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https://cds.cern.ch/record/2879283/
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Intro and motivation

Hadronization/showering

Detector

Interpretation

- HEP relies on a complex chain of high fidelity simulators to model the signals in our detectors
—  full likelihood of an event x is intractable p(z|z) = / dZgetector / dZshower P(|2detector) P(Zdetector| Zshower) P(Zshower|2)
- The Matrix Element Method is a way to link directly the detector-level info with the theory

Davide Valsecchi 16/11/2023 6th LHC EFT WG general meeting 2



The matrix element method master formula 202250 ETHzurich

CMS

Estimation of the probability that a reconstructed eventy, is generated by a physical process defined by 8 parameters.

Prob. of the reco event hard-scattering transfer function

P(Y|0) = /dX M(X|6)2- Pdf - W(Y|X)

Reconstructed level observables /Jiki
_b
=S - <\ is Integrate over all
‘ ‘ ' WV>D’—< parton-level
Leptons, jets, phasespace
MET % \z«

N

A transfer function W(Y|Z) models the probability that the reconstructed event parton-level configuration



https://arxiv.org/abs/1101.2259

Example: MEM for EFT ETHziirich [**

20, . . A . 206, - SMEFT quadratic parametrization of dim-6
Freeo|6) o€ PoGirce) + Z < 6o 930&%” '+ Z < ) Puc) + 2 (Tg) 7 (reco) Wilson coefficients 0 effects

-------- i<j

Optimal observables for the linear and quadratic terms

2P0 (T ees)

R —
V15 _ s Po(Fios) + - Pl(qrfélclé)

P(Y|0 )=/dX IM(X|6)[2- Pdf-W(Y|X)
T Y PuEm)

t2 — —full —full
= 73 ( r(lzlco) +c- 7)1( rélco)

LHC EFT WG Group?2 report: arxiv

- Goal: compute each term of the likelihood expansion with the MEM

—  Encapsulate the full event kinematic information in a single likelihood ratio

- Extract limit on Wilson coefficients with optimal observables with a unbinned or standard binned fit
to CMS data

LHC EFT WG Group?2 report: arxiv


https://arxiv.org/pdf/2211.08353.pdf
https://arxiv.org/pdf/2211.08353.pdf
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Classical MEM computation

Example of MEM for ttH(bb) process

From Bianchini’s talk at DataScience@LHC 2015

1. consider generator-level particles as aligned to jets .
dbg = ((2";) ")' | W QAN R S M AR
a. > jets than needed — all possible permutations and sum x b1 slaEsapCigda)

b. < objects than needed — discard the event or integrate out
the missing partons

neutrino direction

2. Assume full reconstruction, particles mass on-shell S
3. Compute the numerical integral with VEGAS over the free d.o.f.
4. Permute the jet-parton assignment — extremely time consuming MECES)

# variables =24 - |15 -5=4
A
alignment

mass on-shell


https://indico.cern.ch/event/395374/contributions/939868/attachments/1184270/1716115/bianchini_DataAtLHC.pdf

A new approach based on generative ML ETHzurich

Model the conditional probability of parton-level events given a reconstructed event using normalizing flows

General strategy based on:

- Precision-Machine Learning for the Matrix Element Method 2310.07752 (see next talk!)
- Two Invertible Networks for the Matrix Element Method 2210.00019

- Invertible Networks or Partons to Detector and Back Again 2006.06685

CMS

First application of the method on the experiment side:

- Complex ttH(bb) channel in the semileptonic final state (1 lepton, >6 jets):
- MEM used for sig/bkg discrimination in CMS analyses: doi:10.1007)HEP03(2019)026, CMS-PAS-HIG-19-011

- Full CMS detector simulation including pileup

- Al jet multiplicities considered

Today talk: generating generator-level events for MEM integration



https://arxiv.org/pdf/2310.07752.pdf
https://indico.cern.ch/event/1253794/contributions/5588633/
https://arxiv.org/pdf/2210.00019.pdf
https://arxiv.org/pdf/2006.06685.pdf
https://link.springer.com/article/10.1007/JHEP03(2019)026
http://cds.cern.ch/record/2868175

