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JHUGen Framework

e JHUGenerator + MCFM-JHUGen: https://spin.pha.jhu.edu/

. Simulate wide range of processes involving spin 0,1,2 particles with a general
coupling model

e JHUGen MELA — Matrix Element Likelihood Approach

. Calculate observables to optimally isolate processes or operators

Reweight generated samples from one hypothesis to another
* JHUGenLexicon
. Tool for translation between different EFT bases and the JHUGen amplitude

* JHU Generator v7.5.5 *
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Anomalous Couplings and EFT

* HVV scattering amplitude parametrized in terms of 3 Lorentz tensor
structures

* Couplings parametrized by g; or a; -> g,(SM-Tree Level),
g-(CP-Even Dim-6) , g4(CP-Odd Dim-6)
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 Anomalous couplings at Higgs production
or decay vertex, visible in kinematic
observables

e Couplings can be mapped directly to
couplings in the EFT Lagrangian $T s e 065 168 34
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Off-Shell Simulation

*Off-shell processes can be simulated with the MCFM-JHUGen
package or JHUGenerator (EW only)

. Custom version of MCFM v.7

. Allows for anomalous couplings in off-shell production + decay

. Supported Processes: Gluon Fusion Higgs, Electroweak(VBF+VH),gg77,q077
. Supported Simulation: Signal, Background, Signal + Background (including
interference)
(a) Signal (b) Interfering background (¢) Non-interfering background

Gluon Zzg[)’ - i

fusion 000/ ——hArny
Vector - Jﬁ:

boson

fusion



[Flags to specify the mode | — nevtrequested: -1 for weighted distributions and

["E“Er":*q”e“&']ﬂ cross-section, otherwise n = number of Ihe events
creatent

Edkisztiﬂ] creategrid: set to true to write grid for initial
— ’ integration step (useful for making gridpacks)

81.ELMU [nproc] < | nproc: <ProcNumber>.<FinalState> (EIl,MU,TL)
e 128:gg->H->4L
e 131:gg->H->4L+gg->7ZZ->4L
e 132:gg->7Z->4L box diagrams

1300040 [sgrts in GeV] N
+1 [ihl =1 for proton and -1 for antiproton) sqrts: Collider energy

+1 [ih2 =1 for p

roton and, -1 for antiprotonl] hmass: Higgs mass
125.6d0 [hmass ] ' EE—

125 .6d8 [scale:QCD scale choice] l les: Vari QCD | t
125.6d@ [facscale:QCD fac _scale choice] SCales: various SCale parameters

"m{3456) " [dynamicscale]
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itmx1,ncalll: initial integration step

4 [itmx1, number of iterations for pre-conditioning]

100000 [ncalll] itmx2,ncall2: final integration step

1@ [itmx2, number of iterations for final run]’

100000 [ncall?] ij: random seed for the run
1500 [ij]

173 .2d0 |quark masses: pole mass for quarks, ggH loop
4.75d0 is sensitive to these masses as well as kappa
1.275de [charm mass couplings

[Pdf selection]
"ctegbll’ [pdlabel]

4 [NGROUP, see PDFLIB]

46 [NSET - see PDFLIB] |
'NNPDF31_1o_as_0130° Sl (@ LHAPDF group: name of pdf set in LHAPDF
0 [LHAPDF set] @ LHAPDF set: set number from LHAPDF

3/25/2024 3
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[Jet definition and event cuts]

2.5d0 [m34min] e List of relevant cuts for gg->4l:

1300040 [m34max ] . . )

5 cap [:SEE] m34min(max): Z1Mass cut

13000d0 {mf:amax] ] * m56min(max): Z2Mass cut

70de m3456min .

1300040 [m3456max | ° m3456m|n(maX) : m4| cut

-true. [inclusive] * makecuts: Do lepton cuts

"ankt’ [algorithm] .

