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Goals

We want to study (2,,, a universal nonperturbative matrix element, to enable

* Field theory predictions of nonperturbative hadronization effects

* Precision calculations of event shape observables

[Abbate, Becher, Bell, Fickinger, Hoang, Mateu, Korchemsky, C. Lee, K. Lee, Pathak, Schindler, Sterman, Stewart, Sun, etc.]

Our main result: The design of a new observable (EEC},,; ) that is sensitive to, and

thus enables the extraction of, (1,,.
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Nonperturbative Corrections

-Qn((l (n)



Event Shape Observables

Goal: Precision determination of event shape observables (semi-inclusive observables)

frome*e~ — hadrons

Useful for e.g. extracting ag [CERN alphas-2025], tOP Mass [Fleming, Hoang, Monty, and Stewart 2008], €tC.

Nonperturbative corrections to event shapes are captured by (),,!

Example: Thrust Thinjet:t~ 0 < ——

7
1 . .
T = (5> mgn2(|ﬁi| — |p; - t]) Sphericaljet: 7 ~ 1 %y
i



Nonperturbative Power Corrections

n nonperturbative (transverse) energy measurements of soft radiation at

fixed angles, (; =

- = = - = Non-perturbative

(pfr_fre Perturbative

1—cos 0;

, contribute corrections Q,,({(;}) to event shapes

0,001, 0)  ANep
T2 T2

g 95 - ~Q1(§1) ~AQCD
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Whatis Q,,({4, ..., ()7

0y (Gy, s Gn) = (O1YR Yy E1(8y) . E0(C) Vi Y, |0)

Wilson Line Y,,(0) = P exp (i g fooo ds n- Aus(ns)) gT( C)

Transverse Energy Flow Operator £7({;)|N) = ¥;en|kiH|6(C = &) IN)
Nonperturbative radiation only

How do these appear from event shapes?



Event Shape SCET | Momentum Sectors

Collinear p, ~ Q(1%,1,2)
Anti-collinear p=~ Q(1,1%,1)
Ultra-soft p,s ~ Q(A%, A%, 2%)
Nonperturbative pap ~ (Ageps Ageps Aocp)

For event shapes, 1> ~
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a de

Event shape factorization from SCET

do
de 2Q2

2|<NI]“|0>LM| (2m)*5%(Q ~ pw)8(e — ()

It

ultrasoft gluons decouple
from collinear fields

fde] aj(e])S(e —e) Soft function: S,(e) = NiCTI‘ ZX|<X|YnYT—2L|O)|25(Q€ — Qe(X))

Ultrasoft + nonperturbative



1 do
O__OE = fde] O-](e])S(e - e])

1 do
Op de B

8\

|

Event shape factorization from SCET

/4

Separate perturbative and
nonperturbative

do
BJE

da_

de

(e

€

Q

1
57 D NNUH0L, @m*5* (@ ~ p)5(e — )
N

ultrasoft gluons decouple
from collinear fields

Soft function: S,(e) = NiCTr ZX|(X|YnY7%L|O)|26(Qe — Qe(X))

Ultrasoft + nonperturbative

) Fe(ej) + .-« Shape function: F,(e) = NiCTr ZXNP|(XNP|YnYT—;r|O)|25(Qe — Qe(Xyp))
nonperturbative
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Where’s (1,,: What’s e?

A generic event shape e has the form, with n as pseudorapidity

81X) = e(X)|X) = % [an femeraix

1—cos @

Recall, { =

. 0
. For massless particles,n = —In tan;.

Example: thrust f(n) = el > ¥.(pie! ) = ¥.(15:] — |5 - £I)
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Where’s (),

Recall:

1. el|X) =% [ dn fmErmMIX)

2. Sc.(e) = NLCTT ZXM|<XM|Yan|O>|25(e - e(Xu))

We take a tree-level OPE of S, (e), or equivalently, of Fe(ej)

II( )

56) = 8'e) g [dn ran ) + 5=

Where we now have the nonperturbative matrix elements Q,,(;, ..., ,,) = (0|YY, €0(y) ... €0(4,) Yz, |0)!

(Ultrasoft + nonperturbative)

(nonperturbative)

]dndn’f(n)f(n’) Q,(n,n) + ...
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(1, can be extracted from event
shape observables

There exists a boost symmetry such that (), is independent of

angle [Lee and Sterman ‘06] 282 :' 'fl'lul T I-N3LL'
(GCV)I.O [ results ‘ W N3LL
. [ AENE M NNLL]
U(A(M"D)Er(mMU(A(M)) = Er(n +1'), and Wilson lines 08 S EEII,JL
are boost independent B UL NEEE ]
06
1 t t 04l  NEaEEESEL
0 dn f(m{01YzYy Ex(n)YY, 0) : AN
1 : : 02 '
=2 ([anrm) omrieornyiio _
%0110 0415 0420 0125 0130
as(mZ)

[Abbate, Fickinger, Hoang, Mateu, and Stewart 2010]

Therefore, 0, (n) = (OIYﬁYJST(O)YﬁYJIO) = (,(0) is just a number!



