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ELEMENTARY
PARTICLES

I

Z BOSON PRODUCTION
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Legal disclaimer: always some small component of v in the Z sample...

Z/vy* production

= At born level, Z has nothing to recoil against in the transverse plane
= Z produced with no transverse momentum p;

Z[y* i

Born-level
= At one gluon emission (order a.), Z recoils against hadronic products

= Z produced with transverse momentum!

Z/,Y* q Zipx q Ziy: q Zlyx
N N
TR A A N
Q % “\Q q g g g g q
d.9
W

Annihilation Compton
(also other diagrammes...)

Jet of particles

= Z py tells us something about the hard interaction!
92
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Z decay

= Z boson (neutral!): decays to quark-antiquark pair or opposite-charge leptons like ete” or p*u
= Use conservation of energy-momentum to build the invariant mass of two-lepton pair: m,
= A lot going on with this variable!
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i F I & 10* i
S s 5 P 3 —Z, (4 TeV)
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“E - EF_mu15 1 10%
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'Y*
What can we learn from Z production? — Part I QA @)
é O\):‘

N —®
g

= Via hard scatter, can test perturbative QCD (pQCD) in the absence of
colour flow between initial, final states

= Z balances the hadronic system a e *
= €.g. gluon hadronises/showers to jet of particles )
Z+jets production enhances this signature q Zly e

= Sensitive to dynamic effects of strong interaction
= Have predictions up to NNLO — N3LO
= Sensitive to parton distribution functions of the proton: pdf

= Xi,X; = momentum fraction of partons in protons
= Hard interaction can be described by perturbative QCD
= f,p are the parton distribution functions of partons a,b

/\

ﬁzz (lflfll)f” ."1 () fhl)(}) n})( Ii))

ab,

= Partons a,bcanbeq, g, org
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What can we learn from Z production? — Part I1

= Electroweak boson production sensitive to valence and sea quark distributions

oy)
Dly)

0.5

% 0 5 ) - v
2. e 2 — . - W* ~0.95 c5) + 0.05(u5 + cd)
& ~ 0.29(uu + cc) + 0.37(dd + bb) B B B ~
W ~ 0.95 sc) + 0.05(dc + su)
= W production dominates over W- production at the LHC. pp collisions: p = uu,d,
« Equally produced at Tevatron: pp collisions
= W production constrains valence quark pdfs

» Z production provides sensitivity to poorly known strange quark pdfs
Figs from M. Sutton Moriond 2014, U. Klein DIS 2012
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Global fits to extract PDFs

= DY production at LHC probes PDFs in the region x = 104-10"! and Q? ~ 5x102-106 GeV?
Feed e.g. W*, Z/y*, W+charm cross section information into global fits to extract PDFs
= All data have differing sensitivity to different aspects of the proton’s PDFs.
= EW boson production sensitive to valence and sea quark distributions

— Parameterise PDFs:
xg(x) = AgxBI(1-x)C+ ...
xu,(x)= ...
xd, (X)= ...
k. Xu() ‘=£..
3 xd(x) = ... e
XS(X) =.... — do — st
Xs(X) = ... — su — de
gl's ATLAS %4 ATLASpdf21, T=1
R 16 a2 1.9Gev W No7,8TevwW,Z
0 5
b

Rapidity y

(related at LO to momentum fraction x)
Z~029(uit + c€) + 0.37(dd +{ES)r bb)

W+~ 0.95f ¢5) + 0.05(us + cd)
W-~0.9 s€) + 0.05(d¢ + si)

My M

,\'|—\/;e .\g—ﬁe

Result: e.g testing relationship
between strange and light sea
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Global fits using proton

PDF-sensitive data: HERA

= Even more powerful to combine all world data sensitive to PDF

= HERA (ZEUS and H1) at DESY was the Queen:

= ep neutral-current (NC) and charged-current (CC)
= Unpolarised parton distributions f(x) at different scales u?

NNPDF3.0 (NNLO) _
xf(xu2=10 GeV?) 1

a) |

107 102 107 1 10
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(where f = uy,dy,%,d,8 ~ 3,c =¢,b=b,g)

xf(x12=10° GeV?)