1540 [ptjet_min] * ptlepton(2nd+)_min: lepton pt cuts

@de [|etajet| min] :
9940 [|etajet| max] * newinJHUGen 7.5.5 cuts are

B.4d0 [Reut jet] stable to O pt

.true. [makecuts ]

3d0 [ptlepton min] » |etalepton(2nd+)| : eta cuts on

2.7d8 [ |etalepton| max] Ieptons
0de, ade [ |etalepton| weto]

ade [ptmin missing]

3de [ptlepton{2nd+) min]
2.7d8 [ |etalepton(2nd+)| max]
0de, ade [ |etalepton(2nd+)| veto]
ade [minimum (3,4) transverse mass]
ade [R{jet,lept) min]

ade [R({lept,lept) min]

ade [Delta eta(jet,jet) min]
.false. [jets opphem]

e [lepbtwnjets scheme]

ade [ptmin_ bjet]

99de [etamax_bjet]
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MICFM input card (for gridpacks)

e Thisinformation is helpful for the following use cases:
. Submitting multiple jobs at once with high initial integration steps
Useful for batch production of precise samples
Creating/ debugging gridpacks for central production
Required for central CMS production to reduce time out issues on crab
. Usually handled by MC contacts

[How to resume/save a run] * readin: set to false on intial run (always true after)

L [readin] * writeout: set to true on initial run (always false after)
-false. [writeout ]

* ingridfile: name of grid file to read in (after initial run)

lingridfile]  outgridfile: name of grid file to output

[outgridfile]

* Example: Simulate process 128 with precompiled grid
* Step 1: writeout=true outgridfile="
* Expected grid file = <some_name>_grid
* Step 2: readin=true ingridfile="<some_name>_grid’



Anomalous couplings with MCFM

 Anomalous couplings can be implemented in ggZZ processes

Steps to generate ggZ7 with anomalous couplings
. Step 1: Open src/User/mdata.f

. Step 2: Set AllowAnomalousCouplings = 1
. Optional: Set AllowAnomalousZffCouplings = 1

. Step 3: Set the anomalous couplings of interest
. Step 4: run make again



 Anomalous couplings in gg -> H -> 77 on production side:

data mt_d4gen / l06oeede / — _ . .

+ta mb_Agen / 100000d0 / m_<> 4gen = fourth generation fermion mass
CP-Even CP-Odd

(5e|+ il&enys) e H.

m

data kappa_top / (0d@,0de) / ! SM-1,0 L(Hff) = —
data kappa tilde top / (@de,ede) / ! sM=0,0

data kappa_bot / (0de,ede) / ! SM=1,0 kappa_(top/bot)
data kappa_tilde bot / (0d@,0de) / ! SM-0,0

data ghg2 / (0de,ede) / ! SM=9,0 : - T -
e e R — ghg(2/4): effective point like coupling ggH
sta ghgd / (0de,0de) / | SM=0,0 (CP-Even/CP-odd)

kappa_tilde (top/bot)

data kappa 4gen top / (©de,ede) /
\ta kappa tilde dgen top / (@d0,0d0) _ Same as about, but for fourth generation

data kappa_4gen_bot / (8d@,ede) / fermions
data kappa_tilde 4gen bot / (©d0@,8d@) /
ata ghg?2 4gen / (08d©,8de) /

data ghg3 4gen / (@d0,8da) /
ata ghgd 4gen / (08de,8de) /
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Anomalous Couplings with MCFM

 Anomalous couplings in gg -> H -> 77 on decay side:

V@ +k3VaE kY +@)? 21 oo
VV)2 >~ Tz 192 |)(c1-e2)
(Al ) (Agv) i

4 [Ee1e291 g2 } )

* How would | know what coupling to modify in the fortran code???

—2g5 | (€1 g2)(e2 - q1) —
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New feature added in JHUGen v7.5.5!
Anomalous Zff coupling in ggZZ loop

ata clanou f @d@ f !
data cranou f @de f !

1ata clanod / @d@ / !
ata cranod / @d@ / |

Anomalous Zff couplings in Z deca

data reZ f 8d@ f ! SM = (-2*-1*xw inp)/(2*sgrt(xw_inp*(1-xw_inp

data leZ f 8d@ f ! SM = (-1-2*-1*xw inp)/{2*sgrt{xw_inp*(1-xw _inp

data InZ f @de f ! = (1)/(2*=sgrt(>w_inp*(1l-xw_inp)))

data rnZ f BdB f 1 SM

1)

))

Note: Must flag
AllowAnomalousZffCouplings
in mdata.f

14




MCFM Tutorial

Goal: Produce an LHE file for signal + background interference
with anomalous couplings

Note: This tutorial is designed to be run on Ixplus9
. Could just as easily be run on any cluster with cvmfs /cmsrel

Link to git repo where | store the scripts in case you get
lost/fall behind/want to use the examples later:
. https://github.com/Offshell-Workshop-LPC/JHUGenTutorial

