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® Fvents with
Neutrinos:

- W, Z (top, Higgs)

® New physics
- SUSY

- "dark” sector
particles

® All show signal of
“missing”
momentum in the
detector
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Proton-Proton Physics at Hadron Colliders

® We're used to looking at diagrams of the form: (goF & associated Higgs production, LO V boson production)

- where we only consider the individual partons involved in the hard interaction.

® | reality, whal happens in a pp collision is much messier:

P underlying event
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Proton structure functions & Transverse Moment

® The proton structure functions are functions of the enerqy scale and the fraction of the momentum of the
proton carried by the individual parton.

® These structure functions can be written as a sum over the PDFs.

MSTW 2008 NNLO PDFs (68% C.L.)
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® Jince The momenta of The interacting partons is nol known, a complete measurement of the
energy of the event is not, possible

® However, the initial transverse momentum of The partons is approximately O wrt beam enerqy

® T[herefore, the Total resultant transverse momentum should also be zero - as long as you take
the effects from both The hard interaction, and the underlying event into account. @ LAS
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Measuring enerqy in ATLAS (ETmiss)
@AT LAS
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| 'Adv\»/ahta’e: provides a cohnpbteﬂ
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{ of the missing energy from all  §
 events (vertices) ]
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The problem of pileup

@ primary vertex
B pile up vertex
@ sccondary vertex

Run Number: 9, Event Number: 24151616

Date: 2012-04-15 16:52:58 CEST
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® A candidate Z boson decauing to a muon pair, with 25 Mean Number of Interactions per Grossing

reconstructed vertices in the event, recorded on April 15th 2012
@ ATLAS
 EXPERIMENT

UNIVERSITY Claire Lee, HEPP Workshop 2015, Wits 12 February 2015

o
JOHANNESBURG




Instead, use the tracks

® Sclect general objects such as electrons, muons and jets
- 6 GeV “combined” muons
— 10 GeV “medium” electrons
- 25(30) GeV jets from PV
- Find Their associated Tracks, and group them in separate terms

® For all other tracks in the event, select the ones that pass The following cuts:

pT > 500 MeV In| < 2.5
at least | pixel hit |dO_wrtPV| < |.5mm These get grouped into a soft track Term
at least 6 SCT hits |z0sin®_wrtPV| < [.5mm

® Apply extra cuts for “specialised cases’
— cleaning up tracks around high pT electrons (UE and photon conversions)
- fake very high pT tracks in dense jets
— general tracks with very high misreconstructed pT (check. g/p and calorimeter deposit

<> @ATLAS
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Track-based ETmiss (ie pTmiss) Reconstruction

® The pImiss can then be calculated in a similar way to the ETmiss:

p;n,iyss,nominal - = Z Pz,y + Z DPx,y T Z Pz,y + Z Pz.y

electron tracks muon tracks jet tracks soft tracks
nominal
E T = E pr + E pT + E pT + E pr
electron tracks muon tracks jet tracks soft tracks

® with

miss,nominal miss,nominal 2 miss,nominal 2
Pr = Pz + | Py

Advantage: Provides a measurement of the MET from the signal vertex only

Disadvantage: Restricted to charged particles and ID acceptance

<> @ATLAS
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E Tmiss and pTmiss for W and Z events
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Electrons vs muons
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and jets...

3 1 § I I I I I I I | I I I I | I I I I | I I I I §
: = ATLAS work in progress ]
g %% ®Z— uun+0jets 1 -
5 107 =% AZ et [s=8TeV,2031" 3
_ = % "zl Data 2012 i
1072 %— .o‘. —§
10° . .
= .o. MA“M ﬁnﬂw =
— ° 'y . " n
10t e T, T E
- . Wil I ﬁ* ﬂ- 3
v, 4 4t A
10° o § PR w q
: ST *
10—6 | | | | | | | | t * * * | | | | | | | | | | | | |
0 50 100 150 200 250

Nominal pfss [GeV]

