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Goal: Understanding the details of QCD dynamics

What gets me excited: studying the detailed dynamics of high-energy QCD

As we know, high-energy partons shower
into columanted sprays of hadrons: jets

Emergent QCD dynamics play key role
in jet formation—imprinted directly in
energy pattern within jets

Conclusion: study jet substructure!
(ves this is an instruction)
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How do we understand jet formation?

Capture full jet formation with parton shower programs

e Parton showers rely on factorization
e Oversimplified (LL) case: factorize shower into sequence of 1->2 splittings

e Much recent progress to add other missing (NLL and beyond) pieces,
including spin correlations, 1->3 splittings, ...

Would like to understand first-principles theory, parton shower pheno, and data



Enter: energy-energy correlators

How to think about QCD at the LHC? \ \ )

1. LHC hits the QCD vacuum
with a hammer

2. Detector “photographs”
resulting energy flux

[Caron-Huot Kologlu Kravchuk Meltzer Simmons-Duffin '22]
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What is the camera?

Measure asymptotic energy flux in a given direction Energy part of stress-energy tensor,

in the direction 7)

e To a theorist, this is the “energy flow operator” e(n) = lim 7? /O " dtni Ty, )

e To an experimentalist, this is just an idealized calorimeter cell!
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Building an observable out of cameras

Take same approach as with CMB: correlation functions of cameras!

Place N cameras around the interaction — N-point energy-energy correlator
ENC(le s s ’IA?,N) = <€(’fll) -t E(ﬁN»




Ihr
N-point EECs

N-point EECs (ENCs) measure N-point correlations in energy flow within jets
Clean theoretical structure allows good first-principles understanding

e Leverage powerful theoretical tools (lightray OPE, ...)

e NP corrections relatively straightforward to understand
o

Experimental results also feasible

e Bulk scaling properties for (N=2,3) at CMS yields alphaS with ~4% precision
e Also measurements at ALICE, STAR, as well as LEP experiments
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Projections of the resolved E4C

In general, ENCs live in a (2N-3)-dimensional A
configuration space representing the ¢
relative orientations of the N “cameras”

Problem: the full four-point EEC is a 5D quantity

e Difficult to visualize & interpret
e Forreasonable resolution, measurement >
would need millions of bins! n

Our solution: three geometric subspaces, sensitive to the interesting physics
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The “tripole”

Fix three of the four points, and allow the
fourth to float freely, probing the effective
field from the fixed points

TS0 <05 00 05 10
Numerical result in N=4 sYM
Based on calculation from Chicherin et al.
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https://arxiv.org/abs/2401.06463

IMir
The “dipole”

Probe effective interaction between two
QCD dipoles, with the scale r controlling
the propagation distance between them

R

. . 1 e _e . . 1 " e e
-0.5 0.0

Numerical result in N=4 sYM

Based on calculation from Chicherin et al.

0.5 -
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https://arxiv.org/abs/2401.06463
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The “dipole”

Probe effective interaction between two
QCD dipoles, with the scale r controlling
the propagation distance between them

In small r limit, factorizes as (1->3) x (1->2)

+ 3
§ 1
g v 4 ;
h,h h,h
5—(12)34 P(12)—>12

. . 1 e _e . . 1 " e e
-0.5 0.0

Numerical result in N=4 sYM

Based on calculation from Chicherin et al.

0.5 -
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https://arxiv.org/abs/2401.06463
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The “tee”

Study azimuthal correlations in energy flow
via the relative orientations of the two legs

R

//\

-0.5 0.0 0.5

Numerical result in N=4 sYM
Based on calculation from Chicherin et al.
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https://arxiv.org/abs/2401.06463
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The “tee”

Study azimuthal correlations in energy flow
via the relative orientations of the two legs

In small r limit, factorizes as (1->2) x (1->3)

h,h'
P(132)—>132

o

rh,h’
Hs—>(132)4

-0.5 0.0

Numerical result in N=4 sYM

Based on calculation from Chicherin et al.

0.5
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https://arxiv.org/abs/2401.06463
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Calculation in iterated limits: tee configuration

Sub-collinear limit of r << 1 allows

Ph’h' 1 calculation from the 2-point and 3-point
(132)—132 » splitting tensors
s & 1
Tree-level QCD
nd _4 (Oé —I— /B COS [2¢]) Leading power in r
N\ : rdrdg T
5 ' R
h.h! :
g, 132)4 ;
> 4
Use splitting functions, tensors from Catani & Grazzini [1], [2], 17

and Campbell & Glover [3], and Del Duca et al. [4], [5]


https://arxiv.org/abs/hep-ph/9908523
https://arxiv.org/abs/hep-ph/9810389
https://arxiv.org/abs/hep-ph/9710255
https://arxiv.org/abs/2007.05345
https://arxiv.org/abs/1912.06425
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Calculation in iterated limits: tee configuration

Quark Jet
RL=1.0
pT = 500

101C

10°

108

180°

107

106

Sub-collinear limit of r << 1 allows
calculation from the 2-point and 3-point
splitting tensors

dX 1
rdrdgp r?
Dominated by collinear pole

(o + B cos [2¢]) [ingmmern:
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Calculation in iterated limits: tee configuration

