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What and why?

I 2
W:I: WZI:
T KE p*
. v q
Leptonic decays: Hadronic decays: Exclusive hadronic decays:
10.86+0.09% 67.41+0.27% ™y <7 « 105
D7y < 13 « 10~ 3

Standard model prediction: ~10~°

Expected amount of events using Run 2 data:

» Exclusive hadronic decay modes can offer novel precision
NW) NW - my) N(W - Ky) NW - py)

studies of QCD factorisation (arXiv:1501.06569).

« Radiative decays are sensitive to the coupling of the W boson
with the photon.
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https://arxiv.org/abs/1501.06569

How? 5 -
HCAL HCAL
ECAL i j\ i { ; ECAL
4770
tracker ;OjE — T
tracker n
W+ .
WE s 7)K%y w

W= — pi'y — Wiwof}f

1. Track+Photon 2. Tau+Photon
. Sensitive to W - ¥ /K*/p* + y decays. ° SePSitiVE o ; e
« 20 from p decay is not reconstructed. W= = p=(om + ) +y decay. Y tracker

« p-candidate reconstructed as “tau”.
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Why Is it hard?

800
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. 600— signal is displayed with red.
« Background processes: :
» /—ee events: 400
* One electron is reconstructed as photon, s 8 oo ATLAS ntemal | [ s o
the other one as track or . } 1| g oo s SR W
« Modelled with Monte Carlo techniques. 020 40 60 80 100 120 140 160 180200 | G - Tavrphoton
. . . . W candidate mass (A¢ criterion) [GeV] 3 3
« Suppressed with selection criteria. ooF E
» Multijet processes:
- Not reliably modelled by Monte Carlo R AP TT R . | 3
techniques. e R o o e e
- Data-driven approach must be used & w Track+Photon S g [ st
(arX|V211200650) ‘ 30 % 50100 150 200 250 300
20 o M,, [GeV]
10 |
Background model in the signal region e SRS - Analysis is
. H 3 1:25_ I e T o _: . .
showed with blue in the track+photon and . Sl N st nr i, still blinded!
with yellow in the tau+photon final state. g o6 s ]
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https://arxiv.org/abs/2112.00650

Expected results

« Unbinned Maximum Likelihood Fit in track+photon and tau+photon mass with
floating background normalisations and systematic uncertainties.

W - ny 1.30 W - py
W - Ky 1.17
W = py 964 Current limit:

7-107°

 Practically no overlap between events in the two final states.
» The triggers used found to be ~orthogonal!

« Combined Fit in track + photon and tau + photon mass:

W - py ‘ 3.27
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What more? ER ] B

« Using MVA we can identify mesons!  ° q !

L —
@

Red - Signal, Green — qq background, Blue — gg background
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There Is more!
] / _ .- Red — Track pr

Green — EM deposit
Blue — Hadronic deposit

NN

e

 Addition of low level variables: Energy deposit and p; of the tracks.
« Using combined model: Deep Neural Network and Convolutional Neural Network
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Does it work?

The algorithm is able to identify

False positive rate

~~| hadronic D,y decays with an efficiency
of 67% while suppressing a
0.8 - L :
background of quark and gluon jets by
5 a factor 100.
o 0.6 1 e
8 04 g Svsmixed B Svs mixed B 0.980
L e
= e S vs gluon B S vs mixed B 0.994
0.2 —— combined AUC: 0.980 Svsquark B Svs mixed B 0.964
—— convolution AUC: 0.974
— dense AUC: 0.969 S vs gluon B S vs gluon B 0.994
0.0 +- . . . .
0.2 0.2 06 0.8 10 S vs quark B S vs quark B 0.965
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Conclusions

No exclusive hadronic decay mode of the W boson has ever been observed.
» Upper limit exist for W — my only and this is the first ever search of the W — py and W — Ky.

Expected upper limits on branching fractions still well above SM predictions.

‘ﬂ

The results are limited by sample size.

« With the statistics obtainable in the HL-LHC it will be possible to observe
several of these decays.

We can identify mesons using machine learning techniques.
» Using both low level and high level variables.

Thank you for your attention!

Search for the exclusive W boson hadronic decays - E. Bakos \ j_EE] ef



N

A s

o e

—

—

Backup



Rho+Photon model step-by-step

* Generate TauPt

* Model PhotonPt depending on TauPt

« Generate Tau dRmax depending on TauPt and PhotonPt

« TauTrackDOADbsLog is generated depending on TauPt and dRmax

« TauEta Is generated depending both on TauTrackDOAbsLog and
dRmax

 DeltaEta between Tau and Photon generated depending on TauEta
 DeltaPhi is generated depending on PhotonPt and TauPt
» TauPhi generated independently
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Control plots — Rho+Photon
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Track+Photon model step-by-step

« Sample pr(m) from data p () distribution
* pr(y) described in bins of p (). Given the value picked previously, p(y) is sampled

