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Background and Motivations:
Why do we study T{’ event shape in DIS!?



Hadronic Event shapes

- Event shape: Captures global geometry of events
(e.g. ete™ thrust) t=1-T where T = max (Sum over all final states; inclusive)

e et O e~

+ Forete™, N>LL’ resummed event shape distributions with nonperturbative corrections:
P P

1 % Thrust: Abbate et al..arXiv: 1006.3080 C T parameter: Hoang et al.arXiv: 141 1.6633
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Background and Motivations

- Objective: Accurately describe cross sections in DIS (ep) for jet production
+ Observable: DIS event shape 77, a special form of N-jettiness.

« Method: SCET-I factorization theorem with N3LL resummation, combined with
2-loop fixed-order QCD corrections

» Result: Cross section presented as a distribution in 77
| Tail region
5 NLL
\ NNLL
This framework provides one of the most precise a4l NOLL ]
L f 1
methods to determine ¢, and universal SN ]
. . £30 :
nonperturbative constant €2, in DIS. =t ]
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=0 ]
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Kinematics and Definitions

_ Hp: Hy | Breit
& E " ) The momenta in Breit frame are
pz pJ B H M
I n —n
g "S5t 0= = = 0(0,0,0,1)
D P 2
. ﬁ,u
prBret 2% _ Q1 h0,- 1)
2 2X
Pr= ZH: P (x is the Bjorken x)
1€y

: ds " Pi 4j" Pi
The general expression for DIS |-jettiness: 7, = 2 min { BQ ; JQ : }
l- B J

dp, 47 the reference light-like vectors along beam and jet

(g, O;: the normalization factors which control the relative importance of gz and ¢;.

Different versions of DIS |-jettiness are defined by the specific choice of gp ; and Oy ;.



Kinematics and Definitions

The formal definition T{’: QB,J = Q2/2 (Lorentz invariant and makes Tb dimension less)
gl = xP* Breit g” gt = g+ xP* Breit Q_

2 1
Then, 7= 7 Y min{q}-pud) - pi) C= — 2 min {n, - p, 7. - p;}
ieX l l ZEX

%B %] The sign of z component of p; determines p; € # '/,

T{’ agrees with the classical DIS thrust 7,y

Energy-momentum conservation classical DIS thrust variable 7,

1 |
b Breit | _ = 2 (1) = 1,
lE?/J

Reduces contamination from remnant fragmentation in its measurements,
making it highly desirable for experimental studies.

Lorentz invariant, and global observable, so free of NGL
— Can be computed with high theoretical accuracy.



Other DIS |-jettiness work

+ The DIS I-jettieness Event Shape at N3LL + O(a?)

- Same theoretical accuracy, but different definition of DIS |-jettiness
. {29B - Pk 297 - Pk
| T = mm{ : }
) 2 Q0  Q

QB:xpa QB::E\/g

Qs = 2K, coshyk, q; = (K, coshyg, KJT, Ky, sinhyk ).
. {298 Pk 2qJ - Pk
2) T, = me{ . 5 }
k Z T Q
- The jet axis is aligned with the jet momentum
— pi dependence in the beam function to be integrated out, reducing it to an

ordinary beam function

10+ 771 T T

||||||||||||||||||||||||||||||||||||

oTE Hadronic 74-Distribution ] [ Hadronic 14 ,—Distribution

06F ® Pythia ] sl = Pythia

osh = N°LL + NP Model ; [ = APLL + NP Model
8 oal Vs =90.0 Gev i et /s =319.0 GeV
= I P,,=120.0,30.01GeV 7 3 | Q2= [60.0, 80.0] GeV? |
3 oaf ys=[-25,29] 3 |, y=[0.2,0.6] -
o r = gk
o f I
= 0.2 I

0.1 2r

e I

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 00.15 0.20 0.25 0.30 0.35 0.40



Formalism



Formalism

In this work, we compute the T{? distribution as follows:

k
o(1)) = [a’k [GSPT+GB§I-] <Tf — 5) [€—25(R,ﬂs)(d/dk)F (k—2A(R, ,MS))]

O—ISDT: Singular contribution (Leading Power in SCET)

Represents two-jet events, combined with all-order log resummation at N3LL level

GB§|—: Nonsingular contribution (Power Suppressions)

Represents multi-jet events, estimated using full-QCD fixed-order up to O(a?)

e ~20WRous)(dldk) pr (k — 2A(R, ,uS)): Nonperturbative hadronization corrections

Incorporates the nonperturbative shape function F, and employs R-gap scheme to

subtract O(Aqcp) renormalon ambiguity.