Quark Jet Modulation
RL=1.0
pT = 500

1.04

1.02

1.00

0.98

0.96

270°

Sub-collinear limit of r << 1 allows
calculation from the 2-point and 3-point
splitting tensors

dz 1 Tree-level QCD
rdrdg ~ 7a (ot Beos(2g]) EER,

Dominated by collinear pole

Azimuthal modulation is O(5%)

B/

Quark jet 56%

Gluon jet 5.3% 19
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Phenomenology of the tee configuration

102

MC prediction qualitatively very
similar to first-principles calculation

Tee configuration
Herwig Z+q
pr' > 800

0.4<R<0.5

o) (normalized)

10

dN
rd(r)d

10°
180 0°

102

270°

10°°

v
>
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Phenomenology of the tee configuration

] — 100 < pr [GeV] <200
MC prediction qualitatively very g OALRT08 | | aoch oo cooof
. | t f t . . | | | . g Tee configuration 4+ 300<pr [GeV] <500 -
simiiar to 1irst-principies caicu ation 5 10 Herwig Z+q + 500 <pr [GeV] <800
£ - ———— - 800<pr[GeV]
: . 8 T e
Integration over phi reveals - —i
: 102} e .
expected power-law trend, with == -
extra anomalous piece from : =
] 10" e E
resummation : — ‘
i < 1 ety
10%F dr  paté t:; = 9
'Y E3C inside E4C! i
— o —
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Phenomenology of the tee configuration

T T 1 N00¢pr[Gev) <200 |
MC prediction qualitatively very § 1.6:— T L e :zgg{
similar to first-principles calculation 5,3 |=F i
Integration over phi reveals 1'4: ==
expected power-law trend, with i == i
extra anomalous piece from - =
resummation A EE;:
Azimuthal modulation at large r is j f:: e
O(40%), compared to O(5%) %31 1080 <r< .00 T L ]
prediction - kinematic power  |Rewigze M
corrections dominate! e s e i T e
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Spin correlations?

There are two spin correlations effects in MC:

S A A T Gluon splittings in the hard collinear limit, and
8 110 1 e The emission of very soft gluons
£ I 7 Herwig Z+glu| |
Toosf | | | | 1 1 Soft correlations have a much larger effect in both
HSisc===-100 | Pythia8 (CP5) and Herwig7 (CH3) parton showers
2 1.00 = 1= '
' T e . .
2% TiE ] Only Herwig allows us to disable both effects,
0.95F T —1 = . .
1 T g 1 turning the gluon into a scalar
[0 -+ 100 < pr <200 [GeV] I (I~
0.90 + 200<pr< Ge! = . .
: + 300 < < 500 0oV | The impact on the observable is O(5%) - much
E 500 < pt < 800 [GeV] 4
0.85]  Eflcpr el 1 less than kinematic power corrections!
00 02 04 06 08 10 Tz 14 16

Need full understanding of kinematics first -
won’t be correct in (1->2) parton showers! 23
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Analysis setup

1. Consider ISR jets in Drell-Yan events [2018 data; 13 TeV, 59.5 fb*-1]

e Trigger on Z to dimuon decays
e \eto diboson and ttbar backgrounds with third-lepton and double-b vetoes

2. Compute EECs on all jets

e Reconstruct large anti-kt jets with radius parameter 0.8
e In order to benefit from excellent resolution of CMS tracker, consider only
charged jet constituents for EEC computation

3. Perform unfolding for comparison with theory and parton shower models

Lots of technical details | skip over - ask me!



I I I i I- Configuration Num bins CMS 4
. . . Tee 2,300 / .
Likelihood-based unfolding  piece 2300
Triangle 9,332

Correct for detector effects and backgrounds with unfolding

e Large number of bins and strong statistical correlations pose problems for

traditional frameworks
e \We have developed a custom likelihood-based unfolding framework - runs on

GPU with analytic gradients & hessians from PyTorch

Gaussian constraints on
nuisance parameters

e Unfolding posed as maximum likelihood problem:

1 . S5 T vr—1 /5 — L =
—log L = 5 (YPred = Yobs) V;J : (YPred — Yobs ) 2|‘9‘2

Squared error between observed and predicted detector-level 26
distributions, taking into account nontrivial covariance



Systematic uncertainties

CMS

; 50 < Pt < 150 150 < pit
eI R Tee Dipqz)lc Triangle | Tee DipoleT Triangle
Jet energy scale 1.4% 1.0% 1.1% 0.6% 0.8% 0.7%
Jet energy resolution 0.3% 0.2% 0.5% <1073 | 0.1% 0.2%
Tracking efficiency 0.3% 0.5% 1.6% 0.2% 0.4% 0.9%
Soft tracking 0.4% 0.8% 3.0% 0.3% 0.9% 2.0%
Jet core tracking 1.3% 0.6% 1.3% 2.2% 0.5% 0.8%
Track energy scale £107° | <1079 | <10~° 47 | 2 10~Y | «de=
Pileup rate <107 | <d0* | =l | <10 | <107 | <10+
Hard scatter scale+PDFs L1070 | <H0Z | €102 | <10° | <1072 | <107°
Shower, ISR, FSR scales £ 107° | €107 | 107" | 1070 |2 10° | 1"
Muon reconstruction and ID | <107% | <107% | <107% | <107% | <107 | <10°°
Stat 1.1% 1.9% 5.2% 4.1% 6.6% 14%
Total 2.6% 2.6% 7.1% 4.9% 6.8% 15%

