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[ Topology & background composition ]

Topology: y + me‘SS + 2 hadronic jets. All objects are with high energy.

% The main goal of this study is to make observation or evidence of the Z(vv)y

q
EWK process for the first time. q\//
] pd
“  EWK Z(vv)y production is the one of the most sensitive final states to aQGC. 4 ‘W
. 1%
Percentage Background composition for Z(»vv)y EWK: W 4 N <
(Zy incl. region) =
v
48% o Z(»w)y QCD q /’/\
30% o W(=Iv)y simultaneous fit to data (shape from MC) q
6% o tty Vector boson scattering

7% o e=»y—fake rate estimation using Z-peak (tag-n-probe) method
5% e ytjet — ABCD method based on ETm‘SS—significance and soft term
2% e jet»y — ABCD method based on y ID and isolation
07 % Z(=I"I")y — via MC 5



Selections, signal and control regions

Photon selection: : Electron selection: f Muon selection:
E.>10 GeV, Inl <2.37, crack region p;>7 GeV, Inl <2.47, crack region p;>7 GeV, Inl <2.47, away from bad calo
rejection, cluster quality cut, - excluded, cluster quality cut, LooseBL ID, - region, Medium ID, |z,*sinBl < 0.5 mm,
ambiguity cut, photon cleaning, Loose ID, Izo*sinel <0.5 mm, do—signif. <5, isolation do signif. < 3, isolation FCLoose
AR(y, e/n) < 0.4 FCLoose, AR(e,p) < 0.1

Jet selection:

Wy control region

4 reqgions: 1SR and 3 CRs

E.>50 GeV, Inl <4.5, AntiKt4EMTopoJets, Nieptons > 1
. y-centrality

AR(jet,e/u/y) < 0.4, JVT cut

Zvyjj QCD control region 1

. . * 51 lapton ]vleptons =0
Main event selections: =7 mj; < 300 GeV
Selections Cut Value Zvyjj QCD control region 2
Ers > 120 GeV : & 0
EX > 150 GeV : lepofis N
s - 0 leptons /
Number of tight isolated photons N, =1 : mjj > 300 GeV
Number of jets Nigts > 2 - y-centrality > 0.6
Lepton veto Ne=0,N,=0 . - > .. . .
EMs sjgnificance ¢ S 12” : m(jj) [GeV] 300 m(ji) [GeV] Zvyjj EWK signal region
|A¢(y, P"™)] > 0.4 > N =
oET . i ; ptons
180G A1) 03 | y(y) - 2R g > 300 Gev
IAG2, )] >03 : y-centrality:  {(y) = : . el <06 3
p%()ftTerm < 16 GeV y(]l) - y(]2) i Y :




Selection optimisation I: increasing statistical signiﬁcance
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photons ! B o | 3 B o 3
S 125 | = S 120 E
lepton veto n,=0,n =0 1= ' = 1= =
i : = 0.8 3
- 0.6F- = E 3
|z-pointing (y)l <250 mm 0.4E I k= 0.6 4
oz | E oaf- :
number of jets n_>2 0~ S R — - N
jets 2 1 L T T T /] > 1 T T T ™
c E | ] < E |
2 E . k] E ]
2 osf | = 2 os- | =
w F | ] w F | ]
— [ 0.6 3 0.6F 3
S = Nsignal/ Nsignal + kag E | ] E | ]
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F | — Background F | — Background E
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£ ; i ; : ] .1 ; ; ; j 5
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. . 4
mc 16a+d+e: Preselection done » S=0.85+0.03  +E ™ significance >12 = S =1.490 + 0.013 +1Ag(y, E;™%) > 0.4 » S =1540 + 0.012
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Selection optimisation II: increasing statistical signiﬁcance
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jet—y misID background I: correlation factor

Source: Z(vv)t+jets and multi-jet processes.

