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Disclaimer

This talk Is not meant to be comprehensive. | will give
a few examples and comments to spark discussion.

| will use examples entirely from ATLAS (but this is not on
behalf of ATLAS). Some (but not all) of the time, CMS has
a corresponding measurement with similar precision.

(although we don't always agree on core analysis
decisions - let's discuss that, but another day!)



Why correlations?

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties



Correlations Part I: Jet Pull

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties

Example 1: Jet pull

We can study QCD
entanglement from
correlations in the radiation
patterns of pairs of jets.

Legend . -
Jet-pull vector () An exciting laboratory

Jet-connection vector

ol el 1wt ) for this work is boosted
(size weighted by pr)

-_— W bosons, a copious

Ay =1y — 1y - :
77779 source of singlet — jets.




Correlations Part I: Jet Pull

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties

Example 1: Jet pull Eur. Phys. J. C 78 (2018) 847

- /s=13TeV. 36.1fb"" Statistical Unc.

’ Total Unc.

—— Powheg+Pythia8

-5 Powheg+Pythia8
(Colour-Flipped)

W boson — two jets

Legend
Jet-pull vector P (J1)

Jet-connection vector
Jet-pull angle (j; w.r.t. j2)

Constituent of j;
(size weighted by pr)

—)
Ay =y —yj 0.95

1

Prediction
Unfolded

0 01 02 0.3 0.4 05 0.6 o7 0.8 0.9
Br = How much the radiation from Charged particle 65 (j;*, j*) [rad]/=
one jet “leans” toward the other.




Correlations Part I: Jet Pull

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties

Example 1: Jet pull

Eur. Phys. J. C 78 (2018) 847

Here Is an observable £ |, ATLAS . Data E
3 = - /s=13TeV, 36.1fb~" Té?glsac;%l Unc. ]

wnere we cant “lE 115 - -~ PowhegsPythiad

. . . o C -5 Powheg+Pythia ]
distinguish between 84 E (ColourFlpped) -
“entanglement” turned o5 Wboson = iwojets
uonu aﬂd uoffu | 1; - ; D D _;

095 -8 & &

Theory predictions are e

1.05

challenging, but in 53 . : .
e 11 _ =
development &)5 0.95 oo “ ** ...... ]
o"'c')'1"'0'2'"0'3"0'4"0'5"0'6"0'7"0'3"0'9"'1
(see A. Larkoski, S. Marzani, C. Charged particle 0p (j¥, j¥) [rad]/

Wu, PRD 99 (2019) 091502)




Correlations Part IIl: ¢ — bb

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties

Example 2: g — bb

Gluon splitting to bottom
guarks gives us the only
~pure access to QCD
splitting functions.

(and of course, this is
a very important
process for Higgs)
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MC/Data

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties

- ATLAS
5 Vs=13TeV,L =33fb"

2016 Data

Total Uncertainty
Sherpa 2.1

Sk Pythia 8.230 (A14 + Var2x+)
Pythia 8.230 (A14, no g pol.)

Phys. Rev. D 99, 052004 (2019)




Correlations Part IIl: ¢ — bb

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties

Example 2: g — bb

- ATLAS
5 Vs=13TeV,L =33fb"

Gluons seems “more
polarized” in data than |

our predictions. Slight
improvement from matri
element corrections

(Sherpa 2 — 3).

2016 Data
Total Uncertainty
Sherpa 2.1
Wy Pythia 8.230 (A14 + Var2+)
Pythia 8.230 (A14, no g pol.)

Phys. Rev. D 99, 052004 (2019)

MC/Data

See also Fischer, Lifson, Skands,
EPJC 77 (2017) 719




Correlations Part IIl: ¢ — bb

We can use correlations between jets/hadrons as
a way to expose emergent guantum properties

Example 2: g — bb

—

- ATLAS Gs-13Tev,L -3t -
) Data (post-fit) MC (pre-fit)
Also find that the —0-BB |
flavor fractions are

not quite correct?