Bin-averaged uncertainty contributions on unfolded results

27




Uncertainty budget

; 50 < Pt < 150 150 < pit
eI R Tee DipT;)le Triangle | Tee DipolcT Triangle
Jet energy scale 1.4% 1.0% 1.1% 0.6% 0.8% 0.7%
Jet energy resolution 0.3% 0.2% 0.5% <1073 | 0.1% 0.2%
Tracking efficiency 0.3% 0.5% 1.6% 0.2% 0.4% 0.9%
Soft tracking 0.4% 0.8% 3.0% 0.3% 0.9% 2.0%
Jet core tracking 1.3% 0.6% 1.3% 2.2% 0.5% 0.8%
Track energy scale £107° | <1079 | <10~° 47 | 2 10~Y | «de=
Pileup rate <107 | <d0* | =l | <10 | <107 | <10+
Hard scatter scale+PDF's < 1070 | <1072 | <102 <2 | 2 | <A
Shower, ISR, FSR scales £ 107° | €107 | 107" | 1070 |2 10° | 1"
Muon reconstruction and ID | <1076 | <1076 | <1076 | <1076 | <1076 | <10~6
Stat 1.1% 1.9% 5.2% 4.1% 6.6% 14%
Total 2.6% 2.6% 7.1% 9% 6.8% 5%

Bin-averaged uncertainty contributions on unfolded results

CMS

Stat uncertainties
dominate at high
jet momentum

28
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Uncertainty budget

Systematic uncertainties
important at lower jet pT,
particularly JES, tracking

; 50 < Pt < 150 150 < pit
UnCantinriy B Tee Dipqz)le Triangle | Tee DipolcT Triangle
Jet energy scale 1.4% 1.0% 1.1% 0.6% 0.8% 0.7%
Jet energy resolution 0.3% 0.2% 0.5% <1073 | 0.1% 0.2%
Tracking efficiency 0.3% 0.5% 1.6% 0.2% 0.4% 0.9%
Soft tracking 0.4% 0.8% 3.0% 0.3% 0.9% 2.0%
Jet core tracking 1.3% 0.6% 1.3% 2.2% 0.5% 0.8%
Track energy scale £107° | <107 | <10~° 47 | 2 10~Y | «de=
Pileup rate <107 | <d0* | =l | <10 | <107 | <10+
Hard scatter scale+PDF's < 1070 | <1072 | <102 <2 | 2 | <A
Shower, ISR, FSR scales £ 107° | €107 | 107" | 1070 |2 10° | 1"
Muon reconstruction and ID | <1076 | <1076 | <1076 | <1076 | <1076 | <10~6
Stat 1.1% 1.9% 5.2% 4.1% 6.6% 14%
Total 2.6% 2.6% 7.1% 9% 6.8% 5%

Bin-averaged uncertainty contributions on unfolded results

CMS

Stat uncertainties
dominate at high
jet momentum

29



Results: triangle
configuration

CMS

30




CMS

i
Unfolded data

CMS Preliminary 59.5 fb~' (13 TeV) ] § CMS Preliminary 59.5 fb~' (13 TeV) ] §
jet 7 (_; (—;
50 < pr <90 . £ &
0.4<R<05 45 o 100 2
0<r<i5 1 = A
© -©-
i3 32
El

180 00

270°

270°

Collinear poles reveal the 3-4-5 triangle of the fixed points 31



Results: dipole
configuration

CMS




i
Unfolded data

CMS Preliminary 59.5 fo~! (13 TeV)

50 < ' <90

0.4<R<05 45°

18

270°

Measurement is only in first quadrant,
and copied three times for visualization

1071

(normalized)

dN
rd(r)d(¢)

1807

CMS Preliminary

P! > 400
0.4<R<0.5

&=

59.5 fb~! (13 TeV)

Distributions are dominated by collinear poles at r—0 and r—1, $—0

|

10°

CMS

(normalized)

dN
rd(nd(¢)

33
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Unfolded dipole: comparison with MC models

1.4
CMS Preliminary 59.5 fb~! (13 TeV) o CMS Preliminary 59.5 fb~! (13 TeV)
O
50 < p¥' <90 13< 50 < p' <90
0.4<R<0.5 45° T 0.4<R<0.5 45°
>.
120
| ©
1.0 ] © 140
- [m)]
7 1.1
1809 = 0° 1.0 180° 0°
Ho.9

Measurement is only in first quadrant, ~ 270° 9B
and copied three times for visualization :

PYthia Opposite trends in Pythia vs Herwig! Herwig

270°

1.4

—_
—_

1.0

0.9

0.6

34




Results: tee
configuration

CMS

35
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Unfolded data

CMS Preliminary 59.5 fb~! (13 TeV)

50 < p¥' <90
0.4<R<0.5

45°

1807 0°

270°
Measurement is only in first quadrant,
and copied three times for visualization

¢

tiot 8 CMS Preliminary 59.5 fb~1 (13 TeV)
. . e |
= ' > 400
S 0.4<R<05
©
52
i 1.0
100
1807 0°

107!

