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Two Higgs Doublet Model (2HDM) | -
. Additional Higgs doublet — Q:g
Z
®
>
* Important free pa;ameters: CP odd
. tan(f) = —
Va

« cos(ff —a) — 0 (alignment-limit,
ensures SM-like behavior of h)
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https://www.iop.org/explore-physics/big-ideas-physics/standard-model

2HDM explored parameter space #......

Type-Il: cos(B—a)=0 and tanf=1.5

700 - L‘Té 8
« Atlowmy,;: A — HZ with I% S
500 - %

H — bb/tt sensitive

« At high my, : region largely unexplored =, [[™ tithreshold §

my [GeV]

. This analysis:A — ZH with H — tt / S
1oo-’r>l\ S : r
LEP L——i—‘/—/
ﬁ? 300 500 700

mpy [GeV]

Search for 2HDM Higgs Bosons, Y.Fischer 3


https://link.springer.com/content/pdf/10.1007/JHEP06(2020)163.pdf
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* Probing 2HDM parameter region at high " e —
masses with large gap m, — my and ; -
small tan(/?) ool
* Interesting parameter region for |
models of 3 800;_
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https://arxiv.org/abs/2208.14466

Search for A ZH-Ztt =
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Z—ll, tt—all jets with Run 2 data

t q published (B2G-23-006)
W Phys. Lett. B Vol.866 139568
(2025)
14 q_,
ATLAS: search for lItt (and vvbb)
Z—vv, tt—all jets JHEP 02 (20245) 197

T (Observed 2.85 o excess at

z _ E)/ISLC Tes'é batl_UHH m = 650/450 GeV, not
P 7 by Lukas Ebeling

confirmed by CMS)

« Now: Run 3 analysis in Z—lI, tt—all channel:
 Targeting early Result with 2022+2023 data
- Close collaboration with tf — leptons + jets channel

B2G-24-002 at UIC
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https://www.sciencedirect.com/science/article/pii/S0370269325003296?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269325003296?via=ihub
https://www.arxiv.org/abs/2311.04033
https://www.physik.uni-hamburg.de/en/iexp/gruppe-haller/scientific-output/documents/masterarbeit-lukas-ebeling.pdf
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Analysis of Run 3 data
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Improvements in Run 3 analysis

* Improvements compared to Run 2 analysis:

Parametrized neural network (PNN) as sensitive
observables instead of 2D(Am, p%)

Finished porting analysis to new framework
Columnflow?

Addition of =4 jets region (targeting Z+b
background and additional signal efficiency)

Search for 2HDM Higgs Bosons, Y.Fischer

1 Columnflow on Github



https://github.com/columnflow/columnflow?tab=readme-ov-file

New analysis strategy: The PNN
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Backgrounds

PN R

All Signal mass

00°"'D

- Parametrized DNN: One network for all mass points

Combined output
function for all mass
points

f (X, Xos o ooy Xy, My, Myy)

- Idea: Network learns signal topologies depending on n1, and my

« PNN only trained in the signal region

01.04.25
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New analysis strategy: The PNN

. Private work (CMS data/simulation) (13, 13.6 TeV)
- Study by Daniel Hundhausen on g7 -~ T T
) - A - ZH - litt, narrow resonances w/ 2HDM 3 g
. O] I Type-ll, cos(p - &) =0, tan(B) = 1.5, my: =mjp 7
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 Event selection:

- |Exactly 2 opposite-sign, same-flavour
leptons (e/ i)

| > 4jets, > 1 of which b-tagged
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Event categorization R

« Signal categories defined with
respect to number of jets and ~ N(b tags)
number of b-tagged jets 22

* Background control regions: 1| CR1bSB CR 1b SB

« my outside Z mass window
(SB) for tt

0

lemz£5 Gev | mi

* 0 b-tagged jets and for DY
* Recent improvement: Addition
of 4 jet region

Search for 2HDM Higgs Bosons, Y.Fischer 11



4 Jet region
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- Next: assessing impact of SRR RS EEEEEEERRER
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background modeling
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Background modeling
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- Limits shown use only SR PNN output
- Target: Add CR and freely floating background norms

* Three background norms:
. It
* DY + heavy flavor
- DY + light flavor

Add newest PNN output with
dy_hf,dy_If separation

Search for 2HDM Higgs Bosons, Y.Fischer
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2 folds vs 4 folds
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Private work (CMS data/simulation) ~ 26.34 fb™! (13.6 TeV) Private work (CMS data/simulation) 26.34 fb~' (13.6 TeV)
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Limits with Run 3 data
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Summary

UH
i
LY Universitat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

AZH analysis on the way to produce Run

3 results

Improved analysis strategy based on

parametrized NN classifier
Addition of 4 jet region
Outlook:

* Including and combining full 22+23

datasets

 Optimization of PNN architecture
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Reminder of Run 2 analysis
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« Targeting resonant A — Z H production
* Modeled as narrow resonance
- Sensitive variables pp(Z) and Am = m , — ny; JHEP 151 (2018)

;*  Event selection

leptons leptons (e/u)