S . Q: T
OpT Singular contribution

The SCET factorization formula for 7} distribution is given by rXiv:1303.6952

Measurement function for Tf’ Kang, Lee, Stewart

Single variable soft function

t t k
Jdtjdthksé (le - Q—’2 - 52 - 5) S(kg, p)

do B dol
dxdQ%drh  dxdQ>

< JdeLJC,(rJ — D[ HI, 0% 0B (1,3 0%, 10 + (4 = D).

Quark jet function Hard function Quark beam function

b 2
where Born-level cross section _4% _ 27%m [(1—y)2 + 1] (Note that 02 = sxy)
dxd(Q? Q4
Breit| Hp' Hy
Wlthtj—>tJ+pi, and tB%tB_pia E p’l, p/j
we can confine the pi integration to the |
beam function only: Ho . Pl
4B :

Eq(tBa X, ,l/l) — [dzpl%q(tB — p%_a X, p%_a //l) ,u
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GB§|.: Nonsingular contribution

*  Nonsingular contributions from fixed-order full QCD calculations:

d LO nonsingular:
dons _ 79QCD _ dos arXiv:1407.6706
dT{Q - d’t'{’ df{’ Kang, Lee, Stewart

* NLOJet++ is the C++ program for calculating LO and NLO QCD jet cross sections
based on Catani-Seymour dipole subtraction method. (Author: Zoltan Nagy at DESY)

arXiv:hep-ph/9605323 arXiv:hep-ph/0307268
Catani and Seymour Nagy

process table
const process_table proctbl[] = {
"epa", "e+e— annihilation", {0, main_module_epa},
"dis", "deeply inelastic scatering", {0, main_module_dis},

| 4+ —
"hhc", "hadron-hadron collision", {0, main_module_hhc}, ¢ e e ’ ep, pp and
"hhc2ph", "hadron-hadron collision with two photons", {0, main_module_hhc2ph},

"photodir", "photoproduction (direct photon)", {0, main_module_photo}, PhOtO PrOdUCtion
"photores", "photoproduction (resolved photon)", {0, main_module_hhc},
processes.

contribution types
const char *xcontbl[] = {"born", "nlo", "full", 0};

12



PT Nonsingular at LO

20 T T l T A T
[ Full QCD at (’)( s) from NLOJET++
— « = Singular at O(a,) from SCET
15 F Analytic nonsingular at O(ay) i
= = = = Numerical nonsingular at O(a)
S ol Vs = 319 GeV
2 Q = 50 GeV
a¥ A
= z=0.05
S J
S
S
_____________ ]
-5 [ [ 1 1
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b
71

Analytic |-loop
nonsingular
arXiv:1407.6706
Kang, Lee, Stewart

doys/ dTi) at O(ay)

= (s + ps)/2 ]

0.5 _ Yo\/ i
V5 = 319 Ge\ ue gy :
Q = 50 GeV —_— =l ]
0.0 =005 —_— u=0Q ]
— n=2Q
0.5 L= [ | L P
0.0 0.2 0.4 0.6 0.8 1.0
.

]-OT T MR | M R | T rrrrTTy
Full QCD at O(a,) from NLOJET++
— « = Singular at O(ay) from SCET
10° Analytic nonsingular at O(ay) i
. = =e= = Numerical nonsingular at O(ay)
S V5 = 319 GeV
107 .
O 10 Q = 50 GeV
= . -
== x =0.05
~ 10!
~
S
=
10!
103 Ll A sl Ll L
10~ 1073 10-2 10! 10°
b
T
2.5¢ -
2.0 J
g/ 15E _ ]
=
oo LOF
t\. K 4
"c‘ .
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Uns Nonsmgular at NLO

20 = T T — v v 1 T T T T T T A
i Full QCD at O( 2) from NLO ]ET—+—+ Full QCD at O(n ') from NLO. ]ET—+——+—
] — « = Singular at O(a?) from SCET — « = Singular at O(a?) from SCET
I S 5
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S - e
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(1/0)do/dT}