O.,({4,...,{;),n > 1cannot be directly
extracted from event shapes

Information about M, = éf dndn’(OIYﬁYJf(n)f(n’) Er(n) € (n’)YﬁYJIO) can be extracted by taking event shape

moments, but these are hard to disentangle from perturbative corrections

[M, + O(as) M; = (0.74 4+ 0.09 + 0.11 GeV)? Abbate et al. 2012]

However, (), cannot — boost symmetry is insufficient to move (), outside the the n integrals:

éfdndn%OIYﬁYJf(n)f(n’) er(n) Er()YRY,10) = éfdndn’ml YaY,! f(n +n")f(n") €x(n) Er(0)YRY,|0)

How to get Q,? Through EEC},y,!
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The EEC

EE;
EEC(z) = zfda(e+e‘ — 1jX)6(z —Zij) 02

.j}

1—cos 0;;

Zij = (jUSt like Z)
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EEC]glzb (Z, {(1,

The Back-to-Back EEC

EECbe(Z) — EEC(Z) 1 + 0(1 — Z)

LS
(ffe?a

\./
rXad

, 0. }) = EECy,,(z) with n additional measurements
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dx B
dz d{, ..dl,

{i,j,kl ...kn}

do(ete” - ij X) 6(z — z;)

E

E; E
sz X 1:’1[5((1 - (km)al

¢; are farfrom O and 1
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The Back To Back EEC, Factorized

Soft radiation is in }W 999) hﬁ; fy) ps ~ Q(A4,4,1)
SCETI, A ~Q+V1—2z fL_L\ o Sp— )
/Jzé S%e %’ Pnp ~ (AQCDrAQCD;AQCD)

2 2 [ah, [ Sk, Jpe(bomm) s(1-2-
1 2 )2 U Eec\PL K

[Moult and Zhu 2019]

= fdzkl,s <0|Yﬁ(O)YJ(O)52(kJ_,S — ﬁ)Yn(O)Yg(ONO)eibJ—'kJ.,s
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EECy,,;,, factorized

We demonstrate EECy,;, obeys the same factorization structure into hard, jet, and soft functions.

The soft functionis transverse energy-weighted and contains factors of 4[(1_;) AEE

2

do i "
dz d{, .dg, ]del f (2 n)z e™ P L H(Q, 1) Jigc (b, V) Jpgpc(br, i V)SEec(by, 1, v, {518 (1 T Q_§>

1 1 R _
Sgec(br) = 0" jdzkl,s U4[(1 — ) G132 (0|Y7(0)Y;7(0) U Er((8D) 62(ky,s — P)Y,(0)Y7(0)]0)e! PrFvs
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The soft function

St by) = z f d?k, ¢ (0]Yz(0)Y, (0)1X)(X|52(ky s — P)Y,(0)Y] (0)]0) e? DL KLs

E; 1 — cos 6,
XZE(S<5_ 2 >

jdzkls ()( 13/2 <O|Yﬁ(O)Yn(O)ET(U(())(SZ(](J_,S — p)Yn(O)Yﬁ(O)|O)eibl'kL,s
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EECy,y, (2, {;}) OPE



(4
QV1-z

Let’s expand the soft function, letting €t = &1 pert + Enon pert, N1 > a5 ~

&

Lo
% WJ ’/ Q
—

- 2~

-
[ 3

Stpc (b1, Q) = % aa _10 o7 f A2k 5 (O1YR(0)Y,F(0) (1,5 (n(D)) + Ernp(n(0)) 82(K s = PYYa(OY ()]0)e! bras
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OPE Part 1: Non-Perturbative

The non-perturbative soft function has no b, dependence and can be expressed via the (),

77 (0Ya(0)Y, (D)€ np (1(D)) 6% (k1 — P) Ya(0)Y, (0)]0)e! b1 Fs

R -
Shp(6bL) = 5 [ s 411 =]

P~ O(AQCD) < O(Q V1 - Z) ~ ks

98 - Q1(3)  Agep
[ T §%(kys — P) ~82(kys)

Q4(¢)

