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Exclusive hadronic decays of the W boson

Z DECAY MODES

Scale factor/

Mode Fraction (I;/T) Confidence level
r,  ete [a] ( 3.3632:0.0042) %
I, whtu~ [a] ( 3.3662+0.0066) %
. I3 EIZ_ [a] ( 3.3696+0.0083) %
T4 - la.b] ( 3.3658::0.0023) %
W DECAY MODES Fg (T ote- [l (35 =+04 )x1070 S=17
I's invisible [a] (20.000 +0.055 )%
W™ modes are charge conjugates of the modes below. Iz hadrons la] (69911 £0.056 ) %
g (ut+ce)/2 (116  +06 )%
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. . Fo cc (1203 +021 )%
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+ [ ls  gsg < 11 % CL=95%
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I—2 e+ v (10 71+ 0 16) % ||:15 ny < 51 xlO’i CL=95%
g . 16 WY < 65 x 10~ CL=95%
. 0 M7 1'(958)y < 42 x 1075  CL=95%
! B (10.63+ 0.15) % Mg ¢7 < 83 x 1076 CL=95%
5 CL_os9
r4 T+I/ (11.384+ 0.21) % Ta v < 146 x1075  CL=95%
My nOn < 152 x1075  CL=95%
I's  hadrons (67.41+ 0.27) % G 777 < 22 X106 cL-ost%
My wEWTF < 7 x1075  CL=95%
r6 '/T+'Y < 7 % 10—6 95% o3 p*WT [ < 83 x1075  CL=95%
+ -3 o Toq  J/H(1S)X (351 132 )x103  s=11
r7 DS Y < 13 x 10 95% Mas J/(wSS)w < 26 xlO’z CL=05%
I p(25)X 1. .2 x 107
0 2% 4 (160 +0.29 )x10
r8 cX (33-3 + 26 ) % To7  Xe1(1P)X (29 407 )x10-3
13 Mg xc2(1P)X < 32 x1073  CL=90%
Mo cs (31 i_ll ) % M T(f;é;)fx(zs) X (10 205 )x1074
. T30 T(1S)X < 34 %1070 CL=95%
|'10 invisible [b] ( 1.4 + 29 )% 31 T(25)X < 65 x1076  CL=95%
+ — - o M3 T(35)X < 54 %1070  CL=95%
My #tatrw < 1.01 x 10—6 95% 2 (0075 x e un I8
M4 D*EX (122 £17 )%
M35 D*(2010)*X [ (114 +13 )%
M6 Ds1(2536)FX (36 +08 )x10-3
T37  Dyy(2573)*X (58 +22 )x10-3
M D*(2620)%X searched for etC .
39 BX
Fan B*X
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Exclusive hadronic decays of the W boson

Z DECAY MODES

Scale factor/

Mode Fraction (F;/T) Confidence level
r,  ete [a] ( 3.3632:0.0042) %
I, whtu~ [a] ( 3.3662+0.0066) %
s rtr= [a] ( 3.3696+0.0083) %
+ Iy £te- [ab] ( 3.3658+0.0023) %
W DECAY MODES Fg (T ote- [l (35 =+04 )x1070 S=17
I's invisible [a] (20.000 +0.055 )%
W™ modes are charge conjugates of the modes below. Iz hadrons la] (69911 £0.056 ) %
g (ut+ce)/2 (116  +06 )%
[ (dd+ss+bb)/3 (156 +04 )%
. . Fo cc (1203 +0.21 )%
Mode Fraction (I';/T) Confidence level M1 bb _ (1512 =005 )%
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r, DI~ < 1.8 x 103 95% iz
s ' Tos  J/9(1S)y < 26 x1076  CL=95%
T p(25)X (160 +029 )x103
r (y 26 Y
8 cX (33-3 + 26 ) 0 To7  Xe1(1P)X (29 407 )x10-3
I_ +13 g X;(lP)X < 32 x1073  CL=90%
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None of the exclusive hadronic decays of the W boson have been observed!
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Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z) decays predicted
by the Standard Model have been observed
o Can offer novel precision studies of QCD factorisation
m  Amplitudes written as expansions in terms of /\QCD/E
e bound states described by meson LCDAs
m Existing applications have non-negligible power
corrections

e Cannotdisentangle higher power effects from
LCDAs uncertainties
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Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z) decays predicted
by the Standard Model have been observed

Decay Channel SM Branching Fraction

o Can offer novel precision studies of QCD factorisation

= Amplitudes written as expansions in terms of A /E Wi - NI’Y (4.0 £0.8) x 10:2
e bound states described by meson LCDAs Vv\\//i :: Ifii'; ((3?'37;&01?)) ::11(?_10
m Existing applications have non-negligible power WE s K*ey (4.8 £1.4) x 10710
corrections W+ — Dy (3.7+1.6) x 1078
e Cannotdisentangle higher power effects from W* — D*vy (1440.5) x 10~°
LCDAs uncertainties W=+ — B*y (1.6+£0.8) x 107"
m Power corrections become negligible when using
W->My! ‘ /

e (Can probe meson LCDAs in a clean way!

w W+

2\
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https://arxiv.org/abs/1501.06569

Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z) decays predicted
by the Standard Model have been observed

Decay Channel SM Branching Fraction

o Can offer novel precision studies of QCD factorisation

= Amplitudes written as expansions in terms of A /E Wi - NI’Y (4.0 £0.8) x 10:2
e bound states described by meson LCDAs Vv\\//i :: Ifii'; ((3?'37;&01?)) ::11(?_10
m Existing applications have non-negligible power WE s K*ey (4.8 £1.4) x 10710
corrections W+ — Dy (3.7+1.6) x 1078
e Cannotdisentangle higher power effects from W* — D*vy (1440.5) x 10~°
LCDAs uncertainties W=+ — B*y (1.6+£0.8) x 107"
m Power corrections become negligible when using
W->My! ‘ /

e (Can probe meson LCDAs in a clean way!

w W+

Very rare! SM predictions ranging from 0(10%)-0(101?%) N\
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https://arxiv.org/abs/1501.06569

Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z)
decays predicted by the Standard Model
have been observed
o Could enable W mass measurement

through fully-reconstructed decays

m Very precise SM prediction (> 0.1 per
mille)! - More precise than
experimental result

m Sensitive to radiative corrections from
BSM particles
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Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z) i G of M, Measiroments e —
. PR 532, p115 244 (2015 ATLAS Prel|m|nar - : P
decays predicted by the Standard Model I mme iy Yy

PRL 108, p151804 (2012)

have been observed DO (Run 2) | —i—
o Could enable W mass measurement ’ ] :

CDF (Run 2) % i
through fully-reconstructed decays Serc 7,5, 70 o ) @

m Very precise SM prediction (> 0.1 per guoe | B e B
mille)! - More precise than ’ H ;
experimental result S | @Messroment o

m Sensitive to radiative corrections from Ostat. unc.

. ATLAS 2023 W Total Unc. i
BSM particles et [ ISM Prediction _
,,,,,,,,,,,,,,,,,,,,,, | ] i
80200 80300 80400
m,, [MeV]

Renewed interest after CDF mass measurement
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Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z) T e [rerview of m,, Measirements o —
mrbeoeceoy | ATLAS Preliminary ™ -
. P  (2013) : o]
decays predicted by the Standard Model I _____________________ Go7Tev.aw'
have been observed Do(Run2)  ———
o Could enable W mass measurement ]
CDF (Run 2 |

through fully-reconstructed decays St 7. 0 o ) @

m Very precise SM prediction (> 0.1 per LHCMOZ(Q) ----------------------------- ----- _._ ---------------------
mille)! - More precise than ; H =
experimental result TS0 | @Messwoment -

m Sensitive to radiative corrections from Ostat. un.