(1/0)do/dT}

NP corr.: Shape function

do daper k
. / / / . b
S(k, ) = Jdk Spertk — K. F(K)  —  ~Z(eh) = — (- =) Fv
dtb dr QO
1 1
AL L L ¢ AccordingtoOPE,
12.5 (b) Sum logs, no power corrections .
] (
b
> - “perd®) _ 20, Pert(fl) 1+ 6(AQCp/(0)
] ) = - [T CD/(7
7.0 NLL ) d’l'l dT{) Q dTl Q
5.0 I NNLL - y
NLL
25 ] 2Q is the Ist moment of F(k): 2Q, = | dk kF(k)
0.0F /5= 319 Gev ]
_95k Q=150GeV, z=0.05 :
00 01 02 03 04 05 Ir;)the tail region, o | -
TP T = Tl 2Q,/0 1.0t '
(translation!) ; (Ra, pa) =500 ‘\IC\’; _
et 0.8¢ A(Ra, pa) = 50 MeV: -
125 F (¢) Sum logs, MS scheme for . - Ra=pa=2GeV |
100 _ ,. (no renormalon subtraction) _ /:O'G:- Simplest implementation-:
. ] \;5 ; with ¢, = 1 and
e NLL ] 0.4¢ A =09 GeV:
5.0F I NNLL -
i NSLL ] 5L
2.5F 1 0.2
O0B) /7= 319 Gev oot/ o . —
o5l Q=50GeV, & =0.05 E 0 1 2 3 4
:.-..l....l..-.l....l..-.: A[GGV]
0.0 0.1 0.2 0.3 0.4 0.5

T{’ 15
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NP corr.: Renormalon ambiguity

*  We employ the R-gap scheme introduced in [arXiv:0806.3852, Hoang, Kluth].

S0 S(L,0) (R,1)=(1.0,1.5)
1.5 } 1.5 _ ,/’\~
o Renormalon subtraction :
o 10 |
: — ;
05 } 0.5 :—
0.0~ 2‘.5 0.0
-05 |- L (GeV) 05 L
Before renormalon subtraction After renormalon subtraction
(shape function only) (R-gap scheme)
— T - T 1 T 1T T — T T 1 T T T
[ (b) Sum logs, MS scheme for € [ (c) Sum logs, R-gap scheme for €,
10 "4 (no renormalon subtraction) 10 " (with renormalon subtraction)
© ©
N NLL | = NLL |
3 mm NNLL 4 S 5h mm NNLL
o N’LL o N’LL
~— ~—
— o L |
0 Vs =319 GeV 0 { Vs =319 GeV
@ =50 GeV, x = 0.05 F () =50 GeV, x = 0.05
PR T TR [T SR TN S SN N WU S N S S S L PR TR W [N SN ST SN ST T SN S N S S S S T _—_—
O'AO 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
T{’ T{’

O(AQcp) renormalon ambiguity
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Results and comparison with
HERA data



Final N3SLL + @(asz) prediction

| | | | ' ' '
05l NLL
' mom NNLL | ¢ Relevant to HERA setup
b 3 "

0.4l N°LL 1 ° Good perturbative convergence of
‘:1:" b - the distributions, especially in the tail
< J3=319Gey | regon
% 0.3F (Q =50 GeV ] . Can observe a peak as T{’ — 1,

—~ : r=005 | which characterizes the events with
\;—(/ 0.9 _ ﬁ nearly empty jet hemisphere.
Qk\‘_‘ ] B
] b relt
0.1F - 1——Z(pl)—TQ
[ ~— ze% ;
! T —
OO J L L L | L L L | L L L | L L L | L L L _
0.2 0.4 0.6 0.8 1.0

18



o
ot

0 % (1/o)do/dT)

—
—

O
-

Final N3LL + O(

0.6

| T T T T T T T | T T T |

NLL

] NNLL?

N*LL *

V5 =140 GeV |
Q =30GeV |

r=0.05 1

Relevant to EIC setup

Good perturbative convergence

b

a’) prediction

<
t

™ x (1/o)do /dTy

O
-

.
[

.

O
oo

.
o

NLL

.~ 1 NNLL

N*LL

Vs = 140 GeV
Q = 30 GeV
x=0.2

PR TR

Can observe the peak as 7, — 1, and this feature is more pronounced at smaller x.

