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Energy Correlators as a novel way to probe scale
0 Komiske, Moult, Thaler, Zhu, 2022

10
~+  Charged-Hadron EEC
post- - <
) 10 -confinement pre-confinement E _9 =
E " Free Hadron | Transition Quarks/Gluons : 8 E S
L P’ e
N 10 2 L pr i _ ‘) :cl:s
— 3
g 'i"i. g2
S 'I'+ : Free quark/gluon
yd '\ CMS 2011 Open Data hadron
3 t , +
10 3 _l_-l-+ AKS5 Jets, [’ < 1.9 E
: -l-'[' pi* € [500, 550] GeV T
1_"' CHS, pEFC > 1 GeV + low energy Ap o E E 9 high energy
-4 L+ . L P T 12
10 10-3 10—2 10-1 100 late time early time
a probe of/ 0 0
“deconfinement”

scale )



Recent applications

strong coupllng measurement Properties of QGP
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Spin and EECs

There have been some recent works on 1 probe sin(n¢h) and cos(ng¢) with odd n,
using EEC to probe spin physics one must break the symmetry between the
two detectors

Minimal way: introduce a hadron tag

2011.02492
see also: 2308.10942, 2310.15159, 2509.14960, 2509.17596,

Some other modifications: 2308.00746,
2508.19404...



The fragmentation energy correlators

Dl (eomim) = o 3 [ e T T(OIW (o0, y75) 9 (y7) E(m) | 1 X out )
X

x(h, X; out [1(0)W' (oo, 0;w)|0)],

energy flow operator  €(n)|X;out) = » E; 6% (n —n;)|X; out)

1€X
. \gﬂ Boost invariant definition:
Ap = mpe/h™7 Large A, perturbative
Py ===\ Collinear limit:

Ar ~ E360 Small A, nonperturbative
Probe radiation pattern around h



The fragmentation energy correlators

dy~ . +. -
DI 1(eAr, ) = 5 3 [ el /2 Ty [D(0] W (00,575 0) (o) E
© X

x E1(n,8) |h, X; out)(h, X; out| $(0) W (o0, 05 w) [0)]

energy flow operator &r(n,¢)|X;out) = » pf 5(n—m:)é(¢ — ¢:)|X;out)
1eX

q i‘“ Boost invariant definition:

Ap = mpe/h™7 Large A, perturbative

Py ==\ Collinear limit:
ANp ~ Eh6’ Small AF, nonperturbatlve

Probe radiation pattern around h

: A physmal payoff scale scan for
| chiral-odd (chSB sensitive) probe |



Collins effect and chiral symmetry breaking

Fragmentation of Transversely Polarized Quarks Probed in
Transverse Momentum Distributions
(TMD FF)

John Collins

Physics Department, Penn State University,
University Park, PA 16802, U.S.A.

The new fragmentation function is sensitive to the coupling of the fragmentation
process to (spontaneous) chiral symmetry breaking.

Collins, hep-ph/9208213

Collins effect is sensitive to chSB
This definition is easily generalized to give the transverse spin dependence AD of the
distribution of hadrons in a polarized quark of transverse spin s/ :
Aby/a(z, kL, 8_]_) =
Z/Ciyz ;lwyl KTk by Py ) (Ofa(0, 3,y ) | HX) (H X [40a(0)[0).
Projector for transverse spin is chiral odd
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Experiment
results
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What’s different?

TMD FF

TMD factorization factorization 1905.01310

* Sudakov suppression * No Sudakov double log

* Soft gluon contaminate the azimuth * Energy weight:

o s 2004.11381
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FIG. 4. Azimuthal asymmetries in lepton-jet production in

Hatta et al ] ep collisions at 1/s=140 GeV, P, =20 GeV, y; = 1.5, Q =25

eV, gar =0.1GeV with different jet cone sizes R = 0.4 (top

P RL 1 26 1 42001 panel) and R = 1.0 (bottom panel).
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FECs In SIDIS

Mel? NZ/d&L “ {D1 n/o (&2, AF, 1)

2
[fa/p (glhu’) Cab <x ) : ;phT7 ig)

&1 & @
Q2
- (ﬁthT)i r z prp Q2
| # a2 A sy (1) ZJZ=1 | Tas (fl’ &’ QT7 .UQ) Szf}
No need to define jet! - +0 (Ar/Q, Ar/prr).

