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Deep Inelastic Scattering and Naive Parton Model



Basic Scattering theory

Scattered projectile

Scattering can be described in terms of scattering angle
w @, and impact parameter
- @ O is the scattering angle
Projectile Fixed target 9 AS

N target = Number of target particle per unit area

’..\ 2D projection . :
> A = Area of the target assembl
</ ) ’

The projectile will visualise the target particle as a circle ( 2D view of the 3D targets ) :

® @ Effective area of the 2D projection/circle of the target as seen by the projectile = o
o ©
. ® N inc = The number of incident particle N s¢= The number of scattered particles
Projectile _
@
® ® sc N target N inc ©

Target assembly



Differential Scattering cross section

Scattered projectile
O,P

Total cross section: We have counted the total number of scattered particles, irrespective

Of the scattering angles

We can also count the number of scattered particles in a a specific direction

Ny (into d€2)=The number of scattered particles into the solid angle d€2 in the

Direction theta, phi

Projectile Fixed target
‘ Rutherford Experiment
272
N, (Into d€Q) = N, ;00 N do(INtO dQ) \ ﬁ. — @’z
o \ dQ°  16E2sin%(0/2)
. d 40
do(into dQ) = —dQ a9 | N\
dC2 \
do(6, §) D

sin 0dOd ¢

dQ 0 0=nr




Scattering from point-like particle vs extended object

Extended charge distribution : Z e p(r)

Potential experienced by a particle with charge e located at r

Ze.e[ p(R")
|R — R’

Extended charged R -R’

Object V(R) = — AR’

471'60

d
d | F(g)|?

49 16E2sin%(0/2)

F(g) = Form Factor = Jeiq-R"hp(R’) d°R’



Scattering from point-like particle vs extended object

Extended charge distribution : Z e p(r)

Potential experienced by a particle with charge e located at r

Ze.e[ p(R")
|R — R’

Extended charged R -R’
Object

V(R) = — d°R’

471'60

d
d | F(g)|?

49 16E2sin%(0/2)

F(g) = Form Factor = Jeiq-R"hp(R’) d°R’

q

F(g) ~ 1 6 <rt> Form Factor => 3D Fourier transform of the charge distribution

For large radius object, form factor decreases quickly with g

<rr>= [rzp(r)d3r Square of the charge radius
Pointlike object F(q) = 1



QED Scattering Consider the scattering of electron from point-like proton
i i e"(p) +p7(py) = € (p3) + pT(py)

e e
Elastic scattering, neglect proton recoill
© = scattering angle in the Lab frame
Y Momentum transfer mim2e®
e (pr—p) = —dptsint e < M| > = —2 " 1 + B2/2 cos?(0/2)
= \P1—p3) = —ap Sl 5 — p4sin4(9/2) ele
p” p”

point-like proton

proton recoil negligible




QED Scattering Consider the scattering of electron from point-like proton
i i e"(p) +p7(py) = € (p3) + pT(py)

e e
Elastic scattering, neglect proton recoill
© = scattering angle in the Lab frame

Y Momentum transfer mim2e®
o —p = —dprsitl < [MP>=—L° 1 + 272 cos*(0/2)
= (p; —p3)"=—4p~sin 5 — p4 sm4(9/2) ele
2 2
Non relativistic electron do a o = ¢
p” p”

10 = 2 cind
E = Kinetic energy of electron as) Rutherford 16EK sin*(0/2)

- 0
point-like proton Note: sin* — term comes from the propagator

2
proton recoil negligible

Mott Scattering formula

do o’ 0

Relativistic electron

C082 —

4Q T 4EZsind012) 2

E~p

Proton recoil neglected




QED scattering Consider the scattering of relativistic electron from point-like proton
e e

e (p)+pT(py) = e (p3) +pT(py)

Pr Scattering of GeV electron => proton recoil cannot be neglected

pl — (EI’O’O’El) p2 — (mP,O,O,O) p3 — (EB’O’E3 Sin 9, E3 COS 9), p4 — (E4, 174]-))
Momentum transfer
qg°=(p;—p3)°=-0°

