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Signal elements
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What can the signal be from a general perspective?
(limiting to gluon-fusion processes)
Modified SM couplings
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Reduced cross-sections

8 < _-h
Let’s take one signal contribution: ;} .: with £ = k5, hh5;Si

_ 2-
A o Kppss; =0 = Kz, 0 (m3;)

9 k5 rescaling of the cross-section
@ 5 (mz): kinematics of the process == reduced cross-section
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Reduced cross-sections
By <. _-h
Let’s take one signal contribution: ;% .: with £ = k5, hh5;Si

_ 24
A X Kz, =— 0 = Kz, 26 (ms;)

9 k5 rescaling of the cross-section
@ 5 (mz,): kinematics of the process == reduced cross-section

VOO 0 Lok
Let's add another contribution: t > - ®  with £ = w{,,v SPhh+ ki, S)it
§voo 1 Nh

. 2 . .
G = Hhhs,-s,z G(mz,) + (né,,hné,,) G (ms;, U's;) + K, ”ghh“gn &' (ms;, ms;, Ts;)

@ couplings: rescaling of the reduced cross-section

@ masses, total widths and Lorentz structures: kinematics of the individual
subprocess

The total cross-section is constructed by adding a complete set of elements
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2 squarks and modified SM couplings

The simplified Lagrangian
@ Modified Higgs couplings: —(ASM + k)vh® — %(y,SM + Ky )hit
Additive terms, not multiplicative!

AN
@ Trilinear squark-Higgs couplings: vi(g} %) < “ooo B
: Khig q2

Rl 12 7
@ Quadrilinear squark-Higgs couplings: k(G G3) < kg z:"" > < ~1 >
: Rhhgg

All parameters are kept independent
(and real for simplicity)

—_ n,‘jlﬁ = 0 and we do not need to know the electric charge of g; »

What are we looking for?
@ Analyse entire classes of scenarios (MSSM, NMSSM,...)

@ Find parameter combinations which maximise signal visibility:
== What can be observed at Run 3 or the high-luminosity upgrade of LHC?

@ |dentify distinct shape features to characterise different scenarios
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The recipe

1) Deconstruction
Identify all combinations proportional to unique couplings products

2) Database
Simulate individual samples in a {mg, ,mz, } grid and store the samples

3) Recombination/Analysis
Analyse the process for any choice of parameters (masses and couplings) by doing a
weighted sum of the deconstructed samples
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1) Deconstruction

Topology type i A
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and modified Yukawa coupling e ¢ i =0 n Ai o< Knn e
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Two modified Yukawa couplings t i As o K
9 s==h
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with hil couplings ::F o ,»,0--< + X Ry
g - hgwes T “h

This class of topologies involves only diagonal couplings between the Higgs and the squarks,
due to the absence of FCNCs in strong interactions and the presence of one hif coupling

Modified Higgs trilinear coupling
< g

14 o "‘ Dogt™ Aok mannrli

Bubble and triangle g - . 3 hhh K g

with hil coupling h g i h

Only diagonal couplings between the Higgs and'the squarks due to the strong interaction.

g wooY
ti
Triangle and box g vov- @ A
with two hif couplings i i o[
&
Bubble and triangle g o= Ao ot
with hhil coupling L i % Kilhit

Only diagonal couplings between the Higgs and the squarks duc to the strong interaction.
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1) Deconstruction

Cross-section
0 = op + oy + 05 + o + o + gitt + ol 4+ ol 4 glfL)

B: SM background, M: modified SM, S: squark propagation
MB, SB, MM, SS, MS, MSB: interference between these topologies
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1) Deconstruction

Cross-section
0 = 05 + om + 05 + oijs + o + iy + o5 + o4 + sy
B: SM background, M: modified SM, S: squark propagation
MB, SB, MM, SS, MS, MSB: interference between these topologies

One of these terms (interference between diagrams with squarks and the SM):

int i ~int 2 int i ~int
Osg = E ’thqgss(mq, + E : ”lqu G705(mg; ;) + ’fhh"a (mg,)
i=1,2 Jj>i

The first element, graphically:

8 < +h- 0008
mt ’ P h ‘ int
5(mg) = R ®--=< +"'_“h“"53( @)
g A Sh- CLLNS
Si
Topology "5" SM topology
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2) Database generation

Need to perform separate MC simulations for each deconstructed term

1) Use MG5_AMC with dedicated UFO models built in FEYNRULES
2) Associate individual coupling orders to each new coupling
3) Use specific simulation syntax for each process

Examples:
Background:[ generate p p > h h [QCD] QCD"2==4 QED"2==4 ]
5B: [ generate p p > h h [QCD] QCD"2==4 QED"2==3 HSQ1SQl1"2==1 ]

Remove any unwanted particle from propagation and set any other coupling order to 0

mg,

> Database of samples
simulated once and for all

mg,
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2) Database generation

Need to perform separate MC simulations for each deconstructed term

1) Use MG5_AMC with dedicated UFO models built in FEYNRULES
2) Associate individual coupling orders to each new coupling
3) Use specific simulation syntax for each process