10"

e (NC), v(CC) HERA@DESY
Started: 1992
Ended: 2007
C
(14 TeV)
J
W,
"/ )-Y,bb
i S HERA
ixed Targgt
10° 10° 10" 10° 10% 10" 1
M. Tanabashi et a/. (Particle Data Group), Phys. Rev. D 98, 030001 (2018). 97 X
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M. Tanabashi et a/. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).

x = fraction of nucleon’s momentum carried by struck quark
y = fraction of lepton’s energy lost in nucleon rest frame

. 9 s s icle’ )
Stru Ctu re funCtlons Q g? = exchange particle’s four-momentum transfer to nucleon

n = factors related to propagators and couplings

/ & i
k d?c 2mrya® "y
- § : J .
/ drdy Q4 Uz I W;w j =274 and vZ
b % J
g 2 B/ T A 2
d*o dra® réy“M ; o 4 ;
q = 57" 1—;:;——3"—2—— Fﬁ—l—y‘zarFf:F y—# xF3 %,
dxdy ryQ Q 2 .
P, M—> — W
W,
For the neutral-current processes ep — eX, For the charged-current processes e p — vX and vp — et X,
Z 1 2 w . . > <
[14 Bpe 7]_1.2[(!’ 2497, qV ‘le] (q F, 2r(u+d+35+c...),

FV" =2u—-d—35+c...),
Y : J d \ Vs [ [ —
[L;, 1'.’? : 143] - E [U, Z(fqu, Zyng] (¢—79 ,

q

= Lower-Q? NC data constrain low-x sea-quark distribution but can't distinguish between quark flavours in the sea at low x, or
between the down-type quarks, d and § at any x.

= Diff between NC e*p and ep cross sections at high Q?, together with high-Q? CC data, constrains valence distributions: u,, d
= Q2 dependence measured in the data constrains the gluon distribution

Eur. Phys. J. C 82 (2022) 438 98
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Q (GeV?)
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0 F |
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M. Tanabashi et a/. (Particle Data Group), Phys. Rev. D 98, 030001 (2018). 99
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HERA wealth of proton
information

= HERA used NC and CC (reduced) deep-inelastic cross sections
(related to structure functions) to determine sets of proton quark

and gluon momentum distributions

= HERAPDF2.0 (all HERA data: HERA I+HERA II)

H1 and ZEUS

+
r, NC

- 1
.

—— HERAPDF2.0 NLO
uncertainties:
B experimental
] model
parameterisation

0.8

gluon & sea distributions
scaled down by factor 20

«+ HERAPDF2.0AG NLO

u2 =10 GeV?

Eur. Phys. J. C 75 (2015) 580

Pirsa: 23060060

1.6

14

0.8

0.6
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reduced cross sections as a function of Q? for six
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Canadian participation in HERA

HERA proton accelerator complex:

= protons from negatively charged H- ions, pre-accelerated to 50 MeV in
linear accelerator — injected into proton synchrotron DESY-III &
accelerated to 7 GeV — transferred PETRA & accelerated to 40 GeV —
injected into storage ring in HERA & accelerated to 920 GeV.

= Proposal to NSERC/NRC for HERA (approval end of 1983: $5M)
= Chalk River Nuclear Laboratories: 52 MHz proton RF cavities installed

in proton HERA ring which "captured"” proton bunches injected from I
PETRA before acceleration in HERA. ey S

e I )
= TRIUMF: transfer beam line from H- ion linac to DESY-III ~$3M i_- f,__—:m
« Magnets, mechanical, diagnostics, debuncher 4
= Canada was the first country funded, which led directly to approval in PROPOSAL

Germany (eventually 11 countries)
= This was first major contribution by Canada to an international accelerator!

Canadian Participation in the HERA

Electron-Proton Colliding Beam Facility

at DESY

.@ 101
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Beam line equipment provided by TRIUMF
being installed at DESY in 1986

The magnets were made by a company called K&S Tool and Die located in Winnipeg

Pirsa: 23060060 Page 13/48



DESY director

ZEUS: proton structure 1984.approval ﬂ
in Germany

Canada was a founding member of ZEUS

= Joined in 1982, ZEUS approved in 1984

= Manitoba, McGill, Toronto, York

s NSERC funding for calorimeter, trigger: 1986-7 (~$11M)

Sampling calorimeter (fully compensating)

= Layers of absorber DU (uranium) &
scintillator

Trigger: first collider where
parallel pipelines for data
and trigger were developed

T o

Event Builder b tin,roucrgpnand

Thé caforimeter crew: 1986-90 '
| R

d

103
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HERMES: polarised deep-inelastic
scattering (nucleon spin structure)