0
Q% = — g° = 4E,E; sin* —

2
+ + d : E 0 2 0

P p 20 _ .a — [cos? — 4 Q sin’ —

dQ  4EZsin%(0/2) E, 2 2mi 2

Differential cross section depends on : 6, Q and E3 : only one independent variable




QED Scattering Consider the scattering of relativistic electron from proton
2 e e (p;) +P+(Pz) — e (p3) +p+(p4)

P1 Ps Scattering of GeV electron => proton structure will be important

ol e sl iaileutiey Proton is not a point like particle :

General form of current: it[ay* + bo**q, + cq" + d(p, + p,)'lu

Momentum transfer

qg°=(p,—p3)°=-0° | ich

eyt — [ay” + b
2Mp

.J

9,]




QED Scattering Consider the scattering of relativistic electron from proton
2 e e (p;) +P+(Pz) — e (p3) +p+(p4)

P1 Ps Scattering of GeV electron => proton structure will be important

ol e sl iaileutiey Proton is not a point like particle :

General form of current: it[ay* + bo**q, + cq" + d(p, + p,)'lu

Momentum transfer

qg°=(p,—p3)°=-0° | ich

eyt — [ay” + b
2Mp

9,]

Proton is not a point like particle : Two form factors

+ +
P P a and b required
Form factors will depend on Q2
Rosenbluth Formula
do o’ E, | G; + G 6 .0 )
a,b - G, Gy, = 0 [ =£ X cos? = 4 21GZ sin® — _ 0

dQ ' AEZsin*0/2) E, | 1+1 2




FOrm faCtOrs Relativistic electron proton scattering

e (p))+pT(py) = e (p3) +pT(py)

Tojad
eyt — [ay” + b q,,] Rosenbluth Formula

2MP dg az E3 G}Qj TG]@ o 9 o) H
— . = , cos” — + 217G, sin” —
dQ2 4E? sin*(8/2) E, 1 +7 2 2

Proton structure

Ge and Gu can be measured separately from the experiment

At low Q2 term proportional to Ge dominates

Measurements of G(q) by varying electron beam energy

1
and measuring the electron in different scattering angle Athighenergy  Ggpy ~ —
G - y
EIM = 2 de 1 [ do
2 o ~ 0o\ e
a+— dQQ 0%\ d .
ott

Cross section will decrease rapidly

What happens if we keep increasing the energy of the electron beam ?

Scattering will be dominated by inelastic scattering process



Inelastic Scattering

e (p) +pT(py) = e (p3) + X(ps)
e e

X = any particle subject to conservation laws

Example : X=p, p pion , neutron + pion ....

Number of final state particles can be large

Detect only scattered electron



Inelastic Scattering
e (p)) +pT(py) = e~ (p3) + X(py)

e e
T
= n
X
T
pt

X = any particle sub

Example : X=p, p pi

ect to conservation laws

on, neutron + pion ....

Number of final state particles can be large

Detect only scattered
electron

Kinematics Momentum transfer g = p, — p,

0
Q% = — g° = 4E,E, sin® 5

> 2
Bjorken x = C . . Q
2p,.q QO+ W?2—mj

4 Momentum Square of the hadronic system W? = p? = (¢ + p,)?

The final state X must contain at least one baryon W > Mp

0 <x<1 [x=1representselesticlimit ]

Two independent variables required to describe the event :
Theory : One can choose Q and x

Experiment: choose Es and @ of the electron

Measurement of double differential scattering cross section
d’c d’c
or
dxdQ? ~ dOdE,




Elastic vs Inelastic Scattering

Elastic scattering in terms of Q

do
dQ?

dra

Q4

2 m}%
[(l_y 0’

y = y(0?)