» Track isolation in bins of p;(y). Given the value of p(y) sampled, track isolation is sampled
In the corresponding bin

« Values for An(m,y) and photon calorimeter isolation sampled simultaneously from a 2D
distribution

» Photon track isolation described in bins of photon calorimeter isolation. Given selected value of
photon calorimeter isolation, a value of photon track isolation is sampled for the distribution of the

data

* A®(m,y) described in bins of An(m,y). Given the selected value of An(m,y), a A®(m,y) value is
chosen

» Values of n(mr) and ®(mr) are sampled from the corresponding data distributions
* From previously obtained values for An(m,y) and A®(w,y), n(y) and ®(y) are calculated
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Control plots — Track+Photon
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Region definitions

Track+Photon

Baseline selection

Trigger:
HLT_g35_medium_L1EM24VHI_tau25_singlepion_tracktwo_L1TAU12
HLT _g25_medium_tau25_singlepion_tracktwo_50mVis10000

Tau+Photon

Triggers
HLT_g35_loose_g25_loose
HLT_g35_medium_g25_medium L12EM2OVH

Photon definition:

pr > 30GeV (or pr > 35GeV depending on trigger)
|| < 2.37 + crack veto

Tight ID

Photon requirements
pr > 20GeV, || < 2.37 + crack veto
Tight ID, Tight isolation,

Track definition:
pr > 30GeV, |g| < 2.5
Tight ID

Global requirements:

n(track) x 57(y) = 01if track and y in endcap

At least one photon and one track with A®(r, y) > 7/2
Tracks are associated to the the primary vertex

T requirements
h*n¥ decay mode
pr > 20GeV, || < 2.5 + crack veto
Medium 7RNN score
Z — ee veto cuts:
Tight TauEleBDTScore
etOverPtLeadTrack > 2.4
AR™> > 0.036
eProbabilityHT (associated to the tau track) < 0.9

Z — ee suppression requirement
If at least 1 electron is found with AR(trk, e) < 0.01:
Rhad > 0.03 if also eProbabilityHT > 0.1

GR selection: baseline + Z — ee suppression requirement
VR1 selection: GR + pr(n) > 33 GeV

VR2a selection: GR + Photon Calo Isolation

VR2b selection: GR + Photon Track Isolation

VR3 selection: GR + (ptcone20-pr(track))/ pr(track) < 0.14
SR selection: union of all VR requirements

Global requirements

At least one primary vertex

At least one photon with pt > 36 GeV (trigger threshold +1 GeV)
At least one T with pp > 26 GeV (trigger threshold +1 GeV)

At least a T, y pair with A@(1had, ¥) > 2

x = [

VRI pr(7) > 30GeV
VR2 AR™* < (.065
VR3 log(|do(7)]) < -1.2

SR All the requirements listed above:
pr(7) > 30GeV, AR™™ < 0.065, log(|do(7)|) < —1.2
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Background model uncertamtles

I T 1 T -

'53 ATLAS Internal 4 DatafE= 13Tev, 139f" J
Z sp00F- oR E== Background Model E
[ =4 a 4
2 B Model Shape Uncertainty
Syst. aé Up ]

Syst. Ap Down

1. pr(7) distributions are shifted by
+ 3 GeV

2. Ag(p,y) distortion is implemented by
scaling each binby 1+ 10 - 8¢ /m or
14+2(1—- 6¢/m)

my,, distribution is tilted by re-

weighting the model using a linear
function.

Data/Model

ATLAS Internal ¢ DstafE= 13TeV, 1300"

== Background Model =
B Wodel Shape Uncertainty
= VR2 Mass Tilt Up ]

Events/1GeV

Up:y = —0.0013 x m(track,y) + 1.16
Down:y = 0.0013 x m(track, y) + 0.84

Data/Maodel
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Signal uncertainties

Track+Photon

Variation Uncertainty (%)
Photon Efficiency 2.07
Track Efficiency 1.21
Luminosity 1.7

Cross Section 34

Tau+Photon

Uncertainty source Variation (%)