= Canada was a founding member of HERMES
= 1988: Lols and feasibility study.
« Canada joined just after the Lols

>

= Approval in 1992
= Firm foundations within TRIUMF!
« (TRIUMF, SFU, Alberta)

MPI H @\m
(August 1988)

Feasibility Studies for an Experiment to Measure
the Spin Dependent Nucleon Structure Functions
at HERA

P.Delhej, L.G. Greeniaus, O. Hiusser, R. Henderson, P. Kitching
C.A. Miller, M. Vetterli
TRIUMF, Vancouver, Canada

= NSERC funding of Transition Radiation Detector
« Construction grant 1992-6 $1.3M

Letter from the DESY director V. Soergel with

conditional approval of HERMES

Pirsa: 23060060
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= Combine ATLAS W, Z/y* data, ttbar data and V+ jets data in a single fit.

ATLAS combinations with HERAPDF2.0

Total y”/NDF

2010/1620

Data set V5 [TeV]  Luminosity [fb T] Decay channel Observables entering the fit
Inclusive W, Z/y* |9] 7 4.6 e, u combined ne (W), vz (£)
Inclusive Z/y* |13] 8 20.2 e, i combined cos 8" in bins of yer, mee
Inclusive W [12] 8 20.2 u n

W' +jets [24] 8 20.2 e p.E’

7 +jets [25] 8 20.2 e Py in bins of |3

11 [26, 27] 8 20.2 lepton + jets, dilepton Myiy Prs Vii

i [15] 13 36 lepton + jets mi, Pl Ve, ¥
Inclusive isolated y [14] 8,13 20.2,3.2 - E; in bins of n*

Inclusive jets [16-18] 7.8, 13 4.5,202,3.2 p’.lf' in bins of ij"l

= Important to properly take into account correlated systematics!
= e.g. jets common to many final states
= quark distributions at the starting scale

xqi(x) = AixBi(1 —x)% P;(x), where P;(x) = (1 + D;x + E;x* + Fix?).

= Xg;(x) chosen to be valence quark (xu,, xd,) and light anti-quark sea xubar, xdbar, xsbar

= Gluon distribution
xg(x) = Agx® (1 — )% Py (x) — Afx®e (1 — x)%

HERA y’/NDP 1112/1016
HERA correlated term 50
ATLAS', Z 7 TeV y* /NDP 68/55
ATLAS Z/y* 8 TeV x> /NDP 208/184
ATLAS W 8 TeV y2 /NDP 31722
ATLAS W and Z/y* 7 and 8 TeV

correlated term 71 = (38 +33)
ATLAS direct y 13/8 TeV y*/NDP 27147
ATLAS direct y 13/8 TeV

correlated term 6
ATLAS V+ jets 8 TeVy” /NDP 105/93
ATLAS 17 8 TeV y?/NDP 13/20
ATLAS i 13 TeV y2/NDP 25129
ATLAS inclusive jets 8 TeVy>/NDF 207/171

ATLAS V+jets 8 TeV and
it + jets 8,13 TeV and
R = 0.6 inclusive jets 8 TeV correlated term

87 = (16+9+21+41)

= Contributions of the data sets to the total y? of the fit

4
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xu,

Relative uncert.

x0

Relative uncert.

ATLAS

08— @’ = 1.0 GeV’
[ ATLASpdf21, T=1 X uv

0.6/— W exp. unc.
exp+mod. unc. h

Outcome of global fit

T

llll]llllll!llllllll

D.J:— W exp+mod-+par. unc. o _ o
3 = Precision is exquisite
0.2— - " .
- g = Some datasets have a huge impact on the global fit!
o= A .
1.2t T L] LI III L) L) L B ) Ill L] T L] LI | IE -
E - G 18 — S
11E 4 S ATLAS % ATLASpd21,T=1| &G | ATLAS
165 o= 100608 : =Y [E@-a 1066V
-19Ge N No7.8TovW,Zz | & F Q’=19Ge
L -
20.08

