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Outline of What is Not in This Talk

* No heavy ions (p is heavy enough for me!)
* No actual determination of ¢, (but show a path towards it)

* No(t many) results for EIC (will show comparison to HERA data)



Outline of What is in This Talk

Status of o, determinations from e*e- and DIS jet measurements
Global measures of jettiness: event shapes
Factorization and resummation in SCET

Nonperturbative Effects and Universality

Predictions for DIS event shapes at HERA and EIC!
and sensitivity to



Formation of Jets in QCD

Perturbative soft and
collinear splittings happen
at intermediate time
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Hadronization at late
time at low energy scale
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soft and collinear

enhancements

 Jets probe strong interaction over wide

range of scales

€ or
P * Need to resum large perturbative logs
* Separate pert. and non-pert. physics
 These are problems of scale separation:
. a job for EFT
O
u\“‘ > Production of a new
e or p jet suppressed by
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(e*e”) Event shapes to high precision

» First N3LL resummed event shape distributions with state-of-the-art treatment
of nonperturbative corrections, e.g.:
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Makes e+e- event shapes one of the most precise ways, in principle, to determine «,
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PDG 2024:

Event shapes
and the
strong coupling _ °*|
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Uncertainties underestimated?

= Some questions have been raised about systematic uncertainties due to understanding of size of
nonperturbative power corrections in 3-jet region

» and/or uncertainties due to schemes chosen to subtract renormalon ambiguities
and/or perturbative scales chosen in the non-singular fixed-order prediction in the 3-jet region that probe
the size of unresummed subleading-power logs
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0o Darker:Te[g,H |
“ = Perhaps room for other
. Lighter: 7€ SU!!!! o ' | methods to help resolve!
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Need to break degeneracies

" |n tail region, leading nonperturbative effect is a shift by ¢,€2,/Q

c, is an exact observable dependent coefficient, e.g. angularities c¢,= 2/(1-a) T, =

)

Agreement area
is still large,
uncertain.

Us

Few observables
or few Q’s

)

Varying slopes =

smaller overlap.

Us

Many observables
or many Q’s
Readily accessible in DIS

11



soft hadrons

hadronic
jets

DIS Kinematics

s = (k + P)?

Not as clean as e+e-, but provides single laboratory

to vary x, Q to break {¢,,(2,} degeneracies

x:2P-q
_P-q

Y= Pk

Q? = xys

px =q+ P
1l —x

2

Px = -

squared center-
of-mass energy

momentum transfer

Bjorken scaling

variable

lepton energy loss in

proton rest frame

total momentum of
final hadronic state

invariant mass of
final hadronic state

1934-2024



Jets in DIS and the strong coupling

Process Collab. | Value | Exp. Th. Total (%)
(1) Inc. jets at low Q2 H1 |[0.1180 | 0.0018 | *Poi24 20126 +10.6
(2) Dijets at low Q? H1 [0.1155 [ 0.0018 ; Tooms  tan ]
(3) Trijets at low Q? H1 |[0.1170 | 0.0017 | T5oora ooe a4
(4) Combined low Q? H1 ]0.1160 | 0.0014 | 15009 My
(5) Trijet/dijet at low ? H1 |0.1215| 0.0032 | 500 Htsr  Tex
(6) Inc. jets at medium Q? H1 0.1195 | 0.0010 e byt SR v
(7) Dijets at medium Q? H1 0.1155 | 0.0009 [ *o003s o008 81
(8) Trijets at medium Q? H1 0.1172 | 0.0013 | T35 ooas To0ms 80
(9) Combined medium Q? H1 0.1168 | 0.0007 | 1oooas o tea 13l
(10) Inc. jets at high Q? (anti-kr) ZEUS |0.1188 | 190036 | +0.0022 | +0.0042 433
(11) Inc. jets at high Q? (SIScone) ZEUS |0.1186 [ 129036 | +0.0025 || +0.0048 37
(12) Inc. jets at high Q? (kp; HERA I) | ZEUS | 0.1207 | 192038 | +D-0022 TooNse 138
(13) Inc. jets at high Q? (kp; HERA II) | ZEUS [ 0.1208 | 10 00ss o e 1o
(14) Inc. jets in yp (anti-k7) ZEUS |[0.1200 | *0o0as | Tooos e 153
(15) Inc. jets in yp (SIScone) ZEUS |0.1199 | 5005 by ooty 5o
(16) Inc. jets in yp (k) ZEUS ]0.1208 | *5o053 | Yoooss || Toooao 133
(17) Jet shape ZEUS | 0.1176 | *5o0 | Tooorz || Tooorr T
(18) Subjet multiplicity ZEUS |[0.1187 | 1o | toooe Tt 1o
HERA average 2004 0.1186 | £0.0011 | £0.0050 || £0.0051 +4.3
HERA average 2007 0.1198 | 20.0019 | £0.0026 || £0.0032 £2.7