270°

Distributions are dominated by triple-collinear pole at r—0

CMS

10'

(normalized)

dN
rd(r)d(¢)

36
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Unfolded tee: integrated over phi

0 (normalized)

dN
rd(r

—_
(@]
W

102

10°

107"k

CMS Preliminary
=T T T T

> A

101

R R

50 < pr< 90 GeV
90< pr< 150 GeV
150 < p7< 250 GeV
250 < pr< 400 GeV
400 < pr GeV

! . |

59.5 fo~' (13 TeV)
il N LR L

0.4<R<0.5

E3C inside W
E4C! =

101

Measure power-law scaling of the
tee collinear pole by integrating
over phi

In perturbative region observe
power-law scaling with anomalous
exponent which runs with strong
coupling

In small-angle region observe
breakdown of power-law scaling
due to confinement/hadronization

CMS
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Unfolded tee: comparison with MC models (1)

CMS Preliminary 59.5 fb~! (13 TeV)

50 < p¥' <90
0.4<R<0.5

180° 0°

270°

Pythia Disagreement is

— -
w >

|
w
Data/PYTHIA (CP5)

MR |
Yy
.—L

0.6

mostly radial

1807

CMS Preliminary

50 < p¥' <90
0.4<R<0.5

1.4

59.5 fb~! (13 TeV)

45°

270°
0.6

Herwig
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Unfolded tee: comparison with MC models (2)

Data/PYTHIA (CP5)

0.9

0.8

0.7h

—_
N
T

Data/HERWIG (CH3)

—_
(=]
T T T

CMS Preliminary 59.5fb~! (13 TeV)
— T ¢ T T [ = ¢ ¢ [ ¢ & b [ !
I -+ 50<pr<90 GeV

- 90< pr< 150 GeV

i + 150<pr<250 GeV |

— 4 . + 250 < pr <400 GeV |
Disa |
I)onpgl'ee'h —_— i
Q, eng - 4
(Smay, ,;’Zrba,i i - + ]
- i L.

ﬁL | + !

I Ratio almost flat at large r; 1
good agreement on 1
nonperturbative slope

0.4<R<0.5
L P P P R R ST
0.0 0.2 0.4 0.6 0.8 1.0

Pythia

—_

0.9

0.8

0.7h

CMS

59.5 fb~' (13 TeV)

5 CMS Preliminary
— T T

[
0.4<R<05

jLiﬁ; B

e
T

—_
(=]
T T

e -

Ratio almost flat at —+— ——
small r; good agreement
I in nonperturbative regime

I Pe Sag,-eem

L+ 50<pT<90 GeV tury, ati, ent iy,
90 < pr< 150 GeV € Slopg

150 < p7< 250 GeV

| L . L ] . . . ]

-+

| 4 250 < pr <400 GeV
| L L L L
0.0

Herwig

R ; s s
0.2 0.4 0.6 0.8 1.0

39




U
Unfolded tee:

Data/PYTHIA (CP5)

comparison with MC models (3)

CMS

i CMS Preliminary 59.5f" (13TeV) CMS Preliminary 59.5 b1 (13 TeV)
| I LR AL L L B AL AU AL B -3 L T I A AL L
|+ 50<pr<90 GeV 04<R<05 |E | 50<pr<90 GeV -
1.4 90 < pr < 150 GeV 0.80<r<1.00 =4 90 <pr <150 GeV |
-+ 150 < pr <250 GeV 12 | ~+ 150 <p7<250 GeV |
13 + 250<pr<400 GeV 1543k + 250 < pr <400 GeV ]
i 1T _ ]
1ol sication that HETE, ]
[ : : s\‘\%:‘r:; ates magn' :
1.1 4 11F " \ar mod“‘aﬂon ]
| ] JdF angu = + ]
i + ] i —r— ]
1.0f---====4 e {4 e 1 1.0} gl e i S f——*
L :tF: ] L I T 1
I + ] i Y T . .
0.9} 4 o09f .
. 8:~ Pythia accurately describes 4 i
°f angular trend ] 0'8:_ ooé%<<?<<1()§0 1
0 7: P R IR R B M R R R RV ‘: 0 7: P YO (TR AU MU MU ST NS NS S
700 02 04 06 08 1.0 1.2 1.4 1.6 700 02 04 06 08 1.0 12 1.4 16
¢ ¢
Pythia Herwig 40



Conclusions

CMS
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Conclusions

We have developed new projections of the resolved E4C, sensitive to various kinematic and
factorization regimes

These observables are:

e Sensitive to important pieces of the parton shower modeling
e Tractable from first-principles
e Experimentally realizable

Run-2 (2018) data from CMS is unfolded to generator-level, and compared with Pythia (CP5)
and Herwig (CH3) parton showers

Neither generator describes the data well - Herwig has a better description of highly-collinear
features, while Pythia has better agreement for wide-angle radiation

More work is needed to fully understand these features *



Thank you!!

I've been Simon Rothman
srothman@mit.edu

Questions? Suggestions?
Soooo0 many details | had to skip.
Please ask me!
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N-point QCD with energy-energy correlators

e Full resolved E3C has already been calculated in QCD (Yang&Zhang)

e However, resolved features in the E3C are suppressed by cancellations

U

46


https://arxiv.org/abs/2208.01051

IMir YO

N-point QCD with energy-energy correlators

e Full resolved E3C has already been calculated in full in QCD (citations?)

e However, resolved features in the E3C are suppressed by cancellations

e \We turn to the four-point EEC, where _
] ) New diagrams
new diagrams break the cancellation not symmetric!

