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Overview

Two main parts:
e General introduction and overview of the analysis

e My main contribution: the background estimation
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Part |: Resonance search overview
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Heavy resonance searches

e Searching for the resonant production of some new heavy (~TeV)
particle q/9

q/9
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Heavy resonance searches

e Searching for the resonant production of some new heavy (~TeV)

particle q/9
e We don’t expect this new particle to live long Xﬁ
= Decays into daughter particles quickly -”
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Heavy resonance searches

e Searching for the resonant production of some new heavy (~TeV)

particle 1/9 W,z
e We don’t expect this new particle to live long Xﬁ
= Decays into daughter particles quickly ” W/Z

= (Choose to focus on decay into a pair of vector bosons (=W or Z)
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Heavy resonance searches

e Searching for the resonant production of some new heavy (~TeV)

particle 1/9 W,z
e We don’t expect this new particle to live long Xﬁ
= Decays into daughter particles quickly ” W/Z

= (Choose to focus on decay into a pair of vector bosons (=W or Z)
Why dibosons?

o As spin-1 particles, pairs of EW bosons have a wide range of possible
Interactions

= Pairs of V-bosons can interact with new particle X of spin-0 (Radion),
spin-1 (HVT) or spin-2 (RS Graviton)
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Diboson searches

e The W/Z bosons also decay quickly, so we do not detect them directly

There are a few options:

_ X
AT AS NikThet [l

D. van Arneman NNV - November 2023 8 UvA



UNIVERSITY OF AMSTERDAM INSTITUTE OF PHYSICS

Diboson searches

e The W/Z bosons also decay quickly, so we do not detect them directly
There are a few options:

= Look at W/Z boson decay fully into hadrons
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Diboson searches

e The W/Z bosons also decay quickly, so we do not detect them directly
There are a few options:
= Look at W/Z boson decay fully into hadrons
= |Look at W/Z boson decay fully into leptons
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Diboson searches

e The W/Z bosons also decay quickly, so we do not detect them directly
There are a few options:
= Look at W/Z boson decay fully into hadrons
= |Look at W/Z boson decay fully into leptons

= A combination (1 boson decays hadronically, 1 into leptons)
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Diboson searches

e The W/Z bosons also decay quickly, so we do not detect them directly
There are a few optlons |
- | Look at W/Z boson decay fuIIy mto hadrons
- Look at W/Z boson decay fuIIy mto Ieptons
= A combination (1 boson decays hadronically, 1 into leptons)
e [ study the fully hadronic channel

= Jargon: “jet” — a quark or gluon that hadronizes into a cone of more

hadrons @
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Diboson searches: fully hadronic

Why a fully hadronic final state?
o Want to study diboson interactions at the highest possible energy scale

 High-energy diboson interactions are rare, so we need to maximise
statistical power
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Diboson searches: fully hadronic

Why a fully hadronic final state?
o Want to study diboson interactions at the highest possible energy scale

 High-energy diboson interactions are rare, so we need to maximise
statistical power

7 O 7, 69.20/0
49 67.6% 44
W — [U [.2% L — LV 20.5%
N7 360 § Il 6.8%
TT 3.4%
YATLAS Nikhef g
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Diboson searches: fully hadronic

Why a fully hadronic final state?
o Want to study diboson interactions at the highest possible energy scale

 High-energy diboson interactions are rare, so we need to maximise
statistical power

7 O 7, 69.20/0

49 67.6% 44
W— Il 7.2% L — VU 20.5%
N7 360 § Il 6.8%

T 3.4%

Major challenge:

o Lots of QCD multijet background in this channel
S AT AS Jets coming from different (SM) processes NiEE\ef LSJ
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Diboson searches: fully hadronic
o Lots of QCD multijet background in this channel
Jets coming from different processes

e TWO examples:

§ <
q 25
g 6 :
7 g
] X
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Diboson searches: fully hadronic

o Lots of QCD multijet background in this channel
Jets coming from different_processes

q
e TWO examples:
1 g
--------- g
7 /\

NOT INTEREST]
(for us @)

