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What we (do not?) know today
(Proton PDF's, Quarks, Leptons and their Interactions).

Scattering experiments: from Rutherford to Hofstadter et al to SLAC
(DIS) and HERA (DIS)

(and LHC... — more details in a few weeks from now).
Reminder: experimental observables and the theoretical DIS picture.

The most important experimental ep DIS scattering results.



What we (do not?) know today (1)
(Proton PDF’s, Quarks, Leptons and their
Interactions).

SM of particle physics (electroweak and QCD):

e Point like spin 1/2 fermions: the “Matter” particles
6 Quarks and 6 Leptons (http://www.youtube.com/watch?v=TGrDj5vFefQ)

e Interactions described with point like spin 1 bosons (v, W, Z and gluons)

e Higgs particle (or Higgs field(?)) gives “mass” to W, Z bosons and to the fermions
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http://www.youtube.com/watch?v=TGrDj5vFefQ

What we (do not?) know today (II)
(Proton PDF'’s, quarks, ...).

Protons (all hadrons) made of valence quarks (antiquarks) and
a sea of gluons, quarks and antiquarks!
The proton structure depends on the Q2 of the reaction!
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What we (do not?) know today (III)
(Proton PDF'’s, quarks, ...).

Experimental access: the proton structure, Q2 and new physics(?)

plot from R. Yoshida http://www.ppt2txt.com/r/6b7daabe/

attention: the “known” x range in the diagram is understood and SM cross sections up to the
highest Q2 can thus be calculated. We are hoping to measure deviations from the " known" .
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http://www.ppt2txt.com/r/6b7daa5e/

What we (do not?) know today (IVa)
(Proton PDF'’s, quarks, ...).

Experiments: from the Nucleous (Proton) size (188 MeV electrons) to SLAC
ep DIS and HERA/LHC
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What we (do not?) know today (IVb)
(Proton PDF'’s, quarks, ...).

Measurements: from 188 MeV ep to 21 GeV ep (SLAC DIS scattering) to
the “4n" TeV HERA/LHC collider experiments

PLAN VIEW

FIG. 2. (a) Plan view of End Station A and the two principal iC SpECLry loyed for analysis of scatiered elecirons,
(b) Configuration of the 8 GeV spectrometer, employed at scattering angles greater than 127,

Aev. Mod. Phiys., Vol. 3. No. 3, July 1891




What we (do not?) know today (IVc)
(Proton PDF'’s, quarks, ...).

Experiments: to the “4x” HERA/LHC collider experiments
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From Rutherford’s aN scattering

(few MeV Energy) to Hofstadter et al
(from the Atom model to the proton size)

e Reminder 1: the Rutherford experiment
(http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/elescat.html)

http://www.youtube.com/watch?v=hJs6PcgqMPA&feature=related

e Reminder 2: the Hofstadter et al experiments (few hundred MeV e beam)
http://www.youtube.com/watch?v=8HsFF23RiJU&feature=endscreen&NR=1

http://www.youtube.com/watch?v=pZgkaJDaz2A
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http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/elescat.html
http://www.youtube.com/watch?v=hJs6PcgqMPA&feature=related
http://www.youtube.com/watch?v=8HsFF23RiJU&feature=endscreen&NR=1
http://www.youtube.com/watch?v=pZqkaJDaz2A

ep scattering: from Hofstadter et al to
the SLAC DIS experiments (Ec = 21 GeV)

From the size of the proton to quarks and gluons:

Deep inelastic scattering: Experiments on the proton and the observation of scaling (1967-
1973) (Noble lectures R.E.Taylor, H.W. Kendall and J.I. Friedman 1990)
http://www-hep2.fzu.cz/"chyla/talks/others/taylor.pdf
http://www-hep2.fzu.cz/"chyla/talks/others/kendall.pdf

http://www-hep2.fzu.cz/ " chyla/talks/others/friedman.pdf

-
-
e ————

B |’_>U I| T T T T T T T T T T T ]
;‘ﬁ {a) 1,
ar |5 -

2 |\ LA E =100 GeV :
EE v N ."V.'“'?-ﬁr §-6° 1
:-'Q ICI'l— I| Il,'p.l' NI’I.Iﬁ A
.:J" I | '

a | |

dosr |

< N

%]
oo

T |

=

m
m
oy
deo/dadE 107 emB Gey-sr)

&
) ¥ T

T
-
1 1

Q5+ |I | . .-]

} % ot} @
P'-={M'l ’ ﬂ] 06 -

FIG. 5. Fevnman diagram for inelastic electron scattering. W (GeV)


http://www-hep2.fzu.cz/~chyla/talks/others/taylor.pdf
http://www-hep2.fzu.cz/~chyla/talks/others/kendall.pdf
http://www-hep2.fzu.cz/~chyla/talks/others/friedman.pdf

From fixed target e¢(u,v)p DIS scattering to
colliding beam DIS experiments (HERA)

The "ultimate” DIS ep scattering experiments H1 and ZEUS at HERA:

From /s = \/2E, X m, to colliding beams
V4 x 30 x 820 GeV~ 300 GeV)