Flavor Fraction
o
(00

Phys. Rev. D 99, 052004 (2019)

(determined from a fit
to the displacement
of tracks inside jets)




Correlations Part lll; TEECs
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-025/

Correlations Part 1V: Isolate the Physics ;

gé_ ATLAS Simulation
Important: isolate F
effects with different :
physical origin iy
3t
Tool: Lund plane to L
Categorlze a” hard E A Particle-level Emission
Spllttlngs at Once 15_ \V4 Detector-level Emission
O T e e

In(R/AR)

[Dreyer, Salam, Soyez, JHEP 12 (2018) 064]



Phys. Rev. Lett. 124, 222002 (2020

Correlations Part 1V: Isolate the Physics

<
— = 6 ATLAS Simulation
j 1 B Pythia 8 Lund Plane Event Display

ST

A

gl

ol

/2 : A Particle-level Emission

11—
B \V4 Detector-level Emission

O_Illlllllll|||||||||||||||||||||||||||||||||||||||
O 05 1 1.5 2 25 3 35 4 45 5

In(R/AR)

Z = j1 momentum fraction of |

AR = angle between j1 and jo
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Correlations Part 1V: Isolate the Physics

<
— = 6 ATLAS Simulation
j 1 B Pythia 8 Lund Plane Event Display
51
A
\ 3__
ol
/2 : A Particle-level Emission
11—
B \V4 Detector-level Emission
O_Illlllllll|||||||||||||||||||||||||||||||||||||||
0O 05 1 1.5 2 25 3 35 4 45 5
In(R/AR)

Z = j1 momentum fraction of |

AR = angle between j1 and jo
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Correlations Part 1V: Isolate the Physics

/2 — —
u I
= s ATLAS Simulation
‘ B Pythia 8 Lund Plane Event Display
C -
. 5|
J1 45
J i e
ol
i A Particle-level Emission
11—
B \V4 Detector-level Emission
O_Illlllllll|||||||||||||||||||||||||||II|IIII|||||
0 0.5 1 1.5 2 25 3 35 4 45 5

In(R/AR)

Z = j1 momentum fraction of |

AR = angle between j1 and jo
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Correlations Part 1V: Isolate the Physics

<
— = 6 ATLAS Simulation
B Pythia 8 Lund Plane Event Display
1 B
J 13 .
(] B
. n
4_
J2 -
j i .
ol
B A Particle-level Emission
11—
B \V4 Detector-level Emission
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In(R/AR)

Z = j1 momentum fraction of |

AR = angle between j1 and jo
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Correlations Part 1V: Isolate the Physics

<
= s ATLAS Simulation
. B Pythia 8 Lund Plane Event Display
J1 B
d 5 X
\ —
J2 -
41—
J i e
ol
i A Particle-level Emission
11—
B \V4 Detector-level Emission
O_Illlllllll|||||||||||||||||II|III||||||||||||||||
0 0.5 1 1.5 2 25 3 35 4 45 5

In(R/AR)

Z = j1 momentum fraction of |

AR = angle between j1 and jo
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Correlations Part 1V: Isolate the Physics \

N F
N T s ATLAS Simulation
: B Pythia 8 Lund Plane Event Display
c -
< LA X
al—
3 i
ol
B A Particle-level Emission
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B \V4 Detector-level Emission
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In(R/AR)

IN(R/AR)

Factorize physical processes!
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Correlations Part 1V: Isolate the Physics

A

)

First measurement
of the Lund jet plane!

core
T

Generic quark + gluon jets

emission
+

O ...powerful tool for
- isolating hadronization,
& parton shower effects,

and fixed-order effects

Z

—h
<
|

(1N ) PNoiggions / | din(1/2) din(R/AR) )

Key experimental
challenge:

lllIlIIIIlIII

0 05 1 15 2 25 3 I%?R/KR) tracking inside dense

e EmeT= environments
AR = AR(emission, core)



Ratio to Data

Ratio to Data

Vs =13 TeV, 139 fb™
0.97 <In(1/z) <1.25

‘resummation”
region

. I.IIII§;II|III|III|III|III|III|III|III|III|I
e

. AL

ATLAS Preliminary [T@7] Data

IXEL

L
+

Pythia 8.230

Powheg + Pythia 8.230
Sherpa 2.2.5 (Cluster Had.)
Sherpa 2.2.5 (String Had.)
Herwig 7.1.3 (Dipole Shower)
Herwig 7.1.3 (Angular Shower)

+ .
NP-region

3 35 4 45 5
In(R/AR)

g vs. $3 parton shower

First measurement
of the Lund jet plane!

