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CALCIBAL EVEIN E DEIARES N IS

iatt - DIS Z ;
-jettiness In T = E Z mln{qB - Pi»q pl}
1eX
2 Hp | H
______________________ Hy
N
_________________________ PJ P
DB PB :
CM frame Breit frame | Pj
Choices of axes: 7. qg=xP, gq;=jetaxis P, aligned with jet axis
1303.6952 . . :
: ] Tf . gg=xP, q;=qg+xP hemispheres in Breit frame

71 qg=P, q;=k hemispheres in CM frame



PREEIC TGS FOR S LEIRUST

DIS thrust —7,=1-— Z p!
[hep-ph/9912488] (2 5 7,
do do t+t
Factorization - 2 Jdt dt, dk 5(719 LR ) H (v, 0%, 1)S K
£ dxdQ?drb  dxdQ?dtb | 7P\ @2 Z Rl
&
[1303.6952] X szp (1= Pl B (tg, x, P75 1)
do do t+t
Factorization — O Idt dt, dk 5(717 A ) H (v, 0%, 1)S ko
e dxdQ?dr¢  dxdQ?drg) 7P\ @2 Z (ol e
14
[|2045469] X Jq(tja lu)Bq(tBa Xy s lu)

[1303.6952]



PREDIKCECING FOR NS T HRUSE

DIS thrust Sl ol e 3 Z D!
1 Q Q 74
[hep-ph/99 12488] %,
[1303.6952]
PJ
7—[ “ HJ 7_[ pJ;\QJ true jet axis
° q; =q+zP o

by = —PB pp averaged over, p7 = 0

(b) 4 (a) 71



PREDICCEICINS FOR NS T HIRUSE

Resummed, matched predictions with nonperturbative shape function

12 — ————
I oum logs, R-gap scheme for ()4
10 -
Si NLL -
%—* : NBNLL
= it N*LL -
o i
< |
2 4f -
N _
ol Vs =319 GeV -
I () =50 GeV, z =0.05 !
ol . ]
0.0 0.2 0.4 0.6 0.8 1.0
b

[2504.05234]

-

H1 results

I H1 statistical uncertainties _
¥ Theory prediction (NSLL) |

Vs =319 GeV -

1100 < @Q?/CGeV* < 1700
0.4 <y <0.7

a.(M,) = 0.118

ﬂé

IE 1 I

1.0



GENERALLAEL LIS A ofEd FINERD WIEERL BT REGICORND

One way: Change by hand the definition of jet & beam regions to be determined

by jet algorithm
7R

J cf. fixed-order calculation of 7]’ with
jet axis determined by algorithms [2202.08040]

Tf=é{ qu-pﬁZqB-pi}

i=y &S

Y
v

Our motivation:
explore scaling of nonperturbative
corrections with size of jet region R




Kt ielh ALGORIEEIIS FOR IS [2006.10751]

: : : TG A D Ay
kT class of jet clustering algorithms: dij 5 HllIl(PTi , ka)flli(R) , dig= P
bp longitudinally invariant [LI] measure: e+e- spherically invariant [SI] measure:
2 2 4 -
fLI(R) (yi o yj) T (¢l i ¢]) fSI(R) b I = cos 91]
s R2 : 1 —cosR
Cannot reconstruct jet in struck quark Not invariant along boosts
direction y - — o0 antikp(LI) anti-k (SI)
T g= S
q X | .. AN e | T N
<€ struck quark < q" ///// ,,__i___\\ : \Q\ o et \Q\
( B RN : RN
/ - | | | . O\ | S~
> -~ struck quark ' proton_ T S 4 @ S L
proton 9 > @ )T _____ ) i@ / Q: I ///’
p B : Qe e
e LR T T 0=0 NN B e
e 1 e
T
\\\:_//gb: o -



CEIEIALIRCT 1B 1A CICIREE S 2006.10751]

Suited for DIS: Measure that mimics pp measure in p direction,
ete- measure in the e direction, maintains boost invariance

Centauro ries ﬁj)z + 2777,(1 — cos Agy)
N Qent(R) bk
e : N ? R? 2pl
X ! "N L 3
//: ////Q//—_:‘\\\\\\ :\\\ ;/]l= ind
O S N % ol
T e B ENY In backward limit:

1 e
I —cos 0, ~ 5(91, - 6, )2 + 0,0,(1 — cos Ag;;)

O=r—0




JE e BEGIONS B REVWW EICGH TING

Second way, reweight | -jettiness definition to make jettiness regions mimic jet regions:

3 £ FE AR L R e UL BIP A L e
o meseure i
Has been explored: : i
< 0 Beam b = Beam a Beama —
Soft functions for generalized - iQZ:::::E;Z D =
N-jettiness: [1102.4344] & w
[1704.08262] s i —2—1?712345 e s K angie R e e R T epe e
n
XCone jet algorithms: [1508.01516] ___XCone (ﬁ_ 2) vs. Anti—kr
e
: AP ' | N:2,R:].O g
Clne it 1 Bl e . — ]
J N Z mln{loj@t(pi’ nl)’ “"pjét(pl" nN)? pbeam(pl)} 5 ' | - | | i{i
j e i
5 3 e

XCone default measure:

2 coshy, 2| L/
pjet(pia nA) = R2 nA 'pia pbeam(pi) o pTi 1 e




CENVIAURIC, T=lE T FINEDS
| -jettiness weights: 71] = é{ Z q;-p; + Z qr .pl}

icJ i¢]
Z : {nB'pi nJ'pi}
= min ,
o Op 9,

for some Oy /!

Condition for Centauro jet boundary:

U
n
B B ) ;
QZ
By
Wp j




FEBRIED CERNAURIC e L HINESS

7 9
: For jet selection, use the weights: QR* cos™(0,/2)

(assign particles to jets minimizing this 7)) Cp=0.0;= 4

R2
d 0

ll: For computing the actual value of the |-jettiness: (g =

%
cos(6,/2) 4
Doesn’t matter for small 7,
but we wanted to make nice plots for you for all 7
With w =m§W and ws=Q (atR=2.0 andu=Q) With w) =2 and wg = cos?(6,/2)Q (at R=2.0 and u=Q)

0.0 0.2 0.4 0.6 0.8 1.0



FACTORIZATION FOR z{

Similar to hemisphere DIS |-jettiness, valid for large enough R [1303.6952]
5 &
e @2
B s
@ a0 it & \‘\\‘ “”’ D - e

o(z) = 6*"8(z) + 6™ (zf

d Gsing

dr{

t t k
=0y ¥ H,(y, 0% ) Jdrj dty dkg 5(#’ - - = - —S)Shemxks, )T (1, B (15, X, 1)
q

Sy Sp Oy
0, < 1)
o™ get from NLOJet++



FACTORIZATION FOR 7€

d Gsing

dr{

k. [1303.6952]

[ [
s GO Z Hq(y, QZ, Il/t) Jdtj dtB dkS 5<Tlc o S_J 2 S_B L Q_)Shemi(kSa //t)Jq(tja /’t)Bq(tBa X, //t)
; J B R

Relate to usual beam, jet and hemisphere soft functions by rescaling with Lorentz invariants:

Hemisphere Tl"’b Centauro TIC
: 2
= qy qu SB=Q2 §p = Q _)Q2
q; " 48 cos*(6,/2)
4dp - 4 5 Q2R2
T 0 ST —
q; " 4dp 1= % 4
0- OR OR
Or = Or =0 Or = o
R \/qu . 2 COS(HJ/Q,) 9




NONPERTURBATIVE CORRECTIONSTO 7

Soft function for J, B regions:

1
S( ) = =TI, ¥,0(ky — | drdsdp .. 81390 by = | drdsd 3. 013, ) 1, 10
C

[1209.3781] Er(ry. DIX) = ) mpd(r — r)d(y — y)5(¢p — h)IX,)
=X
= \/Pi +m?®, r=p/m
Weighting factor for algorithms: For measurement of the |-jettiness / thrust:
a]g(r Y, ¢) a]g(r Y, ¢)f](r Y, ¢) f](ra v ¢) — f]()’) — €y

alg(r s ¢) ~ [1 i alg(r Ys ¢)]fB(r Ys ¢) fB(r, V, ¢) :fB(y) == )

For soft phase space with Centauro alg.:

? R
' @alg(ra Y ¢) — ®Cent(y) e ®(1n ) )7) t



NONPERTURBATIVE CORRECTIONSTO z{

Soft function for J, B regions:

S(kys kg, 1) = 8(k))5(kg) + 8'(k)S(kg) X, + 85 Ukeg) QB +

LB 1 t ty
Q) = |drdydgf (r,y, cb)—Tr(O\Y Y, &(r,y, )Y!Y,|0)
C

1 ;
Centauro: Q{fm = céjlt(R)ng—scheme 8 i N—Tr<0|Y*Y,.Z%T(y =0)YY,]|0)

