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CMS GENERATOR USAGE: A GLANCE FROM LEGACY RUN2 DATASET Z=

Generator (Matrix Element modeling) usage breakdown based on legacy Run2 dataset
Pythia8 mostly chosen for parton shower and hadronization
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Benefit a lot from the convenience of MadGraph!
More events calls for more sophisticated modeling (high order, jet merging...)!
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ME & PS/Had. factorization:
CMS “Gridpack™:
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precompiled ME grids



CMS HAS A RICH PHYSICS PROGRAM

Cherry-picked CMS BSM Results

CMS Preli

Overview of CMS EXO results
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are n%?included).
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Measured cross sections and exclusion limits at 95% C.L.

See here for all cross section summary plots

More than |0 orders of magnitude

SM cross section coverage!

Overview of CMS cross section results
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3pub~1-138 fb~! (2.76,5.02,7,8,13,13.6 TeV)

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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And generator usage is a crucial part to all of them!
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V+|ets production is important background for




GENERATOR IS CRUCIAL! AND CHALLENGES AHEAD p

HL-LHC: order of magnitude higher

integrated luminosity — order of
magnitude higher required MC statistics!

CMS Public

Total CPU HL-LHC (2031/No R&D Improvements) fractions
2022 Estimates

Other: 2%
GEN: 9%

RECO: 35% DIGI: 9%

SIM: 15%

RECOSim: 26%

Deeper discussion @ Liz’s talk!

CMS

/

/

|

Will discuss here our homework for today

Algorithmic improvement

Negative weight elimination

Heavy I/0 issue for production

Phase space biasing and filtering
Workflow reorganization and optimization

Automized and centralized gridpack
production

New infrastructure test
MG4GPU test



NEGATIVE WEIGHT: PRICE TO PAY FOR NLO

High order calculation needed for today

NLO calculation includes real emission and virtual
correction

Substraction needed for matching to patron shower
— Negative weight introduced

Relative cost: wf Comelston A
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https://link.springer.com/article/10.1007/JHEP07(2020)238
https://indico.cern.ch/event/1041378/contributions/4374468/attachments/2258140/3832110/21_06_04_VBFSCAN_new_ps.pdf

NEGATIVE WEIGHT: PRICE TO PAY FOR NLO

High order calculation needed for today

NLO calculation includes real emission and virtual
correction

Substraction needed for matching to Parton shower
— Negative weight introduced

POWHEG has its way of eliminating negative weights!

But we still want to leverage the flexible generation
from aMC@NLO (and FxFx)

Num. of Events B powheg

pythiaOnly

aaaaaaaaaaa

aaaaaaaaaaa
ssssss
nnnnnnn

eeeeeeeeeeeeeee
aaaaaaaa

ssssss

aaaaaaaa

herwig

0.0421%

2.0r. 110.879%

1.27% 6% L1 119,

1.25%-
0.734%JJ
0.536% J

0.496%

CMS

Yy

/

2% \\
5\\ \\ \ \\

Rate of negative events

Olivier (2021)

\

% pp — Wit

Y pp — tt

\Z

c(f) =

Cost In sample size

(1 -2f)



https://indico.cern.ch/event/1041378/contributions/4374468/attachments/2258140/3832110/21_06_04_VBFSCAN_new_ps.pdf

NEGATIVE VWEIGHT: ELIMINATION WITH PHYSICS CONSIDERATION

aMC@NLO follows MC@NLO
matching prescription

H NLO,FE MC
do'™ = do' ) — do™©)

dO_(S) _ dO_(MC) 4+ Z dO_(NLO,a).
a=S,C,SC

Introducing
“Delta” factor to
suppress negative

weights

Negative weights
originate from
both H and S terms

do@®H — (do.(NLO,E) B dO_(MC)).