UNIVERSITY
OF
JOHANNESBURG

Claire Lee, HEPP Workshop 2019, Wits

T T 1 LI T 1 L | 1T T | L | 1T 1 | 1T T | LI L
0.1 - ATLAS work in progress ]
B s=8TeV,20.3fb" _
0.08 — Z— up+1jet —
i Data 2012 Nominal p:'ss i
0.06— o -
L . A‘A:g _
% Iy o Jet p, > 25 GeV B
0.04 — - A Jetp_>30 GeV ]
-‘.‘-&' m Jet p, > 50 GeV 7]
+Jetp_>100 GeV :
0.02 ]

0

0 20 40 60 80 100 120 140 160 180 200
Nominal p** [GeV]
12 February 2015 § EX PIRLI MENST



Object-corrected pTmiss

® Here, we replace The tracks of all hard objects with Their fully reconstructed terms, taking
advantage of the better, more complete pT measurement by the ATLAS detector

pgtinS’ObjeCt - Z DPz,y T Z Pz,y T+ Z DPz,y T Z Pz,y

electron object muon object jet object soft tracks
object
pr = pr + prT + pT + pT
electron object muon object jet object soft tracks

miss,object miss,object 2 miss,object 2
Pr = Pz + | Py

® Provides a (generally) better pTmiss measurement, that is still pileup-robust

® Inspired the development of the “Track Soft Term” ETmiss which is now the default ETmiss
measurement in ATLAS

<> @ATLAS

UNIVERSITY Claire Lee, HEPP \/\/OYkShOp ZO|5, Wits 12 FebruaYUl 2015 EX P E R I M E NT

o
JOHANNESBURG




INUITTTallo©U

1073

107

10°°

107°

p™* Resolution [GeV]

Xy

ATLAS work in progress

™~ ®Z—uu+0jets ]
AZ— uu+1jet @=8TeV, 20.3 fb _§
Z -+ 2] 3
ME T 2lets Data 2012 -
= . =
— . —
: .Q AA :
o
= ° AAE =
= . W =
[ .. A —]
. S N WY .
N "
= * “, ‘*PP —~
S ‘- ﬂ- =
i - *H + + H' i T ]
= N i =
- i AT ++ ﬁT f T s
1 1 1 1 | 1 1 1 +| “ $ $ * + + * | * 1 * 1 1
0 50 1 OO 150
Object-corrected pT"** [GeV]
30 B T T T T I T L] T L] I L] T L] T I T T T L I T Ll T Ll I L] T L] T I i S‘ 30 M
- ATLAS work in progress . & -
= P @ Data 2012 Z — ee Nominal . ‘E‘ -
25 - G =8TeV,203fb OMC12 Z — ee Nominal . % 25 -
N W MC12 W — ev Nominal ] ° _
20 - A Data 2012 Z - ee Object-corrected  __| &3 20 ‘_
[~ AMC12 Z — ee Object-corrected 7 8. ~
- DMC12 W — ev Object-corrected - o -
15 - 15—
_ 4+ N
0t 6 e f o f f ft f ar e aessta o 4 -
103 -0-8-—-0-0-0-0-0-0-8-8 10—
o e AN W s -
ES a R
S5 SE
[ 1 1 1 1 1 1 1 1 l L 1 L 1 l 1 1 il 1 l 1 1 1 1 l L 1 L 1 l T
0 5 10 20 25 30 0
NPV

__} ATLAS work in progress |
- = /s =8TeV,20.3 " i
Iy + —
_—A 4 # Z— un+1jet | o
L | Data 2012 Object-corrected p?'SS _
FY i
+
L :+ @ Jetp_> 25 GeV i
- :+ A Jet p, > 30 GeV |
~ wt m Jet p, > 50 GeV 7]
B "++ +Jetp_>100 GeV ]
028 “ ]
-
- “-+"' N
- . _
| | | | | | | i
0 20 40 60 80 100 120 140 160 180 200

