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Plan for 3 days lectures

® Day-1: Basis of QCD
® Day-2: Proton structure @ lepton-hadron collision
® Day-3: Jets @ hadron-hadron collision

QCD knowledge necessary for
» Leant from Day-1: hadrons are doing physics at LHC
composite of quarks and gluons

which are “confined” into. 9
If we do not know about the

inside of proton exactly,

LHC (proton-proton collisions)
9 q will become like:
= ie.don’t know
what’s happening ©
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Day-2 is to
know about
inside proton



Introduction

® How to look inside the matter ?



How to “look” into the structure of matter
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Will be introduced later in detail.



Quark-Parton model

® How to describe “structure” inside proton ?
-> How proton is composed of quarks/gluons ?



How to “describe” the structure of matter

» First, let’s consider two spin-1/2 point-like particles scattering: “no structure”

-- Kinematics: 1 degree-of-freedom (elastic scattering), e.g. scattering angle
—> Better to be Lorentz-invariant =»

y 2Pq :l—cosz(g)

2
-- EM e-p scattering : Helicity conservation (p+0Q)
vs. Angular momentum conservation k o K
e gq= k'—k ~—
LL->LL
. QZ — _qz
c «: 0 » B ’ //a\\p
w o 1 coupling . \

dO- 27[&2
= fl+(1— y)*

oE] e QT
c 4 p Gy . S

2
s=(p+k
0 In terms of y Propagator ( p )
W oc cos’(—)=1-y (by single term Center of mass
2 quantity) energy squared




How to “describe” the structure of matter -cont’d-

» With large momentum transfer Q?, proton cannot be stay intact; breaks up
into many hadrons: “Deep Inelastic Scattering (DIS)”

-- Kinematics: 2 degree of freedoms, scattering angle and hadronic mass

Q2

P

X

WE-m,’ =~ 1Q*

® For the case of EM e-p scattering,

1.e. trying to look inside proton

with EM probe.
=>» Intuitively, cross section

can be expected to be:

Structure functions (F,)

to parameterize proton
structure; how different from
point-like case.

< F,

coupling
: S
d’c 222’ [ )
P =——1+(d=y)
axdy 5 Q"
In terms of ‘
x and y Propagator
(by two term

quantities)



Quark-Parton model

O Proton is consisted of “partons” one of which goes into a (hard-)scattering
O The other partons are just “spectators” : similar to the impulse approximation
=» Linear superposition of (hard-)scattering of each parton

P If parton is massless spin-1/2 particle:

(D Massless = x is the momentum fraction (wrt. proton) of the parton

“Ri 99
7P +0)° =0 < Massless Bjorken x
If we call

momentum Q2
fraction e/ ) pq =X
as 1



Quark-Parton model -cont’d-

» If parton (inside spin-1/2 proton) is massless spin-1/2 particle:
/

k

P, m w

(@ Spin 1/2 = Structure function F, is (charge-squared weighted) sum of
spin /2 parton’s existing probability
N

o 2 2 d’c 2o’ 2k
Z Q° [1+(1—Y) ]SDel ql dxdy_ Q4 [1+(1 y) ]5 Fz
\ /

2
F, = Zei Xq; (X)
- q(x): (Existing) ProbabilityI density function of parton q with
momentum fraction x
“Parton distribution function (PDF)”
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Quark-Parton model -cont’d-

P If proton structure (parton composition) is static:
-- If point-like parton 1s simply just there, Kk
-- and their existence probability is
just a matter

@ Cross section and F, will be a function of only x = “Scaling”

Here I changed F2 - Z ei i Xqi (X)

dx 2 dQ?from
previous page \ d’c 2 T’

dxdQ> xQ°

2 degree-of-freedom kinematics = 1 de
i.e. Not depending on Q?

Q? is the spatial
resolution to “look”
structure.