)

a=S,C,SC
JHEP07(2020)238

MC@NLO-Delta prescription
Folding needed for further suppression
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—
—
[—
b
;
—
—
—
Voo
—
—
—
—
Voo
—

o —
il | |
unIunInuInnqu MIImlImlInuInn L1 11|I

i i [
m BA H =

- P B e P | TTH A
': -ILI _:,d = -
A E
= —

| I | | | | I | | | | I | | | | I | | | | I | |
70 80 90 100 110

my [GEV]

Next step: CMS integration and further test! ¢



https://link.springer.com/article/10.1007/JHEP07(2020)238

CMS
NEGATIVE VWEIGHT: “DISTRIBUTION=DRIVEN??> PROPOSALS

8

Negative weights are introduced for
correct predictions

Trustful distribution when considering
negative weights

Reweighting of events possible!

do/dO
|
|
do/dO
|
|
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8

Negative weights are introduced for
correct predictions

Trustful distribution when considering
negative weights

Reweighting of events possible!

#events (for SIM) reduced then from
unweighting (resampling)

do/dO
do/dO
do/dO




NEGATIVE WEIGHT: “DISTRIBUTION=DRIVEN?? PROPOSALS

Negative weights are introduced for
correct predictions

Trustful distribution when considering
negative weights

Reweighting of events possible!

#events (for SIM) reduced then from

unweighting (resampling) epjc/s10052-020-08548-w

Positive resampler: simply using
histograms!

Implemented with CMS workflow, now
under validation

PosResampler

Events/bin

Weighted

10°

—
o
o)

107

O
o

—
o))

-y
o

NLO W production

Reweighted with GEN W boson pr

CMS Simulation Preliminary 138 fb™’
- T T T

(13 TeV)

Raw

I | | | | | | I | I |

g —— Weigh ]
B —— PosResampler |
- ! .

bt of leading Jet

4
4
=

ted

I 1 1 1 1 1 I 1 I 1

Reasonable agreement

l | | 1 1 1 I 1 I 1

e e s it

20 40 60 80

100

. 120
o [GeV]
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https://link.springer.com/article/10.1140/epjc/s10052-020-08548-w

CMS
—_ \
NEGATIVE WEIGHT: *“D > PROPOSA s
EGATIVE VVEIGHT: ISTRIBUTION=DRIVEN" PR SALS y
, , , NLO W production
Negative weights are introduced for
- CMS Simulation Preliminary 138 fb™" (13 TeV)
correct predictions s B T T T T
Q 1%_ —1— Weighted :
Trustful distribution when considering ‘% o —+ I;NResampler 1
. . i % aw
negative weights oo \
107 - 3
ighti ible! i
Reweighting of events possible! : - br of leading [et
6| o _
#events (for SIM) reduced then from Rl S
: : : i TR
unweighting (resampling) J05L . ﬁ
A neural network can be used for  PhysRevD.102.076004 1045 B S
reweighting — predicting per-event weight S R T R
. : ] ‘ ] L
Done via a special loss function! g8 "°f Reasonable agreement :
é §’ 1.0 f~-~~r----w----—-—~-—--~w~~+~n-+~r=h»-qﬂ+i+ﬂhTHnH#HM—
g _ =l 05k A 1 - 1 1
Lol = Zu log 9(x Z]”g (1 - g(z:)) 20 20 50 30 700 120

pr [GeV]

Now under validation within CMS!

NN Backbone: ID PCNN (DeepAK8-like) 3


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.076004

HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING

CMS MC Production Workflow
highly simplified version

“Gridpack” generation with MG5aMC/
POWHEG/... compilation

l

Production jobs created and run at grid
nodes, gridpacks loaded there

l

Event generated from gridpacks and
showered & hadronized ...

|4




N
HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING ra
CMS MC Production Workflow Large cross section SM backgrounds (W/Z/top
highly simplified version production):
complicated modeling needed
4 )
“Gridpack” generation with MG5aMC/ heavy gridpack
POWHEG/... compilation (usually from
- o MG5aMC) generated
4 )
Production jobs created and run at grid —_— Heavy I/O caused from heavy gridpack loading
nodes, gridpacks loaded there
. J
4 )
Event generated from gridpacks and
showered & hadronized ... Not friendly to the disks!