MEM computation ETHziirich

single event
Reconstructed
jets and
leptons N e [01]" |
L Conditioning Unfolding conditioning Transfer
Transformer Flow Flow
prob. density of each N sets of [
the parton set ] W( Y|X)

partons X

| /
(Y16) = /dX IM(X|6)2- Pdf - W(Y|X)

CMS
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Conditioning transformer

single event
Reconstructed
jets and
leptons N € [0,1]°
Conditioning conditioning
Transformer
prob. density of each N sets of Y
the parton set partons X W( Y‘X)
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Conditioning on reconstructed events

- Sampled particle sets for the MEM integral computation strongly depends on the reconstructed

objects.

- Use a transformer to extract a fixed-size conditioning latent space for the unfolding flow
— can handle additional radiation and missing objects
— avoids direct jet-parton combination

- The conditioning latent space should be correlated with the most probable partons

Conditioni
Transformer onhaitioning
— latent space

Tagging Fixed dimension latent space
network

Using a pretrained SPANET network and adding to each
jet the probability to be generated from H, top hadronic,
top leptonic 9



° ° . . m Iy . h
Conditioner pre-training zdric

- ldea: pretrain the conditioning transformer with a regression of the generator-level particles:
higgs, top, _, toplelo (P N. @) + total event boost p,

— additional radiation (gluon) computed from momentum balance

—  maximize the correlation with the target of the unfolding flow _
Decoding network

GenlLevel

CMS

. —»{Transformer——>» [B,20,F] |—>» average —>| [B.F] —>» project —»f [B. 3] Higgs Target [B, 3]
Encoding network \
Reco
project —)J"ranslorm‘e\r—) [B.20,F] |—>» average —pf [B. F] —>» project —>» [B, 3] Thad Target [B, 3]
project [B. 20, F] > <Transformer —»f [B, 20, F]
. —)Tfanslonner—) [B.20,F] |—> average —»f [B, F] —>» project —» [B, 3] Tiep Target [B, 3]
Reco boost project
Ly fransformer——»| [B,20,F] |—»/ average —» [B,F] —» project —»| B.1] Boost pz Target [B, 1]
Inputs
Jets: p., n, @, btag score, SPANET prob.
Lepton: p.,n, ¢ Y
MET :
Transformer—— > [B,20,F] (——>{ average —>| [B.F] ——>» project —> [B, 10]

Free

Boost: 4-vector sum of all objects |n| < 2.4

free latent space, not constrained in the pretraining

10




regressed

i ETH:zirich =
Parton regression performance zuric

, CMS Simuiation Preliminary 13 TeV . 3(;M‘S‘$ir,n.u./‘?t{0‘n‘ Efe(iTiQny E— 13 T?V
= [ | |Higgs (ICM) | ' % ode: 1 = F Top Had. (CM) —— mode ]
< o 68% CL ] 7 of 68% CL _]
% a 95% CL g [ 95% CL
(- - c 1 —
o:— - 0— ] .
i : ] The regression of the
F E i3 E generator-level particles is
2 . 2 E overall unbiased
_Sixlxtuljtul 1111‘;1.“‘|HH|‘: _3:\|\lllllllJll\\l\\\\l\\\\lll||l|:
3 2 1 0 1 2 3 3 2 = 0 1 2 3 .
Higgs n (true) Top Had. n (true) Also the total p, of the event s
e 9!‘!'??ffgf!%ﬁf?g’éfzﬂﬁj'fmfﬁér,y, ey oo IS Simulaton Preliminaly 12 Tey well regressed
g r iggs —— mode | “F - Boost p, regressed —— mode ] i
L0 oL | T oob Pe e - the particles can be boosted
B ozl 3§ . 95% CL in the centre-of-mass (CM)
& 10 o & soof- . correctly.
0'5; _E OEW__ )
: ] E ] *More plots in backup
0.0 - -500| 3
_0_5:_ E -1000; 4
Agealosns | pas s los gl saanloncalss szl s s aspobl L 11
‘ 50 100 150 200 250 300 350 -2000 ~1000 0 1000 2000

Higgs pr (true) Boost pz (true) 11
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Unfolding flow

single event
N €[0,1]"
L Unfolding conditioning
Flow
prob. density of each N sets of g
the parton set partons X _ W( Y’X)