Object-corrected pT'** [GeV]

llllllllllllllllllllllllll

Il]l'lll']lllllIll'lllll'li'l']lli‘llllllllll

ATLAS work in progress
Ys=8TeV,20.3 "

® Data 2012 Z — ee Nominal
OMC12 Z — ee Nominal

B MC12 W — ev Nominal

A Data 2012 Z — ee Object-corrected
A MC12 Z — ee Object-corrected
OMC12 W — ev Object-corrected

llll 1 l 11 l 1 llll 1

L

® Resolution
Shows
stability with
pileup

lllllllllllllllllllllllllll

100 200 300 400 500

Z ET [GeV]

600 700 800 900 '1000 @ATLAS

EXPERIMENT



Direction

.o I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T l -o I T T T T I T T T T I T T T T l T T T T I T T T T I T T T T l
§ 0.1 | ATLAS work in progress ® W — uv Nominal p[™** _ § 0.1 [ ATLAS work in progress . ® W — uv Nominal p™*® N
g L p A W — pv Object-corrected p:ss _ g L p A W - uv Object-corrected p'T“'“ -
% - (s=8TeV,20.3fb o ® Z — py Nominal p:'s’ - g - Vs=8TeV,20.3fb A a ® Z - pp Nominal p:"ss -
0.08 [ Lees + Z — up Object-corrected p: s 0.08 [ 1jet + Z — pp Object-corrected p:'ss ]
. * o .
u . 4 - s 4@ A ]
0.06 — s " — 0.06[— L o%% ]
o - s o o ]
" - | . . -
L o . i » . . -
0.04— , . R 0.04{ . . .
i ' : : ; Ry ]
0.021— L — 0.02\— o e —
’22 "” ."l'. + ... . K ; ., 0.. *++++’*++++++ .
0 ,,?’l PSR S T R T R T l’,n’, 0 g '::IAAIA :‘.l PR R R N T S ?AAIA‘:::‘MIJ
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
A9 (ET%, p7'*®) [rad] A9 (ET*%, p7'™®) [rad]
; 2 L] L) L) L] I ] ] Al Al l L] L L] L] l L] ] ] L\l I L L) Al L] l L] L] L] L] I LJ ) L] T ;‘ 1 L\l L\l L] L) l Al L) L] L) l L] L\l L] L] l L Ll L] L] l L] L\l ] L] l L] Ll ) L] l
3 - ATLAS work in progress = 8 ATLAS work in progress
oy 18 = p @ Data 2012 Nominal p™* - oy 0.9 ® Nominal p™
g 1 .6 ""_ @ = 8 TeV, 20.3 fb = MC12 Nominal p’;"% _— g 0.8 MC1 2 E = 8 TeV A ODjGCt-COﬂ'BCled pr:wss
u',f__ E W - pv A Data 2012 Object-corrected p;'"’ E l—- W — pv me™
g, 14 + MC12 Otject-corrected p] ] g - 0.7 hd
o — ] —
= - - a
e 12 -] i
< - . =
1 - =
o . <
08 -
06 —
0.4 -
0.2F -
- L L " L l 1 ' A L l A A A L l L 1 1 " l L A A A l A A L L l L L ' 1 : L L A L l A ' A A l A L A A l A ' L A l A " L A l L 1 L L l
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 LA S
Ny, Ne

IMENT



1

1

o

W scale

x10°
El_l- L l LI I LI I LI I LB I UL l LELLL I UL ' LI I LI l_
200 ATLAS work in progress —
- — Nominal p'T""ss 7
[ MC12 Vs=8TeV — Object-corrected p’Tniss -
000 —_ e .
- W o ev T , .
N - Truth ET™ B
800:— N
600 — -
400~ -
200 —
N f ." NN NN R i s SO T N
00 10 20 30 40 50 60 70 80 80 100

N

ET™® [GeV]

(a)

