUELET o o

HERA e+
p: 86.094
Main Usexr: H1/EEUS
#isto

12 13 14 15 16 17 18 19 20 21 22 23

Thank You HERA
R-I.F.

It will take a few more years to obtain the final precision
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LheC e(70 GeV) x p(7 TeV)

Next machine

ECFA Project

e
” !MJ/'I ”
3 m :
 gfe Bofeo :
5 EzS 8080 |
- pEpodpont m
TR YT TR TR RS E TTETArS S TTTTR TS TN AT A [T

-1r7

o v - en o)
< o o o < < e -
- o L — — L) ]

>
&
&
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Conclusions

« HERA was an unique collider at the energy frontier and a three decade
endeavour with fundamental contributions

— Proton structure measurements over an large phase space and with 1% precision
— Decisive tests of the QCD in all regimes
— Investigation of the energy frontier

« Data harvest is still under intense analysis

— Will hand over the best possible physics outcome to LHC and beyond

“...the search for ever-smaller and ever-more-fundamental particles
will go on as Man retain the curiosity he has always demonstrated.”
Hofstader, 1961

C.Diaconu
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Backup
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Gluon counting

"

1 HLPDF 2000

Aix, Q%
4

number of gluons in long. phase
space dz/x : xg(x.p?)dx/x °

occupation area:
nr of gluons x (trans size)?

- Q%210 GeV?

| i\ NN
2 ARy ‘ . "
£, )= xR i) N
9] )/-tz \ N
saturation starts when: +—— _ '
as(p?) o dx o RO
T;Ig(;r,/./, )T Z R

gluon density is very large:~ 90 or 45 Gluons ' ' ' ' '

. - -1 -
with R ~ 1 GeV-'we obtain: 0.9

10GeV—1

100~ 7




Polarised lepton beam, polarised (H,D,...) targets

OLL = %( < 05)/2 = 9]1)’”(357(022) — %Zefl [qu,n(ijQ) + Agp’n(ﬂfaQQH

U.U/s
~—

2 2
006} © HERMES (Q’ < 1 GeV?) A ~0.33
e HERMES (Q° > 1 GeV?)
0.05F « SMC (low x - low Q%)
004k * SMC Use final states and angular distributions to
o E 143 further pin down the spin
0.03F <= E 155
0.02} momentum helicity transversity
distribution distribution distribution
0.01}f
q(x) Aq(x) dq(z) = hi(
(3] ST . * **ﬁ' 'O*Ogt:) l
T
5 © @-to- é) é)

basis of transv.

helicity basis o
spin eigenstates

all three DFs needed for complete description of the nucleon!

1) SNSRI S N N .,\g ‘ Level arm in Q? notllarge: .
L | O gluon contribution not constrained

.0.01F => semi-inclusive data

95
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'"HERMES PRELIMINARY

Collins

Ac OC(gq(X)[{lL

Asymmetries

information from another
process on Collins FF
(BELLE) allows extraction
of dq (eg Anselmino et al
Phys.Rev.D75:054032,2007)

—
'5’3 02 Fm K+
7)) u +
0 7t
F oisfF
= C
= X
'a 0.1 —
S -
N 005 — "
-0.05 | +
-0.1 f
-:/5 %l |
C A :
“» 015 K
g of SN
+ -
% 0.1 | |
L 005 = I
e
-0.05 | A
-0.1 H
£-15 lll01llll
C.Diaconu

Sievers

0.25

0.2

2 (sin(¢~0g))uT

0.15

0.1

0.05

0.15

0.1

2 (sin(-0g))T

0.05

-0.05

-0.1

O =
.-4+;<+

bt

UL} lllllllllllllllllllllll

e
(m]
(m]
ﬂ_._
-1

-0.15 b

describes correlation between intrinsic
transverse quark momentum (pr) and
transverse nucleon spin

Implies non-zero
angular momentum
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o~ Fy(z,Q%) + f(y) Fr(z, Q?)

1.5

C.Diaconu

Direct FL measurement

B E,=920GeV
* E, =575 GeV

= ® E, =460 GeV
\

— o¥2° H1 PDF 2000
— o°7° H1 PDF 2000
— 670 H1 PDF 2000

B ' - - F, H1 PDF 2000

Example of a Q2 bin

| Q2=25GeV?

1 | lllllll |

&

T‘\

.