|5




HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING

CMS MC Production Workflow
Example from CMS W+012j FxFx Modeling

highly simplified version
- ~ Condition |Run3 Run2 Legacy
“Gridpack™ generation Witb MGSaMC/ UEO model |loop_sm-ckm _no_b _mass |loop_sm-ckm_no_b mas
POWHEG/... compilation s
- J
Size 774M 762M
(compressed)
4 ) 14G subprocesses 16G | Xx nThreads!
Production jobs created and run at grid 104M G source 177M
nodes, gridpacks loaded there Size (uncomp.) | Negligible Negligible
N~ / Negligible ;iliary files |Negligible
Negligible Negligible
Negligible Negligible
4 )
Event generated from gridpacks and O(10 GB) I/O per thread
showered & hadronized ... Not friendly to disks!

16




HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING

CMS MC Production Workflow

highly simplified version

~

“Gridpack” generation with MG5aMC/

POWHEG/... compilation

-
p

Production jobs created and run at grid

nodes, gridpacks loaded there

-
~

Event generated from gridpacks and
showered & hadronized ...

More practical workflow:
Multithreading via concurrent jobs
4 N

gridpack in production site cvmfs
\ _

U U U U

Gntar| [untar] [(ontar]| [ontar’

U U U U

ot oz orus ceus

\/
[ LHE events }

——— N,

{CPU 1 } [CPU 2} [CPU 3} {CPU 4}
W

[GEN events}

e —

Straightforward multicore utilization!

|7




HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING

CMS MC Production Workflow

highly simplified version
p
“Gridpack” generation with MG5aMC/
POWHEG/... compilation
-
p
Production jobs created and run at grid
nodes, gridpacks loaded there
-
p
Event generated from gridpacks and
showered & hadronized ...
-

More practical workflow:
Multithreading via concurrent jobs
4 N

gridpack in production site cvmfs
N\ _

4x 170! {untar} [untar} [untar} [untar}

U U U U

ot oz orus ceus

LHE events

— e N,

[CPU 1 } [CPU 2} [CPU 3} {CPU 4}
W

[GEN events}

Straightforward multicore utilization!
Not I/O friendly

|18




HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING p

More practical workflow:
Multithreading via concurrent jobs
4 N\
gridpack in production site cvmfs

Before
MG5aMC

4x 170! {untar} {untar} {untar} {untar}

U U U U

i oma o e

LHE events

- N,

[CPU 1 J LCPU 2} [CPU 3} {CPU 4}

—

[GEN events}

Straightforward multicore utilization!
Not 1/O friendly

After
MG5aMC

Ix 1/0!

CMS

%

|

Current workaround:
MGS5aMC’s own multithreading

4 I
gridpack in production site cvmfs
& /
{untar}
<
[CPU 1 } [CPU 2} [CPU 3} {CPU 4}
- — -
LHE events
4/\;

[CPU 1 J [CPU 2} [CPU 3} LCPU 4}
W

[GEN events}

Lesson taken: more jobs per untarred
gridpack I/O — better!

19




HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING

Source codes implemented.

How to maximize #jobs per untarred Ongoing validation with W+012j FxFx

gridpack I/0?

, , CMS Simulation Prelimi
Have It host on sites and uncompressed, then =) T Imﬁ,’?"? e IealdOr'ﬂy )
. . . . ; | -
directly load it without |/O on disks %104? [ —— Normal —
D | |
Broadcasting through cvmfs: one time cache, S |
multiple times of utilization! ; ' Extract from a
Prerequisite: Read-Only gridpack 103 single job_

No NLO gridpacks from MG5aMC in the past!

CMS has worked with MG5aMC authors - -

(many thanks!) for a solution 1021 -
0 2000 2000 6000

Run time (s)

Dramatic improvement on disk usages! 20



HEAVY GRIDPACK: PRICE FOR SOPHISTICATED MODELING Vo

Source codes implemented.

How to maximize #jobs per untarred Ongoing validation with W+012j FxFx

gridpack I/0?