E ATLAS work in progress
5 MC12 fs=8TeV

p?'“ Linearity
&

—y
ulll

----------------------------------------
I I I I I | I I I

®W — pv Nominal p]=*
A W 5 puv Object-corrected p’T"“
=W — ev Nominal p=

+W — ev Object-corectedp] ™~ _]
_ _
0.5 -
- & —
HEA e e e
o ':O“p— ol u"ﬂwﬁmx’%’x !J:‘f':&‘: +
: ] .. + ++ . + +
-05 - w%w;* &# [} .* - t
. x * f b # (3 % .
- o -
L]
_1 _I 111 l 11 1 1 I L1 11 I 11 1 1 I 1111 I i - [ L1 1 I L1 1 1 I 111 | I 111 l-l
0 50 100 150 200 250 300 350 400 450 500
True ET™ [GeV]
L\ 4

UNIVERSITY
OF
JOHANNESBURG

Claire Lee, HEPP Workshop 2019, Wits

1200

1000

Events / 2 GeV

800

600

400

200

x10°

T | T T

W - ev

[ ATLAS work in progress
MC12 (s=8TeV @

— Nominal p'T"iss
— Object-corrected p’Tniss

miss
ET

-=- Truth E7*

12 February 2015

@ATLAS

EXPERIMENT



. . %
pTmiss In H—= W v w7
v/ & > 7)

A I

® The H = WW decays are identified by two oppositely-charged
high pT leptons, with real ETmiss from the two neulrinos.

— Largest source of bg DY (especially in SF channel) tetion

® A cul onETmiss > 45 GeV/ was sufficient, in 20, but, in 2012,

with the increased Z background and decreased ETmiss S B N
resolution, raising the cul threshold decreased the signal . /e\e/w o
efficiency significantly - - -
enriched enriched
® Incorporating a cut on pTmiss » 40 (33) GeV in the event, e (8TeV) %/e\e/,m
selections for the same-flavour O (1) jet ggF-enriched | S ——

cateqory therefore reduces the Drell-Yan background 1o a
manageable level
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pTmiss in H—=>Ww

me = \/ (B4 + pi)” - |pft + py?

MC sample for ggFF H > WW*

® The H = WW signal yield in the ggF analysis is obtained from a 004 ATLAS . epPc 1

| | L gj ion & ms.=12.4 .
drect fit 1o The Transverse mass. \[Sglﬂgelvatlon &8, s

o .'. 0 ETmiss

® A comparison was done for the mT reconstruction using both oer

the ETmiss and object-corrected pTmiss, and it was found thal
the pmiss improved the signal resolution considerably, reducing 1 | |

the rms. of the mT distribution from 19 to 14 GeV. 020 =20 o0 20 40
Reco. - Gen. for p™ or E/"** [GeV]

Unit normalization

I l I I I 1 I I I I I I I I I I

. . . C A . . . . I U miss |
® The improved resolution significantly increases the discrimination -t ® Jsingprmh
between signal and certain background processes, and the Cs=8TV M o ging M

005 (p) rm.s.=18.8 7]

object-corrected pTmis is therefore used for the mT calculation
i all channels in The analysis.

Unit normalization
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® The measurement of missing energy is an important contribution 1o a number of interesting physics
analyses

- The ATLAS calorimeter provides excelent energy resolution but is event-based and sensitive To pileup

— A vertex-based missing energy calculation can be made using the momentum of tracks inside the ATLAS
Ihner Detector

® The pTmiss shows good performance for a number of event topologies
— Good correlation between the Track and Calo ETmiss for events with real ETmiss
— The pTmiss resolution shows excellent stability with respect 1o pileup

- The performance degrades in events with jets due 1o the larger fraction of neutrals and the fiducial
coverage; but we can improve of the performance can by including the object terms

— And, despite the more challenging beam conditions in 2012 (and simulations for Run 2) the pTmiss continues
to perform well

® The default ETmiss reconstruction for Run 2 will use a Track-based soft term 1o combat the more
challenging pilleup situation we anticipate in the coming run.
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BACKUP
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W/Z Phusics ab the LHC