Inelastic scattering in terms of Q, and x

1 _
>f2<Q2> + 5y2f1<Q2>

d*c Ao’ i
— 1 — y
dxd(Q? 04

mp

Q2

)

F2(x9 Q2)

| yzFl(-xa Qz)

X

F,,(Q%, x) => structure functions

Depends on Q and x => not the Fourier
transform of charge or magnetic moment

distribution




Elastic vs Inelastic Scattering

Elastic scattering in terms of Q

Inelastic scattering in terms of Q, and x

_ d’c dra? | m3s \ F,(x, Q%) ) , _
do 4o ms 1 Y (1 —) 2) F Yy F(x, QF)
a0 - O [(1 aEs )fz(Qz) +-y2A(Q) drd@® 07 | %7 _

] F /2(Q2, x) => structure functions
y = y(0?) Depends on Q and x => not the Fourier

transform of charge or magnetic moment

Experimental setup distribution

MIT-SLAC collaboration Experiment at SLAC (1967-1973)

Electron beam up to 20 GeV

Count the number of scattered

E, = Energy of electron is fixed electrons in the range Q, Q+dQ

Measure scattered electron at some fixed angle: 8 and E; * and x,x+dx 7
c
0 =
Calculate Q% = 4E,E; sin® 5 > Measurement of dxdQ?
Q2
X = . — measure X
2mP(E1 — E3)
Eq
y=1-— Expectation : F1 and F2 should behave similar to From factor as we increase Q




Parton Model

1. In the DIS limit F1 and F» are almost independentof Q2 Fy ,(x, Q%) — F;»(x)
1. Callan-Gross relation ~ F,(x) = 2xF;(x)

Remember: Extended object : Q2dependence in the form factor (point like particle no Q2 dependence)

Explanation: electron proton scattering is actually elastic scattering of photon from a point

like spin-half particle inside the proton called quark/parton

Electron — —_— Electron
E— __— Parton Darton
Elastic
Scattering

parton parton

2 2

_ Y
07 - 0 1=+

Parton carries a fraction of the proton momentum = Bjorken x variable

Structure function is related to the momentum distribution of Parton inside the proton



Parton Model

1. In the DIS limit F1 and F» are almost independentof Q2 Fy ,(x, Q%) — F;»(x)
1. Callan-Gross relation ~ F,(x) = 2xF;(x)

Remember: Extended object : Q2dependence in the form factor (point like particle no Q2 dependence)



Naive Parton Model

1. In the DIS limit F1 and F2 are almost independent of @2 F 5(x, 0%) = F5(x)
1. Callan-Gross relation  F,H(x) = 2xF(x)

Remember: Extended object : Q2dependence in the form factor (point like particle no Q2 dependence)

Explanation: electron proton scattering is actually elastic scattering of photon from a point like spin-half

particle inside the proton called quark/parton

Parton Model:

Inside the proton, free point like constituent, can be charged or neutral

It carries some fraction of the proton’s momentum: x-dependence of the structure functions can be related
to the momentum distribution of the partons inside the proton

g”(x)dx = Number of q parton inside the proton with momentum fraction between x and x+dx



Parton Distribution Function(PDF)

g?(x)dx = Number of q parton inside the proton with momentum fraction between x and x+dx

Relation between structure functions and pdfs

Fy(x,0%) = 2xF,(x,0%) = x ) Q%" (%)



Parton Distribution Function(PDF)

g?(x)dx = Number of q parton inside the proton with momentum fraction between x and x+dx

Relation between structure functions and pdfs

Fy(x,0%) = 2xF,(x,0%) = x ) Q%" (%)

PDFs can be measured from DIS data

Flectron Proton deep inelastic scattering Electron Neutron deep Inelastic scattering

D(+) — 2 P(+v) — 4 p 1 p Fl(x) = x iu”(x) + la’”(x) =X ia’p(x) + lup(x)
Fz(x)—xZQiqi (x) =X Eu (x)+§d (x) 2 9 9 9 0

Use both e-P data and e-N data to find u(x) and d(x)

|



Parton Distribution Function(PDF)

g?(x)dx = Number of q parton inside the proton with momentum fraction between x and x+dx

Relation between structure functions and pdfs

Fy(x,0%) = 2xF,(x,0%) = x ) Q%" (%)

PDFs can be measured from DIS data

Flectron Proton deep inelastic scattering Electron Neutron deep Inelastic scattering

D(+) — 2 P(+v) — 4 p 1 p Fl(x) = x iu”(x) + ld”(x) =X ia’f”(x) + lup(x)
Fz(x)—xZQiqi (x) =X Eu (x)+§d (x) 2 9 9 9 0

Use both e-P data and e-N data to find u(x) and d(x)

