Experimental Tests of QCD

Test of QCD of in e+e- annihilation
Running of the strong coupling constant
Study of QCD in deep inelastic scattering
Hadron-Hadron collisions
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3. Study of QCD In deep Inelastic scattering (DIS)

HERA:

Electron maximum resolution:




DIS in the Quark Parton Model

v=E—E'

- Elastic scattering: W =M

= only one free variable
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My

- Inelastic scattering: W =M
—>scattering described by

X(p') 2 independent variables
Mass (E,v), (d,x), (x,y), ..
) W
P-q
x = fractional momentum of struck quark y = Pk
y = Pg/Pk = elasticity, fractional energy Q° Q?
transfer in proton rest frame (~ ~2My ~ 2P.q (Bjorkenx)

v = E - E’ = energy transfer in lab
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Elastic scattering on single quark

e* (k) e (k'
—(k —K’)
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df?

Rutherford x-section + recoil of scatter partner

struck quark
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Parton density g,(x)dx : Probability to find
parton i in momentum interval [x, x+dXx]
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Parton distribution function PDF:
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Deep inelastic electron-proton scattering:

» Free partons: F,=F,(X) < “scaling” (F, only function of x)

 Spin "2 partons: 2xF,(x) = F,(x) (Callan-Gross relation)
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Parton distribution functions

(ignoring see quarks)

Proton

Fo = x(eu(x) + () = x (u) + 33

Neutron
1 4 1 4 1
E 2” — §Un(x) + 6dn(X) ; adp(x) —+ 51"’9()()

ISospin symmetry

Considering QCD corrections: Valence quarks + see quarks

Isoscalar Target: #n=#p

FN =i[Fy + F}) = 2zfu+a+d+d + $z[s + 3]




* Indicates CMS, angles are not LI




CDHS — CERN-Dortmund-Heidelberg-Saclay Experiment
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* Neutrino Beams:

-Smash high energy protons into a fixed target == hadrons
*Focus positive pions/kaons

*Allow themtodecay 77 — u*v, + KT — putv, (BR~64%)
Gives a beam of “collimated” Vyu
‘Focus negative pions/kaons to give beam of FH

Magnetic
focussing

Protonbeam L. | f/~————--.Decaytunnel




Example Event:

Energyjﬁﬁﬁnéﬁéd_!
‘Measure energy of X
Hadronic EX

«— shower (X)

Position

*Measure muon momentum
from curvature in B-field

Ey

* For each event can determine neutrino energy and y !
Ey=Ex+E,

Ey=(1-y)E, = y=( _E_v)



Isospin-symmetry
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dxdy —
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Neutrino-Nukleon Differential Cross Section
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Cross-section for inelastic e-p scattering via EM interaction (exchange of photon):

soFe = BT (B o8 0/2 4 2F{ (2) gy sin® 6/2)

In LI representation of inelastic e-p scattering:

Lol = dna’s[(1 — y)FyP(x) + y?a PP (x)

Cross-section for inelastic v-p scattering via CC interaction (exchange of W¥*):

Lol — Gr (1 — y)FyP(2) + y2a P (2) Dy (1 — L)aFyP ()]

257P G4 v v v
o = o |(1 = ) FP(x) + y?2 Fy P (2)(Oy(1 — §)zF3" ()]

Additional PDF to allow for partiy violation.




Charged-current (W*) scattering by using neutrinos instead of
electrons, allows to determine the valence quark distributions.

PDF for Neutrino Scattering

Additional PDF F4

F,P =2x[d +U ] xF}? =2x[d -]  toaccountfor
_ - parity violation
F," =2x[d" +u" ] xF" =2x[d" -u"]
—2xfu+d] —2xfu—d]

FY=xfu+T+d+d] xF"N=x[(u+d)—(T+d)]

Is?;;::’:ar m RV = x[Q(x) + Q(x)] xF;" = x[Q(x) - Q(x)]

- Y, “ Y,
~ ~"
Measures sum of Measures valence
quarks and anti-quarks quarks

Measurement: A" + xF;" = 2xQ(x) == Sea and valence quarks
FN — xFN =2xQ(x) wm  Sea quarks
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Definition of PDFs: Z/dqu,-(x) =1

q; momentum -
dy 0.111
uy 0.267
ds 0.066 46% of nucleon
Usg 0.053 —  momentum not
Ss 0.033 carried by quarks
Cs 0.016

total 0.546 _

Gluons have been neglected so far.

Sum rules

]u(x)—ﬁ(x)dx =]uv(x)dx =2
0 0

1ja'(,»: )—d(x)dx =1jdv(x )ax =1

Valence

<
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=
o

[(q.(x)-3,(x))ax =0
0

Sea quarks: s, c, ...




Scaling violation

Fy(x) — Fy(x,Q?)
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Origin of Scaling Violations

* Observe “small” deviations from exact Bjorken scaling > (x) — [ (,»:j QZ)
3 medium X
\high X

» InQ?