Table 1: Values of ay(Myz) extracted from jet observables at HERA together with their
uncertainties (rows 1 to 18). The 2004 [10] and 2007 [11] HERA averages are shown in the

last two rows.

Extractions from
exclusive jet cross
sections have order
10% uncertainty,
dominated by theory

Improve to
level of e*e?

C. Glasman, in the Proceedings
of the Workshop on Precision

Measurements of o
[1110.0016]



Jets in DIS and the strong coupling

o, results from HERA inclusive jet data in NNLO

+NNPDF3.0 * ABMP © CT14 APPLfast ana NNLOJET Extractions from
H1 cera H inclusive jets” mcIyswe jet cross
ZEUS (HERA-) L 300 GeV high-Q e sections have order
STAR * 52a—|——o HERA- lO_W'Q e 10% .
| HERA-I high-Q° —e— o uncertainty,
CDF (Run-ty S HERA-II low-Q’ e +
DO (Run-11) ouf—o— HERAI high-Q7 o exp + theory
ATLAS (7 Tev) |
CMS (7 Tev) O ZEUS inclusive jets
300 GeV high-Q? —e— Improve to
Common fit do HERA-I high-Q° —e— level of ete-?
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S
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ZEUS inclusive jets >28cev) —®
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World average [rpagis] =
]

T previously fit in Ref. 0.11 0.12 0.13



N _j etti n e S s Stewart, Tackmann,Waalewijn (2010)

* A global event shape measuring degree to which ™ = 5p me{qA Diks QB * Pis Q1 Dk« - -+ N * Dl }
final state is N-jet-like. : # beams # jets

4
L 4
L 4
L 4

d1

groups particles into regions,
according to which vector g
is closest.

. Factorization and
Resummation-friendly

qN



| -Jettiness in DIS

k
e
e “[|-jettiness” in DIS measures final states
with beam radiation + one additional jet
®
@0 )
n= 0 Y min{gs - pi,qs - pi}
1€ X
Digh bJ
7] o' '

e Different choices of axes are
possible: different sensitivity
to ISR transverse momentum

q; =q+aP



DIS thrust

Tb . e e’ s 2 In the Breit frame:
1 '
2 . — P
T = 5 Zmln{QB "PiqJ 'pz’} 15
@ - gy =q+xP
Breit 1 same as DIS thrust of
PB -

sensitive to ISR transverse momentum: ultimately depends only on

momentum in jet or
q “current” hemisphere

(thanks to momentum
&P v conservation)

a
pisr = (€ —x)P+ k1 g5 =q+xP — k| (not true of T )

ki~ Q)



