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Recall from Stefan’s lecture
TMD evolution CASCADE
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CASCADE

* Monte Carlo program based on TMDs, doing ISR and FSR
» Latest version CACADE 3.1.1 (https://cascade.hepforge.org/)
* Inputs lhe files (hard process):

<event>

7 2 +3.4258351e+03 9.53459700e+01 7.54677100e-03 1.29039900e-01
2 - (5] 0 503 0 -0.0000000000e+00 +0.0000000000e+00 +3.0198415593e+01

21 -] ® 501 5062 +0.0000000000e+00 -0.0000000000e+00 -1.6043111285e+02
23 2 (6] 0 +1.6819700231e+01 +2.6667373435e+01 -1.0597756437e+02 1.4466512520e+02
-11 1 3 (¢} 0 -2.6501879581e+01 -1.5727235559e+01 -6.3701790953e+01 7.0764494842e+01
] 5
2

3.0198415593e+01
1
1
7
11 0 0 +4.3321579812e+01 +4.2394608994e+01 -4.2275773422e+01 7.3900630360e+01
2
1
t

.6043111285e+02

0.0000000000e+00 0.0000e+00 -1.0000e+00
0.0000000000e+00 0.0000e+00 1.0000e+00
9.3288279956e+01 0.0000e+00 0.0000e+00
0.0000000000e+00 0.0000e+00 1.0000e+00
0.0000000000e+00 0.0000e+00 -1.0000e+00
21 503 502 -1.6491715594e+01 -7.7498171134e+00 -1.9004781331e+01 2.6329034581e+01 0.0000000000e+00 0.0000e+00 -1.0000e+00
2 ] ] 2 501 0 -3.2798463720e-01 -1.8917556322e+01 -5.2503515557e+00
<scales pt_clust_4="13000.00000" pt_clust_5="13000.00000" pt_clust_6="18.22186" pt_clus
<mgrwt=
<rscale> 0 0.95345968E+02</rscale>
<asrwt> 2 0.18221865E+02 0.19701544E+02</asrwt=>
<pdfrwt beam="1"= 3 21 21 -2 0.24681709E-01 0.18201371E-01 0.11084004E-01 0.18221865E+02 0.19701544E+02 0.95345968E+02</pdfrw

.9635368664e+01 0.0000000000e+00 O.0000e+00 -1.0000e+00
_7="19.70154"></scales=>

<pdfrwt beam="2"> 1 2 0.46459102E-02 0.18221865E+02</pdfrwt>
<totfact> 0.89893556E+03</totfact>

</mgrwt=

<clustering=>

<clus scale=" 18.222" 6 1 -1</clus=>

<clus scale=" 19.702" 1 -1</clus>

<clus scale 93.288" -1 -1</clus>

<clus scale=" 18.222" 1 -1</clus=>

</clustering=

* Can be used to shower events (collinear and kt-dependent processes):.
- for collinear processes kt is added according to TMD, preserving mass of the
system
- for off-shell processes events are showered directly

» After shower events are hadronized and written in hepmc format for further
analysis in Rivet
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CASCADE: PB formulation of TMD evolution

« Starting at a scale y, the algorithm samples the next

scale y_, at which a parton will be emitted

Ag(z,pipi— eXp[ fj* 1;“’—“5{“

2’ Aa(2' ki n')
fdzpa—ybc( ) mA:(m,ktf;;) ]

e Continues until lowest scale (cutoff)
* Physics lies in mapping of evolution variables to

splitting kinematics

* *TMD from splittings cumulative kt in forward evolution
* ISR fully determined by TMD and its backward PB

evolution

* PS exactly matches the evolution of the TMD

DESY.

In each splitting

keb = kt,a + Qt,c

= kt,a+ (1 - 2)u

Total transverse momentum:

ky = kt,ll -+ z qt,c
[
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CASCADE + KaTie

kT-factorization

drg

dx .
OAB-qq = /koTA—A-F(:BA:kTA) d*kr p—— F (@ k) 0o (

? B
€T Tp T AlpS m T

m? kra kTB)

KaTie

* Parton level events with off-shell initial state partons
* Calculation including TMD
* Event files in the Les Houches format (LHE)

CASCADE

* Takes LHE files from KaTie
* Showers using TMD evolution and hadronizes
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CASCADE + KaTie

* off-shell agrees with on-shell
with TMD added (and keeping
mass fixed) at small gr

> important check for
application with collinear
NLO calculation

* off-shell agrees with 2 - 2 on-
shell at medium gr

* important check for
merging different parton
muiltiplicities

DESY.