Search for 2HDM Higgs Bosons, Y.Fischer

« > Sjets, > 1 of which b-tagged
« Exactly 2 opposite-sign, same-

flavour

19


https://doi.org/10.1007/JHEP09(2018)151

2HDM interpretation of obtained exclusion limits #..........
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T
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Impact of A boson width in 2HDM interpretation  #..........
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Private work (CMS simulation)(13 TeV)
L

« Reminder: in 2ZHDM, A boson

Private work (CMS simulation)(13 TeV)
L

T

_ : 2 1oF £ 100 -
natural width can become sizable < 7} % — =
. o
at large m,, which can affect £ o %0_87 1
analysis sensitivity. § ; « |
- Test (performed with Run2  E£°¢ 1 Eo8 :

1,=650 Gev, |

nj;A"=/450 Gey,
' " my= 450 Gev'

~my= 330 Gev

samples) by Bianca Weidner:
NN trained on samples with

i 0.4

narrow A and evaluated on: 0.2} , — 3pct - independent width (AUG = 0.84) ] 0.2 —— 3pot - independent width (AUC = 0.83) |
. // -~ 2hdm - independent width (AUC = 0.85) ]| == 2hdm - independent width (AUC = 0.83) ]
Vil — 3pct-d idth (AUC = 0.83 E —— 3pct - dependent width (AUC = 0.85) ]
- Samples with narrow A T St dapemet it AL+ 089 S s 83553 |
. . 0.8 7 | | | ‘ | | | ‘ | \ | ‘ " | " ‘ " | " 0.8 L L L L . L L L L L L L L L L
. mol with wi A .0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 08 1.0
Sa ples wit de False Positive Rate False Positive Rate

* NN classifier performance
robust against effects of A
boson width
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Object Definition

- Electrons : * Muons : - Jets :
. pr>35GeV (for - pr>35 GeV (for first . pr>30GeV
first electron) muon) . |nl<2.4
» pr>20 GeV (for + Pr>20 GeV (for + Tight Lepton
second electron) second muon) Veto ID
. |nl<2.4 - [nl<24

. mvalso_WP80 (for ° h}jghlf’tld +tklsqlDtight . B Jets:
tight selection) (for tight selection)
- mvalso_WP90 (for - looseld + tklsold loose
N (for loose selection)

* Deep Flavor

Medium WP
loose selection)

Search for 2HDM Higgs Bosons, Y.Fischer 22



Run 3 A—ZH—Ztt signal samples
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« MC samples for Run 3
produced.

* Points aligned with Run 2 UL
samples

 Crosses on points: not in
UL samples will be
additionally produced

 Plan to submit some points
with A bosons with larger width

(for validation of 2HDM
interpretation)

250

® full grid
® reduced grid
+ new points

1000 1250

(8,
o A
o

750

mA (GeV)
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First Look into Run 3 Data

First data to MC comparison looks promising in the control regions

Private work (CMS data/simulation)  7.97 fb~' (13.6 TeV) Private work (CMS data/simulation) ~ 7.97 fo~' (13.6 TeV)
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« General architecture studied and - General Architecture:

optimized for Run 2 by Bianca - Folds: 4
Weidner in her bachelors thesis + Dropout: 0.5
+ Layers: [512,512]
- Projection studies from Run 2 . Learning rate: 0.0005
promise large improvements in - Epochs: 500
sensitivity from NN - Validation fraction: 0.25

* Input features:
- pr, 1, Ag, mass and b-tagging score of jets1-4,
-pr> 1, Ag, of the two Leptons

* NN still work in progress,
expecting more improvements

from optimization of input - reconstructed A and H mass
variables, more statistics, and - reconstructed p#, m,,, AR(leading b-jet and 2)
improvement of binning strategy - A¢(MET,Jet1-3), MET/H

* A and H mass parameter

Search for 2HDM Higgs Bosons, Y.Fischer 25



Parametrized Neural network with Run 3 samples
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Private work (CMS data/simulation) 7.97 fo™! (13.6 TeV) 0.40 Private worl‘< (ecMs data‘/simulation)‘ 7.97 fb“‘ (13.6 TeV) Private work (CMS data/simulation)  7.97 fo™' (13.6 TeV)
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« NN Trained and evaluated on the same three mass points (Very first
test to commission implementation)
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Parametrized Neural network with Run 3 samples
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Data / MC

Private work (CMS data/simulation) ~ 7.97 fb™! (13.6 TeV)
————
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* NN evaluated on mass points it did not train on
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PNN output score

27



NN output for 22 postEE
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Private work (CMS data/simulation) 26.34 fb~1 (13.6 TeV) Private work (CMS data/simulation) 26.34 fb~' (13.6 TeV)
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Datasets and triggers for 2022

+ Datasets:
« /Muon/Run2022X-22Sep2023-v1/NANOAQOD (C-G)
« /EGamma/Run2022X-22Sep2023-v1/NANOAOD (C-QG)
* /MuonEG/Run2022X-22Sep2023-v1/NANOAOD (C-G)
+ /DoubleMuon/Run2022C-22Sep2023-vi/NANOAOD

+ c+d: preEE

- f-g: postEE

- Trigger paths :
« HLT_Mu17_TrklsoVVL_Mu8_TrklsoVVL_DZ_Mass3p8
« HLT _Ele23 Ele12_CaloldL_TrackldL_IsoVL

TODO: check trigger efficiencies and see if additional trigger paths are necessary
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