Fixed-order computation

14
q
Cross section: Diagrams to O(a,): %‘9 S
dU 2 P/éup?
= L, (x, WH (2, Q% T
Hadronic tensor: M%’i P2
] D1
WH (2, Q% T) = / d*z e T (P|J* (2)6 (T — 7)JY(0)|P) P/ﬁ%pz
Mﬂeal
Measure thrust of final state: H q
' ) 1 a% > P1 Z%? < P2
Wi, (z,Q% 1) = S—Z /d@nM:(j(P) —p1...Pp)Mu(J(P) = p1...Pn) ) . | .
J n < =
. P
x (2m)P67 (P +q - Zpi)5(7 —7({p1.. -pn})) =) Wl{,[,"]
) n Mﬁal
2-particle phase space: i | —x A
1 1 /4 1 € o1 d pf:QV_‘FQ(l—V) X N Ipf
j[2] _ T\ z ) / v . _
WMV S; &m (QQ) ['(1—¢) (1 — T 0o v¢(1— ’U)‘EM“MV(s(T T(CE,’U)) nét 1 —x ﬁ/;
py =0 Vot Qv — Py



Fixed-order computation
12

1 — v

2-particle phase space:

(all particles into beam hemisphere)

P

P \ 0.5 =
<
p- / =)
T=1
= Ov—+ O(1 — v ~ 4+ pH
py = Qo+ QU =v)——="+p]

nt l—xr_l'g

= O(1 —v)— + Qv H
p; = QU =v)—-+ Qv——-—-—p)

(all particles into jet/
current hemisphere)

o

1l —=x

T —



o D. Kang, CL, Stewart
Fixed-order results [1407.6706]
Structure functions:
2 y . H AV y P. . VP .
WH (z,Q%, 1) = 47r[T{‘”f1(:v,Q2,T) +T2”Vf2(:;Q ’T)] 7 =g qqg = (P qu)(P o ?q)
“q
JT"L — .FQ — 2513./_"1
Group into singular and non-singular parts: (integrated:)
Fi(z,Q*1)= ) (4Ai+B) F(x, 0%, 1) = J dr'F (x, 0%, 7)
i€{q,9,9} 0
FL(.’L‘,QQ,T) = Z dx A; . I — Fsing 4 pms
= F
i€{q,9,9} —— .
Singular terms: At =0,
2
Bsmg |

Bsmg ZQz ClsTF/x —fg($/2)|: ( )+qu( )an

ZQf{fq [ aZiF (§ | 7; 131117+211127>] \
L dz 0)? Need

} asCF/x _fq(x/z)[cl(l_z)(1+zz)—l—(1—2)+qu(z)111—2T]} g

41 [ Int
27 (1 — z)] /;summation

102




Fixed-order results

Non-singular terms aCp - 1
0 6(a) Ay =3 @3 oo [ ax @) 2er - 1)+ [ dzy(2)}.
D. Kang, CL, Stewart f ’ ;
[1407.6706] 0T L
A =3 {@0/ T dzfy(Z) (221 — 1)(1 — 2) / dz f,(2)(1 - z)}
f
For O(ay) we use asCF T dz 1 —4z 2T
NLOJet++ B;® = Z Q7 { / T fal2 )[ 21— 2) 2#T ) F Fag(z) I ZT]

Z. Nagy

[hep-ph/0307268] 1 dz 1 — 4z

+fq(:1:)(31117'+211127') +/m —fq( )[50(1 — 2) 5 Pyq(2) lnzT]},

el rdz , .| 2T |
B;” = ZQQ F{ e —fg(Z)[—(227 — 1) + Pyy(2) In

Z I 1 — 27

- [ Z @+ Pyme ),

-2 ) Pu) = |00~ 922 | — (14 )21 2) + 251 - 2




Singular vs. non-singular

Contributions to differential thrust spectrum:

1000. Ll Ll Ll Ll | Ll Ll Ll Ll | Ll Ll Ll Ll | Ll Ll Ll Ll | Ll Ll Ll Ll | 1000. |
x=0.1,Q =50 GeV

—7r1 ¢+ + | ¢ ¢ &0 1 1 1 1] 1)(106
x =0.01,Q =50 GeV

0 DL R IR LA B RN B R
x =0.001,Q =50 GeV

100. Singular 100. Singular 100000. Singular
10. Sum 10. .. oum 10 000. Sum
= ~ N &
. < .
E 1. E 1. E 1000.
= = =
0.1 0.1 100.
0.01 0.01 10.
B A I l l l 1 l l 1.4
0 0.2 0.8 1. 0 0.2 0.4 0.6 0.8 1. 0
T T v
L A A L | | :
Add up to total integrated cross section: 0.6 =
0.5 -
04
@\ ) L . .
o I T singular -
) H e nonsingular .
= 0.2} -
oy ! -
0.1} =
o.t- --------------------------------------
— | | | | | | | | | | | | | ]
0-1 0.2 04 0.6 0.8 1



Singular vs. non-singular

Region where resummation is

important is thus a function of x:
Fixed—order region

Crossing point between singular
and non-singular contributions is,
empirically, about:

1 —log(x + x,)
2= 10
x. = 0.0001234

Resummation region

[Based on O(a,) results;

Remains similar at O(a?)] 0.0001 0.001 0.01 0.1



Large Logs
* |f we calculate event shape 7T cross section in QCD perturbation theory, we will find:

To1d 2y | a
/ dT O'(QT,Q ) ~/ 1—|— CV_<F12 1I127'—F11 1I1’7'—|—F1()>
0

o2 dT 47

2
| (&S> <F241I14’7'—|—F231I137'—|—F221I12’7'—|—F211I1’7'—|—F20) —+ ...

47

® |n the narrow-jet limit 7 — 0 the logs grow large and spoil the perturbative
expansion. Reorganize the expansion:

4 N\ )
Ino(1) ~ «
NN n7) : The§e logs are of .Iar'ge ratios
) of disparate physical scales
T o In"7 - InT) - Need to identify and factor
these scales
* Use RG evolution to resum
\_ PAN J
Leading Next-to- NNLL N3LL the |OgS
Log Leading Log
(LL) (NLL)
1 1 0

New power counting when In7 ~ —: ~ ~1 ~a ~a
84



ME = ME F Mg

.. &( .
L W
o

Momentum scales

R
= Q= « & ) %naolm.\%'.

N n= (_\,*"\t\
& - (\r"t\,)

coll ~ (&, 6%, &%)
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SCET modes
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Bauer, Fleming, Luke, Pirjol,
Stewart (2000-02)
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Chiu, Jain, Neill, Rothstein
(201 1-12)



Factorization Theorem for DIS thrust

do(z, Q%)

Start in QCD: Ir — L,uy (5137 QQ)WMV (5177 QQa 7'1)
1
leptonic hadronic
tensor tensor

WH (2, Q% 1) = / d*z ' (P|gy*q(z)6(m — 71)q7" q(0)| P)
$1‘X> — Tl(X)|X>

0 (/ U QO O
QW 1 FEo )
@ () )~ QS 0P U @

00 S =

Measure 77 ' of particles crossing the cut




Factorization Theorem for DIS thrust

Match onto 2-jet - e (BB Yo v s~ o
operators in SCET: W“”(x’QQ’Tl) - /d4x6q Z /d3p1d3p26 P2 Cu(pl’pZ)Cﬂ(pl’pQ)
ni,mg
X <PTLB |>_(n2,152 (.CIZ‘)T[YTL (I)Yﬂq (x)]xnlaﬁl (CIZ‘)
collinear jet operators in SCET XO0(my — 7+ —7{° —177) Ynl i Vf/ci)ll;tognILllicl)wr;s
Xn — [ann] X >_(n1,]51 (O)T[an]fl (O)Yn2 (O)]XTLZaﬁQ (O)‘P’RB>
VRN
collinear Wilson line collinear quark field
O >
#C S
e QB
v D
5 5 IR R
"‘ < "’:':‘ ’.:‘2.4. .t“
@ 7% O SR O 0 N @