12



Phase space representation ETHzirich

CMS

Need to parametrize 4-momenta of particles in an event in a way suitable to be modeled by normalizing flows.
Using the RamboOnDiet 1308.2922 algorithm — analytical mapping, compact and fast

- parametrizes events in the CM frame Also look at Enhanced latent
- D =3N-4 numbers € [0,1] to describe N particles final state zﬁj Efjtfg;;rggg)g%%g%lgder
- almost flat phase-space density (for massless particles)

- 2 additional numbers for the momentum fractions of the scattering partons x, x,

140'\"3 Simulation Preliminary 13 TeV CMS ‘SimL‘JIaItioln Frg/imi{nalr y — 13 T?V
*l T T T \ T T T | T T T | T 1 T | T ] T ‘ﬁ | £ i - ol
| 1 Dimension 0 [ ] Dimension 5 1 i) ] ;I B!menspn? i
8D + X1X2 12’_W‘ Dimension 1 Dimension 6 _’ 20l F :I D;:Z:z:z:z;
[ 1 Dimension 2 [ 1 Dimension 7 rh - . g
B . : ) ) i | \ﬁr | [ Dimension 3 |
10_:| D!mens!ons D!mens!on8 b 5 d | 1 Dimension 4 -
10D - [ Dimension4 [ Dimension 9 1 1 5’_ ,ﬁ j% [ Dimension 5 _|
SR af. B ~l I th Dimension 6 -
| i i i ‘E [ Dimension7
i i B i E Dimension 8 ]
6 7] LOgIt + 1'0f i 4 ) Dimension 9 |
[O 1] 4} * std. i
) i i (i . B ]
Jf N Lk scaling 0.5} ;
ttH(bb) + 1 gluon | e : P ,
semileptonic channel OS5 — e N IR
Y 00 02 04 06 08 1.0 0.0 05 0.0 05 10
Rambo space Rambo space - normalized

13



https://arxiv.org/pdf/1308.2922.pdf
https://arxiv.org/pdf/2305.07696.pdf

Flow architecture

Implemented the flow as Rational Quadratic Spline
1906.04032 flow with autoregressive blocks.

The conditioning vector is made up from the regressed
partons converted to Rambo space and a free latent
vector.

Reconstructed particles

l

— Latent vector
Conditioning

Transformer

Parton space

W e

Regressed partons

ge(x)

ETHz(rich “*

Illustration of flow splines from 1906.04032

RQ Spline

— Inverse

e Knots

9p()

z’ z’. !/

Z1| %2 i-1| 2i Zp
4
h;
| G > T
A A
21| 22 Zi—1| Zj s 2P

14


https://arxiv.org/pdf/1906.04032.pdf
https://arxiv.org/pdf/1906.04032.pdf

Unfolding flow samples

CMS simuiation Preliminary
s Tr e P

Top Had n

Top Had n

Top Had n

E 2
Higgs n Higgs n

2
Higgs n

N. samples

40

20

1 event in each box
20k samples

R True gen-level particles

ETH:zurich

The unfolding flow learns the conditional probability P(partons|reconstructed event) and generates
partons in the most probable configurations.

CMS

15



Unfolding flow samples

T

[

I IR

P IR

IS R

e 0 g 0 o
T

Higgs n Higgs n

Higgs n

N. samples

40

20

e " CMS
ETH - /iirich é

- CMS Simulation Preliminary
ENEES
iE
2000 } g
1500} E
oo [ || E
500
F; ) .
g e
2 0 2 H
— Correlation of
‘ Samples
6000 — True
observables for
samples of a
single event
50001 \‘ Samp\e; m R
5000 — True 4
" "] 4000}~ e
3000} e
: {2000 ‘
2f E I - 1000} ‘ g
= sl
[ L | =g T T T
< oA [ Samples
g a000f True
ha
0 2000 ]
ab
1000 o]
2k : L
R 3 2 — =, = 2
Higgs n Top Had. n Top Lep. n Gluon n

The unfolding flow learns the conditional probability P(partons|reconstructed event) and generates
partons in the most probable configurations.