Protons also contain anti quarks : photon probe cannot discriminate

We need to use W boson probe

|



Parton Distribution Function(PDF)

g?(x)dx = Number of q parton inside the proton with momentum fraction between x and x+dx

We need to use W boson probe

e U However detection of the neutrino in the final state is difficult

Use neutrino beam in the initial state and detect the final state charged

o lepton _
%4 p 7 p

1 d %4
Actual measurement more complicated
Three structure Functions F1, F2, F3



Parton distribution Function(PDF)

Protons not only contain quarks but also contain anti-quarks
P=uud (valance quarks)

However uu, dd . . can be produced inside the proton (called sea quarks )
This populates the low momentum fraction region (low X region)

J'dx[u + ] - o [dx[u — il =2

[Z xg(x) =1 Momentum conservation

Sum over quarks ~ 0.55 => about 50% of the total momentum missing

Something is not taking in the eP DIS scattering => gluon



Fixed Target and Collider Experiments



Fixed Target Experiment

P1

L AB FRAME CM FRAME

s = (p1+p2)° = (E1 + E2)* — (P + p2)°
s =mi +m; + 2(ErEp — P - pb)
Fixed target Py =0 Formi~0and E; > ms /s~ /2E1m>

Examp|e mo =1 GeV, FE; = 14000 GeV =14TeV, my ~0
Vs ~ 100 GeV

Very light particle production is still possible in fixed target experiment (Beam dump experiments )




Collider Experiment

LAB FRAME
P1 / P2
S = (Pl +p2) — (El T EQ) — (Pl +p2)
s =mj +m3+ 2(E1Ey — p1 - p2)

Collision : p1 = (Ep,D), p2 = (Ep, —D)
m1 = mg ~ 0 cos(f) = —1.0 (head on)

VS = 2F,, (headon)

collision experiments are essential for the production of heavy particles



Collider Experime

Electron positron collider :

nt

zero charge, zero lepton number, energy profile well understood
beam polarisation possible, reasonably low background

Hadron Collider

energy of collidi

particularly
Multip

huge backgrounds,

Large synchrotron radiation —> linear collider

ng partons are unknown: it can scan a wide energy range —>
useful for the search of new particle of unknown mass

e final states possible (different spin, charge ...)
High luminosity option available

additional challenges including multiple interaction, pile-up ...



Hadron Collider

LAB FRAME : proton proton collision

P1 P2

>~ <

p1 = (E,0,0, F) grid p» = (E,0,0, —F)

p1,p2 —> four momenta of colliding protons

partons carry much less energy than the protons

initial state partons have a relative

parton 4 momentum in the lab frame motion in the LAB frame

P2

|

p =x1(F,0,0, F) andpg@EO() —F)




Hadron Collider

D1 P2
Proton proton CM frame = LAB Frame p1 = (E,0,0,F) grid po = (E,0,0, - F)
X1 = X2

Parton system moves in the LAB frame with 4 Momentum ((xl +x)E, 0, 0, (x; —xy)E ) or with speed
X1+ X

Proton Proton CM energy = 2E =\/§ . In the parton CMframe= s = x,x,3

Express 4 momentum of a particle in terms of rapidity(y), transverse momentum(pr) and y = Lin E+P, pr = \/p2 + p2
azimuthal angle (phi) about the z axis (collision axis) 27 " E—Pz> T Y

transverse momentum(pr) and azimuthal angle (phi) about the z axis (collision axis) are invariant under
longitudinal boost, rapidity changes only by a constant

4 Momentum of a particle p# = (E;coshy, p;cos ¢, p;sin ¢, E-sinh y) Er = \/ p% + m?



Production Cross section

Hard scattering cross section
Parton level cross section

oc(AB — FX) = 2 Ja’xldsza/A(xl, Qz)Pb/B(xz, 0?) 6(ab — F)
a,b

Scattering of two hadrons A and B to produce a final state particle X
Pa/A => probability of finding a Parton a inside the hadron A

Question: Parton distribution function also depends on Q : Why ?



Production Cross section

MSTW 2008 NLO PDFs (68% C.L.)