L L 111l

10

-4 3
10

X

G, (X, Q% 'y)

1.2

1.6

1.4

1.2

Method:

keep x,Q? constant, vary y: ys=y's'=Q?/x

Vary s : Special Runs Ep=460,575 GeV

Fi, ~ C(y) * (0(E,) — o(Ey))

Q? = 25 GeV?

x = 0.00049

o

x = 0.00062

x = 0.00076

H1

e

..................

- x=0.0010 x = 0.0016 " x= 0.0025

i H1 Data

; m E,=920GeV
f** - % E,=575GeV

o Ep = 460 GeV

0.2 04 06 08 0

0.2 04 06 08 0

0.2 04 06 0.8
y2/Y
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H1 Preliminary FL

Direct FL measurement

medium & high Q?

‘8 1.5F Q@*=12 GeV? Q%=15Ge\? Q% = 20 Ge\? =25GeV?
< f 3
05 :__ir . = — &t
T —_— — —
of h - F*
1.5F Q° =35 GeV* E Q% = 45 GeV* =60 Gev2 Q° =90 GeV*
1F E 3
0.5 -\\\\\&-——_“ ;:\\“-\#__~“ \ ‘ :\\\\_\ L
OF ““““; ¢ 3 I
15F - 12[0 G F oroimcev OF - 200 GeV?  O°- 250GV
1F 3 3 3
0.5 _‘\\_\ r '_ \\\_\\ E F S~ ﬁI 2
R
1.5F ol2 =300 <3u;v2 ‘;' o2 400 G;v2 ] Q2 500 Gev2 o2 650 Gev2 .
1F E 3 3
osf — F b — S I
o i e
1'? . 0P=B00GeV* 10° 102 10" 10° 102 10" 10° 102 10"
O'g o~ ® H1 (Prelim.)
. i E, = 460, 575, 920 GeV
10° 107 10" — H1 PDF 2000
X
C.Diaconu

ZEUS

T T
Q’= 32GeV?

T T
Q%= 45 GeV?

i e ZEUS (prel.)
— ZEUS-JETS

]t ____________

Q%= 110 GeV?
85 =
1o
s =

225 GeV (14.0pb™)

318 GeV (32.8pb™))

252 GeV ( 6.0pb™Y)

Measurements compatible

with QCD predictions
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Gluon contribution to the spin

Understanding the gluon is crucial for the proton structure

Extracted via semi-inclusive processes: meson production in polarised DIS and pp (RHIC)

Global pol-analysis: extract polarised PDF's

COMPASS, open charm, prel., 02-06

COMPASS, high P Q%<1 (GeVic)?, prel., 02-04
COMPASS, high p,. Q%1 (GeVic)?, prel., 02-04
HERMES, high p_, all Q?

HERMES, single high p,_hadrons, all Q2, prel.
SMC, highp_. F >1 (GeVie)?

GRSV at u?-3 (GeVic)?, tst. moment = 0.2,0.6,2.5
fit with AG>0, p?=3(GeVic)?

= fitwith AG<0, p?=3(GeVic)?

T GeFiokah BRAIT T T T

7/ arXiv:0804.0422 \
XAg

H <> 40

0.2 OYo.s

lllllllll{l'l

0.1 0.4

\
\
/
RN RN NN,
o
(=2}

o 1 -01 0.4F |
- — — GRSV max. Ag . o 6: : . 5
~ -+ - GRSV min. Ag R F
- 1 1 IIIIllI 3 1 1 lllllll l 1 L1 1111+ = _0_8_—
10-4 10- F | ] L gl ] L
X -1 > ”
10° 10° X

Extreme options now excluded
Extend x-range in pp at RHIC
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(R

0

C.Diaconu

or

r

Indirect Determination

Fy(x, F) -

Illll

|

I IIIIHI

|

Illlllll

Q° =200 GeV
k5

Jocky

T

|
1o
. e
u i \\"\ _
' .
n : \. |
: R}
- y=0.75 * -
n \.‘\ -
||1|| || |1||||| [ 1111|1| L L LA
L ) |
10 10 10 |
X

2

!
Y,

H1 Collaboration

- Fix, Qz)