%
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Calculation in iterated limits

Consider the case where some M out of the N points in the EEC
are hierarchically more collinear than the others

The collinear piece of the EEC factorizes into a polarized splitting tensor (H),
and the splitting function (P)

This allows calculation of the tee and dipole, in the limit r << R

7 2 2

s st

: = hh' hh'
Pj—1234 Hj——>(12)34 P(12)->12

- W N

48
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Calculation in iterated limits

Consider the case where some M out of the N points in the EEC
are hierarchically more collinear than the others

The collinear piece of the EEC factorizes into a polarized splitting tensor (H),
and the splitting function (P)

At leading power, one obtains for the E4C.:

- 5 3 a; + 5 cos(2¢
G, m(E(Ti1) - - E(Tia)); = ca (29°) ;38-251\]4 7-21\5_2) -

49
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Calculation in iterated limits

Consider the case where some M out of the N points in the EEC
are hierarchically more collinear than the others

The collinear piece of the EEC factorizes into a polarized splitting tensor (H),
and the splitting function (P)

At leading power, one obtains for the E4C.:

Rotation of the collinear
subset with respect to the
total configuration

. - 3 a; + B; cos(2¢
G, m(E(Ti1) - - E(Tia)); = ca (29°) }338-2%4 rzA(J__zb =

50
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Calculation in iterated limits

Consider the case where some M out of the N points in the EEC
are hierarchically more collinear than the others

The collinear piece of the EEC factorizes into a polarized splitting tensor (H),
and the splitting function (P)

At leading power, one obtains for the E4C:

Rotation of the collinear
subset with respect to the

Pure numbers, depending total configuration

only on the configuration

. - 3|lai|-H B;lcos(2¢
G, m(E(Ti1) - - E(Tia)); = ca (29°) }328-2%4 7-21\(4__2]) =

51
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Calculation in iterated limits

Consider the case where some M out of the N points in the EEC
are hierarchically more collinear than the others

The collinear piece of the EEC factorizes into a polarized splitting tensor (H),
and the splitting function (P)

At leading power, one obtains for the E4C:

Rotation of the collinear
subset with respect to the
total configuration

Bj cos(m |

- % 3| x5
Cgl,... ,M<g(’n1) o 5(n4))3 = C4 (292) J8—2 7‘2M—2

Overall angular scale 52

Pure numbers, depending
only on the configuration
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Calculation in iterated limits

Consider the case where some M out of the N points in the EEC
are hierarchically more collinear than the others

The collinear piece of the EEC factorizes into a polarized splitting tensor (H),
and the splitting function (P)

At leading power, one obtains for the E4C:

Rotation of the collinear
subset with respect to the

Pure numbers, depending total configuration

only on the configuration

G (E(L) - E(a)); = ea (20%)

Overall angular scale

Scale of the factorized

sub-collinear set 53
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Measuring E4Cs

e EA4C calculation is combinatorial loop over all 4-tuples of jet constituents

o Resulting histogram is binned in the (5-dimensional) relative directions of the track momenta
o Entries are weighted by the track momenta, relative to the jet momentum

' X )
dotl P%f)PSZ)P%)P(T)(S@,, &)
R Get)\ * =
i,j,k,l€jet (p”.l]“ >

54
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Measuring E4Cs

e EA4C calculation is combinatorial loop over all 4-tuples of jet constituents

o Resulting histogram is binned in the (5-dimensional) relative directions of the track momenta
o Entries are weighted by the track momenta, relative to the jet momentum

' X )
dotl P%f)PSZ)P%)P(T)(S@,, &)
R Get)\ * =
i,j,k,l€jet (p”.l]“ >

e Subspaces (tee, dipole, triangle) pick out O(1%) of the 4-tuples

ol 0,000

s y PrPT PT PT 5033 — 3)8(C)yyy € subspace)
. 4 ijkl ijkl P

d() i,j klciet < p get) )
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MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

56
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MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

1. [1,2,3,4]isnotadipole

57
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MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

2. [1,2,3,5]isnot adipole

58
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MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

3. [1,2,4,5]isnot adipole

59
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MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

4. [1,3,4,5]1is adipole

60



IMir YO

MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

E
E, ‘D 4. [1, 3,4, 5]1s adipole -> fill histogram
e__ . a. R=R,
h ‘.83{~ E bt :.R35/R14
E 4 Sy c. phi = angle between (35) and (14)
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MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

5. [2, 3,4, 5] isnot adipole
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MeaSU nng fOU r'p0|nt EECS “Dipole” = two pairs with

common midpoint

Eg take a five-particle jet...