Background is estimated from data using 2D-sideband method:
Photon isolation and identification variables are used to construct the sidebands.

pTconeZO/pTv <0.05

FixedCutTight:

A: tight, E €40 . 0,022 p.¥ < 2.45 [GeV]
B: tight, 2.45 + gap < E.©"**°-0.022 p.¥ < 29.45 [GeV]
C: non-tight, E_“°"**° - 0.022 p_¥ < 2.45 [GeV]
D: non-tight, 2.45 + gap < E_©"**°- 0.022 p,¥ < 29.45 [GeV]

Isolation should not
correlate with non-tight ID!

jet—y
Ny
Ny

— Nc
= N

Correlation is measured in data and MC by R =

/vith upper cut

R factor

loose’2

loose’3 loose’4

loose’5

MC
Data-driven

1.13+£0.12
0.98 + 0.07

1.26 +0.13 1.33£0.12 1.56 +0.14
0.99 £0.06 0.93+0.06 0.94 +0.06

Best agreement
Smallest correlation

Used as nominal

iso gap =2 GeV

=
=Ty
'_
. L4
Non-tight: at least one of the cuts onthe &
following variables should fail in these: g
* loose’2: wy3, Fside =
o Tooseh®: wis, Birmea KB Isolated Non-isolated
* loose’4: Ws3, Fside» AE; Eratio
=
* loose’5: wg3, Fsige, AE, Eratios Wiot IED nl
£
NAND 'é
NpNc’ =
(relaxed selections) X Isolated Non-isolated
without upper cut
R factor loose’2 loose’3 loose’4 loose’5
MC 1.13+0.12 1.28+£0.12 1.34 £0.11 1.56+0.13

Data-driven 0.79 £0.05 0.81 +0.05 0.73 £0.04 0.72 + 0.04

Unstable

Purity

loose’2

loose’3 loose’4 loose’5

Region C
Region D

0.20 + 0.06

0.36 +0.05,

0.20+0.06 0.19 £0.04 0.18 £0.04
0.37+0.06 0.31 £0.04 0.30 +£0.04




et—y misID background II: track isolation inversion

Nt ¢

= Inversion of the track isolation selection in non-isolated regions
5
5 Track isolation: p,©"?%/p_¥ < 0.05
=z
Isolated  Non-isolated
Isolation Isolation
Region Tight Region Tight
Calorimeter Track Calorimeter Track
A + + + A + + +
B + - + B + -
C - + + C + +
D = . + D = = =
R factor loose’2 loose’3 loose’4 loose’5 R factor loose’2 loose’3 loose’4 loose’5
MC 1.13+0.12 1.26 +0.13 1.33+0.12 1.56+0.14 MC 1.11 £0.10 1.29+0.10 142+0.10 1.70+0.12
Data-driven 0.98 + 0.07 0.99 + 0.06 0.93 +0.06 0.94 + 0.06 Data-driven 1.21 +£0.02 1.227 +0.018 1.182 +0.015 1.200 +0.015

Without track isolation inversion more stable and less correlated results are obtained.



jet—y misID background III: estimation technique

iso gap =2 GeV The signal leakage parameters:
E Ng("f’b’ 2
20 CB = =
- NIZ(VV})’
= v & Z(vv)y
= NZ(vv)y _ ... Nc —ccN
Qo C Zov)Y _ xy 7 Z(vvYy A
o cc = _ MC —> Ny 7" =Ns—(Ng—cBN, )= -
"é" Ni(vv)y > ND - p Ni(VV)?’
Z(vv)y

= cp = Np (N~ - data N, with subtracted N"€)

Isolated  Non-isolated N2y

The number of events arising in each of the JL
regions:
NZ(V\'/))/ _ b—Vb* - 4ac a = cp — CBCc;

Z(vv bk jet— = n N - -
NA=NA(W)Y+NAg+Nf 4 A 2a \ b= Np + cpNa — (cgNc + ccNg);
N = cgNL"" + NO¥E + NI ¢ = NpNy — NcNg.

Nc = cCNi(W)y + NCbkg + Née t_yy; — > Nj:t_yy
Np = cpN2""7 + NI + N5,
Data Z(vv)y QCD Wy QCD Wy EWK  W(ev),top,tt tty v+jet Z(lyy W(rv)
blinded 576.7 +1.8 404 + 6 423+04 111 +£2 88 +2 122+ 11 11.1+08 93

10810 29.8+0.4 165+19 1.54+0.08 433+0.07 45+04 27+13 05+02 44+19

41+6 5.17+0.16 39+0.6 042+004 138+002 1.1+03 09+0.8 0.11+£0.05 5.0+1.9

Ol Q| >

37+6  0.23+0.03 0.14+0.08 0.015+0.007 0.095+0.002 0.19+0.09 0.3+03 0+0 8.0+1.6



jet—y misID background IV: uncertainties

oov

Statistical uncertainty:

The event yields of four regions in data and non jet » y background are varied by +1c independently.
The statistical uncertainty on the signal leakage parameters is negligible.

iso gap =2 GeV

Total statistics: 52%. Central value 33703 En
Loose’3 -6 2
Loose’4 -1 2
Loose’5 —D 5
Isolation gap +1 GeV +6 =
Isolated  Non-isolated

Isolation gap —0.6 GeV -3

Systematic uncertainty:

Anti-tight definition and isolation gap choice — variations of ABCD region determination for 1o changes in data yield (18%).
Uncertainty coming from the signal leakage parameters is obtained via using two different generators (6%).

Zyjj EWK Zyjj QCD
Signal leakage parameters MadGraph+Pythia8 MadGraph+Herwig7 Relative deviation Sherpa 2.2 MadGraph+Pythia8 Relative deviation
CB 0.0314 + 0.0005 0.0318 + 0.0006 1.3% 0.0517 + 0.0007 0.047 +£0.003 9%
cc 0.0085 + 0.0003 0.0088 + 0.0003 3% 0.0090 + 0.0003 0.0096 +0.0011 6%
cp 0.00033 + 0.00005  0.00040 + 0.00006 18% 0.00039 + 0.00005  0.0006 + 0.0002 35%
jet >  estimation 33 3L 0% 31718 32t 3%

The iso/ID uncertainty on reconstruction photon efficiency &_'**"° (3%):

* o2 (relative) = 62 x (cg + 1)/ cp

iso
o opS(relative) = 68 « (cc + 1)/cc

* o P(relative) = 62 « (c + 1)/cp

o opp(relative) = 658 « (cc + 1)/ cc

Total systematics: 19%.

eff _—
8°"_=0.023
&eft =0.019

iso/ID

Resulting number of jet»y events in Zy inclusive region is 33*13 + 6. Z(vv)+jets and multi-jet MC predict 942 events. 9

-17 —



jet—y misID background V: Zy inclusive and signal regions ]
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The extrapolation of jet+y background estimation from Zy inclusive region to the signal region:
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\\\\\\\\

\\\\\\\\\\\\\\\\\
B ]

4

ATLAS q 5 ATLAS E ATLAS Intemal
f5=13TeV, E| Y05 {5=13 TV, = £ {5=13 TeV, 139 tb ]
Ny 22 el £ Ny, 22 E| E Nes 22 B
2y inclusi - 04— |  2zyinclusive region - E 2y inclusive region 3
e E N ooy E g oo E Good agreement of the shapes.
i, 3 3 — E — i, ii E
E W S 4
E 1; E

wwwwwwwww

g e The shape of jet » y background for
;:SW § § M \E\\W normalization is taken from Zy QCD. ¢




V.V

Conclusion

Z(v)yjj EWK analysis is almost finalized. The optimization process
is finished, jet » y background estimation with uncertainties is
done.

Z(vv)y inclusive analysis is started (first optimizations and bkg
estimations). At the moment the framework is being changed to
improve the performance (use up-to-date jets topology, add
b-tagging etc).

There is other work with the student on Z(ll)Z(vv) analysis.

TRT tracking properties optimization (qualification task is ended,
added to the ATLAS author list, work continues).

Articles and conferences.

11
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Motivation

Topology: v + me‘SS + 2 hadronic jets. All objects are with high energy.

EWK production (QCD = 0; QED < 5) — aim of the study.

QCD production (QCD = 2; QED = 2) — main irreducible background.

The main goal of this study is to make observation or evidence of
the Z(vv)y EWK process for the first time.

EWK Z(vv)y production is the one of the most sensitive final states to
aQGC (O,, and O operators).