L, 1.6_

0.6

see bending at high y
assume F2 -> extract FL

1.4

1.2

0.8

“indirect determination” -

0.002 0.004 0.008 X
T T T T T T l
e e'pHI199-00
e p HI 98-99
F<pp i
B 2(/]]/_, N i
Dy: 200 ]
y=0.75
H1 PDF 2000
| — HI Low y fit

H1 Collaboration

200

300

400

500 6002700 800 )
Q%/ GeV
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-> e+e- collider(2000)
E_,=90-209 GeV
Lumi=900 pb-1/exp.(phys)
ALEPH,DELPHI

L3,0PAL

SLC: polarized e*e
at Z peak

Colliders at Fermi Scale‘

FERMILA

-> pp collider: CDF, DO

Runl E_=1.8 TeV
130 pb-'/exp.(phys.)

RunllE_ =1.96 TeV

2011 -> 8-10 fb™"

-> e*p colllder
E.,=320 GeV
H1 ZEUS
HERA | 120 pb-1/expt(phys.)

HERA Il 2007 ->800 pb‘1(de|ivered,ei,iPe)
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H1 Preliminary medium & high Q

> 15F Q*=12Gev’ [\ Q°=15GeV’ | Q*=20GeV’ | ' Q*'=25GeV’
o™ ot L L
o .
> F ]
S
o - g
Q° £ 90 GeV?
0.5} i
15l Q3=120GeV® Q*=200GeV® | Q=250 GeV*
: 2
1} : : 3
0.5} - - -
1.8 [ Q°=300GeV® [ Q?’=400GeV® | Q?’=500GeV® | Q%=650GeV’
. v i X . \
1} g [ - ¢
- f 5 .
0.5} - - t i +
15} @ =800GeV* 10° 102 10" 10® 102 107 10° 102 10"
1 . M E,=920GeV — o;*°H1 PDF 2000
1 o
. * E,=575GeV — o;”° H1 PDF 2000
05fF . T ® E,=460GeV — %°H1 PDF 2000
-3 -2 -1
19510 10 - - F, H1 PDF 2000
X
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MSTW 2008 (input data)

Data set Npts.
H1 MB 99 etp NC 8
H1 MB 97 etp NC 64
HI low Q2 96-97 etp NC 80
H1 high Q% 98-99 ep NC | 126
H1 high Q% 99-00 eTp NC | 147
ZEUS SVX 95 e*p NC 30
ZEUS 96-97 etp NC 144
ZEUS 98-99 e~ p NC 92
ZEUS 99-00 eTp NC 90
H1 99-00 et p CC 28
ZEUS 99-00 e*p CC 30
H1/ZEUS e=p F5harm 83
H1 99-00 eTp incl. jets 24
ZEUS 96-97 eTp incl. jets 30
ZEUS 98-00 e=p incl. jets 30
DD Il pp incl. jets 110
CDF I pp incl. jets 76
CDF Il W = Iy asym. 22
D@ Il W — v asym. 10
DO Il Z rap. 28
CDF Il Z rap. 29

Data set Npts.
BCDMS pip Fy 163
BCDMS pd F; 151
NMC ip Fo 123
NMC pd Fy 123
NMC pin/pp 148
E665 pp Fo 53
E665 1ud Fy 53
SLACep Fy 37
SLAC ed F, 38
NMC/BCDMS/SLAC F; 31
E866/NuSea pp DY 184
E866/NuSea pd/pp DY 15
NuTeV vN F 53
CHORUS vN F, 42
NuTeV vN xFj 45
CHORUS vN xF3 33
CCFR N — ppX 86
NuTeV vN — ppX 84
All data sets 2743

C.Diaconu

® Red = New w.r.t. MRST 2006 fit.

H1, ZEUS: FE™P(x, QP
BCDMS: FIP(x, @), F%(x, @?)

NMC: FEP(x, GP), F(x, Q), %E—ZQ;
0,

SLAC: FE°(x, Q?), F9(x, P)
E665: FLP(x, @), Fi(x, QF)
CCFR: F7P(x, Q3), FY"P(x, Q?)