. . CMS Simulation Prelimi 13.6 TeV
Have It host on sites and uncompressed, then s [ 'IT:?'IOU Sannans T N(‘)n('_rea d(‘)ni')
directly load it without I/0 on disks < o025} i i I Readonly

I _
Broadcasting through cvmfs: one time cache, o20f | '“"““; -
multiple times of utilization! o =
Prerequisite: Read-Only gridpack i i
0.10 I _
No NLO gridpacks from MG5aMC in the past! - i
. T _
CMS has worked with MG5aMC authors 0'05; i -
I o R T s e Y RO RN I
(many thanks!) for a solution %0.10_3__ e e e
g8 | | ):
O R S S B
Q:50.8_—1.|...|..1|.H|.1| 1
0

20 40 60 80 100 120 140
pt (£1) [GeV]

Discrepancies under investigation 2|



SELECTING PHASE-SPACE OF INTEREST: BIASING & FILTERING

1000

800

600

S/(S+B) weighted events

400

200

100

-50

Again V+jets as an example

-1
138 fb™' (13 TeV)
1 I 1 1 1 I 1 1 1 I 1 1 1 ] 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
B CMS —4— Observed ] VH(H—cC), p=7.7
— Z+jets W+jets —
- Merged-jet tt B single top 7
| All categories VV(other) VZ(Z—>cc) _
- S/(S+B) weighted VZ(Z—bb) I VH(H—bb) -
: %%22(53 B uncertainty :
B b |
i e _
4 -
— —
el —
B B subtracted _
_| a _
; OBV, VOO, ,A’A’A’A’A’A’A’A’A’A,A,A,A,A,A,A,A:,:A,A,.?bgb‘?;?d%‘_:;,;,;,;:i VN g |
60 80 100 120 140 160 180 200
Higgs boson candidate mass [GeV

V+jets are important backgrounds

of Vh(bb/cc) analyses!

Heavy flavor filter
& #Hjet binned ME

—
by
A \"\ \\ \\

_ r N
Signal:Vh(bb/ Background:

cc) V+jets
* J U * y
4 B
Signature:V + jets from 2 heavy
flavored partons
\ y
22




SELECTING PHASE-SPACE OF INTEREST: BIASING & FILTERING

Again V+jets as an example

138 fb™' (13 TeV)
w I I 1 I I | I I | | I I | | 1 I I | | I I I | | I I |

% 1000 —_ CMS _+_ Observed - VH(H—)CE), u=7.7 _—
> - Z+jets W+jets =
g - Merged-jet tt B single top :
9 goo— All categories VV(other) VZ(Z—cc) —
5 - S/(S+B) weighted vZ(z—bb) [ VH(H—bb) -
O B 555 B uncertainty _
= 600 o -
- u _
+ - - ]
(D [ e —]
a 00 -
T . _
B n —— — |
L — %_
0B —— ! : gﬁ

100

50

0

-50

V+jets are

100 120 140 160 180 200
Higgs boson candidate mass [GeV

important backgrounds

of Vh(bb/cc) analyses!

VH(H — ¢g)

r . p r p
Signal:Vh(bb/ Background:
+ cc) V+tijets
Z . J . J
4 ™ 4
Heavy flavor filter | Signature:V + jets from 2 heavy
& #jet binned ME flavored partons
g Y g
4 ™ 4 o
High energy scale I Merged topology is important:
biased high energy scale required
\_ J .
e 138 10 (13 TeV)
—e— Observed = ----- Median expected
CMS B 68% expected
----- 95% expected
Combined i ;
Expected 7.60
Observed 14.4
Merged-jet
Expected 8.75
Observed 16.9 | | L
Resolved-jet
Expected 19.0
Observed 13.9
95% CL limit on pn 23