=» Structure stays
same although we

increase resolution

oree-of-freedom

[+ (1-y)? xFfx
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Bjorken Scaling

» Structure function F, measured at Q? range: 1 < Q? <8 GeV?
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Bjorken scaling shown up to
Q%2 ~10 GeV?
-> Validity of Quark-Parton

model

“Discovery of quarks”
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Scaling violation

® Quark-parton model describes proton structure by means of:
-- PDFs; existence probability of each parton

® Quark-parton model gives a “static” view of proton
-- No dependence on spatial resolution Q?

Dynamical view of proton
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Dynamical picture of QCD

» Increased spatial resolution Q? = Shorter interaction time T,

T, zl/Q2

-- Gluon splits into a pair of quark and anti-quark, which in turn recombines
back to gluon later. Such 1s repeated every short time scale.

—> With high Q?, hard scattering can occur with such instantly-lived quark

=» Taking a “snap-shot” of dynamic picture of proton

-- With EM interaction (y-probe), gluon cannot be seen directly (cannot
directly interact with y), but is indirectly seen as “increase of quarks

with smaller x as Q? gets higher” : “Scaling violation”

-

.
7]

=
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o -

momentum
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: Sayhadl  Quark splits
gluon splits B ol i"to aluon
into quarks VA Y > 9
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Increasing resolution (large angle scattering = large Q?)



How the looking is changed

as the scale goes

» How quark and gluon PDFs evolve as the scale Q? goes

" Fquark gluo?{{‘{ ('21‘2+5Q2

Q2
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How the looking is changed
as the scale goes

» How quark and gluon PDFs evolve as the scale Q? goes

¥quark ghuon Q+oQ"
A
= Q? Called: Dokshitzer-Gribov-

Foo (%) Foe Lipatov-Altarelli-Parisi
| (DGLAP) evolution

-("( equation
LLL ga, (= Visit this later again.)

F, (1] PM
0 [Qi(x)j_ J‘ 95 a; Pig q;(5)
3 —
onQ L9/ 27 f\P P L9(6)
2
S;OKV/[IY (log) Chan'ges Y(‘;ft Qz Sum up all Integrate all momentum
casurement in wide Q quark flavours higher than x 16

coverage necessary



Deep inelastic scattering (DIS) experiments

2
» Q7ax =S : center-of-mass energy squared

» Fixed target vs collider kinematics ® HERA: world’s only e-p collider
(Ee=27.5 GeV, Ep=920 GeV)

Js =320 GeV
-- Operated until year 2007

T ot | M ZEVS BPC 1005
,i [ HERA SVTX 1995 = s
o[ I MR 1994
# [] HERA 1993
Q2
(scale) to?
10 )
2 o 5 2
: Q yax =S ~10° GeV
., Aax ~ 1/10007 0,0
19

(corresponds to ~50 TeV

N 17
Bjorken x incident beam on fixed target)



Structure function measurements

® “Strong Rise” of F,

HERA F,
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L 1\ \\ ;
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e
e

® Scaling violation

2 j 18 Gev? j 26Gev: [\ 27Gev? [
1L i i i
L : L W |
O | | | | L \ L0 | Ml | i Ll | | T T L1 | | 1
2 45 Gev? j 60Gev: [ \ 70Gev? [ 90 Gev?
1L C C C
0 L il L \\\ | L i W M| L L i B L L L quark f
2 j 120 Gev? j 150Gev? | 1973 1 107 1
i i —— ZEUSNLO QCD fit
1h L —— H1 PDF 2000 fit
i i o H196/97 ~ BCDMS
j i = ZEUS96/97 E665
Ok = NMC

X

HERAF,

| x=6.32E-5

x=0.000102
x=0.000161

= ZEUSNLO QCD fit
—— H1 PDF 2000 fit

o H194-00
4 H1 (prel.) 99/00
= ZEUS96/97

» BCDMS

ﬁ%@,;ﬁ;.#“w%xzo.%
oo o -
5 —wev L ; : x=0.13
B ge NN g ..-.‘; : ”; =0.18
Souveals g4 2%5 =025
- _'-..-.-=: 2B . &

10

10 2 10 ’ 10Il 8 10

Q*(Gev?)