. ATLAS 2023 W Total Unc. . N
BSM particles et [ ISM Prediction _
,,,,,,,,,,,,,,,,,,,,,, i N i
80200 80300 80400

m,, [MeV]

Renewed interest after CDF mass measurement
70 above expectation?!
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Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z)
decays predicted by the Standard Model

have been observed

o Could enable W mass measurement

through fully-reconstructed decays
m Very precise SM prediction (> 0.1 per

mille)! - More precise than
experimental result

m Sensitive to radiative corrections from

BSM particles

Overview of m,, Measurements

ATLAS Preliminary = =ew =

LEP Combination
PR. 532, p119-244, (2013)

___________________________________________________________________________________________

DO (Run 2) i ! e
PRL 108, p151804 (2012) : i

CDF (Run 2) 5 —

Science 376, 6589, p170 (2022

___________________________________________________________________________________________

eSO ot oz  m e m

ATLAS 2017

EPJ-C 78-2, p110 (2018) @® Measurement ; _I @ ==

[[Jstat. Unc. ||

ATLAS 2023 W Total Unc.

his work | ISM Prediction

,,,,,,,,,,,,,,,,,,,,,, i : i
80200 80300 80400

m,, [MeV]
ATLAS W boson mass reanalysis at 7 TeV
15% improvement in precision!!
Closer to SM, further from CDF
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Exclusive hadronic decays of the W boson

e None of the exclusive hadronic W (or Z) s uerview of m,, Measurements i —
mrbeoeceoy | ATLAS Preliminary ™ -
. . P  ( ) : | !
decays predicted by the Standard Model I _____________________ G=7Tev, 460" o
have been observed DORunz) -
o Could enable W mass measurement ]
CDF (Run 2 |

through fully-reconstructed decays S 7 5170 221 ] .

m Very precise SM prediction (> 0.1 per LHCMOZ?) ----------------------------- . _._ ---------------------
mille)! - More precise than ; 1k '
experimental result S S ® Veasuroment | ——

m Sensitive to radiative corrections from Wlstat. une.

. ATLAS 2023 W Total Unc. N
BSM particles [ SMPredicon | "
,,,,,,,,,,,,,,,,,,,,,, | [ i
o Measurements have been performed 80200 80300 80400
through leptonic W decays m,, [MeV]

m Uncertainties from incomplete

kinematics
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Exclusive hadronic decays of the W boson

None of the exclusive hadronic W (or Z)

O

O

Overview of m,, Measurements

B ieecomiaion [ ATLAS Preliminary ™ =
. -532,p . (2013) ;
decays predicted by the Standard Model ||~ |, G-7Tevasw'
have been observed Do (Run2) - =
Could enable W mass measurement
through fully-reconstructed decays Sirs o7 65 170 12 -
m Very precise SM prediction (> 0.1 per LHCMOZ?) ----------------------------------- S S
mille)! - More precise than
eXperImental reSUIt é;!]%é?fglz&m& @® Measurement i _i ®
m Sensitive to radiative corrections from Ostat. un. ' :
. ATLAS 2023 W Total Unc. i
BSM particles " iSM Prediction el Ly
,,,,,,,,,,,,,,,,,,,,,, i i
Measurements have been performed 80200 80300 80400
through leptonic W decays m,, [MeV]
m Uncertainties from incomplete Could take advantage of high mass resolution for

kinematics

decays to charged particles and photons

&
)
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Exclusive hadronic decays of the W boson

w+ DECAY MODES

W™ modes are charge conjugates of the modes below.

Mode Fraction (I';/T) Confidence level
(v [a] (10.86+ 0.09) %
N etv (10.71+ 0.16) %
s ptv (10.63+ 0.15) %
r, 7tv (11.38+ 0.21) %
s  hadrons (67.41+ 0.27) %
6 7w 7 2 7 x 1070 95%
r; D]~y < 1.3 x 10~3 95%
g c¢X (333 + 2.6 )%

_ 13

) cs (31 “_Lll ) %
10 invisible [b] (14 £ 29)%
IETEEGEGE S < 1.01 x 10~ 0 95% |

489 THE UNIVERSITY
c, of EDINBURGH

Julia Cardoso Silva

Search for the exclusive hadronic W boson decays at the ATLAS experiment



Exclusive hadronic decays of the W boson

w+ DECAY MODES

W™ modes are charge conjugates of the modes below.

Mode Fraction (I';/T) Confidence level
(v [a] (10.86+ 0.09) %
N etv (10.71+ 0.16) %
s ptv (10.63+ 0.15) %
r, 7tv (11.38+ 0.21) %
s  hadrons (67.41+ 0.27) %
6 7w 7 2 7 x 1070 95%
r; D]~y < 13 x 1073 os%| CDF
g cX (333 + 26 )%
o cs @ TE )%
10 invisible [b] (14 £ 29)%
IETEEGEGE S < 1.01 x 10~ 0 95%] CMS
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Exclusive hadronic decays of the W boson

w+ DECAY MODES

W™ modes are charge conjugates of the modes below.

Mode Fraction (I';/T) Confidence level

(v [a] (10.86+ 0.09) %

N etv (10.71+ 0.16) %

s ptv (10.63+ 0.15) %

r, 7tv (11.38+ 0.21) %

s  hadrons (67.41+ 0.27) %

6 w7 Z 7 x 1070 95% CDF
r7 D:’Y < 65 X 10-4 95% LHCb
g cX (333 + 26 )%

o s @ TE )%

10 invisible [b] (14 £ 29)%

IETEEGEGE S < 1.01 x 10~ 0 95%] CMS
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Search for W*» t* + y at CDF

e Dataset: pp collisions, 4.3 fb!, at/s=1.96
TeV
e Trigger: Photon triggers requiring E_> 25 GeV
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Search for W*» t* + y at CDF

e Dataset: pp collisions, 4.3 fb!, at/s=1.96 -
TeV 120 - + ;
e Trigger: Photon triggers requiring £, > 25 GeV ; d{ T rasmash
100 = - eXxp. background
e Offline selection: back-to-back isolated v F * """ L
photon (E_ > 25 GeV) and isolated track (p, > E 80—
25 GeV) o I +
e Background estimation: Fit to W sidebands, 2
using exponential function - o
e W*se'v used as reference, allowing u
cancellation of common systematics o #
- $
A WINPT W . L . . 7 WY PAPP W
40 60 80 100 120 140 160 180 200
M., (GeV/c?)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.032001

Search for W*» t* + y at CDF

B(W-Tty) < 7x10°°at 95% CL

e Dataset: pp collisions, 4.3 fb!, at/s=1.96 -
TeV 120 + ;
e Trigger: Photon triggers requiring £, > 25 GeV ; d{ T rasmash
100 = - eXxp. background
e Offline selection: back-to-back isolated v F * """ L
photon (E_ > 25 GeV) and isolated track (p, > E 80—
25 GeV) o I +
e Background estimation: Fit to W sidebands, 2
using exponential function - o
e W*se'v used as reference, allowing u
cancellation of common systematics o #
- $
A WINPT W . L . . 7 WY PAPP W
40 60 80 100 120 140 160 180 200
M., (GeV/c?)
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Search for W*» t* + y at CMS

e Dataset: pp collisions, 137 fbl, at /s =13 TeV
e Trigger: Lepton triggers )
e Targeting W boson production in tt events

CMS

search for Wty

~+

> -~

trigger

Jilia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment



https://inspirehep.net/literature/1324801

Search for W*» t* + y at CMS

CMS

of EDINBURGH

Dataset: pp collisions, 137 fb!, at /s = 13 TeV . PhVIS"lL“flttl“ .B| ?}?f?%pi 1%640? S TeY

Trigger: Lepton triggers ) - 20ECMS 4 paa e Womy B=10% 7

Targeting W boson production in tt events o 180 I Drell-Yan [ QCD multijet =

. C tty+jets Wy—ltvy ]

QN 1601 Zy-ITy it =

42 140E- Other 77 MC uncert (stat + syst)_J

Offline selection: S oF — :

o 1muon orelectron (p, > 25 GeV) + one el qT E

track (p; > 20 GeV) with opposite charge 802_ Y )

wrt lepton + one isolated photon (E, >25 O %44 t, .,,A 4 2.