g




Factorization Theorem for DIS thrust

Match onto 2-jet 5 4 g 3~ B i(Pafr)m k(s o
operators in SCET: Wiw (2, Q% m1) = /d e Z /d d*pae V0L (1, P2)Cu(Prs P2)
ni1.no
X (P | Xina 2 (2) TV, (2) Yoy (2)] X 1 (2)
collinear jet operators in SCET X (11 — 7“-1 _ 7A-1 —77) Ynl 2 Vf/c:l];tognlLllicI:l;S
— [ann] X Xni,p1 (O)T[ ( )Y’NQ (O)]Xn27p2( )‘PRB>
VN
collinear Wilson line collinear quark field

“beam function”

1
“jet function” “soft function”



Factorization Theorem for DIS thrust

Factor collinear and soft matrix elements:

) ) t t k
WW(:I;,QQ,Tl) = /dzpj_/dTJdTBdTS C (QQMU)C(QQ»M) 5(71 . X S)
SJ SB QR

X <0HYJ{]YJ93](O)5(/CS —nly Py —np - Ppp) Yo Yo 1(0)]0)
X (P | Xn5 (0)0(QpTe —np - p"2)[0(np - ¢+ np - P)o* (DL — P1)Xns(0)|Pry)
X (0|xn, (0)6(Qs1sr —ny-p™")0(Ny-q+ny-P)5*(qL + DL + P1L)Xn,(0)]0)

(+ permutations)

beam function

jet function

soft function

t;  tg k
):H(Q2, 1) / deJ_dtjdthkS5<Tf QJQ QB2 5)

X Jq(tJ — pi?M)Bq(tB7$7 pi?”)s(k57”)



Factorization Theorem for DIS thrust

Factor collinear and soft matrix elements:

hard function

W (2, Q%, 1) :/de/dTJdTBde(C*(QZ,u)C(QQaMD5(71 L ks)

sy Sp Qr

beam function

jet function

(+ permutations)

jet function soft function

t;  tg k
):H(QQ,M) / deLdtJdthksé(’rf QJQ Q32 5)

x Jo(t; — P71, 1)By(ts,z,p7, 1)S(ks, 1)



Hard and Jet Functions

Hard function:

as(11)Cr ) 1 TS i
] 31 S+ ).
o ( Y g )T

known to 3 loops

Jet function:

known to 3 loops



Beam Function and PDFs

transverse momentum dependent beam function:

Blk* o,k = D [ W o 12 (P, (y=2) (P~ — - PYOGKE — PD)xu(0)| P (PO)

W A7t
’ match onto PDF

flz,p) = 0(w)(Pu(P7)|Xn(0)0(x P~ — 7+ P)xn(0)| Pn(P7))

anomalous dimension
known to 3 loops

d
Byt ) = 3 [ %z (1202 n) st known t0 2 loops;

Measure small light-cone momentum k1 = t/P~
and transverse momentum K |
of initial state radiation



Soft function

» Soft functions for ete- dijets, DIS |-jettiness, and pp beam thrust:

1
Sa(l1, O, = = Tr ) XTIV O O110)]

¢ ex,

x 6(t1="y 6 ki—n-kn - k)5(= ) 6n - k=7~ k)it - k;).

1€X 1€X
ete-: ++ Y (x) = Pexp|ig f
DIS: —— -0
pp: - Y (x) = Pexppigf

+ Perturbatively, it is known that 53¢ = 55" = S5°

to at least O(a?)