Z — ee, dressed level, 66 GeV < my < 116 GeV, |yy¢| < 0.4
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Divergences at NLO

CASCADE + MC@NLO P

o Recall the MCONLO formula:

do/dp% [pb/GeV]

-100
-200 £

B+ v [atR"S)| + [ oot [RG) - RP(62) B S

-400 [

-500 E

.
[=2%

i
A8

The real emission is generated following the second term:

MC/Data

90100 @ Hin o
FRC NI v

Q

R(p7) — R™(p7)

MC@NLO
* Real and virtual corrections Recall Stefan's points
* Includes subtraction terms (Parton 2
shower dependent) ‘“"@é‘\ ,”<K [ ! I’Q’E‘_‘ ebesress
 Event files in the LHE format 9, "
ﬁmﬂﬁhc?{ %’ 4‘“«"{1%0[ ]Qf
CASCADE FIo arproo
 Takes LHE files from MC@NLO
 Adds TMD
* Showers using TMD evolution and
hadronizes
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Divergences at NLO

CASCADE + MC@NLO TR
o Recall the MCONLO formula: %IOZ: B E
B+ v [atR"S)| + [ oot [RG) - RP(62) -
The real emission is generated following the second term: : %Zg_;
R(6%) - R73(52) p:
35 F

Wi 1 102 103

-
Q

* MC@NLO subtracts soft & collinear parts from NLO (added by TMD and shower)
* MC@NLO without shower unphysical
? DY-pI’OCGSS as e)(amp|e Z — ee, dressed level, 66 GeV < m; < 116 GeV, || < 2.4

T b -1 ATLAS (2016). DY at 8 TeV,_
3 - EPJCT76, 291, 1512.02192 1
® low gr region affected by Ch B
subtraction of soft & collinear I E
DaI‘tS 3 10" = E
® to be filled by TMD ( + PS) B s ot E
-3 _ —— MCatNLO no noPS _
1 E — xca:gto 'IMTE\)AD '
. A 10 | JJJJlll | 1 1111[1] 11
® DY production very well described E BLCL L SRR R | |
by TMD with MC@NLO g 12 H
X Q. 0-1 = _‘__._._’__,_J-‘-J—LLH
» TMD fills low gr part 2] M W
0.6 é N v R 4 ‘
0.5
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Divergences at NLO

CASCADE + POWHEG R
o Recall the POWHEG method:

" " ! ":‘l?’(pf2 = R(p2 R(pﬂ : oZ ; —+— Data
B B Bexp [_ '/pfmin dpt? Bt } + B fpfmin dp? Bt) eXp N /pf dp;z Bt ) : i

do/dp% [pb/GeV]

R
o RS T S T T VY
pRRe B9 o 2 ©

hOhE 6 B

- Exponential suppression (as opposed to
subtraction terms) :
- Cut separating n and n+1 contributions S

POWHEG

MC/Data

9600 Q@ 1
2 U obw R
|

* Real and virtual corrections Recall Stefan’s points

* Includes supression (Parton shower 2 fo2 ,
independent) ‘weé\ = )~<‘ﬁ[ + [»in[ + lefoence

* Positive weighted events

. S !: : i A 9.
Event files in the LHE format il o
(RtR) —0 (atR)S—0
CASCADE
* Takes LHE files from POWHEG
 Adds TMD
 Showers using TMD evolution and
hadronizes
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CASCADE + POWHEG

o Recall the POWHEG method:

R_T R(pf* 7 2
= - + d
B = Bexp [ / B f jen

tmin tmin

R(p})

d 12
Pi B

- Exponential suppression (as opposed to
subtraction terms)
- Cut separating n and n+1 contributions

2] R(piz
LB

exp [—/ dp
pi

Divergences at NLO

CMS, 13 TeV, Z — upu~
T T T ETLL] T

| —o——o—
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* POWHEG exponentiates real emission (soft part): Sudakov for 1st emission

® DY-process as example

Z —» ee, dressed level, 66 GeV < m; < 116 GeV, |y| < 2.4
T LB N

: T""\ 2 El_ T T T T TTTT ‘ T T T TT I;
*@ouppied poamin)to e
. . o 1 P , i . 4
allow for contribution from | WE
TMD (and PS) T =
@ low g7 region filled by TMD 3107 >
+ PS 10” —— =
F —e Data

iSg| ~3 &= —+ PHnoTMD =
@ |large qr by real emission I ey P :
107 g —1 PHIMD R -
HE =
@ DY production degcrlbed $k lub__ h E
reasonably well with g o.é = S~ .
TMD + POWHEG with gr cut A | .

0.5 I 1 [ B | 1 1
@ TMD fills low gr part 10 10 58 e
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CASCADE and multi-jet merging

o Z production as an example:

Parton shower i

el o

Matrix elements

” RPS (P?)

- 1%t emission PS: RP?(p?) x exp |- /2 dp 3

- 15t emission ME: R(p?)