B R %
?‘ CCent(R) L ent(R) e E :

Exact in R!
“Type II” TIC :

(also follows directly from
reweighted def of 7, 2




PHREOREEC AL PREDIC FICHNS

N3LL resummed + @(0{3) fixed-order matched,
convolved with shape function with Rgqe renormalon subtractions

Plots for kinematics at HERA:\/E = 319GeV,0 =50GeV ,x = 0.05

Default values a(M,) = 0.118, €Q(R\, up) — Ay =500 MeV
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R=19
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R=18
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R=15 R
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R=14

i ‘ i
- e e —

[ NNLL
0 N°LL
[:] Pythia |

08 1.0

(1/0)do/dm

1071 ¢
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(1/0)do /dr

L Alllll

L
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(1/0)do/dr

102
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S I e B = N
| | | I NNLL

1 NSLL

] Pythia .

08 1.0

.0-1. - 10.21 - 10.31 - .0-4. - .0-5. - ‘0_6
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NONPERIURBATVE SHIEE FROPPY LHIA

Test effect of hadronization model in Pythia:

7{ distributions for hadron / parton final states (R = 1.0) (" distributions for hadron / parton final states (R = 1.0)

ol L T A ! — ' T ] ! — =
- : |: : ' ' ‘ —— Hadron T T L0 B — I S — —— Hadron §
I I — o= Parton (shift=0) q ! \ . — o= Parton (shift=0)
: |: I i . === Parton (shift=0.0437) | ' Loold —e= - Parton (shift=0.0437) ]
S TELEY S . S S I — ——- Low limit of fit : i i | | ——- Low limit of fit ‘
4 HIE : | i i ow limit o q L e § § ow limit o
¥ | | | ' ' ol ¢ I e i ' ‘
K | 100 fopof e e e -
| S N I .,
; ! | | Y
' . : I ' .
-------------------------------------------------------------------------------------------------------------------------------------------- — &1:. I l \ |
= I I \
— . ) |
L R = -
= A | ~,
&) . | ‘\
-------------------------------------------------------------------------------------------------------------------------- — \ : I I ‘
L : :
- S’ . | | L g
o [ [
2 I S S I SO S A _
10 _ - \\ .
Pl I \
__________________________________________________________________________________________________________________________________ — o I W,
| . : *
| o | ]
" P I ?
| 103 b . .t LA S — -
| o | L
" F | O
A L ] i i ll L ll l A A L l A A L l A L L L I ll 'A 'll
1.0 0.0 0.2 0.4 0.6 0.8 1.0
Ty T



RAJEEENIIERNUE CIE SEHE]

Perform fit for shift by RMS minimization:

0.30 T
do do | ; .
(ip) > =12 = 1) S 1))/ / 71 e
dt 1C dr 1C 0.25 ————— LA A A A S - s
- | | | | | | : 1 — R=07
4 €2, 0.20F N\ oSS S S S S S [ ] —— R=09
At = —— NN ML,/ S S S ] R
R SN /LSS S S S — R-1I
¢ = 0.15] 5 i1/ S-S A A S S R ] —— R=12
SR A \\N z ? ? ] — R=13
S\ \N ] — R=14
0.10 -\ AN . S S ff R 1 — R=15
[ . | z ] = R=17
0.05F NN 'O'/ """"" """"""""" """""""""" """""""" - — R =18
0.00 Lt i . ' i | B

0.00 0.02 004 006 008 010 0.12 0.14
The amount of shift in 7'



RAJEEENIIERNUE CIE SEHE]

Q =50 GeV, x =0.05

Shifts in 77

0.10

0.08

<
-
>

0.04

0.02

it 2525

L) I L) L) L) I L) L) ) I L) L) L) I L) L) ) I L) L) L) I L

- (2 = 0.555 £+ 0.009 GeV
| | | | . 1 1 1 |
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0



RAJEEENIIERNUE CIE SEHE]

shift(

Q =20 GeV, x = 0.05

Shifts i 7'

0.20

—
(-
ot

0.10

0.05

2 2x(y GeV

)

L)

L)

!