Net non-perturbative contribution Syp(¢,b,) ~ 0

Qn({ii})>
on

<51</lp({(1 Cn}» bJ_) ~
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OPE Part 2 - Perturbative

do 1

Jet function contribution: — ~ 5(1 — Z) ~
dz 1-z

o 1
S1 contribution ~—
1

: : K1\ —ib, k.
Fourier transform via & (1 e E) e thLrL.
1 n
<S}}({(1 (b b)) o V1 - z) >
1
do 1

~y

dz d 1-z

Overall perturbative z dependence to EEC},,, :
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OPE Part 3 - Mixed Terms

Now let’s considern = 2

S2(¢1, G2, by) ~ (01Y(0)Y,(0) .. €1(1)E1(LL) -.. Yy (0)Y,T (0)]0)

Sﬁu'xed((b {2,b1) ~(0[Yz(0)Y;,(0) ... (ST,p(Q)ET,NP((z) + ET,NP(Q)ET,P(Q)) Yn(O)Y,—Zr(O)|0>

Q1 (Da
Srznixed (61: (2» ’ bL) ~ \/116%

_ asQ'1({1) _ asNocp
Q Q
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Additional z-dependence

EEC},,, has additional log(1 — z) factors

EECy,,, also has additional log(1 — z) factors

EEC} :
—EECBZb ?We can check that the soft functions have the same anomalous
b2b

dimension: NO additional log(1 — z) factors (at least up to NNLL)

27



EECi2b(2, 81, 82)

Some OPEs

EEChs (2 ) 1

BECD(VI= 2 [c(1— )1

1 1 1

1( 0 )
VT T 0@

‘QZ ((1' 62)

EEC),, (2)(1—2)

61— ¢DE [ — 2 €

(

+ 0 a52+
T2 ((Qas)")

'Q'll (Ci)asQ

Vv1—2z

|

28



Higher Order Jet Function Contribution

Are there additional contributions?

1 O,
2(2(1 — Z))3/2 Q

EEC(z) = EECper(2) +

In the usual EEC (including the back-to-back region) without soft measurements, we
also get (04!

This comes from the jet function, which can be verified via a renormalon calculation:

Q4

q7q9 ~ ~
JUT~ 1+ b0y ~ 147

(suppressed in power counting!)
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Comparison With Pythia



Pythia, (-dependence

EEC{,,(z,{) hasa - 3 dependence for all z

[¢(1-]2
8 t -2 =0.998
-z=0.994
6
a N B
9 [ (1-0)F"
Q) 4
LLl
2
0
0.0 0.2 0.4 0.6 0.8 1.0
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O(le Xl) -

Extracting ()4

Now let’s get (), from the OPE of EEC%Zb

EEC{,y, (21, (1) 1 _< h + 0(« Q))
EECbe(Zl)J — Z1 (1(1 _ (1 ] Q 2V, 1-— Z1 S
Q 1 1
0(z1,¢1) —0(22,¢1) ~ Q1 <\/1 7 J1-7z )
— 7, — 7,
e(\e@o\\
S
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(1 from Pythia

(), extraction is independent of ¢, as predicted by the boost symmetry

. 0.25
. Pythia, ¢ = 0.2

1 1 _ 0.20
— o« Qi( s - T55) 20 = 0.992

0994 0995 099  0.997 0.998 0.1 0.2
Z

o —— astsatiaiana®eigavy

CRRARe st eant ettt aaat iyt anas gt aatananiiy

L LT TP TTT |

03 04 05 06 07 08
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Extracting (),

EECg,p (21, 01, 02) 1 1 1 [ 05(4,02) . Q1({)as0
0 'S = ~ + 0 s +
D P CA T I RS =L ((J e N )

A couple of subtractions of 0(z;, {;,{,) toisolate Q, — F(0, 24, 2,, Z3,Z4, (1, {5)

F(Ol Zl; Z21Z3) Z4; Cl) {2) ~

02(¢1,43) 1 1 1
Q* J1-z J1-2z, J1-2z3 J1-2,
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(1,from Pythia

o 1-
Q,({4,¢;) extraction is independent of An = log ;1 1626
1 — 52
le=-5
- Pythia, {3= 0.5, {3=0.9 . 15
0.30 — o Qu(An = 1)( ,,;[11—2] +..) An=0.54
0.25 z,=0991 z =0992 z =0.993 10
2
Q@ . o . .
5 : -
0
0.994 0995 0996 0997  0.998 01 02 03 04 05 06 07

Z



Conclusions

* Matrix elements for nonperturbative Q,,({; ... {;;) for event shape observables
can be seen from SCET factorization

« We generalize the SCET factorization for EECy,y, to jet functions and an energy-
weighted soft function

* Factorization of EECy,y, allows us to derive an OPE linear in Q,,, which is verified
by Pythia

36
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