NG
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Diboson searches: fully hadronic

e The signal: some heavy particle X decays into two V-bosons which each
decay into a pair of quarks

q
/9 W/Z
X q
""""" q
/ W/Z
q/9
q

Since X is so heavy, the Vs will be strongly boosted
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Diboson searches: fully hadronic

e The signal: some heavy particle X decays into two V-bosons which each
decay into a pair of quarks

q Small-R Large-R
q/ - jet 4 jet
/ .-
19 W/Z 7 e > == N
~ q \ ,’L
NS q
X q
--------- q Small-R Large-R
- q 1\
"~ W/Z ------------ > / | | ;:{ -
q |
Increasing W/Z py

Since X is so heavy, the Vs will be strongly boosted

= Ultimately forming two /arge-R jets in total
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Diboson searches: fully hadronic

e The signal: some heavy particle X decays into two V-bosons which decay
into two of large-R jets

e What we want to see: two large-R jets with a combined invariant mass 2

- 6 TeV
)
! C>é Analysis back d
. nalysis backgroun
q/9 ' ®) y J
O
X . *

--------- =

O

o

q/9 S
H

¥ ALLAR Di-large-jet mass (log-axis)
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Diboson searches: fully hadronic

PN The Slgnal cama hoavwnn hnartirla YV Aaravice intn Fian \/_hncnqs Wthh decay

M(JJ)=4.4 TeV

INtO tWo Of kg ATLAS

2017-10-01 21:17:47 UTC EXPERIMENT

e What we wa &lvariant mass 2

-6 TeV
1S background
q/9 )
"
q/9
K/\ l—}
OATI AS Di-large-jet mass (log-axis)
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Diboson searches: fully hadronic

e The signal: some heavy particle X decays into two V-bosons which decay
into two of Iarge-R Jets ( dlbosons)

+ What we wg Expect the signal to ets with a combined invariant mass 2

-6 TeV look like a resonance
. N

a/q | o alysis backgroun
” Y
2
-
o
o

q/9 ‘S
R

Y ATLAS Di-large-jet mass (log-axis)
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Diboson searches: fully hadronic

e The signal: some heavy particle X decays into two V-bosons which decay
into two of large-R jets (=dibosons)

e What we want to see: two large-R jets with a combined invariant mass 2

-6 TeV
@
x n
® Analysis background
q/g Large-R @
jet Q
X N Reality: bkg much
--------- - bigger than signal
O
Large-R 5
- jet
q/9 =
F=
¥ ALLAR Di-large-jet mass (log-axis)
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Diboson searches: major challenge

e Since we are working with a fully hadronic final state, standard model
QCD background is dominant

= The cross section of proton-proton -> 2 jets is 3 orders of
magnitude bigger than proton-proton -> 2V

- Means we will have a huge background
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Diboson searches: major challenge

e Since we are working with a fully hadronic final state, standard model
QCD background is dominant

= The cross section of proton-proton -> 2 jets is 3 orders of
magnitude bigger than proton-proton -> 2V

- Means we will have a huge background

= Need to find some way to keep our bkg under control
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Part Il (a): Estimating the QCD background

YATLAS vikhet R
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Background estimation

e Since high-energy QCD is non-perturbative, it is very difficult to predict
and model

o Typically there are two options: MC simulations or data driven
= Not possible to do MC simulations for QCD

= A data driven method is much more reliable for QCD
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Data driven: ABCD Method

o Idea: estimate background contribution in signal region by looking at
control regions
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Data driven: ABCD Method

 ldea: estimate background contribution in signal region by looking at
control regions | Intermezzo: Signal & Control regions

= Split your data up into region(s) where
you expect sighal to be present (= SR)
and where you expect signal
to be absent (= CR)

Parameter 2

Parameter 1
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Data driven: ABCD Method

 ldea: estimate background contribution in signal region by looking at
control regions | Intermezzo: Signal & Control regions

Signal events

\‘ god s

= Split your data up into region(s) where
you expect sighal to be present (= SR)
and where you expect signal
to be absent (= CR)

Parameter 2
%

Parameter 1
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Data driven: ABCD Method

* Idea: estimate background contribution in signal region by looking at
control regions |intermezzo: Signal & Control regions|Background events

= Split your data up into region(s) where 5 / .
you expect signal to be present (= SR) 2 e R
and where you expect signal 2 A A PRI
to be absent (= CR) il R R O e S

Parameter 1
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Data driven: ABCD Method