SELECTING PHASE-SPACE OF INTEREST: BIASING & FILTERING =

Conventional approach for high energy scale biasing —

binned production (pT(V), HT, etc) so0n 13 TeV
Actively iterating with generator authors Zzz:gn“fuz . TN
modeling improvements ss0f Preliminary g0 100250
13 TeV 200 ;—-—-HH-—- ] p.(Z) 250-400
400 1500= 7~
ss0- CMS — Inclusive 100 -
s00E- Simulation _ @050 oFE
250E_Preliminezry : zﬁ; fg;gzo Customized NLO oE e
S I p_(2) 250-400 . _E I R R |
TZZ_ _ P pT(V) binned Py
100; Hl_. MGS&MC GE) 1; o T MO PO I
= - C05F
50 N / oF
OE -0.5 e
S15) | Spikes around bin 00 00 1020020 - 500
g 1i - +""'-p-h=;qq_-aa_h—+ . pT( )
£.<E boundaries spotted Left: Initial modeling with only cuts on N-body
0 ______ e et — — and resolved kinematics for generation
0.5 F - - -
~ 50 100 150 200 250 300 Right: Two set of cuts, one on N-body kinematics
p.(2) for generation,, the other on recorded LHE events

24



SELECTING PHASE-SPACE OF INTEREST: BIASING & FILTERING > ’

Conventional approach for high energy scale biasing —

binned production (pT(V), HT, etc) 166
£ 1.75

2

“ 1 50}

Alternative approach: produce weighted events with o5
generator bias module
1.00}

Smooth distribution by construction o
Only one gridpack needed 050
0.25

1.1

Other/Ref
>

O ,
©

0.00——

CMS Simulation (13 TeV)
L L N B
— Preliminary —— MINNLO (Ref) -
- —— MIiNNLO Zpt weight -

5T(Z) weighted ZJ-MiINNLO
Investigation ongoing :

Comparison wl Z+2j selection

RN TS
| | I DA
o
Po,_o® ooo.+ 9900 009%, 2% 20e %%’ “0.“:0::..‘ ‘% “¢:’¢¢¢¢ n*ﬂ‘::%* +—:
o ¢ p
o b
100 150 200 250 300 350 400
pr(£e)

Similar attempts exist for other
processes: e.g. QCD dijet production )



AUTOMIZED & CENTRALIZED GRIDPACK PRODUCTION

CMS moves to centralized and automized
gridpack production for robust common SM
background modeling

Automized and centralized production helps
Improving computing efficiency as well:

Minimizing human intervention helps reducing
computing via avoiding

reproduction for correcting mistakes

repeated production from miscommunication

e.g. heavy flavor

[

filter for V+jets
Signal:Vh(bb/ 1 [ Background:
cc) R V+jets

\

v v

-

Signature:V + particles from 2 heavy
flavored partons

~

v

4 )

Heavy flavor

. filter )

The heavy flavor filter could be
implemented on top of a normal
gridpack by filtering events from it




AUTOMIZED & CENTRALIZED GRIDPACK PRODUCTION =

CMS moves to centralized and automized
gridpack production for robust common SM
background modeling

Automized and centralized production helps
Improving computing efficiency as well:

Minimizing human intervention helps reducing
computing via avoiding

reproduction for correcting mistakes
repeated production from miscommunication

Dedicated production platform with a huge
bunch of jobs )

Maximized CPU occupancy
Dedicated optimization could be carried out

* E.g.process specific CPU consumption

* E.qg.process specific CPU
consumption
No suitable CPU configuration suits
all process
Quite empirical task!
e.g. V+0j should consume much
less than V+4y!
Now #CPU cores to use Is
configurable to maximize CPU
efficiency

27




PREPARATION FOR NEW INFRASTRUCTURE: MODERN PARALLELIZATION

GPU Computing

CPU Vectorization

Vector

Instructions Instructions

B Instructions
[ ] Data
" Results

Parallelizaiton is a major topic of modern high performance computing

28




CMS

PREPARATION FOR NEW INFRASTRUCTURE: MODERN PARALLELIZATION

B '/// /

|

CMS HLT GPU Farm Columnar analysis

393: . o -

N ISSSSSSEE

F

) ———_

Columnar

________________________

Kernels: 1.12E+07 events, 3068 MB

he get in offsets: |
€ 351 "™ 14744 MHz, 22.2x
= .
< 30 - ggsifgr&%_frgr;l_lvectorz
© + z, 37.1x
© 25 mask deltar first: I 906'06242
= 7 +0 MHz, 13.8x
2 20 1 — select muons opposite sign:
g 86 =0 MHz, 35.5x
g 151 g SUM_in offsets:
£ 10- 91+ 1 MHz, 21.8x
o)
2 51
2 A
0 .
hat & = & o 2
@)
https://cms.cern/news/first-collisions-reconstructed-gpus-cms CPU threads / GPUS -