19
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a, and {2, sensitivities

) T T et e
6p —-— NLL + O(a?) (o, = 0.118) -
A\ Savy = £0.02 [+£1.7%]
af ]
. . >
;C;_’ 2r .\'~'~ _________ -—-"""—.‘— .
S
S of |
\ | .
) B \.\
'B —2'- / '\. )
%/ s / \.\.N.‘
4L ! - e — ;
_ I ,. \/§ — 319 C;(‘\ \_\.\. 1
| | Q = 5l Go\-"7 r = 0.05 \
=6 0, =500 GeV .
T T B . o
&

&

Requires uncertainties below 4% for da, = £ 0.02

T T T T T T T T T T

5 —-— NULL + O(a?) (€; = 500 MeV)
002 = 200 MeV [+£40%] ]
10 B 5Q, = +£100 MeV [+20%] b
S5
=
3
~—
)
<)
(Q -
~10 /5 =310 GeV 1
@ =50 GeV, x = 0.05
—15 ay=0.118 7
N B S S S
0.0 0.1 0.2 0.3 0.4 0.5
b
7

Requires uncertainties below 5% for 6€2; = = 100 MeV



Q* (GeV?)

a, and {2, sensitivities

HERA (v/s = 319 GeV)

>12

10

Relative Uncertainty (+%)
Q% [GeV?]

EIC (\/s = 140 GeV)

—
e
w
L

10%¢

Our predictions exhibit uncertainties below 4% across large range of x and Q.

=12

10

Relative Uncertainty (£%)



Q%IGeV?
[8000 ... 20000]

Q%GeV?
[3500... 8000]

QYGeV?
[1700... 3500]

Q%IGeV?
[1100...1700]

Q%GeV?
[700 ... 1100]

Q%GeV?
[440 ... 700]

QYGeV?
[280 ... 440]

Q%1GeV?
[200 ... 280]

Q%GeV?
[150...200]

HERA HI| measurement

+ Recently, the HI collaboration reported the measurement of Tf in DIS based on the data
sample collected in 2003-2007 (\/E = 319 GeV, integrated luminosity of & = 351.1 pb™ .

y [0.05...0.10] y [0.10...0.20]
¢ H1 Data NNLOJET (O(c)® Had)
Sys. unc. 44 NNLO®NLL'®Had
— Djangoh — KaTie+Cascade (Set1)
- - Rapgap — KaTie+Cascade (Set2)
— Pythia 8.3 — Sherpa 3 (NLO+PS) 100
----Pythia 8.3 (Vincia) - - Sherpa 2 (Cluster)
— Pythia 8.3 (Dire) — Sherpa 2 (String)
Powheg+Pythia
Herwig 7.2 200
— Herwig 7.2 (Merging)
- - Herwig 7.2 (Matchbox) 100

50 r

y [0.20...0.40]

y [0.40...0.70]

y [0.70...0.94]

[pb]

b
1

50

do/dt

100

i L‘..-. Jy[020...0.94]
1 1 A | I

H1

200
100

300 r
200 | .»
100

400 r
200 |

600 [ i
400 r
200 r

1000 r
500 |

1000 |
500 | [l

| —
N

arXiv:2403.10109
HI| Collaboration

The distribution in Tf given by

dy sz do
Ay AQ? dydQ?dz?}

We can compare our theory
predictions with these
measurements (red box).



HERA HI| measurement

l L) L} T l L} T L l L} L L} ] T L) L} ] L) L} L} l

_ h HERA results ;
6 § HERA statistical uncertainties

i ¥  Theory at N3LL + O(a?) ]
5

Vs = 319 GeV
1100 < Q?*/GeV? < 1700
0.4<y<0.7

I'-d_‘_|

(1/0)do /dTy

N
|

o
|

23



HERA HI| measurement

l L) L) Ll l L) Ll Ll I L) Ll L) ' Ll L) L) l L) L) L) l
]: HERA results
-
D ' . . . . =
§ HERA statistical uncertainties

$  Theory at N°LL + O(a?)
V5 =319 GeV

700 < Q%/CeV? < 1100 -
0.4<y<0.7

(1/0)do /dTy

o
T
g
|

! -
| g
- I{ o e -
et 1 R — 1 1 I
0.0 0.2 0.4 0.6 0.8 1.0
b
71
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Summary

7, is an DIS event shape which has many advantages in experimental measurements, and
as a global observable, can be computed with high precision.

Computed the T{’ distributions at N3LL + O(a?) accuracy, and included power
corrections and renormalon subtractions for NP soft physics.

With the recent HERA measurements as well as the future EIC results, le can be used as

an independent event shape method for the o, {2; determination.

Additionally, this could work as a quantitative measure of gapped events.

Sensitive to hadron PDFs, so could also be used as a probe to PDFs.