GeV) 40 ,/ S Ak _' Y

o BDT for signal/background discrimination 20 : —

Background estimation: analytic shape -
. . . . . (@)
defined in fit to data control region (linear =
. ©
polynomial) 8
0% 5560 65 70 75 80 8 90 95 100
m,, (GeV)
C 7 L EC LR T Jilia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment 8


https://arxiv.org/abs/2011.06028

Search for W*» t* + y at CMS

CMS

B(W-mty) <1.5x107° at 95% CL

Dataset: pp collisions, 137 fb!, at /s = 13 TeV
Trigger: Lepton triggers )
Targeting W boson production in tt events

Offline selection:

o 1muon orelectron (p, > 25 GeV) + one
track (p; > 20 GeV) with opposite charge
wrt lepton + one isolated photon (E, >25
GeV)

o BDT for signal/background discrimination
Background estimation: analytic shape
defined in fit to data control region (linear
polynomial)

Events/2.5 GeV

Data/MC

sensitivity limited by tt cross section

Phys. Lett. B 819 (2021) 136409

137 b (13 TeV)

e e e e e o
200 —
= CMS ¢ Data @ -e-ee Wony (B =10 .
180 I Drell-Yan [ QCD multijet —
C tty+jets Wy—ltvy ]
1601~ zy-ITy it e
140 Other 72z MC uncert (stat + syst)
C —— Fit ]
120 —
100F =
80F- Ly e
E . 2 Lo / , &
60—_ / % /' ‘V'A 7 / %
2 s & o =
40% ,/ _ « =
20 3

03085 60 65 70 75 80 85

90 95 100

My, (GeV)

&9 THE UNIVERSITY

of EDINBURGH Julia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment


https://arxiv.org/abs/2011.06028

Search for W*»> D*_+y at LHCb

e Dataset: pp collisions, 2 fb!, at /s =13 TeV

e TargetingW - D_(»KKm) +y events (5% BF)

e Trigger: Dedicated triggers targeting 3
displaced tracks consistent with D_+ photon

L EC LR T Search for the exclusive hadronic W boson decays at the ATLAS experiment
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. Search for W*» Dl“s +yatLHCb LI‘{Cb

M

. Chinese Phys. C 47 093002 (2023)
e Dataset: pp collisions, 2 fb!, at /s =13 TeV P — ——
e TargetingW - D _(+KKm) +y events (5% BF) 21400 LHCb =
e Trigger: Dedicated triggers targeting 3 S1200F | 20 b =
displaced tracks consistent with D_+ photon élOOOE— * W'Dy E
§ 300 :_ L + Data _:
R . < - }  Signal(BR=3x10?) :
e Offline selection: photon (E. > 15 GeV) + D_ = 600F e By -
candidate (p, >20 GeV && 1.92 < m< 2.02 GeV) g 400 . =
e Background estimation: Non-parametric 200 E- - Mt 3
dgta—driven background model ofL e R o

e FittoW pseudomassand p, 40 60 80 100 120
e W*sp*vused as normalisation channel m(D7y) [GeV/c?]

Y
m(M1) = | 205l (1 = coso)
Pt
0 - opening angle between meson

and photon
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Search for W*»> D*_+y at LHCb

LHCD

M

. ) Chinese Phys. C 47 093002 (2023)
e Dataset: pp collisions, 2 fb!, at /s =13 TeV o~ — ——
e TargetingW > D_(+KKm) +y events (5% BF) S 100f LHCb =
e Trigger: Dedicated triggers targeting 3 S1200F | H 20 b =
displaced tracks consistent with D_+ photon < 1000 F ™~ iiinatid E
P C + Data ]
S 800 L .
. . < - t signal(BR=3x10?) :
e Offline selection: photon (E. > 15 GeV) + D_ = 600F e By —
candidate (p, > 20 GeV &&1.92 < m<2.02 GeV) g 400 - -, =
e Background estimation: Non-parametric 200 E- - el E
data-driven background model o?_ll e ey ]
e FittoW pseudomassand p, 40 60 80 100 120
e Wisptvused as normalisation channel m(D7y) [GeV/c?]
p’Y
m(M1) = | 205l (1 = coso)
B(W')DSV) <6.5x10"at 95% CL 0 - opening angle between meson
and photon
¢ THE UNIVERSITY Julia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment 9
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https://iopscience.iop.org/article/10.1088/1674-1137/aceae9

Search for W*» *nt*it* at CMS CMS

e Dataset: pp collisions, 77.3 fb}, at /s =13 TeV

e Trigger: Di-tau triggers (p, > 35/40 GeV) No precise theoretical calculation for this BF, but

expected to be 0(107)-0(107)
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Search for W*-> t*r*nt* at CMS CMS

-1
e Dataset: pp collisions, 77.3 fb}, at /s =13 TeV > YL Q.Zsr;:ii“:f. Tev.)
e Trigger: Di-tau triggers (p, > 35/40 GeV) G 12 CMS Tz I Others '
S 1o []Uncertainty — W—3r (B = 10°)
@
e Offline selection: o
o 3isolated charged pion candidates it
reconstructed as 1-prong taus (2
matched to trigger object)
o Hadronic tau discrimination algorithms
are leveraged
o py(W)>40 GeV u%
e Background estimation: B
o Template derived using anti-isolated, 8
and p_(W) <40 GeV data CRs
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Search for W*-> t*r*nt* at CMS

CMS

e Dataset: pp collisions, 77.3 fb}, at /s =13 TeV
e Trigger: Di-tau triggers (p, > 35/40 GeV)

e Offline selection:

o 3isolated charged pion candidates
reconstructed as 1-prong taus (2
matched to trigger object)

o Hadronic tau discrimination algorithms
are leveraged

o p.(W)>40GeV

e Background estimation:

o Template derived using anti-isolated,

and p_(W) <40 GeV data CRs

773107 (13 TeV)

% 12 CMS '+I dbs.er.ve.d ' I QCD rhuitijét' -
O [ ]z—1n [ Others

= 10 []Uncertainty — W—3x (B = 10°)
~

@

c

o

>

LLI

o

x

L

~

%)

0

O
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Searches for H/Z>My at ATLAS

H—)K*'Y — o o o O : E 1 1é4 fb'1 IP\:BE‘!A%‘(Z‘O‘Z‘S)QBZB‘Z b1
T—IZ% ~  ATLAS Preliminary - ;’:fj P
— i JHEP 07 (2018) 127 —]|
H—)(p'Y — Vg = 1 3 Tev EO SIS.G fo! uHEP 07 (2018) 127 —
H—>J/\|f'y — EO 139 b Epuc 83 (2029) 781 —
H—)\V(2S)'Y — E (o] 139 fb™'  EPuC 83 (2023) 781 —
H—)T(1 S)'Y — O: 139 b Epuc 83 (2029) 781 —
H-Y(2S)y - 10 139107 cruce eozn e -
H—)Y(3S)'Y = EO 139 fb™  EPuces (2029 781 —
Z—)O)'Y — OE 89.5fb™"  pLB 847 (2029) 138202 —
Z—)p’Y = o) E 323" uHEP 07 (2018) 127 =]
Z—)(p'Y — [e} E 35.6 b uHEP 07 (2018) 127 —
Z—)J/W'Y — E 013910 epuces (2029) 781 -
Z->y(2S)y O 1391 erwcsseny -
Z—)Y(1 S)’Y — o E 139 fb™!  Epuc s (2023) 781 --- Expected + 1o —]
Z—)T(ZS)’Y — o E 139 fb™"  epucss (2029 781 -
Z—)Y(SS)'Y — 10 1390 eruces (2023) 781 = EXpeCted t2c —
REDACTED
107 10° 10° 10* 10° 102 107