REF: 0901.0002

A1.2 L | LB A || ll*lllll L L I
L< S ]
x Q2 = 10% GeV?2-
x 1 -
- g/10
0.8 \ —
0.6 -~
5 u
0.4 C “ —
i A\
I L A\
0.2} =
| 1 » = ) o I 1. 111l I 111 ll
104 - 10 102 1072 1
X

Figure 1: MSTW 2008 NLO PDFs at Q? = 10 GeV? and @Q? = 10* GeV?Z.

Example: pp — £ Example : pp — h

Multiple parton level processes : uit — Z,dd — Z,s5 = Z .. Dominant parton level processes : g¢ — h

Increase the Z /h mass keeping couplings constant => Should Higgs cross section decrease quickly ?7?



Production Cross section : 14 TeV vs 100 TeV

()

O

@

(@}

100 TeV vs 14 TeV PDF Luminosities, NNPDF3.0 NNRLO %

()

> 10°g — i <

L E|— gluon-gluon =

B ()

< — N c

= 4ot Ll S quark-gluon =

3 [| %% quark-antiquark c

— - ' 2

S 103k quark-quark §

_‘c:> : sl 7

REF: hep-ph:1607.01831 T r 1 I

>, 10°E = S

= — - )

8 = 1 ES

£ - _ 1 =

E N =l C

3 ety 1

- 1 B

D— 1 I 1 1 1 1 L1 11 | | | 1 1 1 1 11 E
10 102 10°

For 125 GeV Higgs boson gain ~150 in the ggF channel and ~ 400 in the di-Higgs, ~ 500 in the ttH



Event in hadronic collision

REF: hep-ph/0508097

“Hard” Scattering

outgoing parton Various effects :

- _ o Hard Process
roton Q <1 Y A roton . -
E é.“ k‘;\ ) Initial State Radiation

— ‘KQV ‘ .
underlying event <& " h —» underlying event

Initial-state | | |
radiation Multiple-Partonic Interactions(MPI)

Final State radiation

. final-state
outgoing parton radiation

FIG. 4: An illustrative event in hadronic collisions.



Shower and fragmentation

~ |

Quark/gluon to hadrons : cannot be calculated (must be measured like PDF in experiment)

H Hadron§ parton K parton < Hadron

. . - : h 2
Parton distribution function Fragmentation function D/ (z, O°)




Jets and substructure



Jet formation

Jets : collimated spray of particles comes from the shower and and hadronization of quark/gluon
Jets : link between parton and colourless stable hadrons

Basic idea : construct a cone which captures all the hadrons from the parton




Small Jet vs Large Jet radius

Narrow cone Large cone

May not

Capture
Capture All the
All the particles
particles

Contaminated by Underlying events and Pileup



Sequential Jet formation algorithm (IRC safe)

Starts with N stable particles ,
R
]

R?
Angular separation between to particles Rg = (n; — 77]-)2 + (¢p; — qu)2

Distance variable between two particles : dij — min(p%-, p%-

Distance variable(momentum distance from beam axis) : d.z = p%i

Two parameters: R and a

Find the minimum of {d.;, d;5} for the entire set of N particles

It some d;; is minimum => combine i and j particle into one particle (number of particle is

reduced to N-1)

If some d; is minimum => i particle is declared as a jet and removed from the list

Iterate until all particles are exhausted(inclusive) or a certain number of jets are formed(exclusive)



Kt anti-Kt and CA algorithms

_ : 2 .2
dij — mm(pTi, ij

dip = P%i

Kt algorithm
(a=2)

U]

122

lj pl%l ’ p%] R2
dip = —5
P7;
Anti-Kt algorithm
(a=-2)
[GeV] antik,, R=1_::

REF: 0906.1833

R:
d. = —
lj R2
Cambridge Aachen algorithm
[a=N)
pt[GeV] .........................................
o 3




Non Isolated Objects

LHC current bounds indicate that the new particles will possibly be heavy
Assumption: New particles will be produced at the 14 TeV LHC

light particle

neutrino



Jet substructure

LHC current bounds indicate that the new particles will possibly be heavy
Assumption: New particles will be produced at the 14 TeV LHC