In general jets have many more than five particles
e Have to check (N choose 4) quadruples of particles
e On average a few percent pass the tee or dipole selections
e Each jet can fill combinatorially many bins at once
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HIT
The “tripole”
Fix three of the four points, and allow the

fourth to float freely, probing the effective
field from the fixed points

Sensitive to the structure of the
four-point splitting function

TS0 <05 00 05 10
Numerical result in N=4 sYM
Based on calculation from Chicherin et al.
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https://arxiv.org/abs/2401.06463

IMir YO

Dipole: hadronization

[V
L
o
Dipole configuration 25 5
Pythia Z+q ﬁ
100< p' < 200 s
0.4<R<0.5 720 £
1.0 ] £
1°z Effect is only in
(- R C . _ L]
. o | do 8 hlghly collinear
: 1 < region
Jos B
| T

270°

65



Dipole: quark vs gluon jets

1807

Dipole configuration
Pythia

100 < p¥' < 200
0.4<R<0.5

270°

Oo

1.0

YO

Probe different anomalous
dimensions -> the collinear
poles have different slopes
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Dipole: Pythia vs Herwig

Dipole configuration
Z+glu

100< ' < 200
04<R<05

180

270°

YO

i
S

Pythia / Herwig

Strong disagreement about
relative treatment of the two
Ly collinear poles
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Tee: hadronization

3.0

Tee configuration
Pythia Z+q

100 < p¥' < 200
0.4<R<0.5

2.5

180

-0.5

270°

-1.0

Hadronization ON / Hadronization OFF

YO

Hadronization only important at
small angles

Angular scale of NP effects
inversely related to jet pT

68



IMir YO

Tee: hadronization

6 ™ - — T
- -+ pr<100 [GeV]
i 0.4¢ R < 0.5_ 100 < p7 < 200 [GeV] T
I Tee conﬁguratnon 4+ 200 <pr <300 [GeV] |
5| Pythia Z+q 4+ 300<pr <500 [GeV]
i -+ 500 < pr <800 [GeV] ]|
-+ 800<pr[GeV]

Hadronization only important at
small angles

Hadronization ON / Hadronization OFF
.T
1

N
—TTT
|

Angular scale of NP effects
e 1 inversely related to jet pT
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Tee: quark vs gluon jets

Z+glu/ Z+q
N
5

n
=
S

1.76

1.50

1.256

1.00F

0.75

0.50

b+

T T T T —T T
- 100 < pr <200 [GeV] B
200 < pr < 300 [GeV] o &
300 < pr < 500 [GeV] B
500 < pr < 800 [GeV] =
800 < pt [GeV] i [ 1], 47T
ST t
= T J
‘le; |
— |

0.4<R<0.5
Tee configuration
Pythia

-
10°

N
o

Z+glu/ Z+q
N
o

0.8}

—_
(o]
T T

1.6]
1.4}

1.2}

1.0

0.6}

-+ 100 < pr < 200 [GeV] TS
L~ 200 <pr<300[GeV] Pngs

[ -+ 300<pr<500[GeV] “+ al

L 4 500<pr <800 [GeV] =adll i‘#& ]

[+ 800<pr[GeV] :g#::fi N ]

==au | +

=+ i

= |

» o i

I — 04<R<0.5]| |

- Tee configuration|

Herwig | -

PR | P | :

10— 10°
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Tee: Parton shower modeling

: : - —
Pythia & Herwig have totally 2 L 04<R<05] |
different parton showers :‘E“o-—+——'— T C°”f'9“’a§32 -
. c s 1 ———— R S ~
(dipole vs angular ordered) s _}__H_ﬁiL
Predict different scaling w.r.t. r . ——+ { | (o ]
i N PP 3
Difference in modeling ~consistent 3 | +7:|:+ 4;;5534 il -
w.r.t. Jet pT in Z+q o8- n “T;::* i
Pythia appears to do something j T IHT ]
. . 0.7l T 100<pr<200[GeV] L LT 4
wacky in Z+glu -> disagreement [+ 200<pr <300 (GeV]
. . | -+ 300 <pr <500 [GeV]
scales strongly with jet pT |+ 500<pr <800 GeV]
L+ 8.00<pT.[Ge\./] ) 1 1




Tee: Parton shower modeling

Pythia & Herwig have totally
different parton showers
(dipole vs angular ordered)

Predict different scaling w.r.t. r

Difference in modeling ~consistent
w.r.t. Jet pT in Z+q

Pythia appears to do something
wacky in Z+glu -> disagreement
scales strongly with jet pT

-
—

Pythia / Herwig

o
©

0.7

-
o
T

05}

I —_— :
..i:I:*..;+ __________________ a
———— ' —¢—+ 1
I =F e
L Sl i
- | t s +‘ —
i —1 | + . g
I . s |
I s il
5 . ty 1
; ﬂ«%ﬂ, 1E
i T 1 =L _‘i{+ ‘+-<>-+ :
[+ 100<pr <200 [GeV] + _
[ 1 200 < pt< 300 [GeV] 04<R<05 NEREs ]
-+ 300<pr<500[GeV] Tee configuration .
-+ 500<pr <800 [GeV] Z+glu 1] | ]
+ 800<pr[GeV]
1 1 il L L L I L L L L I
101 10°



I
Spin correlations
Strategy: explicitly check correlations in

subsequent splitting planes

Study first two splittings in parton shower tee

e Initial parton = hardest parton near leading jet
e Reject events where first two splittings are not 1->2

Define splitting planes as cross-product
of daughter three-momenta, ordered by pT