E605, E702, E866: pN — puji + X
E605: Drell-Yan p, n asymmetry
CDF: W rapidity asymmetry

CDF, DO: Inclusive jet data
CCFR, NuTeV: Dimuon data

q,gatall x
g at moderate and small x

No prompt photon data are included in the fits nowadays
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Proton's beauty

H1+ZEUS BEAUTY CROSS SECTION in DIS

| © I 3E
o | Q 5 Gev? 1 Q _ 12 GeV? t Q 25 GV’
e 0.02 T 1 :
HERA |l data with lifetime methods i
More data available for ultimate precision _
0.01 - . T -
Flavour Control In PDF IS CrUCIaI 'Hi t HH;| -+ HI t 2l’€__H!i +— HH;] ] t 2!!_
. =1 1 =2 ]
for some aspects of the LHC physics Q=130 Gev st aey ]
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0 ::::} : :::::;} :'.:m:':::::I 2' R
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004  Q=00CV
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Jets production at Tevatron /
, XT = 2pT / sqrt(s) T /

10A05‘ ___ o1 0.2 04 e
2] E inclusive jets: Tevatron Run Il w o - T
o 08 - <0. . . .
E - s Impressive achievement in energy scale control (1%)
T o6 kb qq — jets o .
g : _ : Sensitive to gluon at high x
T 04 99 — jets . Precision with present global fits
g o2 | , R (partially) Included in MSTW, more to come
= . gg — jets 1
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W asymmetry at Tevatron

New electron data, in ET bins

C.Diaconu
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Promising precision for u/d ratio at high x

Similar results for Z asymmetry
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The data for PDF's

Process Experiments Constraints

DIS Collisions H1,ZEUS q,9

DIS Fixed Target BCDMS, NMC,E665,SLAC q,9

pp collision :jets, W/Z asym. CDF,DO g, u/d at high x

DIS neutrino-N NuTev,Chorus,CCFR q,9 (s)

pp/pN Drell Yan EG6O5,E702, E8B66/NuSea q,9

Global fits: determination of PDF's using the available data sets [Ex: MSTWO8 2743 measurements]

MSTW, CTEQ, AKP, NNPDF (Dis data), HERAPDF (HERA averaged data, see later)

PDF4LHC: Common effort to converge on technical and physics issues
Difficult issues:

“model” uncertainties: parametrisation, flavour/sea-valence decompositions...

“‘unknown” systematics: “tensions” between data sets, tolerances

PDF errors determination
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The (very) early days

Something must be fundamental, the 'bulding blocks'

Models:
- Aristotel, Heraclit et al., 4+1 elements “air,fire, water, earth’+quitessence

The 5t element

Octahedron
Air

TKasahedron
Tetranedron Dodecahedron Woter

Earth Fire the Univarse

- Leucipus, Democritos: “Elementary particles” =atoms+space
By convention there is color, by convention sweetness,

by convention bitterness, but in reality there are atoms and space.

Democritus (400 BC)

Asian version

—
Generates

Overcomes
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Elements, elements.... On the Relationship of the Properties of the Elements to their

Atomic Weights

. Lavoisier, Davy: show at least one of the
4/5 elements are composed, there are
chemical elements

D. Mendelejeff, Zeitscrift fiir Chemiel2, 405-406 (1869):

Ueber die Besiehungen der Eigenschaften wu den Atomgewiohten
der Elemente. Von D. Men delo{eff. ~~ Ordnet wan Elemente nach
gunehmenden Atomgewichten in verticale Reihon so, dass die Horizontal-
reihen analoge Elemente enthalten, wieder nach zunehmendem Atomge-
wicht, geordnet, so erhilt man folgende Zusammenstellung, aus der sich
vinige allgemeinere Folgerungen ableiten lassen,

« composed of “atoms”
« Mendeleev: tabulate the ~50 elements

discovered by ~1850 Tiwmb0  Zrws 90 ? e 180
_ _ Veubl  Nbaw 94 Tibww 182
- chemical properties repeat Creeb2 Mowe 96 W 186
hl!*‘n e gg gh wes 1044 ll’t w1974
- i © s U e 1044 res 198
able to predict new elements i NieCom0  Pdumi066 Opmm 199
« ==>>substructure! i YO Uy el i+ e Bt s
B 11 Al w274 7 =s 68 Ur we 116 Au e 1977
o1 . C o 12 Sl e 28 T 70 Sh e 118 :
Property Ekasilicon Germanium N s 14 PasBl . Aswu75 - Sbue122 Biw=210?
. 5 0w 16 Sexd2  Sew794 Teww128?
atomic mass \ 72 72.59 ; NF"" 1 (13{1-36.5 B0 i
. [~ [~ W - - i = 't \ -
iy ey 0 b e L T
melting point (°C) high 947 Tuudd  Co w92
color gray gray Wt 60 Dj w95
oxide type refractory dioxide refractory dioxis Pl 448 e 1490 ~
W actoly ' Y 1. Die nach der Grisse des Atomgewichts Raordnoten Elemente zeigen
oxide density (g femd) 47 4.7 eine stufenweise Abinderung in den Eigenschaften. |