The decay of new heavy particle to SM particles
may give large Lorentz boost

..
Heavy Z'~ 2-3 TeV

very high pT top quarks

non isolated
lepton

Conventional method fails



Jet substructure

LHC current bounds indicate that the new particles will possibly be heavy
Assumption: New particles will be produced at the 14 TeV LHC

The decay of new heavy particle to SM particles
may give large Lorentz boost

lowp., * high p,

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

low p_T top high p_T top

D — D ————




Jet substructure

LHC current bounds indicate that the new particles will possibly be heavy
Assumption: New particles will be produced at the 14 TeV LHC

The decay of new heavy particle to SM particles
may give large Lorentz boost

substructures inside the fat jet

3 ] st high p
> low p . | T
z ' 0 -
[ o
LJ
1 ' 1 " .
0 i o r
e ’
I , | . ‘ .
=k | . Qo Y e [
2 2 |
% - . 4
I Q.
3 3T .
................................................................... s [ egsun poysns sppusn spavas
3 2 1 0 1 2 3 3 2 1 0 1 2 3 -1 0.9 0.8 0.7 0.6 0.5
low p T top high p_T top inside high p T top jet

I —— T — 15— R



Jet substructure: Another Example

pp — 44, G — qxi X} — 7Jjj

multijet signal, large QCD background (hopeless ?7?)



Jet substructure: Another Example

400
- R=0.7

neutralino Jet
with 3 substructures

W
0
=)

[

T Lew—

W
=]
=]

I

N
o
(=)

(m_/100GeV)* Events /5 GeV / 1 b~
o o
(=] (=

100 +
Many techniques: filtering, *”°§ - Jw
grOOming 0 S e 5 'W)lfzfﬁfmoo



Jet substructure: Another Example

Jet substructure by accident

g—tt+ 37 QCD

2 2
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New physics Search: Resonance

The decay products of the new particle are visible SM particles

muon
SM

New particle(X)

SM MuonN
peak at M_X

final state: 2 high Pt
ISolated muons

di-muon Invariant mass distribution



New physics Search: Cascade

jet

ut —) |eptons

\

> UL

A Y," e MET

Final state

Jets
+

leptons
+

missing transverse
energy

R- parity conserved

Lightest SUSY
particle Is stable
(dark matter

candidate)
Missing transverse
energy




Detector

proton

Detector

Detector

proton




Electron
TRACKER ECAL HCAL muon spectrometer

—>

—

~ Track + energy deposit in ECAL




TRACKER ECAL HCAL muon spectrometer

S

Track + muon spectrometer



Photon

TRACKER ECAL HCAL muon spectrometer

unconverted photon: no track , energy deposit in ECAL




Jets

TRACKER ECAL  HCAL  muon speetiometer

)
\J
e®

tracks + ECAL + HCAL + MS



b-Jets

decay length of an unstable particle ale

Secondary vertex

—
Primary vertex

impact parameter is important



Tau-Jets

Tau decay modes

The branching ratio tau decays :

~23% for decay into a charged pion, a neutral pion, and a tau neutrino;
11% for decay into a charged pion and a tau neutrino;

9% for decay into a charged pion, two neutral pions, and a tau neutrino; ‘

9% for decay into three charged pions and a tau neutrino; LGN 4 NeUtNGS

3% for decay into three charged pions, a neutral pion, and a tau neutrino; V7% hadron + neutrino
1% for decay into three neutral pions, a charged pion, and a tau neutrino. 65%

hadronic branching fraction ia about 65 %

no activity outside the smaller cone
charged particles are inside the smaller cone
(one/three prong decay)



Isolation

Objects should be isolated: to reject QCD background
{;30 jet1 iet2

A angular separation between
objects

Energy deposited (excluding the
object)inside the isolation cone
should be small




Missing Energy

e e = ABCD

C and D are invisible particles D N /
z X

B

electron and a positron collide head-on at equal speeds in the lab frame

v

net momentum of outgoing particles indicates a missing energy
(Typical signal of R parity conserving SUSY)



Missing Transverse Energy

pp—ABCD

C and D are invisible particles
D e
| X

partons collide head-on with unequal speeds in the lab frame

v

Net momentum in the transverse direction of outgoing particles indicates invisible particles
(Typical signal of R parity conserving SUSY)