Measure angle between splittings with dot product

YO
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Inclusive spin correlations

x1010
z § i Herwig Z+q —{-l Herwig Z+é1; default l =]¢= |
=1 2; Inclusive ~+  Herwig Z+q; no hard spin corr. ]
5. - -+ Herwig Z+q; no soft spin corr. i
[ -+ Herwig Z+q; no spin corr.
5.0 .
il —— 1 “Hard spin correlations” cancel
} ] between g->gg and g->qq
4.6__ + + $ o I ‘ =4 —
- : : g } H ¥ P — o TR i
: S ' Soft effect is still very large
4.4 : . ; ‘ : N —_— 7] y g
o F E } C : ————
= [
= _
?“ 1.1 -
T | —
© e
1.0 + +
——
l I | [ I l [
0.0 0.5 1.0 1.5 2.0 2.5 3.0
|AY|
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Hard spin correlations: g->gg

B T e e L o o e e o e e
zIz - - Pythia Z+glu; default
° [ ! {- Pythia Z+glu; no hard spin corr. |

2.7 ‘ .
Pick out g->g (g->gg) to break [ |
cancellation -> hard spin 2o
correlations effect is O(3%) |

Distribution is still not flat - this 24l [Pythia Z+glu ' | :
.. : - |9—-9(3—-99) ]
is influence of soft correlations! . T B e N
£1.025 \ =
:fmooj
§0.975} .
° N P TPEEPE B I PSRRI PSP (P
0.0 0.5 1.0 1.5 2.0 2.5 3.0

|yl



Soft spin correlations: g->gg

x1010

default/MC
- n
(62} o

T

S S S S B S S B s e
-+ Herwig Z+glu; default ——

~ Herwig Z+glu; no hard spin corr.

+-  Herwig Z+glu; no soft spin corr.

Herwig Z+glu; no spin corr.

7 et — Herwig Z+glu
T = = 9-9(9-99)| 7

T RIS VY SV T W PR T I U AL M D TANVY N (SN SO L A |
LEE [ N S E PR NS L N s BN BEE SR N FINL I RN R D

(T |
LS LT

—_
o

.0'0, Filke 10'51 o 11-01 rRY .1'5. - ,2'0, A .2'5, - .30. .

Ay

YO

Herwig also allows toggling of
soft spin correlations

Soft effect much larger

Disabling both effectively
converts gluon into a scalar
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measurement

CMS
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Technical detall: Statistical uncertainties (1)

e Statistical treatment is highly nontrivial

o Each event contributes many jets
o Each jet contributes many EEC bins

e Incorrect to treat each bin as an
independent poisson rv

. &
e Instead, must track explicit covariance V, = —»(%1 (—»(’L))
matrix 1
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Mir =
Statistical uncertainties (2)
1.00 =
e Statistical treatment is highly nontrivi gm; [Teeco'nﬁguraﬁo,', 2 . ;
o Each event contributes many jets g  [fervio 2+ ' s
o Each jet contributes many EEC bins S Joso %
~ 4000} - i s
® . )
o & (0]
. ® 1025 N
e Incorrect to treat each bin as an S ool 1] 5
independent poisson rv i Jooo g
5
2000} 1 | {025 &
e |Instead, must track explicit covariand ) 1 £
. —-0.50 O
matrix 1000} 1 B
I -0.75
e
00 1000 2000 3000 4000 5000 -1.00

pjft@R@r@d) bin index
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Estimating per-particle detector effects

E4Cs defined on 4-tuples of jet constituents

L need treatment of systematic effects on the level of individual particles!

Strategy: estimate with MC via
greedy kinematic fit

1.  Open a (pT-dependent) dR cone around each

generator-level particle B
ARpog < 0 X A+ —
pr

2. Select “best” match with chi2 likelihood

(gen) _  (reco) 2 (gen) __ ,,(reco) 2 (gen) __ 4(reco)
XZZ(pT Pr >+(77 U )+(¢ ¢ )

Opr On 0¢

2

3. Repeat for all gen particles, descending in pT

Lots more detail in backup

CMS




Unfolding: detector model

il i \ i
y_@+Rﬁé*




Unfolding: detector model

Template for
unreconstructed
background at
generator-level

il i\ id [ (1 [ ~iN 2il
y' = (1+ Ry T | (1-G2) 5




Unfolding: detector model

Template for
unreconstructed
background at
generator-level

z’ i \ i N g

— L4 —

Transfer
Matrix



Unfolding: detector model

S
|

Template for
background at
detector-level

1 +

R

2

—

0,

L)
4

Template for

unreconstructed
background at
generator-level

1 — |G

Transfer

Matrix

0.

5]’
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Unfolding: detector model

S
|

Template for
background at
detector-level

1 +

R

2

—

0,

L)
4

Template for

unreconstructed
background at
generator-level

1 — |G

Transfer

Matrix

0.