ot

o

T
|

x(s+3)/x(Trd)(
Y
1 LB I TIir l LB [ TTIrT l

X %% ATLASpdf21, T=1
Ry = x(s +35)/x(i + d) g

> Diid

08 1 T | L 2 32 a3l A i 113 1-2 0.06 & NOSTGVV+j6tS
10 102 1071 K
07 . . “ 1 0.04}:
E ATLAS E
05 4 -
E =t Q’ = 1.0 GeV’ E ¢ 8_ 0.02
0.5k~ XU ATLASpdf21, T=1 = 0.6l
0.4E- B exp. unc. —i 04 9
03E- axp+mod. unc. - “F 0.02
- W exp+mod+par. unc. E 0.2
0.25— E . -0.04
01%’ "_E - bzl i aaaal f PR o . el . e Pl
o:._ . . : _f 10 5 10-2 10-1 X 10—3 10—2 10—1 .
T L] L ‘II L) L] L L L Il L] L] L] LI )
= Since proton collisions are at the heart of every physics result at
the LHC, it is important that these are measured properly.
L L 'l LAl lll L Il 'l L1l I]l L 1 L Ll 3
b e e x Eur. Phys. J. C 82 (2022) 438 106
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Zly e

Z  ~ 0.29(uit + c2) + 0.37(dd + s5 + bb)

Events/5 GeV

= Z production can be a significant background in “new physics” processes
= Exotic new particles: Z’

= Higgs production H—4¢:
« ZZ(") »4¢ is biggest background
= Precision measurements could reveal new physics!

Z[v¥
What can we learn from
Z production? — Part 111 Q@

Pirsa: 23060060

[[] Background 2, 22*
Il Background Z+jets,

[ ##% Syst.Unc,

2
<
c
=
1 o
L 5
=)
—
()]
]
L o
—
0.5 L]
0
[~ & Data2011+2012 ATLAS
[ SM Higgs Boson *
m,=124.3 GeV (fit) H_>ZZ _>4l

\s=7TeV |Ldt=461b"

g \s=8TeV |Ldt=207 1"

Phys. Lett, B V26 (2013), pp. 88-119

100 150 200 250
m, (GeV] 107
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»
oﬁ

® Data 2011+ 2012 ATLAS
t [l s\ Higgs Boson HZZ* |
F m,=124.3 GeV (fit) i g
35 (5] Backgrouna Z, 72 1s=7TeV [Ldt=46fb
r = 1
E B sergengzies s =ETY Judt=207 1
30— 2z systUnc.

;

Events/5 GeV

Dedicated measurement: Z—>4l

= Use this channel to show you how to measure a cross section with real data!
= Use old Run-1 measurement as data is conveniently displayed

= Measured in a dedicated analysis, combining 3 final states i

= Z—4e, 4u, 2e+2u R _

© 120- ATLAS ¢ Data 7]

Measurement of the 4/ Cross Section at the Z Resonance and t ;
Determination of the Branching Fraction of Z — 4¢in pp L S

3G

Collisions at /s = 7 and 8 TeV with ATLAS g 7] 1s-8TeV. 203107 10xBkg |

i Ry 2 80 Ostatesyst

arXiv:1403.5657v1 [hep-ex] 22 Mar 2014 @ [1Osatesys:-
i } Z-54l

Mass window:
my = 80-100GeV

95 80 85 90 95 100 105

m,, [GeV]

Invariant mass distribution of 4 leptons:
my (assuming massless leptons)

(a) e.g. for Z-2l, my is:
FIG. 1. Examples of (a) s-channel and (b) t-channel Feyn- M?*= (B + E2)* — |lpy + pol?
man diagrams for 4¢ production in pp collisions. =mi+m2+2(E B —py-pa).
108
Page 19/48
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Cross section
methodology

Fiducial

Reconstructed

= Experiments select events that enhance the physics signal that they want to measure
= W: 1 prompt, energetic, isolated charged € + v giving rise to E;™ss: W — &y
= Z: 2 prompt, energetic , isolated charged ¢, same flavour, opposite sign: Z — €€

®» Leptons reconstructed within pseudorapidity n and transverse momentum p; ranges afforded by the

detector
= Fiducial phase space e.g. requirements on:
» Preu Mo Prw MiY, my

= Measurements reported (to the world) in fiducial or full phase-space
= Use simulation to unfold data from “reconstruction” to “truth” level
= Correction factor: reconstruction — truth level in fiducial region
s Acceptance: truth fiducial region — full truth phase-space
Cross-section measurement reported at one or more levels:
= Born, bare, dressed:

Y 5 e,
Ze > ;55 -
e ¢
Born Bare Dressed
(Pre-FSR) (Post-FSR) (Cone AR=(0.1)

Pirsa: 23060060

Truth (fid.)
Reco

-2.5

12001 1
L

000}
iL

Truth-level x
2
S ..