. Note that command line information is mostly stored in this
PowerPoint (will update later if there is interest)



https://github.com/Offshell-Workshop-LPC/JHUGenTutorial

VICFM Tutorial (Installation)

mkdir OffShell_Tutorial
cd OffShell_Tutorial
cmsrel CMSSW_13 3 1
cd CMSSW _13 3 1/src
cmsenv

cd../ ./

wget https.//spin.pha.jhu.edu/Generator/JHUGeneratorv7.5.5.tar.gz
tar -xf JHUGenerator.v7.5.5.tar.gz

cd JHUGeneratorv7.5.5/MCFM-JHUGen
JInstall
# If linking LHAPDF you would edit the make file

LHAPDFLIB =/fcvmfs/cms _cern.ch/el9 amd6d gccl?/external/lhapdf/6.4.8-5285219al177b8e8b5b/2e2aebbl1327b6/1ib/

FPDFROUTINES = LHAPDF

make




First use vim or some other text editor to open src/User/mdata.f

Before After

data AllowAnomalousCouplings / @ / ! data AllowAnomalousCouplings [ .

data AllowAnomalousZffCouplings / @ /¥ data AllowhAnomalousZffCouplings [/ E.’r
Set SM Gluon Fusion Loop

data kappa top / (@de,ede) / ! sSM=1,0 data kappa_top / (1d@,ede) / ! SM=1,0
data kappa_tilde_top / (@d@,ede) / ! SM=0,0 data kappa_tilde_top / (8d@,8de) / ! SM=08,0

data kappa bot / (@d@,eda) / ! SM=1,0 data kappa bot / (1d@,8de) / ! SM=1,8
data kappa_tilde bot / (©d@,0d@) /7 ! SM=0,0 data kappa tilde bot / (©de,@de) / ! SM=0,0

Remove SM HZZ coupling
ta ghzl / (1de@,ede) / 'J——— ghzl / (@de,ade) /

Turn on anomalous coupling
ta ghz4 / (@de,ede) / |mmmp data ghz4 / (1de,ede) /

Now run make!

3/25/2024
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Now use vim or other text editor to open Bin/input.Dat

Before After

g 100 [ nevtrequested]

[General options to specify the process and execution]

131.ELMU [nproc]
[part "lord’, real’ or 'virt','tota’]

-1 [ nevtrequested]

Switch Process

[General options to specify the process and execution]
81 [nproc]

‘lord’ [part "lord’,"real’ or 'virt®,'tota'] ‘lord’
- "test’ [ runstring’ ]

"test' [ "runstring’ ]

8000d0 [sgrts in GeV] 13660840 [sqrts in GeV]

For simplicity we will keep the default invariant mass and lepton cuts

All that is left to do:
cd Bin
./mcfm

Now we have an |he file named: ggZZ4| lord NNPDF31 125 125 125 ELMU test.lhe

3/25/2024 1 8
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Electroweak off-shell JHUGen

e Remember:

. Couplings parametrized by g; or a; -> g,(SM-Tree Level),g, (CP-Even
Dim-6) , g4(CP-Odd Dim-6)

kYVal+6YVaE  KYV(q1 + ¢2)? " 2q1 - qof vy

92
AVV 2 e 2 M21 :
( 1 ) (AQ ) K
== ;/V (61 ’ q2)(€2 f ql) - €e1e2q1 Q2} )
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EFT Lagrangian
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Electroweak off-shell JHUGen

e Electroweak off-shell production is fully supported in JHUGen
JHUGen interfaces with MCFM matrix elements

Electroweak production is defined as any qq->ZZ process
Simulation of Pure higgs signal, qqZZ background, signal + bkg +interference
This includes VBF and VH production and VVV/VVVV backgrounds

»
’

(a) VVV (b) VVVV

arxiv:2002.09888



https://arxiv.org/pdf/2002.09888.pdf

Interference is important!