5



Factorization and
revisit of DGLAP evolution

® QCD predicts a dynamical picture of proton, namely
its structure’s evolution wrt. log of Q? (spatial resolution)

= Where this “InQ?” comes from ?
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DIS at Leading Order QCD

» Let’s consider leading order QCD effect to DIS

E-I-

20



. Slides @
Reminder: ‘ Day-1
Collinear/Soft singularities
do Qs o :r% -+ :1:%
— 005 -VF
dridzy » 27 /(1 —z1)(1 —z5)
/ N — "
Amaem ¢~ 2 2 & 3 collinear
o 2. . . L
collinear singularities:
3 (1-21)—0
soft soft singularity: (gluon collinear to antiquark)
T gluon suf’r:I.'B3 — 0 (1 —25) =0

r1 — 1’ To — 1 (gluon collinear to quark)

=>» These singularities arise from interactions at long distance, and called as
infrared divergence
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DIS at Leading Order QCD

» Let’s consider leading order QCD effect to DIS

E-I-

22



DIS at Leading Order QCD

» Let’s consider leading order QCD effect to DIS

a* P1

—
I Py 2 & 3 collinear
P2
! ! q
® What is the origin of collinear pr I 0 Y
divergence q
J‘ dQ Fos
At small angle: 1—cos @ 02 (max) ~ O’
: ~

pt2 = p’sin’ @

~ p292
=~ 2 2 2
p,” (max) dpt p,” (max) d t Q
O - > =I5+ C
Py . D, =
If2 we introduce InQ? dependence 23
k* cutoff originates from here




Factorization

» Let’s consider leading order QCD effect to DIS

Splitting function Collinear
K‘2 —>0 (Probability of q—=>qg) X divergence
\ :
F,(x,Q%) = ‘Ig,’ de ) +C
L(6,Q)=xY e 6, (0 + = [ =20,(&) (P In(=3) +C(2)}
q 27 & e gT
Naive Quark-Parton Model .
, , 5 Everything
» Factorize at scale else that can be
U ln(Q—2 = ln( Q > He calculable
K HE

F,Q) =3, j A u <100~ 5 P<§>uln%+c'}

K- =0 Arbitrary
choice to split
,UF P

q(x,sz):qo(x)+§—ijlq0(.§){P( JIn e +C'} CowF,ana
T

f K PDF




Factorization -cont’d-

» Arbitrary choice on “C” = Factorization scheme

-- MS, DIS schemes, etc.

» PDF absorbs collinear divergence

F,(x,Q*) =X

-- Cannot be fully calculated

-- However, its variation with . 1s given by DGLAP evolution equation

00, (% pe”) _ ag rdé o X
S a ==, = (& PC)

Take derivative
with In p2

(5 He') X {5(1_?+ P(g)'ln%:z-JrC'}

k20

Arbitrary

choice to split
,UF P

q(x,sz)zqo(x)+§‘—3jxlqo(§){P( JIn e +C'} CowF,ana
T

95 K PDF




What’s happened by factorization

—_—

ot = Hard process: scale > u£2
-- Infrared-safe, perturbative
calculation possible

_ (eq;)

0, = [ dx{d(eq) xq, (0}

—

Soft process: scale < g2
-- Non-perturbative effects
— absorbed in PDF

g; (X)

-- If PDF is given at a certain scale (1,?)
PDF at p:2 can be extrapolated by
DGLAP evolution equation

26



Determination of PDF

® Factorization technique allows us to split out un-calculable
collinear divergences due to long-range.
-- PDFs to absorb it.
® Nevertheless, QCD can predict how PDFs should evolve once
they are given at a certain starting scale.

= How to determine such “PDFs at a certain starting scale” ?

27



Determination of PDF

» Determine PDFs by fitting measurements

F2mea5. (Xa Q2 )

FY(x,Q% A) «— Gi(ue s A)
DGLAP
o (1 5 A)

® Parameterize PDFs by using
some functional form e.g.