0.1

200 400 600 800 1000 1200 °

Reco-level x _09
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=-Anatomy of a cross section: simple sketch

‘ # cand. evts ‘ » # bkg evts

N|- B

Tw.z X BRW.Z = Iv,1l) =

Aw.z

1Cw.z || Lw.z

Integrated lumi

A: acceptance factor from fiducial €
to full phase space (entirely from
truth info and so can have
considerable theory uncertainties)

Going to differential cross sections in 1D, 2D
etc... Important to think about the correlations
in the uncertainties between the variables

dOo d’c
E’ dxdy J -

Pirsa: 23060060

N

C: correction factor from reco to fiducial

__ Expected # evts passing selection at reco

= Expected # evts passing selection at truth

C includes MC-to-data correction factors (with
uncertainties) for object reconstruction,
identification, triggering, etc... as well as
(usually small) theory uncertainties associated
with going from reco to truth.

110
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Steps to measure a cross section, c — part I

Crudest approximation for a cross section at 8TeV:

Mass window: my = 80-100GeV

2 events observed _ _151@8TeV  _ 151events
Y Luminosity 203 fb~ 1@ 8TeV 20.3fb~1

= Note: 1 femtobarn (fb) = 10~-m?2 = 10-3%cm? (i.e. units of area)

= o(crudest) =

Vs 4¢ state  Ng™ No¥ N Cae a%ie [ Ay 074 [f]
7TV  ee + ee 1 1.8+03 0.12+004 21.5% 0973%+014+002 75% } dedp 32+11+1.0+06
i+ pp 8 11.3+05 0.08+004 59.2% 3.0*12+007+0.05 18.3% e o
ee + pp 7 79+04 0.18+0.09 49.0% 3.1771+£0.16+0.05 15.8% } 962 A4+ 14433409
pp + ee 5 33+03 007+004 363% 3.0715+030+0.06 B8.8%
combined 21 242+1.2 0.44+0.14 76+18+44+14
8 TeV  ee + ee 16 144+14 0.14+003 36.1% 2270%+020+006 7.3% } dedp 564618+ 16
B+ pp 71 688+27 034+005 71.1% 4.970;+013+014 17.8%
ee + pu 48 432421 0.32+005 555% 4.2707+0.16+0.12 14.8% } 2edu 24724415
B+ ee 16 193+13 0.18+0.04 462% 1.7795+0.104+0.04 7.9%
combined @ 146 + 7 (I‘o} 0.11 107+9+4+43.0
2 events observed — Zbkg (151)—(1.0) — 150events
= of(less crude) = == = = sk =
2. Luminosity 20.3 fb 20.3fb

= It is a very clean channel with little background

Pirsa: 23060060

111

Page 22/48



Steps to measure a cross section, c — part II

= Detector is far from perfect at identifying leptons! Inefficiencies in instrumentation. Holes.

» Recall for jets: a5 Now for identifying electrons: . ‘ iRl
H i N‘“:V n'}m 3= - ATLAS 2011 Data, \s = r‘rev.J. Ldt=471" ]
0‘9:' | |RMS 1617 3‘100:_ Tet0 0a%en sgetts otettNEstRERN esegy Satenstte® E
P AR . |msy 0.1086 5 i =crean __..-._-.....,_-..-.'_...___’_ o o

- R ¢ S e g Treter weenet LT e e
£ H £ 80F- - * o
. 0.7 w : b R g - v Tvve o7 .
F " = TNV | oy ]
osf i 70f v -
' H :i‘ 60F =
051 = E|
H 50: * Loose
W | = * Medi 1
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n of the probe

= o(less crude) is useless to anyone EXCEPT an ATLAS person who understands the imperfections of the detector
= Can’t compare to any theoretical prediction
= Need to unfold data to what you would expect to observe with a “perfect” ATLAS

= i.e. take all the known imperfections in ATLAS (like the plots above) and (very crudely speaking) multiply by the
inverse to get a perfect number!