Thanks!
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Peak as T{? - 1

0.6F | _— :IT;EL —‘ 6 h § HERA statistical uncertainties ]
[ NeLL ] I §  Theory at N3LL + O(a?)
0.5 i1 : r:
£ | Vs =140 GeY | V5 = 319 GeV
o 04f Q=30GeV | N L 1100 < Q*/GeV? < 1700
/;*031_ T:OO'%S ) g 0.4<y<0.7
= I I © 3l ]
— i 4 } I
X 0.2 g )
-\c i 2k I:l: |
0.1r i .
: Ny —i 1F II d II .
OOJ ‘—‘-‘H:_ f o Y- - i.;.'
" 1 1 1 1 5 0 | N 1 1 . N 1 , =¥ L 3 1
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 g 1.0
b b
TL s TL e
Tf — 1 characterizes events where nearly all final-state particles are confined to the beam
hemisphere. (Empty jet hemisphere .
P (Empey P ) p@f = arXiv:1407.6706
v \ p: Kang, Lee, Stewart
1
This contribution becomes increasingly b .

significant as x — 0.

F,isempty o o5 i

d=1 e
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Breit frame

Peaks as T,

O‘é, LV
1.0

b

10.0y

CM frame

In Breit frame, the separation of the 7 ;

is always z = 0, regardless of x and Q.

However, in the CM frame, the #; takes on cone-like
shape, with its opening angle varying based on x.

Events with Tf — | provide a quantitative measure

of gapped events, where the jet hemisphere is
nearly empty.
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Nonsingular: r.(1) test

*  We can check the numerical results from NLOJET++ in terms of the cumulant of the
nonsingular distribution.
dog

—> = A5(zP) + [B(Tb)]
b | 1
dOotal dri "

s AS(t)) + [B@)]  + (@)

Fixed-order total dff 1

+ Integrating the fixed-order total and the singular distribution in Tf from O to |, we have

1
I
Ototal = 4 +J dilr(z}) and os=A where we used L dr) [B(T{?)h =0
0

So, from the known analytic fixed-order results for 65¢4| and o5, we can determine the
cumulant nonsingular distribution.

1
(1) = | detr(el) = oo — o5 (Analytic
0

*  From the numerical results of NLOJET++, we can access the distribution for T{’ > 0.

d6yoeq| |[NLOJET++ Integrating the difference of the two quantities from
b loso =B())+ (7)) eto |, (e — 0), we obtain
- 1 1 d6yoa| [NLOJET++
: : total J do
_S — B(Tb) III%J dlel”(T{?) = llnéj d’[f) |: d:ba » _d_TZ 9
drf l2>0 - T e e roae [ >

29 (Numerical)



Nonsingular: r.(1) test

*  So, by comparing r.(1) determined from the two independent ways, we can test the

validity of the numerical results from NLOJET++

1.50 -
|- - vovevre
1.25 F
21.00F \/E = 319 GeV
G -
o Q) = 50 GeV
= 0.75F
< r = 0.05
N -
v 050
0.25F . . .
[ --<+-- 7r.(€) from numerical nonsingular
[ — (€) from analytic nonsigular
0.00 o : i
L[ =oe=eee r. from total cross section
' A lllllll A A lllllll l!llll '} LA AL Ll
— — -9 —
10 103 102 10-! 10"

€

At O(a,)

We can clearly see the flat region from the LO result, and a bit noisier result for NLO, but

Integrate the from le = | to some

develop the flat values predicted by the analytic
result.

sufficiently small number and see if the results could

"'l

0.20}

0.10

= [}
s [/
Q L I vy . -
i ’ [ ¢ 1 \/
- 0.05 - :l “‘ "v \/E = 3].9 CT(\
av L ! \/ Y ONT
SR Q = 50 GeV
o 0.00F -
< o x = 0.05
o~ - 1
- I
= PN . .
—0.05 i :' --e-- r.(€) from numerical nonsingular
- I
e R RRTET r. from total cross section
-
—0.10 :' — r.(€) from fit
[ ) lo confidence interval of the fit
- ] -
_0‘15 1 A A lllllll lllllll A L A llllll A A A LA Ll
. o ) _
10~ 10-3 102 10~ 10"

€

At O(a?)

they both correctly produce the analytic results. (Improvable by collecting more MC events)



Nonsingular: r.(1) test

»  So, by comparing r.(1) determined from the two independent ways, we can test the
validity of the numerical results from NLOJET++

|doldrl || o At O =80 GeV, x = 0.2, /s = 300 GeV
100 -
O(ay)
1+ : — LO Fixed-order full QCD
\\ LO Fixed-order singular (SCET)
0.011 \ LO nonsingular
-4 | -
107" Log-log plot Integrate in 77 )
0?(501 - 06050610 | 0650 (‘).‘1100 o 05;00 | ’i Tl

r(1) at O(a,)

015+

0.10 |-

0.05 -

- Log-linear plot

1070

1074 0.001 0.010

0.100

r.(1) at O(a?)