% T | r r 1 1 111 1 T 11 ?
- [ Jg? [Hebigrl
: (g [ bko z
ol [ EW 46+2]
% : | :
O 1 1 ' %
S— - |
2 n
e 10—1
E‘q 3
Interference from Higgs + bkg
102
% 3 'rL"‘L‘ E suppresses events at high m4l|
v 10—3 :E P TT R Ty
[ LHC, 13 TeV -
10 E JHUGen+MCFM E
:I 1 | 1 I 1 1 1 1 I 1 | 1 | T 1 T |:
500 1000 1500 2000

arxiv:2002.09888 M, [GeV]


https://arxiv.org/pdf/2002.09888.pdf

Coupling naming convention

*HVV coupling naming scheme is the same as described in ggZ7
section

*Triple gauge and quartic gauge couplings naming conventions:

dFour_A / (8de,ede) /

Etgc - ie (W;VW#_ B W;UW:) Ay +ie {(1 T 5&7)‘4“” W:WV_ + %'YA“V W:W”_J dFour 7 / (O

e (14 8g12) (WA W = W Wih) Zo (1 662) Zyu WiE Wy + R Za Wi W]

2 C IIII
ﬁqgc - 62(W:ApW;Ay - W;W‘_L_AUAI,) -+ 26—2(1 + 201591,2)(W;W:W;W; _ W:W;ijy—) dm 2 I"
2 §

Cuw _ B
+ 628_2(1 + 2091 )W, Z, W, Z, - W, W, Z,2,)

n ezz_w(l + 691 ) W2 W, A, + WA W, Z, —2WIW [ Z,A,).




JHUGen Command Line Inputs

JHUGen is run from the command line so inputs are of the form:
/JHUGen <command line arg 1>= <value> <command line arg 2> = <value>

Process:
66,67,68: Electroweak qq -> VV+JJ (Signal,Background,Signal+Background)
70,71,72: Electroweak gq -> VV+II (Signal,Background,Signal+Background)
Still in Beta

DecayMode(1/2) (for each Vector Boson):

0=2Z->21, 1=Z->2q, 2=Z->2tau, 3=Z->2nu,
4=W->1nu, 5=W->2q, 6=W->taunu,

7T=gamma, 8=Z->21+2tau,

9=Z->anything, 10=W->lnu+taunu, 11=W->anything

For a more detailed list of options, see the manual: JHUGen Manual.pdf


https://spin.pha.jhu.edu/Manual.pdf

Oft-Shell command line settings

Resonance parameters .

MReso: resonance mass in GeV (default=125.00)
GaReso: resonance width in GeV (default=0.00407)
WidthScheme: Higgs width scheme: 1 for running width, 2 for fixed width (default),

3 for the CPS, 4 for alternate running width (narrow width decay products)

pTjetcut: Minimum pT for jets in GeV (default: 15)

deltaRcut: Minimum deltaR for jets (default: 0.3)

mJJcut: Minimum dijet mass in GeV (default: 0)

MPhotonCutoff: Minimum mass for off-shell photons in GeV, when included (default: 4)
etajetcut: Maximum |etal| for jets in off-shell EW (default: 4)

detajetcut: Minimum deltaeta between jets in off-shell EW (default: 2)

JetsOppositeEta: Require sgn(eta) to be opposite for the two jets in off-shell EW
(default: true)

pTlepcut: Minimum pT for leptons in off-shell EW, in GeV (default: 3)

etalepcut: Maximum |etal| for leptons in off-shell EW (default: 2.7)

m4]l_min, m4l_max: Minimum and maximum four-lepton mass

For a more detailed list of options, see the manual: JHUGen Manual.pdf



https://spin.pha.jhu.edu/Manual.pdf

Off-Shell command line settings

Statistics
VegasNcO:
Vegaslicl:
VegasNc2:

options:

ReadCSmax:
CSmaxFile:

Interf:

number of evaluations for integrand scan

number of evaluations for accept-reject sampling

number of events for accept-reject sampling

Read the results of the grid generation step from a file

File to use for reading (if ReadCSmax is set) or writing (otherwise)

the results of the grid generation step. Depending on the process,
suffixes are appended to this base name. (default: DataFile without .lhe)

O=neglect interference for 4f final states,
1=include interference

For a more detailed list of options, see the manual: JHUGen Manual.pdf



https://spin.pha.jhu.edu/Manual.pdf

Tutorial JHUGen EW

The goal of this tutorial will be to simulate EW off-shell higgs
production including the interference with background

. This includes VBF -> H +JJ and VH -> H + JJ
General steps required to produce these samples:
1. Compile MELA

2. Compile JHUGen and link MELA

3. Generate the grids for all 164 partonic channels
4

Generate events for all 164 partonic channels and merge
output lhe



Tutorial JHUGen EW (compile MELA)

* First we need to install MELA!

cd JHUGen

cd JHUGeneratorv?7.5.5/JHUGenMELA/
/setup.sh

eval S(./setup.sh env)

cd ../JHUGenerator/

This could take a few minutes, but it is required to run the
electroweak production since we need to interface with MCFM



FAFAEAFAEAFEAEEET

## USER FLAGS ##

FHFAHFAFHAEARRRHEREHE

f.../MELA/data/$5CRAM

## include Collier Loop Integral Library
linkCollierlLib = No

We will only set linkMELA = Yes for this tutorial

Then: The change below is only needed for newer gcc versions

MELALibDir = $(MELADataDir)/$(SCRAM ARCH) Ml MELALibDir = $(MELADataDir)/$(MELA ARCH)

Now run make!