= Use very best Monte Carlo simulation to unfold data from “reconstruction” to “truth” level
= Correction factor:

C Expected number of events passing the selection at reconstruction level
m -

Expected number of events passing the selection at truth level
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Steps to measure a cross section, c — part III

Fiducial cross section (i.e. within acceptance of the detector)

2 events observed — Zbkg 150 events

2 Luminosity x C 20.3fb~1x 0.6
= Measurement should be done separately for each final state to account properly for inefficiencies

—_—

L 1L

= offid) =

Vs 4¢ state N N* .-'\"_i}k“ Cae 0% [f)] Ay oz4e [b]

7TeV ee+ee 1 1.8+03 0.12+004 21.5% 0.9%57+014+0.02 7.5% } dedy 32411410406
it + pp 8 11.3+£05 0.08+004 592% 3.0*12+007+0.05 18.3% ST s
ee + pp 7 79£04 0.18+£009 49.0% 3.17771+£016+£0.05 158% } 9edu  A4+£14433409
pp + ee 5 33+03 007004 363% 3.0°151+0.30+006 8.8% o
combined 21 24.2:+12 0.44+0.14 76+ 18 +4414

8 TeV  ee +ee 16 144+14 014+£003 36.1% |2.2%0%+£0.20+0.06 | 7.3% } dedy 564L6+18%16
pie+ppe 71 688+27 0344005 71.1% [4.9%07 +£0.13+0.14 |17.8% il R
ee + pp 48 432421 0.32+005 555% |4.2707+£0.16+0.12 |14.8% } 262 B24TL24415
pip + ee 16 19.3+13 0.18+0.04 462% |1.7705 +£0.10+0.04 | 7.9%

combined @) 16+7  @02011(T60%) 5 - 13 107 £ 9+ 4430

= Aot

= Fiducial cross section is the number closest to the experimental measurement but corrected for all known imperfections
« Small theoretical uncertainties (not zero, since MC used to correct)
=« This is a number that is useful to people outside of ATLAS
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c — part IV

n=0

n=-1 i ‘J]:]
ATLAS extends out ontly to
~ Inl<2.5 (~10%)

= EXtrapolate to an ATLAS detector that is fully hermetic (encompasses all space around n=-2.5 s ' o . TF25
collision) T (B P
Total cross section
by
2 events observed — 2bkg = 150 events .
= oftot) = = = = — , final answer = 107 fb
2. Luminosity x C x 20.3fb™x 0.6x
= Measurements need to be done separately for each final state
NG 4¢ state N NF _-'\’:;“‘ (977 o5 [fb] Ay oz [fb]
7 Te\/ = 1 p - K % 4] J .r(‘- (+1-:.1. 4 P H.:'D
7 TeV  ee+ee 1 1.8+03 012+004 21.5% O'Jfo',', +0.144+0.02 7.5% } dedp 32+411+£1.0406
ppt + g 11.34+0.5 0.08+0.04 592% 3.0732+0.07+0.05 18.3%
L 7 70+ (. ; 40 0% 2 1+14 o = Q07
ee + pp 7 7904 018009 49.0% 3.1%;1+£016+£0.05 15.8% } %2y 44414433400
pp + ee 5 33+03 007+004 363% 3.0715+030+006 88%
combined 21 242+1.2 0444+0.14 ~50% 76+ 18+4+14
T\ 4 p 4 4 | 7. L s - L 9 9+0.6 ¥ 7990
8 TeV  ee + ee 16 144+14 0.14+003 36.1% 2.273_?0.20&0.06 7.3% }-lt_‘.-lp T ———
L+ pp 71  68.8=+27 034+0.05 71.1% [4.9756+0.13+£0.14|17.8%
S iy 12949 Q¢ r eereor |4 0+0.7 ‘ 4 89,
ee + pp 18 432+21 0.32+005 555% 1.273.9 +0.16+0.12 | 14.8% } %2y BALTL2AL15
pp + ee 16 193+1.3 0.18+004 46.2% | 1.7705+0.10+£0.04 || 7.9%
combined 1467 103 0.1(Z60%) = 13 [107£9+4+30
= Total cross section also a well-defined quantity, excellent for sharing outside of ATLAS,
but does come with larger theoretical uncertainties due to the extrapolation
= o(tot) is usually what a theorist will predict for an experiment 114
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Steps to measure a cross section, c — part V

<
2 events observed — Zbkg

s oftot) =
(tot) ZLuminosity x Cx

= All terms above have ﬁ"\‘e'rﬁqu sources of either statistical and/or systematic uncertainties