16
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Quality of the sampled partons

5 CMS Simulation Preliminary 13 TeV e CMS Sllmulat/on |F’rellmmarly 1|3 TeV
2 I L I B Y O ; g U ! L U 1 11 1]
=l Higgs samples —e— mode g - Top Had. samples —*- mode
3 2f 68% CL ] < 50 68% CL |
R Sl - 2 L 95% CL -
£ B ] E B ]
3 B i 3~ -
o= 1 = o {10 —
of 0.5 B
1 0.0 -
2 0.5 .
_3 —-\ | Ll | L L | Ll | Ll | L LI | L1 N | \v _1 0 T L L L | L L L L | L L L L | L L L L | L L
3 2 -1 0 1 2 3 100 200 300 400
Higgs n (true) Top Had. pr (true)

The quality of the sampled partons configuration is evaluated by sampling 30 sets per 1.5M events and analyzing
the bias w.r.t of the target true partons.

The bias of the sampled particles is on average small in the bulk of the distributions and increases in the tails.

Overall the performance is very correlated with the one of the regression for the conditioning network.

17
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Conclusions

—  First steps for the full-fledged application on CMS simulation of the novel strategies
(2210.00019,2006.06685) for the Matrix Element Method computation with generative
models on a complex final state, like ttH(bb)

—  The full reconstructed event information is analyzed by a transformer to regress the
4-momenta of the generator-level particles. This information is then used to generate set of
particles with a normalizing flow.

—  The quality of the generative model is promising and it can be further optimized
—  The next step is to model the transfer function W(reco|hard)

—  All plots and public results on CMS-DP-2023-85

CMS

18



https://arxiv.org/pdf/2210.00019.pdf
https://arxiv.org/pdf/2006.06685.pdf
https://cds.cern.ch/record/2879283/

Questions?

ETH:zurich

CMS
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Backup
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Conditioner transformer training ETHzuric

The pretraining regression is performed with multiple components:
- Huber loss for single particles + event boost p, + computed gluon
- MMD loss for single particles + full 13D space — keeps distributions coherent

Trained using the Modified Differential Multiplier Method (MDMM) technique to balance the difference
losses (paper)

s N
Conditioner transformer configuration:

- Encoder: 4 layers, 8 heads, 64D latent vector, 512 hidden layer,
- Decoders: 4 layers, 4 heads, 64D latent vector, 512 hidden layer
- Total weights: 1.8M

CMS

22
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Parton regression performance - Boost

CMS Simulation Preliminar 13 TeV
= 4000 Lo MLraton FTermmaly . = 4000 CMS Simulation Pre//mlnary ar ey CMS simulation Preliminary 13 TeV
%’ B reco _ lepton jet's - s ! %) 5 BOOSt P regressed 1 03 T ! s ]
g [ Boost p7 L p ’ 3 g reco _ lepton, jets ﬁ [ True
9 a Inf <2.4 10 - 3000 - Boostp; O |<):2 4p
N s . 8 80000 nl <2 ] Reconstructed
o - g - 1 Regressed 1
@ [ &N 2000 I _
8 - = i |
R (7]
[ o 2 - _
B 1000 1 60000
: 102 8 0% eonoor -
0 I |
' 400001 —
| 1000 B - ]
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The conditioning transformer regresses the event boost in order to be able to bring the partons to the center-of-mass.

The left figure shows the correlation between true boost p, and the boost p, estimated by summing all the reconstructed
objects with | n| <2.4. The figure in the middle shows the regressed boost p, which improved a lot the correlation. The
plot on the right shows the 1D profile of the boost p, for the truth level, the reconstructed estimation and the regression.

Davide Valsecchi 16/11/2023 6th LHC EFT WG general meeting 23
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Parton regression performance - Boost

500 CMS Simulation Preliminary 13 TeV 500 CMS Simulation Preliminary 13 TeV
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The conditioning transformer regresses the event boost in order to be able to bring the partons to the center-of-mass.

The left figure shows the bias in the estimation of the true boost p, computed by summing all the reconstructed objects
with [ n[<2.4. The figure on the right shows the bias in the estimation of the true boost p, using the boost regressed by
the conditioning transformer. The bias at high p, is reduced by the regression.