95% CL Upper Limit on Branching Fraction

Several ATLAS publications on
exclusive Higgs/Z decays

O

Exclusive

Higgs

Potential to probes light quark
Yukawa couplings
Many of the same techniques are

used in the searches being discussed

489 THE UNIVERSITY
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Searches for W>My decays at ATLAS

W™ modes are charge conjugates of the modes below.

w+ DECAY MODES

Mode Fraction (I';/T') Confidencel  Decay Channel SM Branching Fraction
AR [a] (10.86+ 0.09) % Wt — ity (40+0.8) x 10~
b eil/ (10.71+ 0.16) % WE — pify (8.7£1.9) x 10~°
F3 uwrv (10.63+ 0.15) % WL = K:I:,), (33 :t07) % 10~10
M, 7Tv (11.38+ 0.21) %

' hadrons (67.41+ 0.27) % .+
M — —= T Se+arcr:es for W+-> n+v,

7 D~ < 6.5 x 10 95% W=> py and W™ K,

g X (33.3 + 26 )% using ATLAS Run-2 data

Mo s @t TE )%

1o invisible [b] (1.4 £ 29)%

My wtatn™ < 1.01 x 106 95%

Introducing 2 decays to this list!

Julia Cardoso Silva

Search for the exclusive hadronic W boson decays at the ATLAS experiment




The ATLAS Experiment (in Run 2)

e Inner Detector: Silicon pixels and strips (SCT) with Transition Radiation Tracker (TRT)
e LAr EM calorimeter: high granularity + longitudinally segmented
e Two level trigger: L1 Hardwarwe Trigger (40 MHz » 100 kHz) + HLT Software Trigger (100 kHz > 1 kHz)

44m

25m

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

&%\ THE UNIVERSITY . , : : :
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Analysis Final States

e W*> m*/K*+y:Isolated high p_track recoiling against isolated high p_photon
o W p*(>1*+n°) +y: extra electromagnetic energy deposition coming from m°
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Analysis Final States

e W*> m*/K*+y:Isolated high p_track recoiling against isolated high p_photon
o W p*(>1*+n°) +y: extra electromagnetic energy deposition coming from m°

e Analysis performed through track + photon and the tau+photon final states:

o Different strategies employed

track + photon

Sensitive to W*» t*/K*/p*+y decays

tau + photon

No attempt t truct 1e° e Sensitive to W*» p* (+m*n°) y decay
. a- o ? e e p-candidate reconstructed as 1-prong t-lepton
e Dedicated triggers: track (p,>30 GeV) + photon e No dedicated triggers, using di-photon triggers
(p,>25 GeV)
- O . --.‘- ......... > ﬁ.—o ............ [
W= W

Julia Cardoso Silva

Search for the exclusive hadronic W boson decays at the ATLAS experiment
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Trigger Strategy

e Dedicated triggers allow us to identify specific event

Requirements:

of EDINBURGH

c
..g topologies o s!ng:e tr:ck (p;>30 GeV)
3 o Using modified tau-lepton trigger algorithms : :rll?tgrkis) :;((’)ne(eFi/T >25/35 GeV)
+ -1
x ° Collecte‘d 137 fb. from 2(.)1.6 to 2018 ' | e 0.4<E/p(trk}<0.85
© o  With 58% signal efficiency wrt offline selection
i (for W Tty signal) - O .
Wi'
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Trigger Strategy

of EDINBURGH

c e Dedicated triggers allow us to identify specific event Requirements:
% topologies ° s!ng:e tr:ck (p; > 30 GeV)
3 o  Using modified tau-lepton trigger algorithms : :rll?tgrkis) :;((’)nG(eFi/T >25/35 GeV)
+ -1
x e Collected 137 fb* from 2016 to 2018 e 0.4<E/p(trk}<0.85
© o  With 58% signal efficiency wrt offline selection
4 T
(for W*> m*y signal) - Ve YRTTITI >
Wi'
_§ e Lower acceptance for this final state from dedicated W- mty triggers:
_g_ o Mostly dueto 0.4 <E_/p.<0.85requirement
+ e Diphoton triggers areused instead | o~
= . 0 $—0
= o taking advantage of m"» yy decays WE
o
o p;>35GeV, p>25GeV
o  with 43% efficiency wrt offline SR selection
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Trigger Strategy

c e Dedicated triggers allow us to identify specific event Requirements:
2| opotris e e
s o Using modified tau-lepton trigger algorithms . m(tgrk+$) ~50 GeFi/T
M e Collected 137 fb* from 2016 to 2018 o 0.4<E./p(trk)<0.85
(%) . . o o . . ‘ T pT :
© o  With 58% signal efficiency wrt offline selection
= (for W= 1ty signal) - re YRTTTIRI. >
Wi'
_§ e Lower acceptance for this final state from dedicated W- mty triggers:
_g_ o Mostly dueto 0.4 <E_/p.<0.85requirement
+ e Diphoton triggers are used instead : O vvennes
= . 0 e Ao A >
8 o taking advantage of m”» yy decays WE
o p;>35GeV, p>25GeV
o  with 43% efficiency wrt offline SR selection
Can combine two final states in a

Dedicated triggers and diphoton triggers are orthogonal

simultaneous fit

&9 THE UNIVERSITY
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track + photon
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Event Selection

Ad(track,y)>1/2
— ) >
Track Owi Photon
ac p; >30/35 GeV (depending on
py>33GeV trigger)
Tight ID Tioht ID
Isolated 'ght
Isolated
W candidate = highest p_track + highest p_ photon

&9 THE UNIVERSITY
© of EDINBURGH

Jilia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment

17



Event Selection

193

1200

Ad(track,y)>1/2 g 120¢f ' , ‘ ]
E T ATLAS Preliminary ---Data ]
- 1O XEECERELEEEE > 1 1000 [ 1s=13TeV,3.2fo" EIZ —>ee MC -
Wt Photon L E;>15GeV ]
TraCk . 800 - Loose probes 7
p.>30/35 GeV (depending on - ]
p. >33 GeV T . - E
T, trigger) 600 - .
TightID . C ]
Isolated Tight ID 4o ]
Isolated - [ ]
200 - .
W candidate = highest p_track + highest p_ photon oty 02 04 06 08 =
eProbabilityHT
@ 250 (1% ‘
H H = [ ATLAS Preliminar - Dat ]
Z > eerejection 0 oob Vs= 13Te3, 221" mZ e MC
- E;>15GeV ]
e Resonant background arising from Z » ee events © Loose brobes ]
o not modelled by inclusive background modelling 150 E
method - modelled with MC in final fit o0 - E
e Exploit differences between electrons and charged hadrons: j 1
o  hadronic leakage and transition radiation 50 [ -
e Reject if Rhad(e) <0.03 and eProbabilityHT(trk) > 0.1 [ 1
0 —oio4 -0.02 (I) 0.02 0.64
ATLAS-CONF-2016-024 R,
T;%BES\B/S}}:%I;Y Julia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment



https://cds.cern.ch/record/2157687

Event Selection

e Signal efficiencies mainly driven by trigger p_ thresholds
e ~10% efficiency difference between W*» t*y and W*> K*y
o originating from differences between E_/p_(trk) and Z - ee rejection variables