3/25/2024
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Grid Generation

For time constraints, we will only produce one grid file

First make a directory to output the gridfiles:
mkdir Grids_Output

Then as an example run:

./JHUGen Process=68 deltaRcut=0.3 pTjetcut=10 mJJcut=70
m4l_min=70 m4l_max=13000 VegasNc0=10000
Reweightinterf=0 ghz1=1,0 VBFoffsh_run=1
DataFile=Grids_Output/Out

Sorry about the long command line, but all of these inputs are
required

You should see a file named: Out_001_step2.grid



Event Generation

Again, because of time constraints we will generate LHE events
for a single partonic channel

| included my own pre-compiled grids in a folder on the git repo
named Grids

./JHUGen Process=68 deltaRcut=0.3 pTjetcut=10 mJJcut=70
m4l_min=70 m4l_max=13000 VegasNc0O=10000

Reweightinterf=0 ghz1=1,0 VBFoffsh_run=1 VegasNc2=10000
ReadCSmax DataFile=Grids/Out



Interpreting output LHE

* The meaning of VegasNc2 is different for EW off-shell
production

. Usually in JHUGen it is the number of events requested

. In EW production we precompute how many expected events should be
in each channel based on what VegasNcZ2 is set to

 Example from what you all just ran:

Channel 1 expects 33/10000 requested
events so the lhe file will only contain
33 events

When lhe files are combined the
relative cross-sections from each
channel are maintained in the
unweighted events!

1 1 1 1 1 1
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JHUGen-Lexicon

JHUGen Lexicon is a tool for mapping various EFT basis operators
from one to the other

This allows users to translate JHUGen from one EFT basis to
another during either reweighting (i.e MELA) or event generation
(JHUGenerator)

Current Features:

. Supported Basis: JHUGen Amplitude, Higgs basis, Warsaw basis

. Basis Constraints: Fix W mass to SM value, SU(2) x U(1) symmetry

. Triple and Quartic Gauge Couplings

. Convention on Covariant Derivative (for matching samples across generators)

. e i . e
Dli = aﬂ — IEO-WVML IEBM -I\/IadGraph convention

. e ; : . e
D, = 6 —]— 0'lWl 1—B -JHUGen convention
l’l' I'l ZSW ,Ll 2CW ,Ll
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JHUGen Lexicon Tutorial

Compilation is extremely easy!
Simply go in the JHUGenLexicon Directory and do make
Example usage: Translate amplitude basis to warsaw basis

./JHUGenLexicon input_basis=eft_jhu output_basis=warsaw ghz1=2,0
ghz4=1,0 vev_lam=0.060624

.JJIHUGenLexicon —help for more info about options

= E ZCHD+—CHWB 22 3 Cup |, 93~ = A2 HG
vt (2 1 77— 3% (2Cus+ACom Civ
A_(_—CHWB-I_ l—g Cup 94 - = A2 (S'u.r HB+E'U.I HW+chw HWB)"
w 2
2 7 v 1
= % (s5,CuB + c,Crw + swcwCrwi) 9i" = _EP (Swﬂw (CHW N CHﬁ) 3 2 ( ci,) HWB)
2 'UZ
= —ZK—( wCw (Crw — Cup) + = {S —c )CHWB) g, = _EF (CfuCHE + SfuCHW - SwaCHWB) )
2 ,UZ
ZF (¢2.Cup + 50.Chw — swcwCrwg) 95" = _ZFCHE?
Translations utilized behind the scenes arxiv:2109.13363



https://arxiv.org/pdf/2109.13363.pdf

End of Tutorial

* Thank you all for participating in this tutorial

*There are many more rich features of JHUGen that have not
been explored in this tutorial (mostly due to time constraints)

* |tisagreattool for off-shell Higgs physics (and on-shelll)

*Please feel free to email authors with questions about any of
the JHUGen packages in the future!




