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«  Renormalization is a collection of 
techniques in Quantum Field Theory 
used to treat infinities coming from 
calculated quantities by altering the 
values of these quantities to compensate 
for effects in self-interactions.

RENORM
ALIZATION : W

HAT IS IT ?
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DIVERGENCE IN QED

30’s : Discovery of divergence in perturbative calculations. 
(Born, Heisenberg, Jordan, Dirac)

30’s/40’s : Descriptions of these divergences (e.g. virtual particle closed loop) 
(Stueckelberg, Schw

inger, Feynm
an, Tom

onaga, Dyson)

Virtual particles : obey E/p conservation but can be off-shell.

If there’s a loop, all variation of loop particle m
ust be com

pensated 
w

ithin the loop.

To find am
plitude of the loop, one m

ust integrate over all possible 
com

binations !

DIVERGEN
CE
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UV DIVERGENCE

The UV divergence is defined by :
 a region of integral w

ith loop particles w
ith high E/p 

 short w
avelength, high frequency in field 

 short proper tim
e betw

een em
ission and absorption

There are three one-loop divergent loop diagram
s :

Vacuum
 polarization

Self-energy
Vertex correction

The three divergences correspond to three param
eters of the theory :

 field norm
alisation Z 

 m
ass of the electron 

 charge of the electron
5



IR DIVERGENCE

The IR divergence is due to m
assless particles.

 charged particles em
its coherent photons w

ith infinite w
avelength 

 am
plitude for em

itting any finite nb of photon is null.

In this case, don’t need to renorm
alize a param

eter of the theory. 
Rem

oval of IR divergence by including diagram
s sim

ilar to vertex correction :

Vertex correction
Tw

o on-shell photon w
/ 

infinite w
avelength 

(sim
ilar to brem

sstrahlung)

Can’t tell difference betw
een VC and Brem

sstrahlung : both m
ust be included.6



HOW
 TO DEAL W

ITH LOOP DIVERGENCE ?

q µ
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SOM
E W

ORDS ON REGULARIZATION

Dealing w
ith infinite and divergence is a tricky business. 

For ex, w
hat to do w

ith som
e ∞

-∞
 quantities ?

Answ
er : Regularization ! (ad-hoc proc.)

Ex :
V
r() =

kr
N

ew
ton potentiel in sph. coordinates 

Singularity in 0.

V
r() =

k
r
2+

ε
2

Introduction of fam
ily of one param

eter
V
ε

V
ε
0() =

kε
<
+∞

Defined expression at r = 0
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SOM
E W

ORDS ON REGULARIZATION

In QFT, m
odification on the boundaries of integration : introduction of 

regulator in form
 of a cutoff such as integral converge. 

Putting cutoff to infinity recovers the original integral. 
W

ith cutoff, infinite quantities goes finite and can cancel. After 
cancellation, cutoff is put to infinity and physics results are recovered.

Ex : Zeta function regularization
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n
−
s

n=1

∞∑
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1
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2
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3
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...

ζ(−1)=
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p
ndp
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Sim
ilarly :

Λ
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∞
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I
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(
) +ζ(−n)−

B
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Im
proving this into an algorithm

 (Hartle, Garcia, Elizalde) :
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INTRODUCTION TO RADIATIVE CORRECTION

W
hen extracting PDFs or FFs, obtain cross-sections :

σ
exp =

σ
th
F
n
x,Q

2,...
(

)
⎡⎣

⎤⎦
Taking into account higher order corrections :

σ
th =

σ
0()
F
n

[
] +

α
em σ

1()
F
n

[
] +
...