Parallelizaiton is a major topic of modern high performance computing
And extensively employed in HEP!


https://cms.cern/news/first-collisions-reconstructed-gpus-cms
https://arxiv.org/pdf/1906.06242.pdf

PREPARATION FOR NEW INFRASTRUCTURE: MODERN PARALLELIZATION £

Machine learning assists Generators can benefit from

generators and needs GPU GPU/CPU vectorization as well!
CMS Simulation Preliminary 138 fo~! (13 TeV)
I ' [ T A TS

s k D Welar f o
2 | BNV e L PSEUDO RANDOM
S10% P 2 (.o ¥ EE NUMBERS
g F 0 o faw 5
107;— ﬁLﬂs — :" Q?\\%“\ w
E , ; o L™ PHASE SPACE
| o - g SAMPLING
10°} . " PHASE SPACE
: ey : OPTIMISATIUN @D W
10°F T E '- ~= =~ MATRIX ELEMENT
5 R E CALCULATION
104 ﬂ*%»#ﬁ.& T
E———————————— o
5| [ | ' ' | F NP MONTECARLO WA MONTE CARLD
2B s INTEGRATION UNWEIGHTING
e T ettt R R
=t i — %
i 0°5;‘2l<)' — 0 60 80 100 120
of [GeV] 6 Geant4

Parallelizaiton is a major topic of modern high performance computing
And extensively employed in HEP!
Generator should not be absent!



CMS
PREPARATION FOR NEW INFRASTRUCTURE: MODERN PARALLELIZATION £

Significant improvement with GPU for

dpack vion] Generators can benefit from
gridpack generation!

GPU/CPU vectorization as well!

process Cross Error [pb] #Hdiagrams Time(FORT

section [pb] (#processes) RAN)/ 7 -

Time(CUDA) )i
TT+0j 504.4 12 8(6 3.6 o Yo
0) - (6) 6X @ PHASE SPACE
' : : : S SAMPLING

TT4] 575.7 0.25 9(16) 10.6x k" PHASE SPACE
TT+2j 426 0.16 1473(96) 16.1x OPTIMISATION @ W

N MATRIX ELEMENT
N CALCULATION

CPU Vectorization also helps!

process Cross Error [pb] #diagrams Time(FORT v ONTEﬁA &“‘:‘“ CARLO
Time(CPP) W

DY+0j 5711 1.054 30(15) 5.4x & GeEaAnTS

DY+ 3535 263 180(45) 4.7x |

DY+2j 2236 0.5005 3120(285)  4.Ix Further checks ongoing

CMS workflow integration & test in future

Time value reported here include uncompressing



SUMMARY:

Overview of CMS efforts in generator acceleration and optimization

Progresses includes various levels/aspects

Algorithmically improving generators: negative weight elimination, efficient phase space
biasing & filtering, tackling the heavy gridpack |I/O issue

Systematically improving the workflow: automized and centralized gridpack production

Preparing for new computing infrastructures: testing MG4GPU

Look forward to a fruitful discussion here!

TH-ANKS!
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BACKUP: AUTOMIZED & CENTRALIZED GRIDPACK PRODUCTION

Number of events to produce
Phase space coverage

Sophisticated modeling (e.g. jet
merging, high order simulation)

Complexity for gridpack
production

Production workflow

CMS policy

SM backgrounds with large cross
section

Large
Large

Yes

High

Standardized

From Run3: automatically and
centrally produced

Signal Processes

Not too large per process

Signal specified region

Not necessary for going too far

Not quite
Might be novel and/or flexible

Not centrally produced
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