® | O and NLO contribulions To vector boson production \(/x

Y
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pTmiss in H—=>Ww
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Monte Carlo agreement

UNIVERSITY
OF

JOHANNESBURG

Entries / 2 GeV

Entries /2 GeV

———————

ATLAS work in progress ¢ catazor2 [l 2

{5=8TeV,203 1" [Jei 0 ww

Z [ wz B =
.Zn

-
- up

:_|.|\|‘\\‘,.\;;w:;;+;|;;,._:
PP SR S S S E
1W_‘_9____§_¢_t#_§_+_
ogh YV At
0,6'...-r~~~»--(...:.,\!:..”e....ﬁ

0 50 100 150 200 250
Nominal p:“ [GeV)

(a) Z — pp nominal pipiss

e e e e e et

ATLAS work in progress + vetazoz  llz -

(s=8TeV,2031b" (e £ ww

Z [ wz Bz
.Zn

J
xt3§

0.8 o B _;
0-6 :‘"(' | ! ] e e M L L $ IR I } X 1 I X ) 1 X 1 -
0 50 100 150 200 250

Object-corrected p:‘s [GeV)

(¢c) Z — pp object-corrected pr‘}‘iss

Entries / 2 GeV

Entries / 2 GeV

: —

ATLAS work in progress ¢ dataz0z [z ee

(s=8TeV,2031" [Jei 3 ww

Zee [ wz Nz
- Z1

1.2

e o
o ™

r-l \} ¥ 1 ' Az \ 1 A ' 19 A A .\..?u P A A J, { s ] ] J'_-
.-_ ....................................... .. ............. ‘ .................................. + ............................................. _:
= o OV, ¢
= L)
e S g
L L L I5|o L L L 110'0 L L L Y1éol 1 L 12|00 250
Nominal p'Tniss [GeV]

(b) Z — ee nominal ppiss

' ' N ' | T T T T
ATLAS work in progress Wz
{5 =8TeV, 203 1" [t 0 ww
Z—ee O wz Mz
- Z1t

Data 2012

0-6 l 4 L L i L L L i L fesssnssenprosadnney I b i i b W b S \“_-
0 50 100 150 200 250

Object-corrected p'T"iss [GeV]

(d) Z — ee object-corrected ppiss

¥

ATLAS

EXPERIMENT



*\ /f
UNIVERSITY
JOHANNESBURG

Entries / 2 GeV

Entries /2 GeV

LN B B B B B B B S S LENEL I S B B S B S B S S B B S e |
I I I I I I

ATLAS work in progress -9~ Data 2012 -
- - Z - pp DW—)W
(s=8TeV,203 b Ot B ww
W uv [ wz mz
.Zr‘:

~'ﬁ

TT IIIIIIIIIIII

(7Y TR PRN PRRY (YRR TPRL TR EOPP SR TR PRN PPR 4 [T YL AL AL e |

lllnlllll

) ao.‘

3 Cont +
ey e yeespennprenfesepriaperageesgrenenngrsegrsngsragersfersgenrgusespenspisadersgrsaprrsgeesyens g ensgsegesngregershersgensyuensg oneyon
50 100 150 200 250 300 350
Nominal p:“ [GeV]
(a) W = pv nominal piss
T T T UL L B
ATLAS work in progress ¢ dee20z B W -
p - Z - up D W
{s=8TeV,203fb Ot 0 ww
Wy O wz | =
- Ztt

TTT llrllll!rllL

IIII]

Jll]l.lll} !L[lJlI{LlI'{. !’[,IJlI
. +§ +j
+

N

l...T...‘.,Al.A.',..T..A(.,.l.A.‘A...’...1.A.l.,A‘...T...[A..l..,\.“.r.‘l..‘ L S S Bt f'"l'"l'"\"'T"'}”'l"'l"”l“'l_

50 100 150 200 250 300 350
Object-corrected p’T""“s [GeV)