Experim
ental problem

 :  
can’t distinguish radiative photon from

 non-radiative ones…
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INTRODUCTION TO RADIATIVE CORRECTION

l µ
l' µ

k
µ

p
µ

X
11

Ο
α()

corrections are :
lepton radiation (m

odel ind.) 
hadronic radiation (parton m

odel) 
Interference of lep/had radiation (2 photon exchange) 
Vacuum

 polarization 
W

eak corrections

A single tensor is regrouping all 
these infos :  
the radiative leptonic tensor S

µυ (l,l',k)

S
µυ

S
µυ

is :
gauge invariant 
infrared finite 
universal 
including Born + loop @

δ
4()k

µ



OBSERVED CROSS-SECTION

It is the convolution of the true cross-section tim
es the radiator function :

dσ
obs(p,q)=

d
3k
2k

0
∫

R(l,l',k)dσ
true(p,−q,k)

Sam
e goes for structure functions :

F
n obs(x,Q

2)=
d !xd
!Q
2

∫
R
n (x,Q

2, !x, !Q
2)F

n true( !x, !Q
2)

Form
ulas can be extended for higher-order m

ulti-photon em
ission.
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UNFOLDING

Determ
ination of the true cross-sections from

 the m
easured ones :

dσ
obs(p,q)=

d
3k
2k

0
∫

R(l,l',k)dσ
true(p,−q,k)

Typical answ
er : an iterative solution !

But, ill defined :
no unique solution 
large uncertainties 
num

erically unstable

How
ever, w

ith partial functioning :

Initial state radiation : k.l sm
all for  

Final state radiation : k.l’ sm
all for  

Com
pton peak : Q

2 sm
all for

!
(lin ,γ)→

0
!
(lout ,γ)→

0
p
T
lout
(

) ∼
p
T
γ()
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SOM
E REM

ARKS ON LEPTONIC RADIATION
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2
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all Q
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SOM
E W

ORDS ON HADRONIC RADIATION

Cancels w
ith loops, collinear em

ission give rise to correction of type :

α2π
log

m
q 2

⎡⎣
⎤⎦

where
m

q =
0

Solution is to factorize and absorb the divergences into PDF.

dσ
=

dσ̂
f

f
∑

1+
δ
f
Q
2,m

q 2
(

)
⎡⎣

⎤⎦ q
f
x() =

dσ̂
f

f
∑

q̂
f
x,Q

2
(

)
How

ever, due to the difference of charge betw
een quarks, there’s an 

isospin violating effect.



CHARACTERIZATION OF A RADIATIVE EVENT

X
N

μ
μ’

ɣ*

X
N

μ
μ’

ɣ*
ɣ

RC
(Q

2,ν)

m
,0

(
)

m
,0

(
)

(E,p)
(E,p)

(E
',p')

(E
',p')

Radiative event 
= 

Event containing a real 
radiated photon
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IM
PACT OF RADIATIVE CORRECTIONS

The radiative correction is defined by :
η(x,y)=

σ
Born (x,y)

σ
total (x,y)

Born
Internal Brem

sstrahlung
Vertex 

Correction
Vacuum

 
Polarization

Applying the correction factor to m
ultiplicities is indirectly ‘redirecting’ 

hadrons fallen in w
rong (x,y) bins into the right ones.

Difference betw
een the hadronic and leptonic kinem

atic variables 
induces that eventually som

e hadrons fall into the w
rong (x,y) bin.

17



ABOUT EM
ISSION OF RADIATIVE PHOTONS

ɣ*

Φ
γ

θ
γ

θ
γ

Φ
γ

: polar angle
: azim

uthal angle
s

p

elastic scattering

cosθ
γ
=
+1

cosθγ = −1

s-peak

p-peak
Q
2

Tw
o privileged angles of em

ission : 
One for the incident lepton (s-peak) 
One for the outgoing lepton (p-peak)
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FINDING THE BEST RC GENERATOR

htem
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M
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RADGEN : produces m
ore hard 

photons (high energy photons) than 
soft photon (low

 energy photons). 

Naïve thinking : in theory, m
ore soft 

than hard photons. 

But : M
C sim

ulation + RADGEN do 
not describe w

ell data : too m
uch 

hard photon.