» Idea: estimate background contribution in signal region by looking at

control regions Jintermezzo: Signal & Control regions |

| e e

= Split your data up into region(s) where
you expect signal to be present (= SR)
and where you expect signal A IR PN
to be absent (= CR) e g R

Parameter
%

‘et Parameter 1

ATLAS vikfhet i)
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Data driven: ABCD Method

» Idea: estimate background contribution in signal region by looking at

control regions Jintermezzo: Signal & Control regions |

| e e

= Split your data up into region(s) where
you expect signal to be present (= SR)
and where you expect signal A IR PN
to be absent (= CR) e g R

Parameter
%

‘et Parameter 1

ATLAS vikfhet i)
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Data driven: ABCD Method

» Idea: estimate background contribution in signal region by looking at

control regions Jintermezzo: Signal & Control regions |

| e

= Split your data up into region(s) where Control region |  Signal region
you expect signal to be present (= SR)
and where you expect signal :
to be absent (= CR) S A P S

Parameter

Control regioh | Control region

' Ideal scenario where you |
. know exactly what each | ct  Parameter 1

EXPERIMENT X
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Data driven: ABCD Method

o Idea: estimate background contribution in signal region by looking at
control regions

Control region Signal region

What do you do if you
don’t know whether an !
event Is signal or
background? |

............................................................................................................................................

O[ Parameter 2
c

Control region Control region

‘et Parameter 1

X _ X
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Data driven: ABCD Method

o Idea: estimate background contribution in signal region by looking at
control regions

o If the parameters chosen for the y- g | Comtrolregion | Signalregion
& X-axis are not correlated, =
and if your signal region is well defined 2
You can say: 0
A C Veut e
- — = — (FOI’ # baCkgI‘Ound events) Control region Control region
B D
C
mw A=BX—
D :
- Eow );OLII cakn_ estitmatet# Ibkg _events in SR Yo Parameter 1
y only looking at control regions Ni@Iwef
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ABCD Method: Our Case

o A= Bxg, where A, B, C & D are the #bkg events within the specific

regions o |
Q\l 8 Control region . Signal region : Control region
7)) : :
S Control region Signal region o
O oA
)
O &
& 0 Y- 11 - S
©
 —
©
al
O.70F--------cmcmmmmmecb i mececec e aa e d e —————
ycut ;. ...................................................................... ) : - . )
i ] Control region ; Control region . Control region
Control region |  Control region : '

Boson mass *
some margin

DATI AS cat Parameter 1 a, = 50 GeV a b M hax

EXPERIMENT
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ABCD Method: Our Case

o A= Bx%, where A, B, C & D are the #bkg events within the specific

regions

ontrol region Signal region : Control region

Control region |
The mass of one of the |

-< jets |

------------------------------------------------------------

<~ Parameter 2
c

..........................................................................................

Contrdl region : Control region | Control region

Control region Control region

' Ty I
1< ~ing >1
y q i

Boson mass P,
some margin

OAT| AS ct  Parameter 1 4o = 50 GeV g b | M b

EXPERIMENT L
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ABCD Method: Our Case
C

o A=p———"—a-a- the #bkg events within the specific

reg ‘Tagger score’: algorithm that |
. determines how likely it is that
' this jet came fromaWorz |

Control region Signal region Control region
o '
<,
= In this scenario we are very
3 strict, we require a high
tagger score
-> "High Purity” (HP)

Tagger score

OJr(0] T S e

Control region Control region Control region

'Everything above 0.85 is
probably from W/Z2,
‘everything below is probably |
QCD Boson mass *

some margin

< AT AS cut arameter ap = 50 GeV a b MJ,maX

EXPERIMENT
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ABCD Method: Our Case

o A=pm """ Ay the #bkg events within the specific

regi .
e

O

7

| -

D >

D =

= 1S

Control region . Signal region : Control region

: Also have a less strict

i scenario, we require a lower
itagger score
'-> “Low Purity” (LP)