0.02 -

Integrate the from
b _

7, = 1 to some sufficiently
small number and see if the
results could develop the flat
values predicted by the
analytic result.

0.01

— 0.146065 NLOJET++

\ — 0.0146671 NLOJET++

— 0.145374  Analytic 1075 0. 0001

-0.01 |

0021 | og-linear plot

1 — 00149222 Analytic

b
T

0.010 0.100

*  We can clearly see the flat region from the LO result, and a bit noisier result for NLO, but
they both correctly produce the analytic results. (Improvable by collecting more MC events)
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SCET FT for Tf: Resummation

Once we establish the description for the fixed-order functions, we can implement the
resummations of large logs in Tf. By N'LL, we mean the summation of the following logs:

LL logz/(a,logz)" ~ O(a; ") NLL (a,log7)" ~ O(ad) (n>1)
NNLL  a(a,logz)" ~ O(a,) N3LL (e log?)" ~ O(a;)

where the last relations assumed power counting of large logs, log Tf ~ 1/a; when Tf < 1.

The RG equations of the hard, jet, beam, and soft functions are

d d
ﬂiH(Qz, W =y WHQ* ) — H G = [dt’yg(t =G ) =Sk, p) = Jdk’yg(k — K, wS(K's p)
du du du

for G = {J,B}

And the corresponding anomalous dimensions are given by

Q* O(t/u*)
yu(i) = Tpla(wllog = + yula(p)] vt 1) = I'glag(u)]— — | +7ela(wls@)
H U t/u .
1 [0/
ys(k, ) = Uglay(u)]— [ /) + ysla(w]o(k)
pl kip

+

32



SCET FT for T Profile function

mY L O\ (EQ\™E [EQ\" [ € 2ns We introduced a scaling parameter & to make
7e(®, Q" 7) = ( ) <—) (—) (—) th ts of plus distributions h

T(1+Q) 3 02 g e arguments of plus distributions have a

L" common convolution variable, so the cross

xLg(y, @ Z/ _fJ (z/2 1) section is independent of &.

<H@m) 3 [asm,),%] e N
ni+nz+1 £1+n3+1 £2+1 % 6 lo L3

SIS @0/ + 10 ) FarQ/e) = [ ay [MOEEY
l1=—1 fo=—1 fl3=—1 +

The most obvious way to deal with the explicit 7 dependence in FL%(TQ/f) is to choose
& ~ 10 (but the result is independent of &).

With this choice of £, we get to introduce 7-dependent log factors (blue) in the fixed-order
functions, this can best be dealt with in terms of the well-established resummation factors

( )-

The logs in the fixed-order function can be minimized through the following canonical
scales:

py = 0O, :MJ_:“B_\/7Q //lS—T1
We can see that the relative hierarchy between these scales changes w.r.t. the value of Tf.

In order to properly implement the 7-dependent scales to the SCET FT, we need the profile
function. 13



Tf for DIS and thrust for e e~

[when x < 1/2, otherwise, (1 — x)/x]

b 2 : b b
T = E Z min {QB "Pidy - pi} € (0,1) <— " No minimization in g;
ieX
Z:i |- p;l € (0,1/2) <— " Minimization in
Tetem = I =T where T= max; > ’ thrust axis
Zi |pl|
+ Characteristic singular behavior as T{’ — 1

Smeared at @(asz)

|

1.0 ' : , —
[ NLL |
N N2LL 4
0.8-‘ N3LL 7]
0.6F | l
p C@ b " i |
p- 2= L I
- 1L i ; il
i 0.4 .
0.2F /]
- X ]
1 i
e N —— =
1 1 N 1 N 1 T; ]
0 0.6 0.7 0.8 0.9 ‘ 1.0
T

o(1 —7) at O(ay)
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Tf and other DIS |-jettiness

Another version of the DIS |-jettiness is 7;, and the only difference is the definition of g;:

q}’=q+xP —> qj‘=K1=q§’+qu

g¢" is defined to a light-like vector along the jet momentum P, whose light-like projection is K.

Breit p}i . Tf distribution has pi dependences because jet
and beam momenta are not aligned with g; p.
b a ’
qg” = xP dy T P
< O />b - However, Tf’ distribution has pi dependence
_pll/ 4y only on the beam momenta, so we can just
pg integrate it to find the ordinary beam function.