Reconstructed
Parton level particles Recast
LHE
LHE piping through 7 FASTIETVIRMAS - piciency
from MG5_AMC PYTHIA 8 tables
ROOT
from RIVET
~ 100Mb ~ 80Mb LHE
per 100k events ~ 200Mb ROOT O(Kb)

The grid doesn’t need to be too dense == interpolation between points
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3) Recombination/Analysis

Here is where THEORY comes to play!
so far it was about organising signals according to kinematic features

Now we have everything we need to address multiple goals:
@ TH/PH: map theory parameters in the simplified Lagrangian and recast bounds
© PH/EXP: global analysis of the parameter space to design new search strategies
© EXP: use observed distributions to find the best fit parameters

I'll focus mostly on the second points (Harri will discuss the first)
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3) Recombination/Analysis
invariant mass distribution m,,

0) Background distribution (intrinsic background only: pp — hh)

3 SM (0 x BR=19.252 fb)
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3) Recombination/Analysis

invariant mass distribution m,,

0) Background distribution (intrinsic background only: pp — hh)
1) Distributions from deconstructed elements (i.e. with couplings factorised away)

Example with the o5 elements
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at2m; —
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Q
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only depending on

-1 the squark masses
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The deconstructed samples do not need to have the same number of MC events
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d6/dMpy (fb/GeV)

3) Recombination/Analysis
invariant mass distribution m,,

0) Background distribution (intrinsic background only: pp — hh)
1) Distributions from deconstructed elements (i.e. with couplings factorised away)
2) Weighting the distributions with the benchmark couplings and recombine!

Sum of the
Example with the o5 elements contributions

3 Getmi)
3 Gl
1 Grami)

Gratm)
31 Getmi)

5

(i

- IR Sk, )
10 3 S(oxBR=2826 1)

Events (Lipe = 300 fb~1)

~108

~10-5

o 500 1000 1500 2000 2500 3000 o - 500 1000 1500 fOOU 2500 3000
M (GeV) Mpn (GeV)
only depending on depending on
the squark masses masses and coupling

The recombination is done bin-by-bin for each distribution
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3) Recombination/Analysis
invariant mass distribution m,,
0) Background distribution (intrinsic background only: pp — hh)

1) Distributions from deconstructed elements (i.e. with couplings factorised away)
2) Weighting the distributions with the benchmark couplings and recombine!
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3) Recombination/Analysis

invariant mass distribution m,,

0) Background distribution (intrinsic background only: pp — hh)
1) Distributions from deconstructed elements (i.e. with couplings factorised away)
2) Weighting the distributions with the benchmark couplings and recombine!
3) Repeat for all deconstructed elements
=3 SM + Signal (o x BR=22.077 fb)
770 S (0s x BR=12.826 fb) [ Signal (0 x BR=2.826 fb)
[ SM (o x BR=19.252 fb)
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3) Recombination/Analysis
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3) Recombination/Analysis

invariant mass distribution m,,

0) Background distribution (intrinsic background only: pp — hh)
1) Distributions from deconstructed elements (i.e. with couplings factorised away)
2) Weighting the distributions with the benchmark couplings and recombine!
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including

systematics
independent simulation

or cross-check
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0,036 fo) T3 SM (90X BR=19.252 o)
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300 fb~?)

Events (Lint
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[ 500
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Events (Cix

3) Recombination/Analysis

invariant mass distribution m,,

SM+Signal (ox BR=23.953 o)
= SM (0 BR =19.243 fo)

500 1000 1500 2000 2500
My (GeV)

With the same database we can

@ analyse the contribution of specific topologies to the total shape

@ fully treat any interference effect
@ find predictions for any other theoretical scenario with same particle content
@ explore the interface between NP effects at low energy and in the EFT limit

@ use a semi-analytic approach to find parameters which maximise key features
=P excesses, deficits, threshold effects,. . .
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Reverse engineering

Given an experimental dataset, is it possible to fit the parameters?
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Reverse engineering

Given an experimental dataset, is it possible to fit the parameters?

A testing with our MC sets:
1) We generated a benchmark
2) "Blinded" the parameters and asked our ATLAS colleague to do the parametric fit
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A testing with our MC sets:

Reverse engineering

Given an experimental dataset, is it possible to fit the parameters?

1) We generated a benchmark
2) "Blinded" the parameters and asked our ATLAS colleague to do the parametric fit

Input parameters

Fitted parameters

mg, =600 GeV
mg, = 1400 GeV
Knnh = 1.208e-01
Khtt =-3.309e-02

KFE: =5.965
Ki%=9.598
K2f=17.825
Kpnii = -6.874e-01
KiP = -6.437e-01

mg, =600 GeV
mi, = 1300 GeV
Knhhh = 8.430e-02
Khet =-5.972e-02

Kpd=-1.203
Kpé=10.000
Kig = 3.022

Kpni = 1.369
Kipsz=5.366

Luca Panizzi

€o!
=

Caveats:
@ Only couplings were fitted,
stop masses were assumed

@ MSSM relations between
couplings were assumed, but
the point was random
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A testing with our MC sets:

Reverse engineering

Given an experimental dataset, is it possible to fit the parameters?