Entries / 2 GeV

Entries / 2 GeV

50 100 150 200 250 300 350
Nominal p’T"'ss [GeV]
(b) W — ev nominal piiss
oeE L T T
i -¢- Data 2012 Bw-e

10" ATLAS work in progress 2o —
1o {s=8TeV,203fb" O] vi 8 ww

sE Woev [ wz W z
107 -Zr:
10
10° s
10° il
10°|
10°
10°

1 2 i : \ ’F:
| I
£
. __’.l l...{.. L1 { LR DR ¥ } ) JRPUR A B § { X s + LI R A l S ‘.__
- Y -
1.21 ;" o & *% # ++ -
0.8 & ¢$. * b
0.6 "I"'T"'l"‘l""""f"'l"‘l'")"‘f"'("'l"‘l""("'I"'l‘"T"'f"'l“"""“"l"'l"' W - - 'f"'l'“l"'T“'l"'l
0

OJIH!HI LA

LI B S B B S B A B S B B B S T T T T T T T
[ I I I I [

ATLAS work in progress _* Data2012 Wwoe

-Z—)Oe DW—)W
(s=8TeV,20.3 1" [tk 0 ww
W —ev B wz |z
Mz

50 100 150 200 250 300 35
Object-corrected p:“ss [GeV)

L JATLAS

EXPERIMENT



More on adding The jets:
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The Standard Model in a Nutshell

(W*,Z,yand S

L =—3WuWH — 3B, B* — 1G%, GH § gluon kinetic energies

\and self-interactions

( Lepton and quark Kkinetic en-

+ Ly* (i0, — 397W}: — ¢’ 5 Bu) L+ Ry* (10, — ¢’ $Bu) R { ergies, and their interactions

(with W*, Z and v

Interactions of quarks with
+ 95 ((V*Taq) G

gluons

, ) . v 9 W=, Z and v masses and cou-
+ [ (10, — 39mWj, — g5 B,) | V(2)

pling to the Higgs boson

_ ~ Lepton and quark masses and
— (G1L<I>R + G2L<I>CR) + hermitian conjugates

coupling to the Higgs boson
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The Standard Model Particles

(mass giving)  standard model
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A (very quick) ATLAS overview
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The ATLAS Inner Detector
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Q° = (z1p1 + w2p2)2 = M% ~ 10* GeV

Order W /Z production process
LO qg+q — V
NLO g+q — V (one-loop correction)
qg+q — V+g
@) +g — V+4q(q
NNLO g+q — V (two-loop correction)
qg+q — V+g (one-loop correction)
g+q — V+g+g
9@ +g — V+4q(q (one-loop correction)
9q)+g9 — V+q@+yg
qg+q — V+q+4q
q(q) +q9(@ — V+4(@)+4(9
g+g — V+q+q
< Table 2.2: Vector boson production processes at LO, NLO, and NNLO at the LHC.
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Standard Model Total Production Cross Section Measurements

Status: July 2014
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Standard Model Production Cross Section Measurements

Status: July 2014
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W/Z BEvent, Selections

Z— 1l

W-lv

Preselections

GRL (Data)

GRL (Data)

>1 good vertex with >3 tracks

>1 good vertex with >3 tracks

Dilepton Trigger

Single lepton Trigger

No bad jets and no ugly jets

No bad jets and no ugly jets

Not in LAr Hole (E-H)

Not in LAr Hole (E-H)

Electron selections

Medium++ electron

Tight++

cluster pT >25 GeV

cluster pT >25 GeV

In|<2.47 and not in crack

In|<2.47 and not in crack

author 1 or 3

author 1 or 3

Muon selections

Staco Combined Muon

Staco Combined Muon

pT>25 GeV

pT>25 GeV

In| <2.4

Inl <2.4

author 1 or 6

author 1 or 6

isolation on cone20 < 0.1

isolation on cone20 < 0.1

Exactly two oppositely charged leptons

1 tight lepton, no second high pT lepton

66 GeV < M

MET > 25 GeV and M

@vent selection
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