...powertul tool for
Isolating ,
parton shower effects,

and fixed-order effects

Key experimental
challenge:
tracking inside dense
environments



Correlations Part V: Tracks

Particle-level p

(1/0Cegqum)do/dp

ATLAS Simulation

Vs=13 TeV, 32.9 fb
Calorimeter-based, anti-k R = 0.8
Soft Drop, z = 0.1,p=0

Pythia 8.186

25 -4 35 -3 -25 -2 -15 -1 -05

Detector-level p

1.6~ ATLAS Simulation

C Vs=13TeV, 329 b

:_ Calorimeter-based, anti-k R=0.8
— Soft Drop, z = 0.1,p=0

Calo

==3-- All particles

14
—|— Calorimeter-based

1.2

T pa>300 GeV
| T

—

0.8

0.6

;

0.4

.......

0.2

45 4 -3.5 -3 -25 -2 -15 -1

'O_Iolll

Pr(particle-level | detector-level)

ATLAS Simulation
Vs=13 TeV, 32.9 fb™
Track-based, anti-k, R = 0.8
Soft Drop, z =01,8=0
Pythia 8.186

Particle-level p

Pr(particle-level | detector-level)
PRD 101 (2020) 052007

25 -4 35 -3 -25 -2 -15 -1 -05

Detector-level p

oy pT

0.4

Q@ BT LT LT T T

o] - ATLAS Simulation 7

3 - Vs=13 TeV, 32.9 fo’' --i-- Charged particles - :

° 1.4: Tiack-baZed, anti-k, R=0.8 —}— Track-based ] p IS (|Og)

Ag 1 of-SoftDrop,z_ =0.1,$=0 ] .

e C Pythia8 N

1\? 1_—p%l:dfsooeev TraCkS — Jet maSS
.1 normalized
0.6/ I_,—'_ -

0.2 "

45 -4 35 -3 25 -2 -5 -1 -0.5




Correlations Part V: Tracks

ATLAS Simulation ATLAS Simulation
{s=13 TeV, 32.9 fb™ {s= 13 TeV, 32.9 fb™
Calorimeter-based, anti-k, R =0.8 Track-based, anti-k, R = 0.8
Soft Drop.z =0.1.8=0 Soft Dron.z =0.1.8=0

N
It Is not just about resolution - we have S
rigorous per-track uncertainties, also .
taking into account density effects. S
Eur. Phys. J. C 77 (2017) 673 O
@ 40000F T T T T T T T T T T T —
@ - “e - o
= 350001~ ¢ . = o0
- ATLAS - o
30000F . -
...we do not have : ‘ (s =13 TeV, 32 fo"
25000 . jet =
- . 200 GeV < p_ <400 GeV
the Sdme |eve| Of 20000;_ . « Single-Track Template _E
rigor for calorimeter 150005 ", =Multiple-Track Template 3 )
deposits. 10000= T e 1 is
5000 el ed
w Ly eeees
OO 0.5 1 1.5 2 2.5 3 3.9 4
dE/dx [MeV g cm?]

P p



Correlations Part VI: Machine Learning

Impressive improvements in PSMC. How do we
know the best observables to probe new effects?
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L es Houches, 2003.01700




Correlations Part VI: Machine Learning

Impressive improvements in PSMC. How do we
know the best observables to probe new effects?

1.0 1.0

Answer: s
0.8 4 0.8 4
N use ML! - ~
S S O
I 3 ‘
O O o
E 0.6 - E 0.6 8
) )
> > N
- - N
O 0.4 - D 04 D
L0 g S5
@)
024 DIRE 2.003 024 DIRE 2.003 T
— Particle flow network — Particle flow network \ )
—— Multiplicity — JHEP 01 (2019) 121 — Multiplicity ~JHEP 01 (2019) 121 EIJ
0.0 T T T T 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Efficiency of triple collinear Efficiency of double soft

Maybe not observable?  Should be observable?



Correlations Future

pp —1 —bb

re-showered with Pythia 8, m = 125 GeV

Lo

Colorflow more pronounced when boosted;
— differential measurement (+tagging?)

Other observables: jet substructure correlations
probe non-global effects in a clean way

A. Larkoski, |. Moult, PRD 93, 014012 (2016)
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High energy, hadronic final
states are unique probes
of QCD’s emergent
guantum properties

We need to think now abou

- how we can design

detectors, software, and com

outing

'O ensure future

experiments can expand this growing

ohysics program!