Fraction of Events / 2 GeV

_||||||||\||||||||\||||||||||\|||\||||\|_ % LU L L L I I | %0.16:!!!||\I||.|||||.|||\|||||||||||||||||
0.12  ATLAS Simulation 4 G&0.12F ATLAS Simulation - 2 - ATLAS Simulation
[ Vs=13TeV i Before Selection N [ Vs=13 TeV i Before Selection | ~0.14F (s =13 TeV i Before Selection ]
+ Track-photon SR After Selection ‘UEJ 01k Track-photon SR After Selection 1 *2 " [ Track-photon SR After Selection [x10] 7
01 wissmty o 1 8 M wisky , .12 WopH(mnl)y ]
r i P w 3 F K w - [7° not reconstucted]
L ; ] G B 3§ T ] ks i
0.08 _ go.os 12 oar ; ]
- 0 ] = 1 = r r
g Eff =5% 1 8, .l Eff =5.5%7 Soosf . . Eff=0.5% -
0.06 1 So.0s 1 Z008[ o .
] [t I"‘._._. T pf‘l_
0.06 H ... j . P .
0.04 § 0.04 ] | T
J | 0.04 — . % : ]
0.02 - ] 0.02 B Y ] 000 _ LL’: ]
certloninen ot B U Y I PR |ﬁ>\~k.\~.§w’?':-rrL-.—j-.--ﬁ 0 Lottt 100y PR e it ]
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 == % & @) 2 00 1 o
p, [GeV] p, [GeV] p_ (GeV]
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Background modelling

ATLAS

EXPERIMENT

e  Main background arising from dijet and jet + photon processes
o  neither shape or normalisation reliably modelled by MC - use data-driven method instead
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Background modelling

ATLAS

EXPERIMENT

e  Main background arising from dijet and jet + photon processes
o  neither shape or normalisation reliably modelled by MC - use data-driven method instead
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ATLAS

EXPERIMENT
I

Background modelling

neither shape or normalisation reliably modelled by MC - use data-driven method instead

Main background arising from dijet and jet + photon processes
Obtain sample of data events enriched in background by relaxing event selection requirements (Generation Region)

[ ]
o

Data Events

Generation Region \

1.

-

Relay
Selecﬁo i

_/

Search for the exclusive hadronic W boson decays at the ATLAS experiment

Julia Cardoso Silva
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ATLAS

EXPERIMENT
I

Background modelling

neither shape or normalisation reliably modelled by MC - use data-driven method instead

Main background arising from dijet and jet + photon processes
Obtain sample of data events enriched in background by relaxing event selection requirements (Generation Region)

Obtain conditional PDF of relevant kinematic and isolation variables - 1D, 2D, 3D histograms describing most important

[ ]
o

1.
Data Events

2.
correlations
f Generation Region \

SeleCtion

Relax

(,\‘l s Xy s X,,) u
ﬂ

nD-P
Search for the exclusive hadronic W boson decays at the ATLAS experiment

Julia Cardoso Silva
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ATLAS

EXPERIMENT

Background modelling

Main background arising from dijet and jet + photon processes
neither shape or normalisation reliably modelled by MC - use data-driven method instead

[ ]
@)
1. Obtain sample of data events enriched in background by relaxing event selection requirements (Generation Region)
Obtain conditional PDF of relevant kinematic and isolation variables - 1D, 2D, 3D histograms describing most important
Pseudo-Events

correlations
3. Generate sample of pseudo-candidates Data Events
through sequential sampling
/ Generation Region \ (Generation Region\

Relax
elect,'On

S

nD-P

(./\'] 3 X2y ey Xn) | I (.X{). xé) ..... X '/'))

Search for the exclusive hadronic W boson decays at the ATLAS experiment
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ATLAS

EXPERIMENT

Background modelling

Main background arising from dijet and jet + photon processes
o  neither shape or normalisation reliably modelled by MC - use data-driven method instead

1. Obtain sample of data events enriched in background by relaxing event selection requirements (Generation Region)
Obtain conditional PDF of relevant kinematic and isolation variables - 1D, 2D, 3D histograms describing most important

Pseudo-Events

correlations
3. Generate sample of pseudo-candidates Data Events
through sequential sampling
. . . Generation Region Generation Region
4.  Apply Signal Region requirements to
pseudo-candidates sample x8 % >
L9 3
3 g=
(), X9 - X,) || (b 65 - CHRES )
\ ”D'Py & J
B LRSI e Julia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment 19
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Background modelling ATLAS

e  Main background arising from dijet and jet + photon processes
o  neither shape or normalisation reliably modelled by MC - use data-driven method instead

1. Obtain sample of data events enriched in background by relaxing event selection requirements (Generation Region)
Obtain conditional PDF of relevant kinematic and isolation variables - 1D, 2D, 3D histograms describing most important

correlations
3. Generate sample of pseudo-candidates Data Events

through sequential sampling
. . . Generation Region Generation Region
4.  Apply Signal Region requirements to f \ ( x

Pseudo-Events

pseudo-candidates sample - obtain x8 %
. . . . o 8 ®
PDF of W invariant mass for statistical 'f(;;‘,’ Z
. >
analysis
B
: IPDF of discriminant variable
(), X9 - X,) (b 65 - CHRES )
\ nD—Py \
3 LIsLs DINIOTIERI Y Jilia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment 19
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Background modelling

ATLAS

EXPERIMENT

o

Main background arising from dijet and jet + photon processes
neither shape or normalisation reliably modelled by MC - use data-driven method instead

Obtain sample of data events enriched in background by relaxing event selection requirements (Generation Region)
Obtain conditional PDF of relevant kinematic and isolation variables - 1D, 2D, 3D histograms describing most important

correlations

Generate sample of pseudo-candidates
through sequential sampling

Apply Signal Region requirements to
pseudo-candidates sample - obtain
PDF of W invariant mass for statistical
analysis

o Intermediate Validation Regions

Data Events Pseudo-Events

(Generation Regionx

uo\_‘ae\es

to check method
[~
IPDF of discriminant variable
(x{’., xé’ ,,,,,, ) J
THE UNIVERSITY o .
(yp EDINBURGH Julia Cardoso Silva
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Background modelling ATLAS

EXPERIMENT
e  Main background arising from dijet and jet + photon processes
o  neither shape or normalisation reliably modelled by MC - use data-driven method instead
1. Obtain sample of data events enriched in background by relaxing event selection requirements (Generation Region)
2

Obtain conditional PDF of relevant kinematic and isolation variables - 1D, 2D, 3D histograms describing most important
correlations

3. Generate sample of pseudo-candidates
through sequential sampling

4, Apply Signal Region requirements to
pseudo-candidates sample - obtain

Data Events Pseudo-Events

(Generation Regionx

(4]
o
PDF of W invariant mass for statistical %
analysis =
o Intermediate Validation Regions
to check method

e Method described in JHEP10 (2022) 001

~
; IPDF of discriminant variable
(), X9 - X,) (b 65 - CHRES )
\ nD—Py &
!

L EC LR T Search for the exclusive hadronic W boson decays at the ATLAS experiment
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https://link.springer.com/article/10.1007/JHEP10(2022)001

Non-parametric data-driven background modelling ATLAS

EXPERIMENT

e Let’stake a H>¢p(K'K)y case study JHEP10 (2022) 001
o  Similar signature: pair of collimated high-p_ isolated tracks recoiling

againstisolated photon

o Main background : photon + jet and dijet P
o photon + jet MC sample as data
Y /." Higgs
»
H->¢(K'K)y

case study for background model
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3 - 4f EDINBURGH Julia Cardoso Silva Search for the exclusive hadronic W boson decays at the ATLAS experiment 20


https://link.springer.com/article/10.1007/JHEP10(2022)001

Non-parametric data-driven background modelling ATLAS

e Let’stake a H>¢p(K'K)y case study JHEP10 (2022) 001
o  Similar signature: pair of collimated high-p_ isolated tracks recoiling

againstisolated photon
o Main background : photon + jet and dijet ¢
o photon + jet MC sample as data

Which variables do we need to include in the model? /

¢ and y 4-momentum vectors to ultimately obtain m(¢y) R
+ extra variables which define Signal Region Yy Higgs

pT(P), pT(Y), AD(d,y), An(d,Y), Iso(P)