\//q

q \

W‘W
w4 A

—AE

A

<

Vector boson scattering

Dimension 8 operators: SM Beyond SM
WWWW | WWZZ | 22ZZ || WWAZ [[WWAA | ZZZA | ZZAA | ZAAA | AAAA

Os.0/1 v v v

Ont0/1/6/7 v v i v v v v

Out.s falhs v v 7 v v v

v 7 7 7 v v 7 T 7; 7
Otk jais 7 v 7 v v 7 7 7
Oriazp 7 v 7 v J 7

¥

14

v

q
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Forward jets in the final state and applying of the fJV'T cut

Signal Z(vv)y EWK:
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C ATLAS Internal J
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200 .
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ET* significance

Entries

Entries

Data:
2200=7 7T ] ‘ ‘ =
2000 ATLAS Internal

- - — Data =
1800 , *t+ is=13 TeV sl G0 ]
1600 ; +** Preselection 4 TighttavT é
1400 — + —
1200 =
1000 - =
E + =
800—+ -
600— & —
400— 3 =
200 = =

T B L o . b 144
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ET'** significance

100007 -
L ATLAS Internal -

— Data
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2000 = |

O vl 01, ‘\H*‘*"\“T*M | L .
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ET™* significance

There are marginal changes in the data, signal and background after the fJVT implementation, so it was decided not

to use it in the analysis.
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Selection optimisation: ETIniss cut

cance

1.4895
1.489
1.4885
1.488
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jet—y misID background VTI: correlation factor in data ]

Non-tight Tight

Non-tight Tight

iso gap = 2 GeV
Isolated  Non-isolated
iso gap =2 GeV

|

Isolated

Non-isolated

FixedCutTight
B-E: tight, 4.45 < E cone40 _ 0,022 P; V<11, 45 [GeV]

D-F: non-tight, 4. 45 < E_conet0- 0. 022 p,Y <11.45 [GeV]
E: tight, 11.45 <E_ coned0 | 9,022 p,Y < 29. 45 [GeV]
F: non-tight, 11. 45 < E cone0- 0. 022 p,Y <29.45 [GeV]

pTconeZO/pTy <0.05

16



jet—y misID background VI: Discriminating variables used for

loose and tight photon identification

Category Description Name | loose tight
Acceptance [l < 2.37, with 1.37 < || < 1.52 excluded - v v
Hadronic leakage Ratio of Et in the first sampling layer of the hadronic ~ Rpag, v v
calorimeter to Et of the EM cluster (used over the
range || < 0.8 or || > 1.37)
Ratio of Et in the hadronic calorimeter to Et of the Ryag v v
EM cluster (used over the range 0.8 < || < 1.37)
EM Middle layer Ratio of 3 X 7 7 X ¢ to 7 x 7 cell energies R, v v
Lateral width of the shower Wy, v v
Ratio of 3x3 X ¢ to 3x7 cell energies Ry v
EM Strip layer Shower width calculated from three strips around the ws3 v
strip with maximum energy deposit
Total lateral shower width Ws tot v
Energy outside the core of the three central strips but  Fgge v
within seven strips divided by energy within the three
central strips
Difference between the energy associated with the AE v
second maximum in the strip layer and the energy re-
constructed in the strip with the minimum value found
between the first and second maxima
Ratio of the energy difference associated with the Epaio v
largest and second largest energy deposits to the sum
of these energies




jet—y misID background VII: isolation gap ]

Isolation gap cB cD

0 GeV 0.0517 £ 0.0007 0.00057 + 0.00008
1 GeV 0.0398 + 0.0006 0.00041 + 0.00006
2 GeV 0.0314 + 0.0005 0.00035 + 0.00005
3 GeV 0.0254 + 0.0005 0.00026 + 0.00005
4 GeV 0.0209 + 0.0004 0.00020 + 0.00004

Fraction of signal leakage to control regions B and D for loose’2 working point and different isolation gaps.

Isolation gap | jet — 7 estimation The statistical

2 GeV 33—1_%? uncertainties for these
+15 estimations cover all
5 GeV 23—19 differences.

7 GeV A T

Central values of jet =y background number of events from data-driven estimation for /oose’2 working point and different
isolation gaps. 18



jet—y misID background VIII: isolation distributions
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The bottom panel shows the ratio of tight photon candidates from
Z+jets simulation and anti-tight photon candidates in data to the
anti-tight photon candidates from Z+jets simulation.
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Optimization of BDT response binning in SR

In order to increase the expected median significance, the binning of BDT response in the SR was optimized
with the automatic binning algorithms (transformations) included in the TRExFitter.
ng

For initially used TransfoD binning algorithm, the merging threshold Z = zb]’:/—b 2y
b s