S Initial transverse spin

Dy /g1 (5 A8, 8) = 5 Z / g PR/ T 10| W (00,73 w) ¥(y7) TY: spin transfer matrix
x £1(n, ) |h, X; out)(h, X; out| (0) W (o0, 0;w) 0) | h: transversity
’ J_' .
DL’Y/ ’Yl’Yo/Q]( ,AF,Cb) — (_ SiIlQﬁ, COS ¢)z n h/q(z AF, ) % . COI“”S'Type FEC

Pure collinear factorization formula
No Sudakov logs!



Decomposition of polarization functions

The master formula: Crlf, D) = Crlf, D) (@23, 2, b Ar) hard factor
PR . = [ | G €) Doy € AR F (@2 /61, 2/60,5hr /D)
2(1—e) (8m2Q2)° |  dwdQdpsdzdp}rddndndg ?
— CFUU,T[f7 D] + 8CFUU,L[f’ D] /
++/2e(1+¢)C F) |f, D] cos ¢, + €CF(2) |f, D] cos(2¢4) —prCD distortion

to TMD

+ ST { [—CFUT,T [’%HL] — eCryr . [h,’HLH sin (¢ — (¢s — ¢n))

-+ \/26(1 + 6) |:CFI(11’.I_“+_) [h,HJ'] sin ((/5 — (gbs — 2¢h)) + CF((le_) [h, 'HL] sin (gb — qbs)}

+e [Cpézﬁ [h, H*] sin (¢ — (¢s — 36n)) + Cpeo [h, H"] sin (¢ — (¢s + ¢h))] }

+ longitudinal polarization, power corrections, etc = -\

. . —
Modulation effects generated by non-perturbative electron — qqu poFI)ahrci)::trilon
coupling of transversity and Collins polarization — polarization
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P, r-Integrated Asymmetry in SIDIS

We show PnT Integrated asymmetry below to improve statistics

P, r-inclusive cross section:
LO implementation
dX
dx dQ? dpg dz d\} dep
y2ale 2

2
Zq: (1 — g)Q4 ( T2 10g% Ap) end-point regulation!

—ghq/p(x)?/ L i (2, A%)sm(qb ¢S))

g = 17 Virtual photon
| —y+= depolarlza’uon parameter
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Factorization Iin dlfferent processes
SIDIS ete”

Two FEC are needed:
double helicity flip

_z - (Phanz) 1+C0892
nr2| 2

To expose the scaling behavior, we redefine for the s7: initial transverse spin
following: g
D(FH Nz Ap)  dE dX TY: spin transfer matrix

D(H )z, Ap) = D(H )z, Ap) =

9

2A2 dp  dA2
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Physical expectation in A, scan

Unpolarized only With Collins effects

FEC Distribution

FEC Distribution
¥SB effect may damp with

Confinement energy scale, Asymmetry from Collins _
Plateau distribution in —~ : —~
around O(A different scale to A
the free hadron region (Agcp) F.? — 60 effect at small angle oCh zrg — Perturbation calculable
| -
- Perturbation calculable ~ 60
N -50 _ >
% 60 Q -50
N < 40
S 30 T Q
o R 30
20

20
10

10

preliminary preliminary

Interesting to compare the confinement scale and ySB scale
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Phenomenology predictions



Extract the LO-FEC

Favored FEC (e.g. u-»mn™) _
. _ ost-confinement
Unpolarized FEC extracted from e™e / P
.

simulation in Pythia8.316 )
g re-confinement
reliminar /6/ :
Fited Unpolarized FEC P 4
No ¢. modulation for unpolarized Mo n
contribution e
For the Collins FEC we can not fit L 4 s
. compared withe"e "~ |
from Pythia
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Sum rule with TMD Collins function

Liu, Zhu, 2403.08874

dk2
2 1 2\ 2 2 1 21.2 _
jdAF AF %l,h/q(z’ AF) = — 7 Jz_mk 1 (Z,Z kT) JAM3D, 2205.00999
— = MhH(Z) o —e— Ay =0.7GeV
—s— Nt =1.0GeV
1.5 - —— Nt =1.3GeV

Choose an upper bound

A2 ttothelhs and we

1 2
assume %Lh/q(z, A7) has

¢ reference upper bound

|H1i(1)(z, a1
o

0.5 - ¢

C e L o
plain distribution in A7

prellmlnary

0.1 0.2 0.3 0.4 0.5
Z

0.0 - I

0.6 0.7
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JLab kinematics for SIDIS

e Take 7" as case study, the asymmetry after integration over (x, Q2, Ps, A%), itis
about 0.05, which is a strong signal.