CASCADE and multi-jet merging

o / production as an example:

Parton shower

— >

3
e
g kr < Qeut
k...
Q
X
E kt > Qeut
- X :

g

2 R (P?)

- 15t emission PS: RF>(p?) x exp |— J 2 dp

B
- 15t emission ME: R(P?)



CASCADE and multi-jet merging

o / production as an example:

Parton shower A

>vm mm

- 1%t emission PS: RF>(p?) x exp [ f dp;

Matrix elements

Qeut pt

2 R™(pf )]

- 15t emission ME: R(p?) — ’R(pf)xexp[ f dp/?



CASCADE and multi-jet merging

Recall Stefan’s points

Madgraph

* n, n+l, n+2, ... real corrections
* Event files in the LHE format = moa ]

Z — ee, dressed level, 66 GeV < my; < 116 GeV, |y < 2.4

CASCADE i NG R
z AL
 Takes LHE files from Madgraph o b gt SN
* Adds TMD
» Showers using TMD evolution and B et sample (ex6) R
hadronizes e b et (0 Y
* Divergent regions suppressed by s | L St sample (20 ‘" "gf_ :
merging (Parton shower Sudakov) s R
* Double counting avoid by merging 5 13 :
S MR R S SN $brd -J'lel_E
L T BRES: il S R - ¥
' o o ry [GeV]
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CASCADE steering file (merging example)

&CASCADE_1input

MrEvents = -1
Process_Id = -1
Hadronisation = 1

Spaceshower = 1
SpaceShowerOrderAlphas=2
TimeShower = 1
TimelLikeSplittingInSpaceShower = 1
ScaleTimeShower = 4
!ScaleFactorFinalShower = 0.25
PartonEvolution = 3
PartonDensity = 102200
lheInput = 'mg5.lhe' !
lheHasOnShellPartons = 1

lheScale = 3
1

LHE input file

!
!
!
!
!
&End

&CASCADE_MLM
Imerge = 1
! for pure MLM merging

iMLM = 1

LHE tmd = 1
rclus = 0.6
etclus = 40.8

etaclmax = 5.4
MaxJEtsMerge = 4
&End

DESY.

! Nr of events to process

Nr of events to process

| Read LHE file

Hadronisation on (=1)

Space-like Parton Shower

order alphas in Space Shower

Time-1like Parton Shower

Time-1like splitting in Space Shower

Scale choice for Time-like Shower ! 1 is checked
! scale factor for Final State Parton Shower
type of parton evolution in Space-like Shower
use TMD1lib

= 0@ LHE file has off-shell parton configuration

Scale defintion for TMD: =0 use scalup, =1 use shat

0: use scalup

1: use shat

2: use 1/2 Sum pt”2 of final parton/particles

3: use shat for Born and 1/2 Sum pt”2 of final parton(particle)

4: use shat for Born and max pt of most forward/baward parton(particle)
5: use shat for Born and HT of final state particles (POWHEG)

! multijet-merging:=1 for MLM (=2 cckw)

iMLM=1: use old MLM merging
LHE_tmd=1: use partons after kt added
cluster radius for merging

eta _max for cluster
for merging, specify max nr of jets
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CASCADE steering file (merging example)

&CASCADE_1input ! Nr of events to process Ma|n bIOCk
NrEvents = -1 ! Nr of events to process

Process_Id = -1 ! Read LHE file

Hadronisation = 1 Hadronisation on (=1)

Space-like Parton Shower

order alphas in Space Shower

Time-1like Parton Shower

Time-1like splitting in Space Shower

Scale choice for Time-like Shower ! 1 is checked

Spaceshower = 1
SpaceShowerOrderAlphas=2
TimeShower = 1
TimelLikeSplittingInSpaceShower = 1
ScaleTimeShower = 4

'ScaleFactorFinalShower = 0.25 ! scale factor for Final State Parton Shower
PartonEvolution = 3 ! type of parton evolution in Space-like Shower
= ! use TMD1lib

LHE input file

= 0@ LHE file has off-shell parton configuration

Scale defintion for TMD: =0 use scalup, =1 use shat

! 0: use scalup

! 1: use shat

! 2: use 1/2 Sum pt”2 of final parton/particles

! 3: use shat for Born and 1/2 Sum pt”2 of final parton(particle)

! 4: use shat for Born and max pt of most forward/baward parton(particle)
1

&

lheScale = 3

! 5: use shat for Born and HT of final state particles (POWHEG)
End

&CASCADE_MLM

Imerge = 1 ! multijet-merging:=1 for MLM (=2 cckw)
! for pure MLM merging
iMLM = 1 iMLM=1: use old MLM merging

LHE tmd = 1
rclus = 0.6
etclus = 40.8
etaclmax = 5.4
MaxJEtsMerge = 4
&End

LHE_tmd=1: use partons after kt added
cluster radius for merging

eta _max for cluster
for merging, specify max nr of jets
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