Energy of radiated photon (0.8<y<0.9, 1<Q
2<2)

GeV

Can w
e use another M

C generator for radiative events 
and see if it reproduces the results of RADGEN ?
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DJANGOHEvent generator for neutral/charged current ep interactions at HERA by 
H. Spiesberger. 

Sim
ulates DIS including both QED and QCD radiative effect. 

Includes single photon em
ission from

 lepton/quark line, self energy 
corrections and com

plete set of one-loop w
eak corrections.  

Includes also the background from
                    . 

Capable of obtaining hadronic final state via the use of JETSET. 

M
odified to w

ork for μp interactions. 

Uses exact calculations and no approxim
ations. 

Fortran fram
ew

ork.

DJANGOH, concatenation of DJANGO and HERACLES :

ep
→
epγ
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SELF-CONSISTENCY OF DJANGOH
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SELF-CONSISTENCY OF DJANGOH

Com
parison betw

een θ
ɣ  and θ

μ  : p-peak and m
uon peak 

scattering angle should m
atch
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DJANGOH/RADGEN COM
PARISONγ
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ore soft photons 

than hard photons
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Proportion of 
inelastic events in 
range [20,140] GeV 

over total num
ber of 

DIS events.

DJANGOH produces less hard photons than RADGEN

% of events
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RADGEN
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«  TGEANTA G
EA

N
T4-based M

onte-Carlo 
sim

ulation for the CO
M

PASS-II 
experiment.

 C++ fram
ew

ork 

 M
odular 

 Can handle event generators for specific interaction sim
ulation
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INCOM
ING BEAM

 PARTICLE IN TGEANT

X

µ

µ’

T4Prim
aryGen :  

checks for T4Beam
BackEnd (Beam

file, LeptoFile)

generates process w
ith selected generator and 

       creates outgoing particles recovered from
 generator

T4ProcessBackEnd :

26



W
AYS TO IM

PLEM
ENT A GENERATOR IN TGEANT

‘Internal’ generator 

C++ Interface 
Perfect conservation of P(p,E) 
Need beam

file for prim
ary generator in TGEANT

Pythia
H
epG

en++

‘External’ generator 

Beam
file read by standalone generator 

Prim
ary generation and process infos in one file 

P(p,E) not perfectly conserved (due to extrapolation 
to -9m

..)

Lepto

OR
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EXTERNAL IM
PLEM

ENTATION AND ITS PROBLEM
S

Lepto exam
ple

Beam
file

Lepto
Lepto file

Preparation step

read by 
create a

Event generation step

T4Lepto 
Prim

ary G
en

T4LeptoFile 
Extract in µ 

m
om

entum
 (LU

JETS)  
and position (U

SERVAR)

T4LeptoProcess 
Extrapolate µ to -9m

 (creates sm
all  

violation of E-conservation), then Lepto 
generates event, send results to TG

EAN
T

load the Lepto file
send inputs to

C
lass 1

C
lass 2

C
lass 3

3 C
lasses !!
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EXTERNAL IM
PLEM

ENTATION AND ITS PROBLEM
S

Applicated to Djangoh :

At least 3 classes to im
plem

ent 
Create a new

 file form
at to create the equivalent of the Lepto file 

for Djangoh 
M

odify Djangoh so w
e can do backw

ard propagation of the 
incom

ing µ 
Necessity to recover the output of LUJETS via a file 
Lot of access to file = Lot of com

puting tim
e w

asted

Conclusion : External im
plem

entation isn’t fitted to Djangoh !
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INTERNAL IM
PLEM

ENTATION OF DJANGOH

30

TGEANT : Beam
 Gen

C++ Interface to Djangoh recovers infos of Beam
file from

 TGEANT 

Interface run Djangoh as subroutine

Interface send LUJETS result of Djangoh to TGEANT

TGEANT creates outgoing particles, kill beam

Recover results in detectors

Rotation of 4-V of outgoing particles

TG
EA
N
T

DJANG
O
H

TG
EA
N
T



INTERNAL IM
PLEM

ENTATION OF DJANGOH

Num
ber of classes needed : only 2 !