24



. noa g ems

Parton regression performance - Lab Frame ETHzirich
20 CMS Simulation Preliminary 13 TeV 20 CMS Simulation Preliminary 13 TeV 20 CMS simulation Preliminary 13 TeV
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The plots show the performance of the regression performed by the conditioning transformer. The bias in the regression of
the p, of the higgs, hadronically decaying top quark (Top Had), and leptonically decaying top quark (Top Lep), is shown in
bins of the true p, of the particles in the lab frame.

The regression is overall unbiased: at high p, the 68% confidence level interval reaches an uncertainty in the regressed p.
of ~30%, whereas at low p; (< 50 GeV) the uncertainty is larger.
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Parton regression performance - Lab Frame ETHzirich
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The plots show the performance of the regression performed by the conditioning transformer. The bias in the regression of
the n of the higgs, hadronically decaying top quark (Top Had), and leptonically decaying top quark (Top Lep), is shown in
bins of the true n of the particles in the lab frame.

The regression is overall unbiased, apart from the region |n|>2.5 which covers the very tail <3% of the particle distribution.
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Parton regression performance - CM Frame
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CMS Simulation Preliminary 13 TeV CMS Simulation Preliminary 13 TeV
_| | T 111 | a3 ¢ ¥ | F 1 a0 | T 1 1.7 | L | T T T | \_ g 7| ] UL | I R L | T T | T T [ T 1T | T T | \7
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The plots show the performance of the regression performed by the conditioning transformer, after bringing the regressed
partons in the center-of-mass (CM) using the regressed event boost. The bias in the regression of the n of the higgs,
hadronically decaying top quark (Top Had), and leptonically decaying top quark (Top Lep), is shown in bins of the true n of

the particles in the CM frame.

The regression is overall unbiased, apart from the region |n|>1.5 which covers the tail <~10% of the particle distribution.
The performance is slightly worse than in the lab frame due to the imperfect regression of the total boost p,, used for the

transformation.
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Parton regression performance - CM Frame ETHzurich
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The plots show the performance of the regression performed by the conditioning transformer, after bringing the regressed
partons in the center-of-mass (CM) using the regressed event boost. The bias in the regression of the p.. of the higgs,
hadronically decaying top quark (Top Had), and leptonically decaying top quark (Top Lep), is shown in bins of the true p. of
the particles in the CM frame.

The regression is overall unbiased: at high p; the 68% confidence level interval reaches an uncertainty in the regressed
p;of ~30%, whereas at low p; (< 50 GeV) the uncertainty is larger. The performance is overall unchanged w.r.t of the
regression result in the lab frame.
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Quality of the sampled partons

sampled/p!l[ue 1
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The quality of the sampled partons configuration is evaluated by sampling 30 sets per 1.5M events and analyzing the bias
w.r.t of the target true partons. The plots show the bias of the sampled partons in bins of the true p; of the particles in
the CM frame.

The average bias of the samples reaches 20% in the bulk of the distribution (100 GeV) for the higgs parton, while it is very
close to 0% for the top quarks. The bias is very small at high pT, while at very low pt (<50GeV), it increases up to 100%.
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Quality of the sampled partons
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The quality of the sampled partons configuration is evaluated by sampling 30 sets per 1.5M events and analyzing the bias
w.rt of the target true partons. The plots show the bias of the sampled partons in bins of the true n of the particles in the
CM frame.

The average bias of the samples is close to O in the bulk of the distribution, while it reached An~1 in the tails (only 10% of
the events have |n,,| > 1.5). In general, the performance of the sampling is highly correlated with the one of the

regression, as expected, since the unfolding flow is conditioned with the regressed partons.
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Quality of the sampled boost
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The unfolding flow models also the incoming parton energy fractions alongside the final state partons in the CM frame.