H->¢(K'K)y
case study for background model
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Non-parametric data-driven background modelling ATLAS

e Let’stake a H>¢p(K'K)y case study JHEP10 (2022) 001
o  Similar signature: pair of collimated high-p_ isolated tracks recoiling

againstisolated photon
o Main background : photon + jet and dijet ¢
o photon + jet MC sample as data

Which variables do we need to include in the model? /

¢ and y 4-momentum vectors to ultimately obtain m(¢y) R
+ extra variables which define Signal Region Yy Higgs

pT(P), pT(Y), AD(d,y), An(d,Y), Iso(P)

H->¢(K'K)y
case study for background model
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https://link.springer.com/article/10.1007/JHEP10(2022)001

Non-parametric data-driven background modelling ATLAS
e Build PDFs of relevant variables following most important correlations JHEP10 (2022) 001
in Generation Region
o 1D, 2D and 3D histograms to be sampled from in generation step
)
100§
m(6:) 80 % pT(¢) pT(Y)
| 60 § /
Y /." Higgs
»
H>¢(K'K)y

19 22 -16

case study for background model

| | |
m(9y)  ¢lsolation  AD(9y) Ano.y) p(0) p(v)

-100
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Non-parametric data-driven background modelling ATLAS

e Build PDFs of relevant variables following most important correlations

in Generation Region
o 1D, 2D and 3D histograms to be sampled from in generation step

JHEP10 (2022) 001

100
i 80 § PT(¢) pT(Y)
60 g
¢ Isolation 2 /
pr(y) | #lso
a(9) A
'
Y R Higgs
An(o.y) . d
‘/
p.(0)
H->¢(K'K)y
(1)
case study for background model
moy)  olsolation  A®(y)  Aney)  p.(0) p,(1) =G
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT

e Build PDFs of relevant variables following most important correlations

in Generation Region

o 1D, 2D and 3D histograms to be sampled from in generation step

JHEP10 (2022) 001

o

N

1005
m(o) 80 % pT(¢) pT(Y)
60 § /
¢ Isolation
pr(y) | #lso
A%(07) ’
'
Y R Higgs
An(o,y) :
pr(@) | prly) |A®(2y) »
p.(0)
AD(d A H->¢(K'K)y
(1)
(#y) | An(ayy) case study for background model
moy)  olsolation  A®(y)  Aney)  p.(0) p,(1) =G
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT

e Sample from PDFs and construct pseudo-candidates JHEP10 (2022) 001
o each pseudo-candidate is defined by the ¢ and y 4-momentum

vectors, and an associated ® isolation variable

o

¢ =(pp N, ©, M) /

y=(p,, N, ®, m)

Lt
V ./.
'

Iso(d) »

Higgs

H->¢(K'K)y
case study for background model
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT

e Sample from PDFs and construct pseudo-candidates JHEP10 (2022) 001
o each pseudo-candidate is defined by the ¢ and y 4-momentum

vectors, and an associated ® isolation variable

o

¢ =(pp N, ©, M) /
'

v=(pp N, ®,m) v .

Iso() »

H->¢(K'K)y
case study for background model
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT

e Sample from PDFs and construct pseudo-candidates JHEP10 (2022) 001
o each pseudo-candidate is defined by the ¢ and y 4-momentum

vectors, and an associated ® isolation variable

o

Higgs pseudo-candidates pr(@)  pr(y) \
¢ = (PT, n, ®, m) | /
| '

Y =(p;s N, P, m)

Lt
V ’/.
'

pr(#) | pr(y) pT(Y) Higgs

Iso(d)

H->¢(K'K)y

AD(d,Y) case study for background model
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT

e Sample from PDFs and construct pseudo-candidates JHEP10 (2022) 001
o each pseudo-candidate is defined by the ¢ and y 4-momentum

vectors, and an associated ® isolation variable

)
y+jet MC Model

m(o;y) m(6:y)

Correlation (%)

¢ Isolation ¢ Isolation

AD(9) AD(9,)

0 Y /." Higgs

An(o.Y) An(o:y)

P (®) P,®)

p,1) - 12 -80 H -)q) ( K+ K-) V
100 case study for background model

P.(Y)

m(¢y)  ¢lsolation  A®(ey)  An(oy) p(0) P, m@ey)  ¢lsolation  Ad(ey)  An(oy) P (®) P (1)
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT

e Systematic uncertainties provided through variations of the nominal

JHEP10 (2022) 001

PDFs
o selected to capture different modes of potential deformations of
the background shape P
10°
> T T
o 2 — Background Model /
E 180 —— Syst. p.(v) Up 4
= r GR @ e Syst. pT(y) Down ]
2 1.6 Syst. A¢ Up 4 A
w 145 slyst. érq_)ItDSwn ] y .
4 —— Mass Tilt Up E ,° .
1.2;_ -------- Mass Tilt Down _; /. nggs
1 4 ‘/
0.8? i
0.6;— _
04 E H->¢(K'K)y
Y S case study for background model
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Non-parametric data-driven background modelling ATLAS

EXPERIMENT

Events /1 GeV

e Systematic uncertainties provided through variations of the nominal

JHEP10 (2022) 001

PDFs
o selected to capture different modes of potential deformations of
the background shape ()
O each variation controlled by a nuisance parameter - directly
Constrained by data in ﬁt Parameter Value | Uncertainty (+10)
HMsignal —0.07 +0.54
1]0?i I - N Hbkgd 1.01 +0.01
2:_ ‘ B ‘k d:\/l dol & 300 Shape: pr(y) shift 0.26 +0.15
n —— Background Model o L - A
1 8:_ —— Syst.p(1) Up E & e Shape: A<I>(.¢),'7) Fllt 0.30 +0.43
“F GR e Syst. p_(y) Down 2 F H ¢ Data Shape: m(¢,7) tilt | 0.10 +0.24
1.6F Syst. A¢ Up - 3200; \ —— Background | .
F Syst. A¢ Down . C  SBFit ] Vs
140 A —— Mass Tilt Up ] ok M E Y Lt Hiaas
1ok AEN e Mass Tilt Down g | ] s’ gg
15_ = 100; + + E ‘/
08 E s0F T =
0.6:_ E E i | 1 1 | | o
o R E O T - Ha0(K K )y
oK — 3 e 1.l ML) =
S A B T .w%m%#ﬁm‘# AR et case study for background model
gO 100 150 200 250 300 -4050 100 156 560 550 300
m(9.y) [GeV] m($y) [GeV]
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Non-parametric data-driven background modelling

ATLAS

EXPERIMENT

e Modelis robust under signal contamination:

o Features of resonant contributions are diluted in the process of
factorising the background PDF

JHEP10 (2022) 001

of EDINBURGH

3
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Non-parametric data-driven background modelling

ATLAS

EXPERIMENT

e Modelis robust under signal contamination:

of EDINBURGH

Julia Cardoso Silva

o . . JHEP10 (2022) 001
o Features of resonant contributions are diluted in the process of
factorising the background PDF Bonus: generalisation of the
model using cGANs
= i<1|03' T T rTrrrrrrrrr] 2 F T [ F fF T F % Ft q)
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Background modelling ATLAS

EXPERIMENT

Sampling sequence for track + photon final state Validation Regions
p,(trk) p,(Y) Region Selection
VR1 GR + p.(m) > 33 GeV
* * VR2a GR + Photon Calo Iso
p(Y) y Calo Iso p,(trk) P;(Y) Trk Iso
VR2b GR + Photon Track Iso
l VR3 GR + Track Isolation
Calo| An(trk, Trk |
yralolso nitrk.y) e SR GR + all of the above

e Background modelling method does not model resonant processes:
An(trk,y) | A®(trk,y) o small remaining contribution from Z » ee background modelled
through MC
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Background modelling ATLAS

EXPERIMENT

Candidates / 2 GeV

Data/Bkgd

e Alternative pairs of m(track,y) shapes are derived and implemented in the fit using interpolation technique

(@]

o

(@]