* Theoretically, it is more involved to deal with the transverse-momentum dependent
beam function, but Tf is Lorentz invariant. (7]’ needs a jet algorithm, which refers to a

specific frame.)

* Lorentz invariant, and global observable, so free of NGL
— Can be computed with high theoretical accuracy.

* Reduces contamination from remnant fragmentation from its measurements,

so makes it desirable to be measured in experiments.
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T{’ and and eTe™ thrust

}/* p}l i g Pi p}‘l ~ 2E,—
Y %
Q'M\/\/\/\/—\/‘d— p et > @ < e
/ /
pg A/DIS pz%

Tf ~ 0 and 7,.,- ~ O describe event collimated along jet axes, and could be best
described by SCET with high theory precision. (N3LL)

One of the nontrivial differences between le and 7,.,- is one of the jet radiations in
ete™ should be replaced by ISR from the proton for 77,

In FT for T{?, a jet function is replaced by the beam function.
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GIS,T: FT and Fixed-order functions

Measurement function for Tf’

do a’g(])? t tB . ) Single variable soft function

= ——— | dt,dtpdko 5 | 70 — — — = —
dxdQ?dtzp  dxdQ? J JUEEES <Tl 02 02 O
X J (15, 1) [Hfj(y, 07, M)éq(tg, x, 1)+ (g = z])],

Quark jet function Hard function Projected Tf quark beam function

S(ks, 1)

Our target theory precision is N3LL + O(a?), so we need 2-loop fixed-order expressions

for each parts of FT:

Hard function: gg — qq through neutral currents (y*, Z*): 2-loop

arXiv:hep-ph/0605068, arXiv:hep-ph/0607228, arXiv:1006.3080,
|dilbi, Ji, Yuan Becher, Neubert, Pecjak Abbate, Fickinger, Hoang, Mateu, Stewart

: . arXiv:hep-ph/0607228,
Quark jet function: 2-loop Becher, Neubert, Pecjak

Soft function: 2-loop 27V:1105.3676,
Kelley, Schabinger, Schwartz, Zhu
b . D _ | .2 2 2
7, quark beam function: B (15, x, 1) = [d"p, B (15 — P, %, P, 1) PDF for parton j

%’q(t, X, ki,,u) is the k| -dep. beam function, A (¢, x, k2 L) = fl-j(t, x/¢, ki,,u) ®; jj.(f,,u)

Known to 2-loop.  arXiv:1401.5478, arXiv:1409.8281,
Gaunt, Stahlhofen,TacI<manr$7 Gaunt, Stahlhofen



S

OpT Resummation

Analytic |-loop
nonsingular
arXiv:1407.6706
Kang, Lee, Stewart

Cewsplas| | vya B s[as] | Blas] | {H,B,J,S}as] | Nonsingular
LL 1-loop - 1-loop Tree level -
NLL 2-loop 1-loop 2-loop Tree level -
N2LL 3-loop 2-loop 3-loop 1-loop 1-loop ——
N3LL 4-I|oop 3-loop 4-loop 2-loop 2-I90p
4'|°°P cusp anlomalous dimension arXiv:1911.10174 Numelrical 2-loop

Henn, Korchemsky, Mistlberger

(NLOJet++)

* The resulting FT for the cumulant singular distributions after resummation:

0'0(27, Q27 7-) -

v (o) () (

TQ2 nJ
) (

x LY (y,Q Z/ —fg (z/2, 5)

Hs

2ns )
@) — Log resummation

— Lepton parts and PDFs

rQ? rQ? rQ
XH(Q27 :LLH) Z Jn1 [O‘S(IUJ)7 2:| jnz [O‘S(:uB)7 Z, 2:| Snz |:Ofs(,u5), :|
1 g =1 Ky KB Ks
ni+nz2+141+4+n3+1

X< DL DL VETVmVA@ +

6=—1

lo=—1

(g Q)

—

Fixed-order functions
(Coefficients of plus
distributions)

Convolutions of plus distributions

(momentum space formulation)

F and € are the functions of the scales yy 5 ; ¢ and the Hgoal (arbitrary scale, usually set to be

Hgoal

~ ﬂJ,B)
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S . . .
OpT Profile function

. The natural scales for fixed-order functions are yy = Q, p; = ug = \/;fQ, Hs = TfQ.