Cross Section 34

Luminosity 1.7

Pileup 5.5

Photon Identification 1.1

Photon Isolation 1.6

EG scale 3.0

EG resolution 49

PH scale 1.7

TRUEHADTAU_EFF_RECO_TOTAL 1.2

TRUEHADTAU_EFF_RNNID_1PRONGSTATSYSTPT3040 0.3

TRUEHADTAU_EFF_RNNID_1PRONGSTATSYSTPTGE40 0.3

TAUS_TRUEHADTAU_EFF_RNNID_SYST 0.8

TAUS_TRUEHADTAU_EFF_ELEOLR_TOTAL 1.2

TAUS_TRUEELECTRON_EFF_ELEBDT_STAT 5.7

TAUS_TRUEELECTRON_EFF_ELEBDT_SYST 1.3

Trigger

10
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ML variables

Hj o APJ—:% l ! Name Descripti
g : ption
J’rr:_:’;rf"r b if m An width of the jet in n
0 i 04 0 " 04 m 0 Ag width of the jet in ¢
Mgy invariant mass of all charged tracks in the jet
m; invariant mass of all constituents of the jet
Nen charged particle multiplicity
w . ng neutral particle multiplicity
- %‘ Q| absolute value of the total charge
5 5 — g, jet charge
il ! b-tag output of the b-tagging algorithm
Rem Average AR with respect to the jet axis weighted by electromagnetic energy
Rirack pr weighted average AR for tracks
fem fraction of EM energy over total neutral energy of the jet
Peorel ratio of sum pr in a cone of AR <0.1 and the jet pr
1 o Peore2 ratio of sum pr in a cone of AR <0.2 and the jet pr
05 0 [ i . 1 Sfeore1 ratio of sum ET in a cone of AR < 0.1 and the jet total ET
. o Seore2 ratio of sum ET in a cone of AR < 0.2 and the jet total ET
Sfeores ratio of sum ET in a cone of AR < 0.3 and the jet total ET
Y
J{ 'WEL LHA Les Houches Angularity; A} 5
- Width AL
= - LI"‘*Q-‘H_ L . N Mass A3
0 e ! 0 fores ! (o0F ! 0 LHA ! 0 Width o8 Ehad/Een  ratio of the hadronic versus electromagnetic energy deposited in the calorimeter
! 7o, T1, T2 N-Subjettiness
|
0 0.5 o] 1 0 0.5 0 0.5
Mass EpadEam T ® T
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timisation of network - DNN
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Network overview

Parameter DNN CNN Combined

Dense layer nodes 35-20-12-1 — 33-20-14

Dense layer activation tanh - tanh - tanh - sigmoid — tanh - tanh - tanh
Convolutional layer nodes - 30-8-8 30-8-8

Window size
Convolutional layer activation
Max pooling
Dense layers after convolution

- [3x3], [3x3], [5x5] [3x3], [3x3], [5x5]
- tanh - tanh - tanh tanh - tanh - tanh

- After the 15! convolutional layer
- 10(relu) - 1(simoid) —

Combined layer nodes
Combined layer activation

— 8-1
- — relu - sigmoid

Loss function
Optimizer
Training epochs
Batch size

binary cross-entropy
Adam
40
1024
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Consideration of pileup
 Jaccuray  loss _|Accuracy w Pileup |Loss w Pileup

Dense only 91.24% 0.2223 81.07% 0.4235

Convolutional only 92.26% 0.2050 81.10% 0.4209

Combined model  93.21% 0.1773 82.73% 0.3902
ATLAS, /s =13.6 TeV —wE ATLAS, Vs =13.6 TeV — WD) ATLAS, Vs =13.6 TeV —WwW,)

W(D,;s ‘l) — Background W(Ds, Y) — Background D, 7) — Background
—W(Ds'y)+PU —W(Ds'y)+PU —W(Ds'y)+PU
— Background+PU — Background+PU — Background+PU
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Consideration of pileup

ATLAS, {s=13.6 TeV —W({D7y) ATLAS, /s =13.6 TeV — WOy ATLAS, (s =13.6 TeV — WD)
5 5 s
WD, v) — Background WD, v) — Background WD, v) — Background
—W(D_r)+PU —W(D_y}+PU — W(D_y}+PU
— Background+PU — Background+PU — Background+PU

- |
- i

n
0 r‘ch
= ATLAS, /s =13.6 TeV -
ATLAS, /s =13.6 TeV —W(D_y) ATLAS, Vs =13.6 TeV — WD) w(D_, v) ;V(Dk;” d
s H — Backgroun

WD, v) — Background w(D,, v) — Background s “a i)+pu

—W(D y)+PU — W(D_y)+PU —_ Eiacksgrnund-o-PU

— Background+PU — Background+{U
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onsideration of pileu

ATLAS, s =13.6 TeV — WD)

W(D,, v) — Backsground
— W(D y)+PU
— Background+PU

Mass

ATLAS, /s = 13.6 TeV —W(D_7)

WD, v) — Background
—W(D 1)+PU
— Background+PU

ATLAS, /s = 13.6 TeV — WD)
W(D,. ) — Baclfgruund
—W(D_y)+PU
— Background+PU
Width
ATLAS, /s =13.6 TeV — WD)
WD, v) — Eiacksground
— W(D y)+PU

— Background+PU

ATLAS, (s = 13.6 TeV
w(D_, 7)

—W(D,y)
— Background
—W(D y)+PU
— Background+PU

O

LHA

ATLAS, {s=13.6 TeV
WD, v)

—W(D,¥)

— Background
—W(D y)+PU

— Background+PU