Background Shape Systematics

p,(v) shifted
distortions to Ad(trk,y)
linear re-weighting of m(trk, y)

VR1 VR2a VR2b VR3

T3 > T T T % T LN B B B B B B B B B T % {7 S B B B T
o 4 &70000r & 1 &70000 £ 3 $s0000 .
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E Pre-fit J g E Pre-fit E g Pre-fit ] g Pre-fit B
} ¢ Data { g C ¢ Data B -8 ¢ Data _: E ¢ Data 3
I F 1 8 1 8 q

E [ Background Model 1 8 E [ Background Model 4 O i [ Background Model 1 O [ Background Model —
F Z-ee - Z->ee — COZ—ee | ; Z->ee B
o 7727 Model Shape Uncertainty - 72/ Model Shape Uncertainty - 5 777 Model Shape Uncertainty H 77227 Model Shape Uncertainty _-|
E . 7 . o 7
F . - E - 5 ]
] — [E 7 £ -

3 ] ] ] q 3
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1.5F
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Signal modelling & uncertainties ATLAS

EXPERIMENT

signal Modelling g080 T AriaS Simulation |
o Si ls simul : ; é 07; ﬁaiiigftzn SR |
gnals simulated using Powheg + Pythia S ool We oy ]

o decays simulated isotropically and ; 05| « Signal MC

re-weighted to theoretical polarisation i —Signal Fit
e Modelled in fit using: 03 3
o  W*» 1*/K*y: double voigtian x 02l ]
efficiency function (parameters fixed 01k k

to MC) e e

of 1
65 70 75 80 8 90 95 100
m(track, photon) [GeV]
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Signal modelling & uncertainties ATLAS

EXPERIMENT

Signal Modelling go8r T L Arias Simulation |

: 0.7 [ E= 13 TeV 1

i H 1 H o F Track-photon SR ]

e Signals simulated using Powheg + Pythia 05l We oy ]
o decays simulated isotropically and sl

. . . . ~r -»-Signal MC

re-weighted to theoretical polarisation ol —Signal Fit |

e Modelled in fit using: 0sb
+ It e s [

o W m*/K*y: double voigtian x 02 = 0 48 T A
efficiency function (parameters fixed ok Sotst i
to MC) Qommss L D Tackpnoon SR

At ictribiiti 65 70 75 8 8 902 | ]

o W*» p*y: MC distribution smoothed mitrack, pt 2042 [ ;

’ [ —e— Signal MC ]
th rough KDE 0.1F — KlgEaSmoothing Result]
0.08 | 1
0.06 [ .
0.04F ]
0.02f i .
| | Loy

0 NN SRR RN L1 e ]
60 65 70 75 80 85 90 95 100 105 110
m(track, photon) [GeV]
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Signal modelling & uncertainties

ATLAS

EXPERIMENT

Signal Modelling

Signals simulated using Powheg + Pythia
o decays simulated isotropically and
re-weighted to theoretical polarisation

Modelled in fit using:

o  W*» m*/K*y: double voigtian x
efficiency function (parameters fixed

to MC)

o WH*» p*y: MC distribution smoothed

through KDE

Signal Uncertainties (1% effect on upper limit)

Theory scale variations - 6.2%
Trigger Efficiency - 3.6% °

Cross Section - 3.3 %
Luminosity - 0.83%

Pileup - 2.2%

Events / 1 GeV

TT T [T T T T[T T T T[T T T T[T T I T[T TTT[TTIT1T1q

0.8 ] ATLAS Simulation ]
0.7L Vs=13TeV
T Track-photon SR
0.6 L Wt—ﬂtt“{
0.5 ’ --Signal MC
0.4 _ —Signal Fit
0.3F
2f
0 : >0.18F
0.1F —0.16 [
L [%]
0k lulllulululuiJulqu0'14_
65 70 75 80 85 ¢2

mitrack, |/ 0.12 |

ATLAS Simulation
Vs=13 TeV ]
Track-photon SR ]
W Sp*(ntn)y .

—e— Signal MC ]
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0.1LF —— KDE Smoothing Result

0.08 | ]

0.06 | .

0.04 F .

. 0.02F .

Photon ID & Isolation - 2.1% of L M e ]
H HPa _ 0, 60 65 70 75 80 85 90 95 100 105 110

Tracking Efficiency - 1.2% (rask.photon) [GeV]
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tau + photon
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Event Selection

ATLAS

EXPERIMENT

p candidate

1-prong tau
p;>30 GeV

AD(p,y)>2
1_._.0 ............ -
W* Photon
p;> 36 GeV
Tight ID
Tight Iso

h*n® decay mode

SR defined by simultaneous cut optimisation on
p,(z), AR ™ and rimpact parameterd_

Signal efficiency is ~'2 of track-photon SR, but with
higher background rejection

Tau-photon

VR2 AR

pr(M) > 30 GeV
- < 0.065
log |dy| < —1.2

p meson reconstructed as tau with exactly one

> 016 T T T T | T T T T | TTTT | rTrrrrrrr1rrrrrT | T T T T | T 1T I_
&3 - ATLAS Simulation .
N 14‘_\/— =13 TeV i1 Before Selection ]
@ [ Tau-photon SR [J After Selection [x10] ;
g 0.12 W=y - -
L B & pT ]
o 0.1_— | —
IS Eff =0.3%
g 0.08- -
0.06 4 -
0.04- -
0.02F- O -
0:L|r|1||||||||| [1i||er‘l—l l||-1_|||‘|1~-v—1--1:
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associated charged hadron

p, [GeV]
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EXPERIMENT

Background Modelling ATLAS

e Main background arising from dijet and jet + photon processes

7777 Model Shape Uncertainty 77227 Model Shape Uncertainty

7/ Model Shape Uncertainty

. . . Tau-photon
e The same non-parametric data-driven background modelling
method used VR1 pp(M) > 30GeV
o yand tvariables used in the modelling VR2 AR,  <0.065
e Background shape systematics derived and implemented in the same VR3 log|dy| < —1.2
way as for track+photon
L e N LA B % L LR R R L A LRI AL SN I % F L I L I B
E £ ATLAS O 40005 ATLAS G 5000/ ATLAS
Ry Vs = 13 TeV, 140 fb"! Y 3500 Vs =13 TeV, 140 fo’! a r s =13TeV, 140 b’
2 Tau-photon VR1 2 - Tau-photon VR2 3 - Tau-photon VR3
g Pre-fit g 3000 Pre-fit E 40005 Pre-fit
e ¢ Data 2 § ¢ Data 2 L ¢ gati Mo
IS S c Background Model 3 - ackground Model
O Egaikggound Model (&) : EZage d Mod o -Z—>ge

IIIJ|llll|IHIlI1llllllllllllllllllllllll

Jlllll\II|IIII|1I11‘lllllllllllll

\

|

° °
L & £
% 1 1 % 77777777777777 PR S S S S S S R ' g ‘:“:“"“‘-“‘-“‘- P IS S R T N SR S SR T S R “
8 200 250 300 [a 150 200 250 300 3 100 150 200 250 300
m(tau, photon) [GeV] m(tau, photon) [GeV] m(tau, photon) [GeV]
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Signal modelling & uncertainties ATLAS

EXPERIMENT

Signal Modelling -
GJ —IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII—
e . : . 0121 ATLAS Simulation ]
e W*» p*ysignal simulated using Powheg + Pythia - | /s =13 TeV
o decays simulated isotropically and re-weighted £ 04f Tau-photon SR _
. — ) W —p*(rnn)y
to theoretical polarisation o
e Modelled in fit using voigtian x efficiency function 0.08 - .
. --Signal MC
(parameters fixed to MC) _ Signal Fit
0.06 - i
Signal Systematics
(very small effect on upper limit - 1%) 0.04 - 3
e Theoryscale variations-6.5% e EG Scale -3.0% [
e Trigger Efficiency - 10 % e EGResolution-4.9% 0.02 ]
e (Cross Section-3.3% e PhotonID-1.1% i
e Luminosity-0.83% e Photon Isolation - 1.6% 065 - = &3 & o0 '
e Pileup-5.5% e Tau Efficiency-13%

m(tau, photon) [GeV]
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Results