Cross Section Scan: Fixed x

~O= Unpolarized

The kinematic cut i 5 -polarized
O —— §. 1034 Br==="=ma g
x € (0.1,1), g 10"
z € (0.1,0.9). |
E, > 1.25 GeV, 5 °| preliminary
Q*> 1 GeV?, P ..
W2 > 4 G@Vz, ~0.025- I .
A127 <1 GGVZ. g_oms_ pre Imlnal’y
. . . E—O.IOO-
e Differential over Bjorken x, one can expect 7 —o1s-
larger asymmetry. ol
Py Data ready for plcmng the ﬁgure 0.1 0.2 0.3 0.4 ) 0.5 0.6 0.7 0.8

® SoLID will have 100 times more luminosity than CLAS12.
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Asymmetry

Future EIC
JLab EIC

. — - . Ei 2
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Wide coverage on kinematic region: x and O~
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The scale at which Collins effects appear

We need experiment input to tell us the behavior at the tail of A scan.

Cross Section vs A\? Favored FEC (e.g. u»m™)

% \ - 10

3
9 0 F———————— Tr=——————— Orm———————— G-~ | 8
o) | ~~
8 \ |
£ =————————— Tr=———————— T———————— -|z|-——-—l\----\| L,
— !
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n 2 \ l !
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0 ! E 0.1
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O NS0
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Asymmetry in pp collision (RHIC)

FEC Distribution for m* using Pythia8 simulation

Pythia data for Unp. FEC

compared with e e~
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Theoretical calculation for
asymmetry

do/dA? [pb/GeV?]
o

FEC Distribution for m* using Pythia8 simulation
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L) LA

-

Vs =510 GeV, nt
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104 +
N I
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Plateau distribution in the + Q Plateau distribution in the
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Asymmetry in ¢ "¢~ collision (Belle

e*e- Annihilation: y (cos6;) Scan

Collins Asymmetry a;,: z scan at fixed z cos 6
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Transverse spin: hadrons fly
perpendicular to the beam.

21



Summary

e Energy correlators provides a new way to probe different physics scales
* Fragmentation energy correlators as a new observable probing spin physics
 Theoretically clean: pure collinear, no Sudakove log, no jet algorithm

e Additional handle on the emergence scale of Collins effects => related to

chiral symmetry breaking scale?
e Size unknown, estimated from previous TMD measurement by sum rule

* Measurable signals across different experiments
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Backup slide
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What is Energy Correlator

EEC(x)

Basham, Brown, Ellis, Love, 1978

Measurement on a

single event gives a
function
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Example of Sudakov logs
Sudakov peak d\A

perturbatively generate
25: ----- NLL+LO (r space)
—— NNLL+NLO

----- NNLL+NLO (r space) -
N3LL+NNLO 4
N3LL+NNLO (r space)

— N*LL impact

20 HI| B>

_____ N“LL impact (t space) '

« OPAL
« DELPHI

No sharp scale for on-set of [ :
. 5 Il T « ALEPH i
non-perturbative effects | Ty .

O """""""""""""""" :
— -
< _—y ;;'";..;
Z+ __“‘:’f“f: ———— -
— I
— »
o™ —
Z !
9 —
o 3
= :
0 | : : : | —
0.12 0.14

’ Agliew et.al., 2502.01570
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Experiments results on
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Figure 2: The top panels show A, | versus M ., x, and z. The bottom panels show
the average values of the variables that were integrated over. For the dependence on z and z,
M .. was constrained to the range 0.5 GeV < M, < 1.0 GeV, where the signal is expected to be
largest. The error bars show the statistical uncertainty. A scale uncertainty of 8.1% arises from
the uncertainty in the target polarization. Other contributions to the systematic uncertainty are

summed in quadrature and represented by the asymmetric error band.