.
B

N 4¢ state Nk Ne™ ---‘“‘1\’,;}}“; Cae a3, [fb] Aus gz [fb]
TeV ee + 4.4 / ; a “me 107 | 9 9+0.6 P 0
8 TeV ee+ee 16 1.1.1:1: 14 0144003 36:1%_ -izTS'i’iO'zin'OG :.3_/c } e, 4y 56+6+18+16
L+ pp 71 68.8+27 034+005 71.1% |49%5¢+0.13+0.1417.8%
pe 4 As 4129 ‘ Q¢ 5 g5 507 | 4 9+0.7 Hre. 0 4 8%,
ee + pu 18 13.2+21 032+£005 555% 1'278'9 + 0716 i:_U_..ﬁl‘..‘ 14.8% } 262y 50474194415
pp + ee 16  19.3+13 018004 462% |1.7073 +0.10£0.0{T~2.9%
combined 146 + 7 0.11 e [1o7z9x4+30
stat ~ VN stat @ sys Not given Not given stat + Sy;" + lumi

= Uncertainties determined through error propagation:
= Neglecting correlations between uncertainties (not always a good assumption!)

— . " (')f 2 (r)f 2 ()f 2
«» o =f(xy,z..), uncertainty: & = J (r)T) 52+ (d—y) 2+ (c)_z) s24 .

» Final answer given decomposed into: statistical = systematic + luminosity
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do/dm,, [fb/GeV]

F Z— HnggH On-shell ZZ
10‘5=-% AI—I 77

FATLAS " p-val (Sherpa)=022 ~4~ Data

10L/s=13 TeV, 139 fb"' p-val (Powheg)=0.09xx Powheg qg—4l + X
F sttt Sherpa qg—4l + X 3
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Ll

H4l
gg—4l i

— TV(V)+VVV =
3
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1000

m,, [GeV]

Recent differential(!) cross section to four leptons measurement
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Summary of SM measurements at ATLAS: production cross
section pp —» something

Something = W, Z, tt, t, Wt, H, WW, WZ, ZZ, ttw, ttZ, WWV, 4-top
Related to the probability to produce these particles at the LHC

Standard Model Total Production Cross Section Measurements Status: February 2022

r— 11 500 jut —
£ 10 o ATLAS Preliminary

Nt Theory
B 108 Vs =7,8,13 Tev
LHC pp Vs =13 TeV
o el
105 A o
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4 o o
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V+jet production, V= W,Z

Pirsa: 23060060

\'. Hard
| scatter

% =
Underlying
event

Parton distribution
functions

Problng QCD with V+jet production
Hard scatter (matrix element, ME)

» Parton shower (PS), matching to ME

* Fragmentation to jets

» Jet composition/dynamics
Multiparton interactions (MPI) from
underlying event (UE)

« Parton distribution functions (PDF)

Jet

Fragmentation:
o o
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Z+jets

Benchmark the validity range of our various

generators!

Generator+PS:

BLACKHAT+SHERPA: parton-level fixed-order
predictions at NLO up to four partons

SHERPA: matrix elements (ME) up to two additional
partons at NLO and up to four partons at leading
order (LO) interfaced to SHERPA showering

MG5_aMC+Py8 CKKWL: ME including up to four
partons at LO, interfaced to Py8, using CKKWL
merging scheme

MG5_aMC+Py8 FxFx: ME up to two jets and with PS
beyond, using FxFx merging scheme

Pirsa: 23060060
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PR

W+jets

= W+jets: non-negligible background for Higgs boson production and in BSM searches

= kinematics of jets exploited to achieve separation of the signal of interest from SM bkg

do/dH, (jets) [pb/GeV]

227 (13 TeV)

Wﬂ‘w) +2Z 1I-ie1

ST Lala
—§— MG 8MC X + PYB (<2|NLO 1 PS)
—— MG BMC + PYB (<4|LO + PS)

S N, NNLO
-
-
il
-
e
e
—
CcMS .
anli-k, (R = 0.4) Jeis ev—
Py > 30 GaV, y"| < 2.4 e

NNLO/Data

7
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W+2>1jet:

H;, the scalar py
sum of all visible
objects, employed
in BSM searches,
to enrich final
states resulting
from the decay of
heavy particles

do / dM(j,i,) [pb/GeV]

MGS5/Data

W+2>2jets:

Di-jet invariant =
mass: modeling %
of correlations F
among jets g
important for BSM ¢
searched in dijet 2

final states
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