ATLAS

EXPERIMENT

e Maximum Likelihood Fit in track + photon and tau + photon mass
o single fit in two categories, with correlated p(W- py)
o systematic uncertainties are treated in an uncorrelated matter, except x-section and luminosity

systematics Track+photon Tau+photon
~ 1 D ——
s F . Data 1 3 [ . Data
o TF AtLAs e S+B Fit 3 9 [ amas + S4B Fit ]
S b Vs=13Tev,1371b" [ Multijet 1 N500F ys-13Tev, 140 b - Multijet E
= 8L Track-photon SR CZ—ee E < [ Tau-photon SR @ W —p*y [B=5x10" ]
2 3 W oty [B=5x10 ] 2400 L Z — ee post-fit negative _]
e 5F [ W'—p'y [B=5x10°] ] 5400
i} r ] T} L
No significant excess with ,
B 2001 Bkgd o T 50F [ JBkgd=To
respect to the background  : o S & WM M M ¢+ S S w W J W}
predictionisfoundindata ¢ g Opa # J M f*\ h ++ $
- , Q 50
%5 100 105 110 60 95 100 105 110
m(track, photon) [GeV] m(tau, photon) [GeV]
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Results ATLAS

EXPERIMENT

e Data [
ATLAS s S+B Fit [ ATLAS - S+B Fit
Vs=13 TeV, 137 fb”' [ Multijet 500 [~ 513 TeV, 140 fo™' - Multuet 7
Track-photon SR CdZ-ee [ Tau-photon SR [ W —p'y [B=5x10" ]
-Wany[BSX‘IO] [
[ W —pty [B=5x10" ]

Z — ee post-fit negative ]

Events /(0.25 GeV )
Events /(0.25 GeV )

e Asymptotic CL_with profile
likelihood as test statistic
o Cannot disentangle W>n+y
and W-»>K+y - only one
considered at a time (other 0

U N w ENE [ ~

B 200 [Bkgd £ 1o B sof [CJBkgd* o
signal assumed to be 0) i E-MM*W%W%WWM g OWWWWWW f#* me
O W—)T[/K+v and W—)p'l'v have - PR - - v o TR _5060 R R T SR B e T VTS AP
distinct shapes - other signal Jreen e e miay,photor) (GeV]
is profiled Expected branching Observed branching
o B(W- py) expected upper limit fraction x107° fraction x107°
improves by 7% wrt fit in " " 0.5
tau+photon final state W= — %y 1 2—0 3 1.9
o  18% improvement observed W* — K*y 1. 1+8 ‘31 L7
i + 2.3
W* - pry 6.0 5.2
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Results ATLAS

EXPERIMENT

T

}X @ arXiv:2309.15887 y 0]

Events / (0.25 GeV )

e Asymptotic CL_with profile
likelihood as test statistic

o Cannot disentangle W>n+y
and W->K+y - only one
considered at a time (other
signal assumed to be 0)

o W-mn/K+y and W->p+y have
distinct shapes - other signal

EXPERIMENT

Submitted to: PRL CERN-EP-2023-211
September 29, 2023
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Search for the exclusive W boson hadronic decays ==
WE - nty, Wt — K*y and W* — p*y with the i
't

n
=}

L
110
[GeV]

Data - Bkgd
0
o
o o o

ATLAS detector

@D
=]

is profiled Expected branching Observed branching
o B(W- py) expected upper limit fraction x107° fraction x107°
improves by 7% wrt fit in " " 0.5
tau+photon final state W= =3 =y 1'2—0.3 1.9
O  18% improvement observed W* — K*y 1.1+8-§1 1.9
+ it 2.3
W* — p*y 6.0 5.2
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Searches for H/Z>My at ATLAS

Hoky E T T T e e
H—)(D’Y —  ATLAS Preliminary o .E 89.5 fb_'1 PLB 847 (2023) 136292 — EXCIUSiVe
H—)pY — v— ? 323" sueror (2018) 127  —

H—)(P'Y — s=13TeV EO 35.6fb"  wHEP 07 (2018) 127 — /
H—)J/\lf'Y — :O 139 fb™!  Epyc 83 (2023) 781 — nggs
H—)W(ZS)Y — E O 139fb"  Epuces (2029 781 —
H—)T(1 S)'Y — CE 139 fb™!  Epucss (2023 781 —
H-Y (ZS)Y — E O 139fb"  epucss(e0ze 781 —
H—>T (BS)Y = EO 139 fb"  EPyC 83 (2023) 781 —
Z-wy Oi 8951b" pisss(aues ramese -
Z—>pY — e} E 32.3fb"  uHEP 07 018) 127 —
2>y I 356107 wepor core a7 —_
2y - i 013916 erucsn ez 7 =
Z—)W(QS)’Y — O E 139 fb™!  EPuC 83 (2023) 781 —
Z—)T(1 S)’Y — O E 139 fb"  Epuc 83 (2023) 781 --- Expected + 16 —
Z—)Y(ZS)’Y — (@) E 139 b Erucss (2023) 781 —
Z—)Y (SS)Y — 10 1391t epucas (2029 781 --- Expected £ 20 —
W_—)Tci'Y — E O 137 fb"  amiv2s0e.15887 6 Obseived —
Wi—)pi’y — OE 140 fb'  arxiv:2300.15887 —
Wi—)Ki’Y — ) “IE o 13.7 fb1 | aXivi2309.15887 . ) ]

10" 10° 10~ 10* 10° 102 107
95% CL Upper Limit on Branching Fraction
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What does the future hold?

ATLAS

EXPERIMENT

e 3000 fb!HL-LHC:

o could be just enough to observe Wasntnn

o would require further analysis
improvements to observe W->My

e Future collider facilities currently being designed
o FCC-ee projected to produce clean sample

of O(108) W*W" events

m  Enough to observe W-»D_y and
W- it according to current

expectations

o FCC-hh projected to deliver 0(10*) W Long road ahead, but these analyses and

bosons from inclusive production
m 0(10%) Wty and W-py

the developed techniques are fundamental
first steps towards observation of these
decays
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Summary !;\I!TﬁNST

e To date none of the exclusive hadronic

e Data [ )
[ ATLAS s S4B Fit

ATLAS e S4B Fit
™ 500 -1 -
Vs=13 TeV, 137 fb”' [ Multijet [ Vs=13TeV, 140 fb Multijet
decays of the W boson have been observed i3 107 e (oo e R
[ W —nty [B=5x10° ] [ Z — ee post-fit negative ]

[ W —pty [B=5x10" ]

Events /(0.25 GeV )
Events / (0.25 GeV )

o Weak or no experimental constraints
available
e Searches for these decays enabled by:
o Dedicated meson + photon triggers

o U N w ENE [ ~

o

S 200 [IBkgd + 1o 5 sof CBkgdtto
. . 3 it 1
o Data-driven non-parametric P meﬂ&%%m@ omwwwww f#ﬁ“ﬂw
background mOde“ing method 60 6 70 75 8 8 90 (95 100 ‘;’fG ‘;0 B T VR VRS o 1)
m(track, photon) [GeV m(tau, photon) [GeV]
o “Inverse” analysis techniques:
m photon tri gger for W*> p*y Expected branching Observed branching
+ o 0 fraction x107° fraction x107°
m tausto target p*>1+ U decay
W* — nty 2% 1.9
* * + + 0.4
Best UL on B(W*> 1t*y) Wt - K*y 11704 1.7
° ° ° s o +2.3
First limits on B(W*> p*y) and B(W*> K*y) W= = 07y 6,075 3.2
arXiv:2309.15887  THANK YOU FOR LISTENING!
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