HERMES,JHEP 06 (2008) 017

di-hadron Collins effect
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Fig. 3: Proton asymmetry, integrated over the angle 6, as a function of z, z and M+, —, for the data taken with the
proton (NH3) target in the year 2010. The grey bands indicate the systematic uncertainties. The last bin in M+,
contains events which were removed from the sample used for results shown as a function of x and z.
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Decomposition of polarization functions

The master formula: Diagonal photon density matrix,

y2 &2

_z(l —€) (871‘252)2_

— CFUU,T [f7 D] + E:CFUU,L [fa D]

+ ST { [_CFUT,T [h, H_L} - ECFUT,L [h7H_LH Sin (¢ — (¢S — ¢h))

+1/2¢(1 +¢) [CFI%,) [P, H*] sin (¢ — (s — 26n)) + Cay [h, H ] sin (¢ — ¢S)]

+e [Cpen [hHE] sin (@ — (s — 36n)) + ey [, M sin (6 — (95 + 0))] }

+ longitudinal polarization, power corrections, etc

transverse polarized quark

dy
dzdQ?d¢sdzdp? ddndnde
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Decomposition of polarization functions

The master formula:

1 -1
e o’ ad

_z(l —€) (8772Q2)2_ dzdQ?dpsdzdps dordnde
— CFUU,T [f7 D] + 5CFUU,L [f’ D]

t s {[~Crypn [BHY] = eCryr, [y HL]] sin (6 — (b5 — én)) Multi-dimensional distribution
simplified by integrated over hadron pT

+V/2e(1+¢) [Cpan [hHY] sin (¢ — (65 — 26)) § Cpay [h, HY] sin (6 — ¢s))

2
[CF(2+> [h, H] sin (¢ — (65 — 3¢n)) +Cpe- ) [h 1)K J d¢h Sin(“' T nqb) =

0

+ longitudinal polarization, power corrections, etc _ _
Naively only Cra-) survives
UT
But Cr-) also survives and gives the leading contribution
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LO contribution to Collins effect

The master formula:

~ /\\

N YB ~_
e o’ ds ) ey ~__
2(1—¢) (8n2Q?)? |  dwdQ?dpsdzdprdndnde ;

~ g /-)/ -
T < _—
— CFUU T [f D] + 8CFUU L [f D] </ 4 % />
T~—
++/2e(14¢)C 7 [f D] cos ¢p, + 5CF[(J2[}[f D] cos(2¢p) \\\ P ¢S g qﬁ
~— — Zh
T st { [—CFUT T [h H_L] _ 5CFUT L [h7 H_L]] sin (¢ (¢S - ¢h)) \\\ 7 Th Yh

+ 1/2e(1 + ¢) [CFC(};) [h, H*] sin (¢ — (¢s — 2¢n)) + cFl(le_) [h, H] sin (¢ — ¢S)]

+e [Cpan [hH ] sin (g — (65— 3¢n)) +Cpar [ H] m — Only transverse polarized terms

allowed by Leading Order kinematics
+ longitudinal polarization, power corrections, etc

\—---—\
+

\
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NLO consistency: end-point treatment

Y

Tree + virtual / ’ L/Zj :é ’ > s

Term that
Real L >~ Y{({ proportional to o(pr)
1
szpT = 5 J'dp%J'deh Tf (PT ¢n) = = dp%[dgbh{f (P%a ¢n) — I, singular(p%’ Pp) )
# 1
+5 Jdp%[d¢hf singular(p%’ Pp = 7)

At p% = 0, ¢, is not defined Solution: similar philosophy to the plus distribution:
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f channel enhancement in pp collision

St St q
9 )’& g éB>Iy.19 / T~ )

Forward region contribute to the spin transfer most

85 r =38
lao-a0= =55 99~4d ~ 27’
o 8§(2‘—A3i2), ro- 2(4. 9§(§A+ A%
8u(2t + 3ur) | with 77 =T,R(-4).

9G—93 — 772
31



<

r
Dy, 1 (2,105 pn) = N,

2201.07800

FE'C and CMB

dy~ .+ —
Z/zy—wezphy /2 Te[ T(O|W (00,y~;w) % (y~) E(n) | h, X; out )
X

x(h, X; out [(0)WT(co, 0;w)|0)],

l Extend to FE"C
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Power spectra probe background dynamics (H, g, ...)

<§k,§k2>:(275)3P§(k)53(k1+k2) ; Pg(k)ock""4

— but, many different models, can produce similar power spectra

Higher-order correlations can distinguish different models
<§k|§k2§k3> - (2”)3B§(k1’k2’k3)53(k1 +k, +k3)

— non-Gaussianity <« non-linearity « interactions = physics+gravity

1004.0818