SSU&;‘}Q = |

(6@

0

(0.0

dsn-A;(ns+ x)

dsn-A;(ns + x)— ,

o(s()k\

2y { B \- &




Nonperturbative corrections

* In general, soft function expressed as convolution of perturbative part N=0,1=06,4 =50 MeV

and nonperturbative shape function: Lol
208
Sk, 1) — / dk' Spr(k — K, 1) fuoa (K — 28,) %9
0.2}
0.0t . . . <]
0.0 0.5 1.0 1.5 2.0
+ For large enough 7 (kg) , leading effect is a shift: k (GeV)
. observable dependent,
(& .
Ql calculable coefficient
(e) = (e)pT + Ce— | |
Q Ql universal nonperturbative parameter

* Rigorous proof (and field theory definition of {){) from factorization theorem and boost invariance of soft radiation:

1 _ —
QO = — Tr(0[Y" YTET( )Y, Y 0}
N¢

“energy flow operator

oy My, £

soft radiation sees only direction, not energy, of original collinear partons, invariant to boosts along z




Non-perturbative effects and gapped soft function

= However, both the perturbative soft function and gap parameter suffer renormalon ambiguities.

S(k, 1) = / d' Spr(k — K, 1) faoa(K — 28,)

P> = woooon + woOmve +  wusOvnntOvre + ...

" O(Agcp) ambiguity in gap A,

= Subtract a series with the same/canceling ambiguity from both PT and NP pieces:

~

R, = Do) + 8a(12) - Sm) = [P0 fraoa(v)| [0 Spr (v, )|

Laplace space

renormalon free renormalon free

34



Rgap SCheme

[0803.4214]
[0806.3852]

= Choosing the Rgap scheme to cancel the leading renormalon,

1 d
T DRVE
2R6 dln v

d
dln v

—0 .
v=1/(ReE)

ReE 0o (1, R)

{ln S\PT(V, ,u)} {hl ng(V, ,u)}

S'\PT(Va :u) = ¢ 20a(1) ng(V, :u)

Gapped and renormalon free soft function S(k,u) = /dk/ Spr(k — k', 1) {6_25“(“’}2)% fmod (K — 204 (1, R))]

g) {6—25G(MS,R)%fmod(k — 9A, (s, R))}

L o(Ty) = /dk OpT (Ta —

g0

Final cross section is expanded order-
by-order in bracketed term

" Improves small 7, behavior and perturbative convergence:

v=1/(Re"E) ’

[1006.3080]

Sum Logs, with S™ + gap 1

N3LL
N3LL
NNLL'
NNLL
NLL'

1 do 1do
| 0.6- o dr - gdr
0.6' - a0 | T 1] . o mod 1. —
- 0sl [1808.07867] = . - Q=my Sum Logs, Wlt;1§ N, 0=z
o5 - =1 = 4y - T 12F e N LL 1.2°%
o4 T T T - B NSLL -
.04 - Pt T T 1O} s NNLL' :
= : N : NNLL
%0.3- -%0.3- 0.8 NI
b 0.2 1% 02 0.6
WobF—— e T, S
0000 0005 0010 0.015 0.020 0025 0000 0005 0010 0015 0020 0.025 00016 018 020 022 021 026 o028 03 Y 016 o018
T

Ta Ta



Evolution and resummation

O
- Easier to discuss in terms of L.a|.3Iace transforms (V) = dre V"o (T)
(or Fourier transforms to position space) 0

6(v) = H(Q* mJ(Q*Iv, w)B(Q* /v, x, w)S(Qlv, )

» Turns factorization theorem into a simple product:

. | - d . NN
RGE obeyed by Laplace-space jet and soft functions: IMEF(QJ/U,IM) =y Q' lv, WE(Q' v, p)

evolve each function in factorization theorem
............................................ / from scale where logs are minimized

Q Full QCD

Qﬁﬁ_-JNl—l—&nlnm """ /A

evolution with ,UJ (B)

calculable




Scale profiles

FHM\GW\ )ﬂ) d&oou, }A\-\,)‘\‘S‘)*s ("*\A)Ms, R\ &“mo vt ol»& l»3 WM (axk ﬂ")\kﬂ'

estmatio J\) purdunlmlie Yraorg umchi s W Qo Moo
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Scale profiles