* At high Q? observe more low x quarks

* “Explanation”: at high Q% (shorter wave-length) resolve
finer structure: i.e. reveal quark is sharing momentum with
gluons. At higher Q? expect to “see” more low x quarks

A / Lk

* QCD cannot predict the x dependence of F>(x, QZ)

* But QCD can predict the Q2 dependence of F>(x, Q%)




Evolution of parton densities DGLAP evolution equation
(Dokshitzer, Gribov, Lipatov, Altarelli, Parisi)

evolution of quark

density with InQ?2
o Z £ ; n%

6q(x,Q%) 'dz > 2\p x]
_2::7;2{ (z,Q°) [ }+gzO (z}

oInQ?
Spll’rtlng function Pg,:
Probability for q(z) —» q(x) + g

2 1
o 5 2] ()

X
—

evolution of gluon ﬁ wmnﬁi»

density with InQ? 5

Splitting functions: Probability that a parton (quark or gluon) emits
a parton (q, g) with momentum fraction =x/z of the parent parton.
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DGLAP Evolution (“symbolic”):

—

96,Q)
9(4Q)
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PDF
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P® f(x,Q%) = %Pti)f(z,Qz)
M 4 7
QCD evolution:

QCD predicts evolution of the PDF along
the scale Q%

QCD cannot predict the shape of PDF,
PDF must be measured!



Measurement of the structure function Fj(x, Q2)

do = dmas((1—y)FP(z, Q) + y2Fs (v, Q)]

@ e.g. fory=1

2 _e 2
T = wor 5 (2,Q%)]

FQ(CCa QQ) — X Zz eg[qi(a?, Q2) +E(CB7 QQ)]



1.6

Q=15 GeV*
1.4- ® ZEUSYW?
: B 1w
1 2' NMC, BCDMS, K668
g : e— CTEQSD
" MRSTYY
1 -
0.8}
0.6 Fixed Traget
0.4}
0.2}
10 10 10

ZEUS+H1

F(X)

Large increase of F,(x) for
very small x - unexpected



F (%, Q%)

Q2 dependence is correctly
described by QCD evolution

Determine the PDFs

em

K,

-log,,(x)

h

L]

HERA F,

| x=6.32E-5

x=0.000102
x=0.000161
x=0.000253

x=0.0004
x=0.0005

B3 ZEUS NLO QCD fit
—— HI1 PDF 2000 fic

* HI1 94-00

+ HI1 (prel.) 99/00
= ZEUS 96/97

& BCDMS

& NMIC

T e x=0.4

e ——————— . . x=0.65

o sl Lo sl bl IR RETT Lol
10 10° 10° 10 10°

Q’(GeV?)



xf

Proton PDFs as seen by HERA
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4. Hadron-hadron collisions

For all cross section estimation the knowledge of the PDF is necessary.



Lab frame proton at rest Ll form
energy loss of _ _
= E,-E = M
incoming particle RS v=qp,/
(P1+P,)* =2p,p g _ g
17 P2)” =£P1P; : = =
Q2 = sxy Bjorken x 2Mv 2qp,
fraction energy loss y = (E1-E35)/Ey Y = ap,/P1P;
5 of incoming particle
Q | q € 3 |
3 - Y max
- B3 HERA Experiments ,.i"___
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Parton densities important to

predict signal and background % M = 10TeV
at LHC: O, Masses of particles
e produced at the LHC
Higgs-production at LHC ; M=1TeV
P
t HO
t
P

(main production process)

Uncertainties on cross-section were reduced
from 20% to 5% by measurements at HERA 2




Example process: 2-jet production

Jet production in proton-proton collision is an excellent test of PDFs, in
particular of gluon PDF, since there are large direct contributions from

gg—ggandqg— Qg : o
_ U,
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Sq,., Y
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S 09} 00<y<038. 49 => 2Jets Wt % o
3 f qq — jets: - Ct or,
g 0% ] AN f &y, h//[y;
§ 0.7F . N o
5 06 - gq— jets ’S
.§ 0.5 % /\ﬁf;z
a: as(x, Q3) *(({(4 9(xp, Q?)
0.3 E ; +// )
0.2¢ = 7 -
0.1 ;_fasmm withy_=p =p | proton 1 proton 2
) - k, algorithm with D = 0.7
0 Coal L1 ool L -
100 1000 ﬁpp—}zjetﬁ — '(qu — 2 jets ® d1 03 &2 T

Jet P, (GeV)



Inclusive Jet Cross Section
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Example: Search for w' — b events

> T S S T e T L e I -t (o 2 B BT BRSS REED BRARE RS2 BRL
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£10° § [ Top Z 10° & Top
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Jets are background in many analysis. A good understanding of PDFs and QCD is
crucial to search for physics beyond the Standard Model.