A (2,7) = AXM (1= %)™ (14 Ax + AX)

and assume some )’Aial values for the parzbh&&

Governs high-x

behavior behavior

Governs low-x

DO, CDF (jets)
New data sy b Sk
correlations
- ]06 T 71 p T
8 3 H1, ZEUS FE,
S 10% larger coverage
o - smaller errors
104§ FZ—'qs‘.ca
10 JF, /9 InQ*— g

&

Coooad a1 sl Ll

10° 160 100 100 16° 167 X
CCFR/NuTeV
(), . F;
(i) prp™—s,
IF866 D-Y— 1,d
“Smoothing function” 78

to connect low-high x smoothly



Determination of PDF
New data

DO, CDF (jets)
N bins, stat + syst.
correlations

» Determine PDFs by fitting measurements

RRRL

- ]06 T 1
Lo H1,ZEUS F
@ 10°k larger coverage
s, ) & F smaller errors
F2 (X?Q ) 104§ FZ—'qs‘.ca
i 03; an-’Hal“Ql_’g
t 2 2‘ 1.n2§,
FF (x,Q%A) «— (4 A)
DGLAP ﬂ“’
2 1
. qi.(:uo S A) |
®| Parameterize PDFs by using e~ 0 el
some functional form e.g. 10 10° 100 107 107 10 X
2y _ A A, CCFR/NuTeV
G (4 ) = AXN (1= (LA X+ AX) )T 1Py
(i) prp™—s,§
update parameters, and repeat mem——r
-> With these iterations, find out the best parameters ) 2 -

which describe the data best



PDF parameterization [An example]

1 Py — Fn T 1 .
St'; = / (IJ'M = l — E / dr Fl:?] _ Hl:.!']_
J10 1

» Flavor decomposition with uy, dy, g, 4s., d —u 373
:'v Edu —au u=u_ d=d, S=sg H % Drei-van Gross-secton Rt
,=d- i hi
Oy, =U,, +d, +S+u+d+s {(ﬁ
» Constraints 1 1 : S
-- Number sum rule .([ Uy dx =2 .([ dydx =1 07 n . .

X2

1
-- Momentum sum rule _[ (Xu, + xd, +Xg + XQg,) =1
0

> Assumptions -- VN(CCFR etc) di-muon data
1 — = -
- —— Ve di- NuTeV | CCFR | Combined
5= 4(u+d) ~_ ) Neuwino | 5012 1 5030 | 10022
AntiNu | 1458 | 1060 2518

Z
c [} Yu
ds _\ # High stats & high precision data
N  S— * Best constraints on strange quark
ﬁ 4
————

=> In total, > ~10 parameters left free to be determined by the fit




Complementarity of data

» HERA data

» Fixed targets DIS data

» Hadron-hadron data (TEVATRON, LHC) 1022_

Quark density

-- At low x (10* to 10°1)

* Sea quarks

* Gluon via scaling violation

-- Valence at high x

-- Gluon at high x

gluon splits

into quarks
)
Gq pair

HE{ " Quark

Valence

quark

momentum
fraction x

Various analyses 10g

by various groups: g

-- MRS :

- CTEQ 10 If

-- HERA PDF BT I
-- NNPDF ...

T

DO, CDF (jets)
N CW data n bins, stat + syst.

correlations

- 106 LRARLLIN LR RLY

LOE H1, ZEUS FE,

S 10% larger coverage

& : smaller errors

104 F 2—sea

1 Lol Lol

sl Lam

10°

“Global” fitting on > 1000

precise data points !

w107

paaul o
¢ 100 X

CCFR/NuTeV
() F», Fs
(i) g p —s, §

E866 D-Y— u,d



Uncertainties of PDFKs

» Experimental errors
-- Statistical uncertainties (“random”)
-- Systematical uncertainties (“correlated”) Diagonarized PDF error matrix
* Correlation between data points; = LHPDF PDF error sets:
one systematic source 1...20 etc.
e.g. HERA luminosity should
move all HERA data up/down

You need to run your MC
with ~20 times with different

simultaneously “PDF error sets” to evaluate
» Theoretical model assumption PDF systematic
-- Order (LO, NLO, NNLO....)