@ T T T T T 2 e R o o e e S RBRE RS E ]
§ 100 — ATLAS Internal [(JZ(vv)y EWHEZ(vv)y QCD— § E ATLAS Internal [(JZ(vv)y EWHIZ(vv)y QCD ]
[ [ s5=13TeV, 1391 ' WQ)C? -_XVYEWK ] @ 30C 5 _13Tev, 1391 mo)c? -_:lrvyv EWK
= 5 I W(ev), top, Y E . i W(ev), top, |
| B.ackgrour?d only fit et WZi i | a06E- B‘ackgrouryd only fit W+et W2 i E
80| Signal region mz(y 2 Uncertainty —| r Signal region WZ(lyy 722 Uncertainty
[ Post-Fit ----Pre-Fit Bkgd. N r Post-Fit ----Pre-Fit Bkgd. i
i 250~ 3
B |
200 =
150 4
L : 100 =
sof boee 5]
. . OF B
E 8 o5k
< ik % £ L2
s b % U AL s |oged
8 o75F e & o7sf E
0.5% = 055 =
-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -0.8 -06 -04 -02 0 02 04 06 08 1

BDT classifier response BDT classifier response

The expected median significance can be increased by using TransfoF algorithm instead of TransfoD:

Z= \/an_b + \/zsnslog(l + E)'
Np np

The same optimization was done for My ewk = 0.5 and Mzvewk = 2. It was found that the expected median
significance enhancement in these cases is at the same level (9%). 20




Photon pointing selection

Loose isolated photons are contaminated by beam-induced background.

Most of background is concentrated in unconverted photon candidates. £ S T T T T T
i H . o o ATLAS Internal Iso loose'2 (unconv)
Bkg is concentrated at small ¢ and high n Applying Ipl < 0.2, Il > 17 @ fg; (5213 TeV, 139 b — Data E
250 g RERa =1 =1 = T ) I ) ] 16; Nietszo é
© 10~ ATLAS Internal 150 loose’2 n = 7
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200 8 Nge20 7 1 2;_ €
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. . 3 E
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g - g
L | 2 1=
g os ATLAS Internal Z0.9905 ATLAS Internal |
il e el 2 0oso | o il | Absolute value of z coordinate pointed
3 ; s 20 S 0.999 Ngis 20 1
'% 0.6 :\éolighl ‘% Iso loose'2 { . .
8 | 0998 | by the photon candidate with respect to
o4 L e é the identified primary vertex is required
‘ 0.9975 !
it | s | | to be less than 250 mm
% 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900’1600 21
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Beam-induced background

Distribution of photon ¢ versus photon n in the
tight and isolated region.

Applying 1¢> 2.5, Inl > 1.7
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Distribution of photon ¢ versus photon n in the

Events

loose’2 and isolated region.

Applying ¢l < 0.2, Inl > 1.7
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Pile-up background

> |n full Run2 Z(ll)y inclusive analysis it was found that events with Z and photon from different prlmary vertices have

non-negligible probability (up to 5% of the total event yield) L N AN A A AN A i
i3 o L ATLAS Internal [ Zvvyy EWK E
Since our final state assumes high energetic photons, E_(miss), probability oL (B8 T 10 157 P aomteo :
of such events should be much smaller. E N 22 4 nVeeLo 3
s { 9 -
> Fraction of pile-up background is calculated as: s ﬁm;f *Hf*ﬁ;.
|Az|>15mm v : |Az|>15mm H ; ;
oy = data, 2-track Si — SFi x SF, x NMC 2-track Si lAlzl rtht;urement ]\chas 102 =
. = relaxed, pecause or low = E
Naata, 2-track si X 0.76 .. - .
statistics 108 i
. . . . B ol e b Il v v b b by 3
. SF1 is equal to the ratio of events in data to events in Sherpa MC sample -250-200-150-100 -50 0 50 100 150 200 250

near |Azl around zero (4.1£0.3) Az [mm]

. SF2 — normalization factor taking into account the mismodelling in the tails
of Azl distribution (was calculated for Sherpa Zy QCD by Zy inclusive team for us

e
ATLAS Internal
VS=13Tev, 139 "
ZyQCDCR 1

Events / 0.53
]
3

w
@
=]

using events with FSR photons) (1.27+0.07) -
dat (|Z|>15mm) 11£3 250
fo=1:911.9% 1

v 1.9% global systematic uncertainty is conservatively added to take this , ol il
possible background into account T + L s b
v Ad¢ distributions in CR1 are checked in order to check the impact of pile-up : 4=
background on the shapes R I N
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