Interface Class : TDjangoh 
Is a standalone class (depends a bit from

 ROOT) 
Creates instance of Djangoh that can be m

anipulated in any C/C++ 
environm

ent 
TDjangoh can be used w

ithin the ROOT fram
ew

ork (future use ?)

Process Class : T4DjangohProcess 
Is a TGEANT class 
M

anipulates instance of TDjangoh 
Do the I/O transfer of TGeant to TDjangoh
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INTERFACE CLASS

Changed input m
ethod of Djangoh : 

Standard m
ethod            input file. 

But : input file is not efficient w
hen producing 1M

 events changing 
input betw

een each generation. 
Solution : draw

ing correspondence betw
een struct in C++ and 

COM
M

ON blocks in Fortran. 
Defined input values necessary for Djangoh in Interface.

Struct in C++
Corresponding COM

M
ON block in Fortran

W
hen a value is given to a m

em
ber of the 

block in C++, w
e retrieve the sam

e value in 
its Fortran counterpart and vice-versa.
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INTERFACE CLASS

Output of Interface : 
Lujets_t object containing the list of all particles. 
Lujets_t linked to LUJETS COM

M
ON block. 

Can be obtained from
 Interface via GetLujets() m

ethod. 
Checked consistency betw

een w
hat obtained in Fortran 

subroutine and w
hat recovered in Interface

From
 Djangoh (fortran)

From
 Interface

Results from
 Fortran subroutine are 

w
ell passed to the Interface
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PROCESS CLASS

Typical event generation procedure 
1.

Configure TDjangoh w
ith infos from

 beam
file. 

2.
Generate event w

ith TDjangoh. 
3.

Recover Lujets. 
4.

Kills all incom
ing particles and creates new

 particles according to 
the content of Lujets.

X

µ

µ’

1.
2.+3.

4.

TG
EA
N
T

TDJANG
O
H
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OPTIM
IZING TDJANGOH

Djangoh w
as designed : 

to w
ork w

ith only one input of incom
ing lepton energy 

to then run m
ultiple event based on this unique energy

TGEANT needs : 
to generate events w

ith incom
ing lepton energy picked from

 beam
 file 

m
eans 1 event = 1 energy

The w
ay it is handled : 

‘open’ Djangoh, run 1 event, ‘close’ 
Not really optim

ized : each tim
e, lot of redundant stuff are m

ade

NO
W

DJANG
O
H

TG
EANT

TG
EANT

DJANG
O
H

TG
EANT

C
onfigure D

jangoh w
ith 

infos from
 setting file

Run initialisation 
subroutine once

C
onfigure D

jangoh w
ith 

infos from
 beam

 file
Run event generation 

subroutine
Recover result from

 
D

jangoh

TG
EANT

TG
EANT

DJANG
O
H

TG
EANT

C
onfigure D

jangoh w
ith 

infos from
 setting file

C
onfigure D

jangoh w
ith 

infos from
 beam

 file
Run D

jangoh in its 
entirety

Recover result from
 

D
jangoh

IDEAL
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LOOKING FOR TIM
E CONSUM

ING PROCESSES

Total tim
e elapsed 

(s)

Initialisation
0

Integration/Init.  for 
event sam

pling
14

Sam
pling

14
D

jango6
14

Init user routine
14

Event generation
14

End
14

For 20 events 
Tim

e elapsed : 4m
 02s 

M
eans : 12.1 s/evt

Look at 1 event

W
here does it take so long ? 