The bias of the sampled incoming parton energies is shown by plotting the event total CM mass and the event total boost
p, Both the distributions are very well modelled by the flow.
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Unfolding flow architecture and training

Unfolding flow configuration:

- Conditioning vector dimension: 16

- Number of transforms: 6

- Flow type: RQS autoregressive

- Number of spline bins: 40

- Spline network: 64 hidden features, 2x512
feedforward networks

- Number of trainable parameters:
5.3M (flow)+ 1.8M (conditioner) = 7.1M

\

~

/

2 approaches to evaluate the quality of the flow:

ETH:zurich

The flow is trained simultaneously my maximum
likelihood and by sampling parton configurations and
comparing them with the target.

The training took 20 hours on a A100 Nvidia GPU
over a 1.5M events training dataset.

- sample 20k parton sets for a few random events and inspect their distributions
- samples 20 partons sets for 1.5M of testing events and analyze the bias w.r.t of the true partons

Goal for importance sampling: minimize bias, sample points with the same probability of the integrand

function.

CMS
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Unfolding flow samples
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- The unfolding flow learns the conditional probability P(partons|reconstructed event) and generates
partons in the most probable configurations.

- Each box in the figures shows 20k sampled partons for a given event.

- Thered cross shows the true value of the partons position/energy in each event.
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Unfolded flow samples: single event correlations

CMS simuiation Preliminar
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Correlation between n (left) and p (right) of the sampled generator-level particle for a single event.

The red cross/line shows the true value of the partons position/energy in each event.
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Normalizing flows : More formally

From the rules of change of integration variables

log (px (x)) = log (pz(f (w))) + log <‘det (

px (@) = pz (f()) ‘det (

oxT

of (iB)) '

0f(x)

oxT

)

where f(x) goes in the “normalizing” direction to
the z latent space.

We can both sample and evaluate the density

’
’
1

fl (ZO) @ fz (Ziil)
// \\
N 7’
\ ’
\ ] \
1 I 1
1 v 1
! \ !
/
7’

If the p.d.f in the latent space is tractable

(multidim gaussian, uniform)
if the transformation is invertible

@fi+1 (ZZ)
/” \\\
Y
\

NS

Data space X Latent space Z

.

Inference é ‘&hﬂi f(X)

T ~ px B R - e =

z=f(x) L e
Generation e f'l(z)

2~ Pz P

z=f"(2)

Requirement: the jacobian of the transformation must
be computed in an efficient way
— this defines the possible implementation of the flows

@ o Expressiveness: transformations are

composable!

(

: —f = =,
&lk = (poTh) =T ol

- - det J,om (u) = det Jp, (Tl(u)) - det Jp, (u)

Zg ~ pK(ZK)
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MEM: the hard scatter arxiv:1101.2259  ETHzlrich

Prob. of the reco event hard-scattering transfer function

P(Y|0) = /d)?- M(X|6)2- Pdf W(Y|X)
¢

- From first principles: MadGraph, OpenlLoop

- Only component depending on the parameters 0
- It can become the slowest part in the evaluation of the MEM
- It can be “multi-channel”: non trivial dependency on the different Feynman diagrams

- Parton distribution functions need to be convoluted as:

/d)?z dxy X% fa(X1, QP) - fo(X2, QP) - | M (X1, X2, X| @2, 6)|- W(Y|X)
¢ ab v X1:X2

CMS
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https://arxiv.org/abs/1101.2259

MEM: the transfer function arxivi1101.2259  ETH ziirich [7*

Prob. of the reco event hard-scattering transfer function

P(Y|0) = /d)?- M(X|6)2- Pdf W(Y|X)
¢

- “Core” of the MEM method: models the probability to get a reconstructed event
given a parton configuration

- Itis the main factor driving the power and precision of the method 0_049MS|M,C, ___ n=[24.24
. I —— Jet Pt: [30,40]
- O for leptons, more complex for jets | Jet Pt: [55,65]

0.031 —— Jet Pt: [95,105] |

—— Jet Pt: [145,155] |
—— Jet Pt: [245,255] 1

- Usually it is factorized by object taking many assumptions:

0.02}
- objects matching and geometrical alignment [

- ignore out-of-acceptance objects

0.01}
- additional term for MET and initial state radiation. [

0.00 . 300

Parton pt
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MEM: integration space

Prob. of the reco even

YT
P(Y|6) = /dX-
\¢_/

—  The integration is over the partons (+pdfs) complete phase-space

hard-scattering

—  The integral is computed numerically with MC sampling

—  Very high dimensional — needs approximations
—  Strong dependence on the coordinate choices