2, Chemisch-analoge Elemente haben entweder (ibereinstimmende Atom-
gewiohte‘(Pk Ir, Os), oder letztere nehmen gleichviel zu (K, Rb, Cs),

3. Das Anordnen nach den Atomgewichten entspricht der Werthigkeit
der Elemente und bis zu einem gewissen Grade der Verschiedenhelt im
°hmhcbﬂn VOI'hl“Oﬂ. 2, Bo u Be. Bp C. N. 0' Fo 1 "

4. Die fu der Natur verbreitetsten Elemente lnben kleine Atowgewichte
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Light quark couplings to Z

NC/CC data=> full QCD/EW Fit: PDF's+light quarks couplings
Taking advantage of polarisation @HERA Il

H1 prellmmary (HERA 1+I11 94- 05) H1 preliminary (HERA 1+1l 94-05)

= 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 -U T T ‘ T T T T | 1 1 1 1 | 1 1 1 1 | I I I 1 |
> - 1 > - :
1 B H1 v -a v a,;-PDF (prel.) N 1 - H1 v -a v a,-PDF (prel.) -
0.5 68% CL @ - 05| 68% CL \ -
of 1 of :
0.5 [ & 1 -o5| .
. x Standard Model ] i * Standard Model -
-1- — LEP  ee-->qq at Z peak (a®?, a®+v?) n -1 — LEP B
i L 7 \CIDE L |qql->le+le- I(AlFBI) L L L | 1 1 1 L | L 1 ] i L | ‘ | L L L | 1 L L L | ﬁ CIqF\ I I L | ]

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Q
Q
o

c
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Proton resists bombardement:
elastic scattering

PHYSICAL REVIEW VOLUME 79, NUMBER 4 AUGUST 15, 19590

High Energy Elastic Scattering of Electrons on Protons

M. N. ROSENBLUTIK
Stanford University, Stanford, Californis

{(Received March 28, 1930) H OfSta dte r

Fig. 1. Diagram
for the elastic scat-
tering of a physical
proton and a physi-

3004 o peuterium 4

cal  electron. (The S H
letter *'q” with the b - 4 Free Proton g
bar through it in this 5 i
figure is the same as . .
the %el_'matﬁ Igtgr), g 200 l(-lli)glijriggtzrrwgitsD)eutenum +'i
, used in the text. °
q % 4 at500 MeV &'135 !
C
I. INTRODUCTION 3 100
: l ‘HE Stanford linear electron accelerator program 50
is expected to make available large currents of 0

relativistic electrons with various energies ranging from
0 te 1000 Mev. Among the experiments of considerable
interest which may then be performed is the elastic
scattering of electrons on protons. This mav be done
on a hvdrogen gas or liguid target. Despite the small-
ness of the cross section at high energies, the expected
large intensity of the heam should render the experi-
ments possible.
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W production

Jet, PX
Neutrino, P,™iss
g Y
p I’
Isol. Lepton, P!
Limits on Single Top Quark Production via FCNC
1
Single W Production at HERA - -
= : 2t H1
8 10°E e  HI+ZEUS{0.981b") > B (474 pb™)
é 3 sM - 0.8 A = My = 170 GeV
2 - B
o ! l + =
©
} | + 0.6 __ A= mmp =175 GeV
'8 10 E - Kth = vth =0
I pad e 1 L3
1E 1 - CDF T
C 0.2 e =T
PP PO PO TUUIT PR TUTIT PP POTIT PO B ;
0 10 20 30 40 50 60 70 80 S0 100 ol ooy oy Ly
PY [GeV] 0 0.4
IKtuyl
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~
HERA :
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LEP t
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Generic Search for New Physics
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® Hi Data
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H1 General Search at HERA (e'p, 285 pb™

Mgy Scan ® Hi Data
—— MC Experiments
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Extraordinary description in all channels

But:

no signal beyond the SM
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