L)

L)

L)

20 GV

|

S Q= 0.499 -

Ll

L)

L)

|

L

L)

Ll

|

L)

L)

L)

|

- 0.007 GeV

=




RAJEEENIIERNUE CIE SEHE]

2 2x(); GeV
Q =50 GeV, x = 0.25 0.25 e G

S Q) = 0491 £ 0.004 GeV T

0.20

= 0.15
=
v a
=
=
7

0.10

0.05




B I BRSSO FOIR FUNNE HICONAL PR

Let Symbolic Regression learn the functional form of Az(R): PYSR library

L . 1
Minimize the Loss Function A N‘ |op(t + Az, R), R) — o(1, R)||?

while limiting complexity for A(z, R) Learn and evolve:

Some Examples:

g ? Evolutionary Algorithms J Example

X 3 o Complexity: 3
. . fz(x) = x >
Copy selection, and either mutate, -
crossover, or optimize constants in

the copy

In(sin(x))+1 ' ‘ .. . Complexity: 5

*= different for PySR
‘ Replace weakest (standard) or o In(x)

‘ oldest (PySR) member of :
. . »
‘.. Complexity: 4 population w/ mutation sin(x) X

[from A. Dotson|



2 DO I RECIRES IO PLIR PN HICORNAL FOIRT

Learn cross section: Learn shift:
e  Training 0,(7_1’ R) [P\ Thia]
o  Testing 6 -
4 o opr(T1, R) [P}:’thia]
:: o oSR(7y + ASR(7y, R), R) [best-fit]
? 4 o} (1; + ASR(R), R) [r-independent]
6 o Training Region
_ Symbolic Regression = 31
) . =
e Pythia S .
a4
-
3] | -
m-.
\E 2 0.20 (l.;?.'} (l.;i(l (].;553 ().'4(] ().'45 ().TSU .55
S I
1 »
O o




S EPIBCILIC BEGIRESSIOIN FOIR PUNC HICONAL PCORD

Impose A = A(R) Allow A = A(7, R)

— Complexity 1 | Loss 1.7420e-02 — — Complexity 1 | Loss 1.7420e-02 —
0.0346434860000000 0.0346445930000000
_ Comp].EXity 3 | Loss 4.1875e-03 — — Complexity 3 | Loss 4.3150e-03 — 0005 4Q1
0.049034517 sy
0.049257003 b0 (o = = Ql ~ 600 MeV

: R  OR

R
— Complexity 5 | Loss 2.9196e-03 —
— Complexity 5 | Loss 3.7773e-03 — 0.056628764
0.041511405 R + t1
0.005427174 +
R — Complexity 6 | Loss 1.8540e-03 —
ol |
. 0.0582787-¢
— Complexity 7 | Loss 3.7632e-03 — : . |
0.0416458475 R AR (7: R): Complexity vs MSE
0.0055539934 + 0.018 -
R — Complexity 7 | Loss 1.7234e-03 — o (@)
0.035091266 0.016 - o best—ﬁt
— CompleXity 9 | LOSS 3.76236—03 — R'(tl + 0.5521093) 0.014 .
0.043101504 | o  T1—independent
0.004727854 + — Complexity 8 | Loss 1.4738e-03 — 0.012 -
0.009582851 0.02724789 |
R + d 0.0101
t: + log(R + 0.47777915) 2
R S 0.008
— Complexity 9 | Loss 1.3034e-03 —
— Complexity 11 | Loss 3.7619e-03 — 0.024682902 0-0067
0.043101504 R-(t1 + 0.42737383) - 0.10246847 0.004 - o O O O @) O O
0.004727854 + P ' <
0.009582851 — Complexity 11 | Loss 1.2979e-03 — 00027 o ) o) o o o o o o
R + 0.0005340574-R-(t1 + 0.39350095) + 0.0225029025064279 , . , , r . ,
R - 0.008673818 2 1 6 8 10 12 14

R-(t1 + 0.39350095) - 0.10505143 Complexity



C OO EUSIONS & FLLELLIRE [OIRBCE NS

Possibility to use R in a Centauric event shape to disentangle perturbative and
nonperturbative contributions in QCD

Have theoretical ingredients for high accuracy
Experimental measurements from HERA and in future from EIC would be nice
Resummation of logs of R will help extend applicability to smaller R

Fun laboratory for ML techniques
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CPIER AL GUOIRETHIFS

Spherically invariant (SI) anti-k

1 —cos6; 1 — (cos Ag;;)/(coshy;coshy;) — tanhy, tanh y;

lace: R = =
el iy fU( ) 1 —cosR ] —cosR

R
O)_qi(r,y, @) = ®(ln tan 3 y) = Q{ BSI = CJ 2 (R)QJ— e,

o R
C,_(R) = cot —

: R
C/ (R) = tan —, .