Integration step w
here cross sections 

for radiative processes are calculated

Is it possible to do it once ? 
Integration step depends on the 
incom

ing particle energy, hence not 
trivial to do it once.
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FROM
 ONE TO A GRID OF CROSS-SECTIONS

37

For one input energy

COM
M

ON /HSSN
C2/

@
 E
0

COM
M

ON /HSSN
C2/

COM
M

ON /HSSN
C2/

COM
M

ON /HSSN
C2/

@
 E
0

@
 E
1

@
 E
n

For several input energies

…



M
ODIFICATION OF DJANGOH

SUBROUTIN
E HSM

AIN
()

SUBROUTIN
E HSIN

IT()

SUBROUTIN
E HSEVTG()

Receive input from
 Interface

Initialisation step

X-section calculation step 

For one energy calculates 
corresponding X-sections 
for radiative processes

Event generation step

Generate events according 
to calculated X-sections for 
radiative processes

Receive input from
 Interface

For a GIVEN
 RAN

GE of 
energy calculates 
corresponding X-sections 
GRID for radiative processes

Generate events according to 
calculated X-sections for 
radiative processes picked in 
the GRID w

rt. IN
PUT EN

ERGY
38
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M
ODIFICATION OF DJANGOH

Overall : separate into subroutines and 
m

ake sure subroutines are sharing 
correctly their infos 
HSIN

IT 1st part : N
othing special to do 

HSIN
IT 2nd part : Looping over 

integration for each step of the grid 

HSEVTG : Only m
odification is to pick 

the right entry in the grid according to 
input energy. 

HSRCAP : Do a recap of all generated 
events (% of RE, quark com

position, etc.)

SUBROUTIN
E HSIN

IT()

SUBROUTIN
E HSEVTG()

Receive input from
 Interface

For a GIVEN
 RAN

GE of 
energy calculates 
corresponding X-sections 
GRID for radiative processes

Generate events according to 
calculated X-sections for 
radiative processes picked in 
the GRID w

rt. IN
PUT EN

ERGY

SUBROUTIN
E HSRCAP()

Do a sum
-up of all generated 

events
39



THE CROSS-SECTION GRID

The actual container / The type m
im

ic

The type m
im

ic is placed in a M
odule 

in order to be used and recognised as 
the sam

e type in every in every 
subroutine (because fortran)

40



Then declaration of 
CO

M
M

O
N

 
B

lock 
that 

consists 
of 

tables of types 
= COM

M
ON

 Block of 
GRIDS

THE CROSS-SECTION GRID
THE CROSS-SECTION GRID
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To initialize the grid, just 
loop 

over 
the 

different 
bins and take the center 
of the bin as energy of 
incom

ing 
lepton 

for 
c

r
o

s
s

-
s

e
c

t
io

n 
calculation. 

Integral Calculation for all X-Sections

THE CROSS-SECTION GRID
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VARIATION OF CROSS-SECTION W
ITH ENERGY

Cross-section (nB)

0,1 1 10 100
1000

[140,142][142,144][144,146][146,148][148,150][150,152][152,154][154,156][156,158][158,160][160,162][162,164][164,166][166,168][168,170][170,172][172,174][174,176][176,178][178,180]

Virtual/Soft
ISR

FSR
Com

pton
Total

9.5 nB
2.38 nB

2.0 nB
0.06 nB

13.9 nB
Diff. on [140,180] :
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EVENT GENERATION TIM
E IM

PROVEM
ENT

TDjangoh @
 event generation : 

TGEAN
TxTDjangoh @

 event generation : 

10s before             0.1s after (fact.100) 

10-20s before       1-3s after (fact. 10)

Generation tim
e im

provem
ent 

now
 lim

ited by TGEAN
T
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CONCLUSION
Renorm

alization and Radiative 
Corrections are often seen as com

plicated 
and black m

agic m
atters, but allow

 us to 
have precise results that sticks to the 
physics one w

ants to describe. 

 One can alw
ays recover the true cross-

section from
 the one observed thanks to 

m
athem

atical objects like radiators. 

 Thanks to these m
athem

atical 
descriptions, possible to create event 
generators like Djangoh taking care of 
radiative events, allow

ing afterw
ards to 

calculate radiative corrections to apply to 
physical results. 

 As C/C++ is m
odular and versatile, 

possible -not w
ithout w

ork !- to port 
Djangoh as a event generator for TGEANT.
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