+ Depending on the values of T{?, we have quite different physical description:

Q) =50 GeV, x =0.05

] Ll Ll Ll ‘ Ll Ll Ll ‘

= T T

- Peak region: Tf’ ~ 2AQCD/Q <1 50 —

Tail region :
- Tail region: 2AQcp/@ < T{’ <1 ' : Far—téiF region

. -

[G 0\-"]

) P ion: ~b — I
Far-tail region: )~ 1 - 20F

Peak region L
10F :

i

Frozen scale -
Ho = 1.1 GeV 4—0-5 o -
t3 = (),87-5]’[1 0.0 0.2 0.4 0.6 0.8 1.0

ax)’
1 —log(x + x.)
10

to = min :

, 0.6%3

5 GeV N Depend on x » A characteristic feature of our profile is
t1 = min ( ,O.6t2) : x. = 0.0001234

O that it changes w.r.t. O and x, because the
/1 QeV relative importance of the singular and
to = min 0 ,0.6t1 |, nonsingular changes in x.
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i [GeV

S
°p

Q =50 GeV, x =0.001
T I T T T ] LML T ' T T T ' Ll T T

T Profile function

' ]

- -
- . . =
L 4
L 4
L 4
- -
L 4
L 4
L L4
L .
- B
L S
- = o4
- o -4
L .
— "

.
L .
L L
L .
L .
— N
L -

'

=50 GeV., z =0.05
Ll L ' T T T ' Ll L T ' T T

00 02 04 06 08

10

'
|

The tail region (resummation region) with the canonical scales move w.r.t. O and x.
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S o
om—: Scale variations
PT

— 50 GeV, z = 0.001

l L L Ll ' Al ‘
[ —— ]
[ —— B © ]
Bl
i -

Q

— 50 Ge\f: Tr = 005

100F :
S :
L —— MIB ]

80

L —— S

Q

=15 GeV, 2 =0.05

30

i |GeV]

L l-
| HH -
r HJB 1
: - Hs :

~
'
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GIS,T: Profile function

Fixed-order singular vs. nonsingular

|d0w’dz'{’ |LO
Q =80 GeV, x =0.2

100 -

|

\\

0.01 w
104} Log-log plot

0.001 0.005 0.010 0.050 0.100 0.500 1

O(a)

1 -—log(z + z.)

)
10
x. = 0.0001234

— LO Fixed-order full QCD
LO Fixed-order singular (SCET)

LO nonsingular

b

T

Crossing point 7 ~ 0.25

0.4 *%b _
I \
\‘\,.
A
0.3F .\ 1
[ — !
=~ oo o
02 B ""*mm;\;“. : \ ]
mﬁ*’:z-? o \
~2_
[ — (1 —log(z + x.))/10 p TN B \\
0]‘ - Flfl’mx - — ]
— \ .
¢ Teross UP to (/)((l's) A -
[ Teross Up to O(a?) \" :
N — ‘ ) | o a
0.0 0.0 - oG - S

T = I, is set to depend
on x, below which the
singular contribution
gets larger than the
nonsingular.

— resummation matter!
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°pT

: PDF sets

4. ¥ quark beam function: B (15, x, ) = [dzpr%’q(tB — P, x, P )

PDF for parton j

%’q(t, X, ki,,u) is the k, -dep. beam function, A (t, x, ki,,u) = J’ij(t, x/E K, 1) ®; ]3-(5,/4)

1.0 -

NNPDF4.0 NNLO Q= 3.2 GeV

1.0 1

NNPDF4.0 NNLO Q= 100.0 GeV

NNPDF4.0 NNLO PDF set
implemented in LHAPDF.

PDFs are determined w.r.t. o
value.

Should change PDFs for
different a, simultaneously.

2 g/10 1 g/10 °
Uy S Uy
0.8 - dy 0.8 1 dy
s el S
0.6 - oo U 0.6 - oo U
A d ~~ d .
| C = C
0.4 A 0.4 1
0.2 0.2 -
0.0 . : , 0.0 . ) . ¢
1073 1072 1071 100 1073 1072 1071 100
X X
332700 NNPDF40_nnlo_as_01160 (tarball) (info file) | 101 1
332900 NNPDF40_nnlo_as_01170 (tarball) (info file) | 101 1
333100 NNPDF40_nnlo_as_01175 (tarball) (info file) | 101 1
333300 NNPDF40_nnlo_as_01185 (tarball) (info file) | 101 1
333500 NNPDF40_nnlo_as_01190 (tarball) (info file) | 101 1
333700 NNPDF40_nnlo_as_01200 (tarball) (info file) | 101 1
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