OJr(0] T S S

Control region Control region Control region

Boson mass *
some margin

ATI AS cut pParameter do = 50 GeV . b M o

EXPERIMENT
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ABCD Method: Our Case

o A=BX %, where A, B, C & D are the #bkg events within the specific

o FEQIONS | | We make a plane for | |
Control region | Signal region : Co} = gion . Signal region i
S g . g g : C : each of the Jets : . g g : Control region
E { :
5 +
= .85 NN, ... NN, = (.85 | RIS, _ ..o NN
Jet 1 Jet 2
O.70f--===-=cmmecmmmmeaamanoorooooT T e EEEEE O.70F==-==-m=ccmmmemmm e drllooooolloT R ELEEEEE
Control region Control region Control region Control region Control region Control region
< >I 54 >
Boson mass £ . Boson mass *
some margin : : some margin

 fdh = p0GeV 2 b MJ,maX ap = 50 GeV 2 b ijwf,max

EXPERIMENT MJ
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Part |l (b): Final Estimate
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Final QCD Estimate

e We have the machinery ready, now
need to see if it works properly (=
validation)

Ni@@ef
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Final QCD Estimate

e We have the setup and machinery
ready, now need to see if it works
properly (= validation)

$ 10'c ATLAS WorkinProgess =
o First try out the method on MC B g fere Joriet T e
- - - - - ~ ABCD estimated
simulations to see if it delivers 107 | SRyieldusing G |
consistent results: oL e, e
E *'t"'-o-:::_._ E
= Use MC control regions as input for i e E
ABCD (and see if it returns the 10 Rihiac -
same SR output as ‘raw’ MC) 107 E

= Consistency check =2 A U E AT
0.5 Eaa—50A7 —~5EAT AN REAT —ARA —AENAE

1500 2000 2500 3000 3500 4000 4500 5000
JJ_M [GeV]
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Final QCD Estimate

e We have the setup and machinery
ready, now need to see if it works
properly (= validation)

§ 10'F Wrad wommroges
o First try out the method on MC I 00 Efkg;jﬁj:ajionfc a1’ - CesE?Z%f"S
simulations to see if it delivers 107k — | sRyiedusg ic|
consistent results: 10;*%%*& o
= Use MC control regions as input for i haa S :
ABCD (and see if it returns the 107 **‘**m*%;
same SR output as ‘raw’ MC) 107 E
- nsistency check g Vo T T T T
Consis y ks . g; 4+ +H+++++-+-H+ ﬁHﬁﬂﬁH_
e We find good agreement between MC A ST

and ABCD 1500 2000 2500 3000 3500 4OOOJJ4§/|O?G:VO]OO
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Final QCD Estimate

e Now apply the method on data

CD 4 __I | | | | | | | | | | | | | | | | | | | | | | | | I | | | | | | | | I__ U) : | | | | | | | | | | | | | | | | | | | | | | | | | : | | | | : | | | | :

2 10°E" ATLAS Work in Progress ABCD estimated | 3 = 10*E- ATLAS Work in Progress ABCD estimated | =

I 103 fs=13TeV, f Ldt = 140.1 fb” — SRbkgusingdataj 7 |‘H = (s=13TeV, f Ldt = 140.1 b —— | SRbkg using data | =

= o control regions = 3L o control regions | __|

— Bkg estimation closure - HPHP - 10 = Bkg estimation closure - LPHP =

102 __ TotalbkginSR 7 - ___ Totalbkgin SR Z

= (QCD + Vjets + = 10% & (QCD + Vjets + —=

oo, . VV) - *oe VV) =

10E°%30., = HRas TN -

- 5 333 = 10 5 - & =

B -9 . _ — -0-“. -

e * ﬁ?’ﬁ E 1 i ##.- +T~LT;T + —

10~ i | } 1 E F t T T4 -

E - = 107 ' & =

- T+ 1| |4 *f*“* - : -Li-l- 4 -

2 * — 2 ram

N _ — 2 d | ’

1 0—3 I | I I I I | I I I I | I I I I | I I I I I | I I ] ] | I-.-I ] ] 1 0—3 I | I I I I | I I I I | I I I I | I I I I | I I I I | ] ] ] ] | ] ] ]

1500 2000 2500 3000 3500 4000 4500 5000 1500 2000 2500 3000 3500 4000 4500 5000

JJ_M [GeV] JJ_M [GeV]

ATLAS Ni@@ef
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Expected sensitivity