- needs to be “aligned” with propagators
- invariant mass constraints

- Jet-parton alignments

- additional radiation complex to handle

Davide Valsecchi

transfer function

M(X|6)2- Pdf - W(Y|X)

&3

L
=N
-

I~

\

<3

16/11/2023

ot

h

arxiv:1101.2259  ETHz(rich |

MC
sample
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https://arxiv.org/abs/1101.2259

ttH(bb) channel ETH:ziirich

The MEM has been applied to the problem of signal discrimination for the ttH(bb) CMS analysis.

J 9
sl
— 3 channels:
b N
- single lepton 3y £
- 2 leptons = R
- fully hadronic d""l\’>’\)\7< W
o b
—  Large irreducible background from tt+bb SM
process. \\/( 5 L
¥ Y
—  CMS Analyses: \)\/127\ O W O\

- 2016: doi:10.1007/JHEP03(2019)026 V <0\

- under review: HIG-19-001 (full Run2) ttH(bb)

—  Complex process with 2 — 8 topology

: : tt+bb
semileptonic

CMS
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https://link.springer.com/article/10.1007/JHEP03(2019)026

EFT interpretation

2
20, 0,
Lq)(xreco I 0) X ‘@O(xreco) + Z _l\ ‘Q)Ok(xreco) Z 9_1\ ‘@k(xreco) + 2
k k 0

i<j

O

- Goal: full Run2 measurement of dim6 EFT operators parameters (Wilson
coeff.) relevant for ttHbb channel.

- There are 2 possible ways to perform EFT studies in general

- one-step, “direct” measurement: model EFT effects at reco level, build a
template analysis, use likelihood profiling to get Llimits on 6

- Useful to restrict the number of parameters
- More complex bookkeeping of MC samples
- it can reach optimal sensitivity

- CMSinternal, difficult for reinterpretation

- two-step, “unfolding”, STXS:
- fiducial measurements usable for re-interpretation outside of CMS

collaboration
- less optimal, more general

LHC EFT WG Group?2 report: arxiv
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https://arxiv.org/pdf/2211.08353.pdf
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EFT optimal observables ETH:zurich

> ; , 20,0,
SMEFT quadratic parametrization with dim-6 P(Rreeo | 0) X Po(Reeo) + Z (?\ Potreco) + z (Zk) PrFreco) + 2 ( ) P i)
Wilson coefficients k e k 0 i<j

Using Neyman-Pearson lemma one can extract the maximum information from two optimal observables
(Likelihood ratios).

quadratic term interference term
—full —full
723 L 7)1( reco) R - 27DOl( reco)
opt,2 T —full —full opt,1 — —full —full
PO( reco) +cC- 7)1( reco) PO( reco) TC- 7)1( reco)
0'05_ | 0-35;”"'&"”"“”H””“”H“HHH‘HE ks
i 1 E _ 1 0.06F
Example: on-shell 0.04] 0.3F . 0) SM g o8t
Higgs s-channel to : 1oast (0.6) quad. A
VV. A¢ betweenthe 0% o2t (Z°’+Zl) {1
two associated jets. - 1 01501 — -6 | 0.03f
CP-odd operator : - 1 002"
effect. 001 | o0l 4 ooi
0:|‘,,,\,‘,‘|‘,,,\,,,‘|,,‘,|‘,,,|: 0: e e T Ofl P T I |
3 2 1 0 1 2 3 0 0.10.20.30.40.50.60.70809 1 _1_08_06_04_020 02040608 1
Aq)n L= ‘%op[,Z ‘%opt,l
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Importance sampling ETH:ziirich

An multi-dim integral can be estimated via MC sampling

2

I%%Zj_\;f(l’i)EV<f>m, UI:vVar%V\/<f2>x_<f>az’

N —1

If we can find a function g(x) which has a similar shape as f(x) we can improve the variance -> importance
sampling

_ 3B s S (f/9)*)c = {f/9)&

\ P
o P
N })({'/ (x) -
~ -

Seaae”

bad choice initialiunifermcprior very good:choice 42