1) We generated a benchmark
2) "Blinded" the parameters and asked our ATLAS colleague to do the parametric fit

Input parameters

Fitted parameters

mg, =600 GeV
mg, = 1400 GeV
Knnh = 1.208e-01
Khtt =-3.309e-02

KFE: =5.965
Ki%=9.598
K2f=17.825
Kpnii = -6.874e-01
KiP = -6.437e-01

mg, =600 GeV
mi, = 1300 GeV
Knhhh = 8.430e-02
Khet =-5.972e-02

Kpd=-1.203
Kpé=10.000
Kig = 3.022

Kpni = 1.369
Kipsz=5.366

But how wrong is this fit?
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€o!
=

Caveats:
@ Only couplings were fitted,
stop masses were assumed

@ MSSM relations between
couplings were assumed, but
the point was random
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Reverse engineering

Given an experimental dataset, is it possible to fit the parameters?

A testing with our MC sets:
1) We generated a benchmark
2) "Blinded" the parameters and asked our ATLAS colleague to do the parametric fit

Original benchmark Fitted benchmark
M (0 X BR = 4.645 fb) (3 MB (ojjf X BR = —17.660 fb) [ SM + Signal (o x BR = 12.286 fb) - M(owxBR=2269fb)  CJ MB (o} x BR = — 15752 fo) 5M<5gna\(axsn usevm
S (o4 x BR=0.197 o)
10*
10°
o~ 107 98 e 107
2w g g 10
g )
3 10 g -0
20 20
1 - —
) ; main difference
e 0 1000 1500 2000 2500 3000 0 0 00 1000 1500 2000 2500 300¢
M [hyh;] (GeV/c?) M [hih;] (GeV/c?)
: b WIR
Different parameter sets lead to very similar distributions PROGRESS.

It's not unexpected!
Use combination of observables and machine learning
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Extending the di-Higgs analysis

What is the minimal parameter set to study this process?
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Extending the di-Higgs analysis

What is the minimal parameter set to study this process?

New particles

Charge is not important

@ Coloured scalars: {At most 4 particles

=

STTOY > @---h---@ > (OTTS

S1A Y52 S3h 0 ¥y
gm*;'---h---.g-‘mg
1 : ;
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Extending the di-Higgs analysis

What is the minimal parameter set to study this process?

New particles

. J Charge is not important
@ Coloured scalars: {At most 4 particles

. . | Charge is important: mixing with SM quarks
9 Coloured fermions: {At most 4 ¢ and 2 b’ propagators (or viceversa)

g oo ---h--- 110
1A 1} i ng
8 TTT ---h--- CLIN

g T "'h"' T
b h 1)2 b
22112 ---h--- T
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Extending the di-Higgs analysis

What is the minimal parameter set to study this process?

New particles

Charge is not important

@ Coloured scalars: {At most 4 particles

Charge is important: mixing with SM quarks

9 Coloured fermions: {At most 4 ¢ and 2 b’ propagators (or viceversa)

@ Neutral bosons: At most 2 particles

8 5T Y ) LN
1 . H ~ J
>oo oo<
8 TTT he CL 1N
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Extending the di-Higgs analysis

What is the minimal parameter set to study this process?

New particles

Charge is not important

@ Coloured scalars: {At most 4 particles

Charge is important: mixing with SM quarks

9 Coloured fermions: {At most 4 ¢ and 2 b’ propagators (or viceversa)

@ Neutral bosons: At most 2 particles

SU(3) representation is not important for MC simulations
factorisation of color coefficients in the deconstruction
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Extending the di-Higgs analysis

What is the minimal parameter set to study this process?

New particles

Charge is not important

@ Coloured scalars: {At most 4 particles

Charge is important: mixing with SM quarks

9 Coloured fermions: {At most 4 ¢ and 2 b’ propagators (or viceversa)

@ Neutral bosons: At most 2 particles
SU(3) representation is not important for MC simulations

factorisation of color coefficients in the deconstruction

New couplings

@ Modified SM couplings: only #hh and hif

Between themselves

With the Higgs boson

With Higgs and top or bottom (only fermions)
With the neutral bosons

@ Coloured particles:

With the Higgs boson
@ Neutral bosons: { With top or bottom
Total widths are free parameters too!
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Conclusions

@ Deconstruction with simplified models is powerful for catching NP effects at
different energy scales (from low energy to EFT)

@ It is not restricted to di-Higgs: it is applicable also to process of production of
Higgs with another BSM scalar for example

Luca Panizzi Simplified models for di-Higgs studies 14/14