. 2y _ A 1— A, 1 A
__ Choice of 2 A () = AXN (1= 1+ A X + AX)

-- Choice of functional form : CTEQ uses 1+ Ax™ etc., NNPDF does not
use function
-- Treatment of heavy-flavor quarks Neural Net
* variable flavor number scheme, fixed flavor number scheme, etc...

-- Cut on data sets (to define pQCD safe region)
*W2>20GeV?, Q>>4GeV?

Comparing CTEQ vs MRS is not a “correct” method to evaluate systematic error. 32
(Just to give a “feeling” of it ; better than not to do)



1

f,(x)dx
Note that gluon and sea quarks PDF J‘ 7 ( )

.. X min I.e. how many quarks are
are multiplied by 1/20 ZEUS there with x>xmin
Y— 0.8 i

> [
- @ Q%=10 GeV?
07 -
P — USNLO QCD fit XU L
i 2y — v )
06 ofM2)=0.118 2
- k=3
05 |
04 \
xd

1~

L =

10 10 10 1

There are many gluons and quarks with small x inside proton.
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xf

PDF -cont’d-

20
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30

20

10
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8 m D I A ZEUS
. Q°=1Gev Q°=25Gev® - — Ty e SN
6 SEUSIETSfit 7 X Q*=1Gev? 1 [ Q%=20Gev?
i 1 L 1 [ — zEUsJETsfit
4l ] 4 E
| S I |
0 o A — 102 4
i xg 10 ] : 1f
i Q%= 7Gev? 0 ‘0.‘2‘ | ‘0}4‘ | ‘o.‘e‘ | ‘o.‘s‘ Lo ‘0.‘2‘ | ‘0.‘4‘ | ‘O.‘G‘ | ‘0.‘8‘ i
- uncorr. uncert. Q*=200Gev? | | Q%=2000Gev? |
r tot. uncert. l:ltggc?)rr]?egﬁcert ; ; 7
i 10° ]
I 102, .
0 f 1
i S\ Q‘ éé&éevz 0 02 04 06 08 10 02 04 06 08
: i ; X
- it 1 Evolution as Q? goes.
- 1k : -> Sea/gluons grow rapidly.
N = _ - Their relative uncertainty
\H‘ 1 \HHH‘ 1 \HHH‘ 1 \HHH‘ Lol H\‘ 1 \HHH‘ 1 \HHH‘ 1 \HHH‘ Lol

10 10 102 10t 110* 10 102 10t 1 gets smaller. 34
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do/dE  (pb/GeV)

Description of data

® Jet production cross section
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- “ i
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[ ] tot.uncert.
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: \,\ Jet energy scale uncert. E
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E- '\ =
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; (x 10) ;
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;,wﬁ:é%;ﬁ:%wli%X=o.08

%=0.0004 —— H1PDF 2000 fit
x=0.0005
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= ZEUS96/97
' x=0.0021 “ BCDMS
%=0.0032 N
x=0.005
x=0.008

B ZEUSNLO QCD fit
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At the HERA ultimate Q? region TEZ\

NC Event

NN

® Sclection: presence of high energy
scattered electron

E’.>10 GeV
® Kinematics well reconstructed using
electrons and/or hadrons

CC Event

® Sclection: presence of large missing
transverse momentum: Pp ..

Promiss > 12 GeV
® Kinematics reconstructed using

hadrons only
36



EW unification

-3
10

4
10

-5
10

-6
10

y<08
m" 1 1 lllllll 1 llllllll 1

10° 10!

Q' (GeV) H.Murayama @ KEK TC 2007

® NC and CC cross sections become similar at EW scale 37
= “EW unification” (Differences remained are mainly due to PDFs)




Wrap up
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Topics discussed

» Structure function to describe proton structure
» QCD inspired Quark-Parton Model
-- Scaling violation with DGLAP evolution
-- Factorization
» How to determine PDFs
-- Global fitting and its error
=» How these descriptions reproduce data well

References

® Decep Inelastic Scattering (Oxford press)
-- R. Devenish, A. Cooper-Sarkar

Deep Inelastic
Scattering

ROBINDEVENISH
AMANDA COOPER-SARKAR
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End of Day-2
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