» Given this background estimate,

these are the cross sections g T T T T T
we can probe L 19°E" ATLAS Work in Progress .. Romw, 0.7, 0.9)-- W (06, 0.8)
~  Vs=13 TeV, 140.1 fb 1D 1D
. o 102 — --- MW (0.65, 0.85) - - - MW (0.7, 0.85)
- -
IV_IlghtI?be sensitive to BSM ™~ = 1B 07 0
sighal: N
. \ '
= Have to look at data! - TN
1 B .‘:‘:;-:.:..:1:_. _______________
: Rl
107 -
5 | | | 1 | | | |
1 1.5 2 2.9 3 3.5 B 4.5 5
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Summary & Conclusion

o W/Z bosons good probe for new physics
e Overcome QCD hurdle by using ABCD method

* Now that we have our background fully under control we can move onto
the next steps

= Move towards unblinding (i.e. look at data in the signal region,
compare with bkg to see if there is any new physics)

AT AS NikThet [l

D. van Arneman NNV - November 2023 48 UvA



UNIVERSITY OF AMSTERDAM INSTITUTE OF PHYSICS

Backup

YATLAS vikhet R
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Diboson searches: major challenge

Standard Model Production Cross Section Measurements

e Since we are working
with a fully hadronic
final state, QCD
background is
dominant

= Need to find some
way to keep our bkg
under control

YATLAS

EXPERIMENT

Q)
Q 107
S

10°

1073

PP| Jets | 7 W V4 tt t Vv |7Y H _
tt
( M a i n ba C g ro u n d - e Yer tot. ’ ewk O EWK

INSTITUTE OF PHYSICS

o

PUB-2021-03

Status: July 2021

ATLAS Preliminary
o \s=5,7,8,13 TeV

Theory

LHC pp Vs =13 TeV

— . BEl  Data 32-1391b!
B diets g pr>
u o. 25 GeV
| g A
Sl Mk LHC pp Vs = 8 TeV
'E_~3 Ol‘deI‘SDZZO B Data 20.2-20.3fb!
: of Ov
- - pT >
magnitude s LHC pp Vs =7 TeV
E 125 GeV 100 Gev AN A O ZZ,E 7 =
gt Qugpomrs B Data 45-491b!
- nj22 pr > A D YW
A A 3OG>eY O chan =}
__ ] o) nj = dA o MXVWVL
23  pr> O v O 1 = O (@) T
A A~ 100GV, Zt 77 A wz,0 ORI
nj22 o nj:1 nJO Q D o A
= VAN ni>4 n 77 77 D v
E J\ FA'e =)
nj>3 A~ 3 n;z 4 A A Wy
- TG n-;i S WWH
= nj‘25 0 1—05 s-chan H (gV;é\)/V A u | Ao A o
: w2s | _g 2 o AN - AOD o L =
- i nj= H—bb A iz Wi
L A 0 5 / H—rr SWWE (x0.5) | WWZ tot
| o O (x0.25) n aw: A . ﬁo.z) Ap
E | »s Dz o B A
E A nj=4 nj>6 Q ‘A D
L n Q H— yy Zjj n » |
> 7 tyy tot.
= = O A i
= > n; = |
5 e 5 g - 0 A8, B
n D ‘A H =) Zyy n D
6 o A R Z B

nj= |
H — 4¢
- H — yy ‘ D DWZ
O WWwy a

Hij VH Vy tiV ttH WWV 27y V20 wyj

Vjj tttt e yoww
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ATLAS

EXPERIMENT

Background ABCD setup

Strategy 1006 Jet 1 Jet 2

HPLP
A HP, MW LP, MW
B HP, MW QCD, MW
C HP, MW LP, LSB || LP, HSB
D HP, MW QCD, LSB || QCD, HSB
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Mass Window
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Input for tagger algorithm

o Low-level: jet constituents

e High-level: jet variables (ntracks, energy distribution within the jet, other
jet substructure variables)

e Jet mass

e Qutput: mass decorrelated score
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CMS result 2210.00043

e QOur results are not public yet, but CMS has released theirs CMS

g

A

= They find a 3.60 local excess at

2.1 TeV and 2.9 TeV (2.30 global) " 138 fb' (13 TeV)
_ _ _ a CMS Observed
= Good motivation to keep looking at = B Expected + 1 std. deviation
thIS Channell ; ----------- Expected iZstd.deviation
T o Oy X B(Gbu'k — W), k=05
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