L,
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Xgra
Hira
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Q.-M

204 GeV L —pg
2.2 GeV L'

0.709 4 0.034
0.721 4 0.00S
46100 4+ 1600 eV

5012 GGeV =
380 eV Q.
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0.605 £ (LOGO
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41000 £ 3000 GeV?
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About the theoretical picture of the proton substructure,
ep scattering and deep inelastic scattering (I)

Elastic versus inelastic ep scattering:

e Low energies (Hofstadter et al): elastic(!) electron-proton scattering!
“No” extra particles were created and at most nucleus was left in
an “excited” state!

e When the beam energy increases, some hadrons (pions) can be produced
and the reaction becomes more and more inelastic!

e Kinematics of the scattered electron allow to distinguish between elastic

and inelastic reactionsl!

Elastic scattering: E = EM+E(J¥1COS@)

if the observed E is smaller than in the formula: — we have an inelastic
scattering reaction!

e The “magic’ comes when the ep inelastic scattering is replaced by elastic
e-quark (parton) scattering!
Elastic e-quark scattering " looks” like ep inelastic scattering!
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About the theoretical picture of the proton substructure,
ep scattering and deep inelastic scattering (II)

Some very early ep scattering measurements

1
SLAC Experiment
H (preliminary results)
J ) 101
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gen compared with the Mott scattering formula (electrons scat- 2 2
SCATTERED ENERGY (MeV) by ppbseeninglon sl el et et Q2 (Gev)
ment) and with the Rosenbluth cross section for a point proton T i .
with an anomalous magnetic moment. The data falls between .1_"—7- 3_& Maancnc_ form-factor measurement at SLAC in 1967,
FIG. 3. Energy spectrum of 187 MeV electrons scattered the curves, showing that magnetic scattering is occurring but The dipole curve is the same as in Fig. 25, here extended to
lhmugh a0 h!l" a carbon targci_ using the apparatus in .F'IE. 2. also indicating that the scattering is less than would be expected [ 25 GeV*. Again, the agreement is imperfect, but the curve

from a point proton. describes the general behavior of the data quite well,
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About the theoretical picture of the proton substructure,
ep scattering and deep inelastic scattering (III)

Some early ep scattering measurements (DESY)
(Bartel et al, 1968 the inelastic cross section becomes more interesting, but

was inconclusive and interpreted as ‘“quasi-elastic scattering”)
http://www.sciencedirect.com/science/article/pii/037026936890155X

Volume 28B. number 2

PHYBICS LETTERS

11 November 1968
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Fig. 1. Inelastic cross section before application of radiative corrections. The momentum transfer at the peak of the
A(1236) iscbar was g2 = 0,63 (GeV/c)2.
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About the theoretical picture of the proton substructure,
ep scattering and deep inelastic scattering (1V)

Probing the structure of matter

* virtual photons (in analogy to optics) /

* BUT also:

> Z/W exchange Y

> Jet production P

=»Heavy quarks

¢ Example Deep Inelastic Scattering: * in p-rest frame:

# Kinematics: E p= (M, D}M f
s=(e+p) y=g =g =B~
Jq=e— e’ .

2 o 9 . uslng
Q_ 2% q w2 = 2
y= 22 = (g+p)
i = M’+2¢p-Q?
33:23;-_11 y-Q2+WE_M2
i 2M

H. Jumg, GG & MG, Laciune 1, Univarsly Antesrp, Dot 2011
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About the theoretical picture of the proton substructure,
ep scattering and deep inelastic scattering (V)

Space time picture of DIS

wee partons

2R(M/P)

m| Elliz, wzbacr Sirling, 250 & collider 2aysics, p 97

* Partons with finite x and fixed transverse
size are distributed on the Lorentz
contracted disc and the number of
partons per unit of long. Phase space

dx/x is rather small.

* Partons with very small x (x™ 1GeV/P),
so called wee partons are not confined
to the Lorentz contracted disc, but acc.

to uncertainty principle: Az ~ 1/(xP)

H. Jdung, QG0 & MG, Lectura 1, University Antwerp, Oct 2011
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About the theoretical picture of the proton substructure,

ep scattering and deep inelastic scattering (VI)

Space time picture: free partons 2

* Compare lifetime of proton fluctuation 7 with time of interaction =

» In CM frame P splits into q1=xP and q2=(1-x)P, with k,
T ﬁ 2 2
AE = E1 + E; — Bo = 5;105yp ~ 325

~v* four-vector ¢ = (E.,,qt,0)
with z = ;2 obtain B, = <2

2q.p 4xr P
1
T —_—
0 E,
o2 * Lifetime of proton fluctuation long compared to
AR ] interaction time
0o Q7

H. Jung, QCO & ME, Lecture 1, University Antwerp, Oct 2011
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Some more experimental details and results (0)

Around 1965 theorists didn't believe their own models:

'y

we know that. . . [mesons and baryons] are mostly, if not entirely, make up out of
one another. . . . The probability that a meson consists of a real quark pair rather than two
mesons or a baryon and antibaryon must be quite small.