5]’
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Unfolding: detector model

S
|

Nuisances:

Template for
background at
detector-level

1 +

2

R

—

0

Ty

Transfer

Matrix

Template for

unreconstructed
background at
generator-level

J

1 —|Gq

—

0

5]’
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Unfolding: running the fit

e The detector model and likelihood are implemented in PyTorch

e PyTorch autograd gives access to analytic gradients and hessians, allowing

us to run traditional first- or second-order minimizers

o Find best performance from I-bfgs algorithm, trust-ncg also good
o  Full nonlinear fit runs on GPU in 10s of seconds

e Covariance matrix on unfolded result and nuisance parameters is evaluated

by inverting the Hessian at the minimum

o Systematic uncertainties appear as linear modifications of the detector model
o The full systematic uncertainties are obtained analytically from the inverse Hessian,
including all bin-to-bin correlations
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Modeling uncertainty

Two potential sources of modeling uncertainty:

1. LO MC mismodels event kinematics by as much as ~30%

Cross-check: derive detector model, reweighting to match data Z pt spectrum,
and attempt to unfold nominal MC with reweighted detector model

Configuration

| Event kinematics closure

| Parton shower & hadronization closure

[CMS,

Tee [460 bins|
Dipole [460 bins]
Triangle [1716 bins]

Ax =23
Ax? =14
Ax? =160

Ax* =24
Ax? = 46
Ax? =240
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Modeling uncertainty

Two potential sources of modeling uncertainty:

1. LO MC mismodels event kinematics by as much as ~30%

Cross-check: derive detector model, reweighting to match data Z pt spectrum,

and attempt to unfold nominal MC with reweighted detector model

CMS,

2. Detector model is derived in MC with Pythia CP5 tune - do we impose a “Pythia prior”?

Cross-check: attempt to unfold reco distribution from Herwig CH3

Configuration | Event kinematics closure | Parton shower & hadronization closure
Tee [460 bins] Ax* =23 Ay =24

Dipole [460 bins] Ax? =14 Ax? =46

Triangle [1716 bins] | Ax? = 160 Ax? =240
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Modeling uncertainty

Two potential sources of modeling uncertainty:

CMS,

Conclusion: no significant
model-dependence

1. LO MC mismodels event kinematics by as much as ~30%

Cross-check: derive detector model, reweighting to match data Z pt spectrum,
and attempt to unfold nominal MC with reweighted detector model

2. Detector model is derived in MC with Pythia CP5 tune - do we impose a “Pythia prior”?

Cross-check: attempt to unfold reco distribution from Herwig CH3

Configuration Event kinematics closure | Parton shower & hadronization closure
Tee [460 bins] Ax* =23 Ay =24

Dipole [460 bins] Ax? =14 Ax? =46

Triangle [1716 bins] | Ax? = 160 Ax? =240
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Example correlation matrix on unfolded data

10.25

10.00

1.00

0.75

10.50

|
o
HV)
o

CMS Preliminary 59.5 fb~' (13 TeV)
é b T T T T | 1 1 1 1 I T T T d: I T 1 3 1 | 1 ;/
© i
= .
£ 2000 -
o) V4
©
X
x
C 1500 | i i
: 14
B b1
||
ookt | ]
o -
. |-
T S — :
1000 1500 2000
Tee configuration, for illustration pj-?t x R xrx ¢ bin index

I
=
a
S

|
S
\'
o

-1.00

Correlation (normalized per (p¥', R) bin)

CMS,

Full bin-by-bin correlation matrix

Includes systematic uncertainties
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Unfolded dipole: integrated over phi

CMS Preliminary 59.5 fo~! (13 TeV)
% - ' ! d I J ! ) [ ! L ! I ! ! ' | J L ' ]
g == + 50<pr<90 GeV 0.4<R<05
c_Ev ’ 90 < pr< 150 GeV
S — + 150 < pr <250 GeV S
s + 250 < pr <400 GeV
Sl —— ——
|’_ - pr>400 GeV —t—
—
—_— ¥
101 — -
- — A ——
i —— ———
.—‘—.
—
+ o
. E2C inside
— E4C! 1
—— 5 4#7
——
L L T L L |
0.0 0.2 0.4 0.6 0.8 1.0

CMS

Integrate over phi to see radial
dependence - dominated by the
two collinear poles

The two poles have different
radial slopes, and scale differently

with the jet pT
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H .
i =
. CMS Preliminary 59.5 fo~! (13 TeV) i CMS Preliminary 59.5 fo-! (13 TeV)
G . _‘ _\ ; ! ! | : Y J ! [ , I | '_ 6\ s | L ! X | ! : ! ) ! ! J ; Y I ! ' ! | ‘7
% |+ 50<pr<90 GeV + (I) 0.4<R<0.5
;:’ 90< pr< 150 GeV 1=
< o
T, [ + 250<pr<400Gev == 12,40 )
Al =1,
s | —— + 12 | +
T | 18t =i
L ] ®© L
° 1.0 . Q40 ﬂ[ : %*%1#_ :
- —_— 417 e ] - =t
1 . ’
oo — 1 =i 4 09} —— -
0.8 ] o.sj — + 50<pr<90GeV |
] - 90<pr< 150 GeV 1
7 04<R<05 | i <+ 250 <pr <400 GeV |
0.7L | ! ! | ! L | ! L | L " | L L ! ] L 0.7L | . . L | . . . | . . . | . . ! | . . L | .
’ 0.0 0.2 0.4 0.6 0.8 1.0 ’ 0.0 0.2 0.4 0.6 0.8 1.0
r r

Pythia

Opposite trends in Pythia vs Herwig! Herwig
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Unfolded tee: behavior vs phi

CMS Preliminary 59.5 fb~! (13 TeV) Zlg

150 < p¥' < 250
04<R<0.5

e Question: is there any feature as
a function of phi (at fixed r)? A1 0

e Consider angular trend, dividing by
mean value in each r bin

18

270°