Longitudinally invariant (LI) anti-k 2

Have to take small R limit and neglect hadron masses:

1
CGL{R) =R\/1-y,GR) = - O(R?) + masses




4 5 JET MASS [1405.6722]

2 i 4.0_I o e P P e P ] o e el | e P | P sl i (e s P i P R P |
Compare to NP corrections to m% inpp - J+ X 1 st HERWIG++ ('part%had) ______ s ' s
1 00 27 > 4 oF Bem=7TeV, | <2 —— gg > Zg
(2 (R) :/ d"“/ dy/ do f(r,y —ys, ¢ — ¢J, R) R ---qg~>7Zq -
0 — 00 0 e T
_ L A o £ T e
< (O|TY Y, Y] €r(r,y, 6)T[Y.Y3Y5]|0). S ?(5) i iae
R R? R? R\ T o :
Q,.(R) = — oM+ Q) Q(_)+O[(_) ] 105 —:
K( ) 2 K 8 32 K 2 G 052_ _i
:I e S o P o el | | < W [0 o |0 i P ] | ] e Y N T B 55 |_
O%O 0.5 1.0 1.5
Universality of shift parameter €, in small-R limit: .
- = = EY 0,
(yJ7 ¢J) e Boost+Rotation Vo YJ(O, 0) Rotate (0, ) Boost Y, (ln %, )
e —> coordinate 5
v ............ y v v system R>< Y
2 Q</ = e 2 & = Y,(0,0) Ya(ln??e)tboundary

pp(L) - yep
Qq e Ql

A — R



6 DEPENDENCE OF FOUND JET AXIS

Factorization required @; of found jet axis to be small

Probability density

0

D

(mean: 0.904)
(mean: 0.897)
(mean: 0.888)
( )
( )

L) ' J L) L) ' ‘

Vs =319GeV, Q = 50GeV , x = 0.05

mean: (.883
mean: (.868

)

S R S
00 —-0.75 =050 =0

25 0.0
cosf

A
% 1 G W——

................................................................................................................................................................

-------------------------------------------------------------------------------------------------------------------------------------------------------------

1.00



PEREUIRBAKIVE 56 Al

Natural scales to minimize logs:

OR ¢ OR
NQHMBNQ 7:1 a/’t] H Tl 9//tS 771

These do not meet at 2a common scale as TIC —> TlC,maX ~ 1

(signal of R resummation needed for small R)

o : C G
To facilitate fixed-order matching, we revert to Hy ~ Q,ug g~ O/ > H1s ~ Q1

G max

And incorporate R dependence into transition parameters so regions track R dependence of 7.~

=0 =l liGGev. "y —-|0

: 2ed 50N : 24 eV
[y —amin W00 7 = Wi .00
R 0O R 0O




PROFILE FUINC FICORD

Adjust to make scales merge for large 7 to match to fixed-order result

) =50 GeV, x =0.05, R=2.0 Q =50 GeV, x =0.05, R=2.0

60_|;';' | ] 60_|" | ]
50 F ,i 1 s0F I -

: : i - l pe = @Q
- 410F -

=

; 1 & 30F -
] 120:_ _
— pn ; — pn
T KB - 10:_ — HuB ]

: — Ugs [ HS
T B R T B N Oc S R N T SR TR T R TR TR S RN R T N
0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

C C



PROFILE FUINC FICORD

Adjust to make scales merge for large 7 to match to fixed-order result

60 ) =50 GeV, x =0.05, R=0.5

60 Q) =50 GeV, x = 0.05, R=0.5

] -  HMJB

LT ops : — HS
A B R T O_I T SR I T T I S T S B
0.75 1.00 0.00 0.25 0.50 0.75 1.00

G




PROFILE FUINC FICORD

Adjust to make scales merge for large 7 to

() = 50 GeV, x = 0.05,
A B AL B

R=1.0

— Wm
" WjB |

match to fixed-order result

() = 50 GeV, x = 0.05,

R=1.0

HH
— HJB A
S

L T
0.75 1.00



PILEUP OF EVENTS AT TIC’ i

_ Tlc with choice | weights pile events up at TlC,maX = (0.5 at LO, leads to discontinuity in

differential cross section. Choice |l smooths this out.

Choice 1 Choice 11

0.5

Z 0.8 1.00.0 : 0.0 Z 0.8

1.00.0

0.5

0.4

0.1

0.0