M. Gell-Mann Proc. XIIIth International Conference on High Energy Physics, Berkeley, Cali-
fornia 1967.

“Additional data is necessary and very welcome in order to destroy the picture of elementary
constituents.”

J. D. Bjorken.

"I think Prof. Bjorken and I constructed the sum rules in the hope of destroying the quark
model."”

Kurt Gottfried. Both quotations from Proc. 1967 International Symposium on Electron and
Photon Interactions at High Energy, Stanford, California, September 5 9 1967.

Difficult times at the end of the 60ies when you want to perform DIS
experiments!
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Some more experimental details and results (I)

(Kendall’s review): Fig 9: cross section at fixed angles, increasing g2 and as a function of the
recoil mass: with larger g2 the cross section is " rising” cross section as a function of the recoil
mass!

Fig 11: unexpected weak ¢? dependence at constant W
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FIG. 11. Inelastic data for W=2 and 3 GeV as a function of
g”. This was one of the earliest examples of the relatively large
FIG. 9. Spectra of electrons scattered from hydrogen at ¢° up cross sections and weak g* dependence that were later found to

to 4 (GeV/e . The curve for =10 represents an extrapolation characterize the deep inelastic scattering and which suggested
to g% =0 of electron scattering data acquired at 8= 1.5, Elastic point-like nucleon constituents. The g* dependence of elastic
peaks have been subtracted and radiative corrections have been scattering is shown also; these cross sections have been divided
applied. by o
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Some more experimental details and results (II)

(Kendall's review): “During the analysis of the inelastic data, J. D. Bjorken suggested a study
to determine if F> = vW> was a function of w = v/Q? alone.” (Fig 12b)

for elastic scattering v = E — E' = ¢°/(2M) and ¢°> = 2EE'(1 — cos(6))

for inelastic scattering W2 = 2Mv + M? — ¢°> = missing mass (mass of the hadronic system)
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FIG. 12. (a) The inelastic structure function W,(v,g’) plotted against the electron energy loss v. (b) The quantity F, =vW,(@). The
“nesting” of the data observed here was the first evidence of scaling. The figure is discussed further in the text.

Rev. Mod. Phys., Vol, 63, No. 3, July 1991
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Some more experimental details and results (III)

The SLAC DIS results were an unexpected “Eldorado” for theorists. Feynman
explained the weak ¢? dependence and the scaling with the pointlike (almost

free) partons (= quarks) in the proton. This opened the way to asymptotic
freedom and QCD!

the variable Ko = Fb/zF1 — 1
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FIG. 13. An early observation of scaling: vW, for the proton - ‘. ca .
. 7 =4 G. 18. The Callan-Gross relation: K; vs g¢°, where K is
as a function of ¢” for W' >2 GeV, at w defined in the text. These results established the spin of the par-
tons as 1/2.
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Some more experimental details and results (IV)

in the following years the fixed target experiments completed the picture!
e — Neutron PDF's and the vp PDF’'s were measured!
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Fig. 7. The ratio of neutron lo prolon cross
sections, as measured n three separale MIT-
SLAC experiments (28) [(@), 15%, 19°, 26°, and
347 (A), 18°, 26°, and 34%, and (OJ), 6* and 107),
These dala appeared lo be a single function of
X = 1fw tha! decreased from unity at x = 0 1o
about 0.3 al the highes! values ol x measured.

SCIENCE = VOL. 156 * 219 MAY 1991

| 1
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Flg. 8. Comparison of structure functions mea-
sured in deep inelastic neutrino-nucleon scat-
tering experiments on the Gargamelle heavy-
liquid bubble chamber with the MIT-SLAC dala
[(®), Gargamelle, FE¥, (x), MIT-SLAC, (18/
5)FEMN]. When mulliphed by 18/5, a number
specified by the quark-parion model, the elec-
tron scatiering data coincide with the neutrino
data.

SCIENCE = VOL. 256 * 29 MAY 1992
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Some more experimental details and results (V)
Today's picture: HERA results (I)
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Some more experimental details and results (VI)

Today's picture: HERA results (II)

H1 and ZEUS H1 and ZEUS
7o w
I Q*= 1.9 GeV? I Q=10 GeV’
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l:l parametrization uncert. Py O\ l:l parametrization uncert. Xu,
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04 04
02 - 0.2
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Some more experimental details and results (VII)

Today's picture: PDF's for the LHC (I)

MSTW 2008 NLO PDFs (68% C.L.)
é 1.2 -

Q? = 10° GeV?-

u i
0 0
107 10° 1072 10™ 1 10 107 107 10" 1
X X
MSTW = Martin, 5, Thorne, VWatt 21
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Some more experimental details and results (VIII)

Today's picture: PDF's for the LHC (II)

Tevatron jets

| Atlas and CMS

Atlas and CMS rapidity plateay
] DO Central+Fwd. Jets

CDF/D0 Central Jets

HERA DIS

Fixed target
DIS
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http://www.youtube.com/watch?v=8HsFF23RiJU&feature=endscreen&NR=1

http://www.youtube.com/watch?v=71nURVXXeaM&feature=related
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