For D|S, these regions (t0,t1,t2,t3}-{0.025, 0.1, 0.260882, 0.8} {to,t1,t2,1t3}={0.0666667, 0.266667, 0.266667, 0.8}
depend on Q, x: b (GeV) O =80 GeV, x =0.2 H (GeV) Q=30 GeV, x=0.2
80 S 30, —
j ‘
60 | | _
| | — pH(1) g — pH(7)
40 o Ha(T) 15/ , Ha(T)
T < 1, : nonperturbative | D4 — us(7) - L — ps(7)
20
| 5
: : R T T ' 0.2 0.4 0.6 0.8 1.0
canonical resummation ot ot : fh 1=t [
(t0,t1,t2,t3}={0.025, 0.1, 0.330135, 0.8} (t0,t1,t2,t3}={0.0666667, 0.266667, 0.490587, 0.8}
T > 1, : fixed-order -
il O =380 GeV, x =0.02 H(GeV) QO =30 GeV, x =0.02
80 ks 30, _—
| 25
60 | /
| — un(7) 20 / — HH(T)
40 £ Hu(T) 15| / Hy(T)
| | — Hs(7) | — Hs()
| 10 |
20 [
B e e, o2 o4 08 08 10



7/ quark beam function: B, (15, x, i) = szp 1Bty — P1. X, DT 1)

SCET FT for 7;: PDF

PDF for parton j

%’q(t, X, ki, u) is the k, -dep. beam function, 93 (¢, x, ki,,u) = fl-j(t, x/é, ki, 7)) & f]"-(f, 7))

*  Gluon PDF could get very large as x — 0.

1.0 -

0.8 -

0.6 -

NNPDF4.0 NNLO Q= 3.2 GeV

1.0 -

0.8 -

0.6 1

0.4 -

0.2 1

NNPDF4.0 NNLO Q= 100.0 GeV

0.0

we use NNPDF4.0 NNLO PDF set
implemented in LHAPDF.

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

Should change PDFs for
different a, simultaneously.

10-3 102 10*  10° 10* 102  100* 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




DIS thrust cross sections

At N3BLL + O(a?):

Atx =0.2and O = 80 GeV /s =300 GeV

Before renormalon subtraction
(shape function only)

Logarithmic scale

25 | ——
S — NLL =
: Py N2LL 1
15 | P &
: | N3LL
I Wy e :
Y R -
0 TS
-5 e . =
Log-linear plot :
L L o o -
107 102 10~ 100

O(AQcD) renormalon ambiguity

oA

After renormalon subtraction
(standard Rgap)
Logarithmic scale

25

D e hoeeemeeeemeeeeeeeeeeeeeeeeeeeeaa- —

: Log-linear plot:
L i =
; | L |
107 102 10~ 10°
T



DIS thrust cross sections

Ee, Kang, CL, Stewart [2024]

At N3LL + O(a?): 0 =50 GeV,x = 0.2,4/s = 140 GeV

Tail region Far-tail region
04077

Log scale

Linear scale
[ !v T T l T T T l T T T T T T T [ T lll'lll! U! T U'UUU'.‘ lO . v v . T r T
25 | 5 R ' :

20 20
=15} 5 1
Rl o
- i I
h " -
= Al ’
= 10 ¢ OF
= i I
5) 5!
0

b

Empty current hemisphere

Probable fit window events at 7 = |

for {a, €2}
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Ee, Kang, CL, Stewart [2024] HI Collaboration [2403.10109]

Theory vs HERA:

. Linear scale Logarithmic scale
 Bin #1 ] S AL - T T T T -
I | | N2LL | | | e N2LL
1100 < Q*/GeV < 1700, : o | —virg
0.4 <y <0.7 R s
Xpean ~ 0.025
R GeV 0.2 01 b 0.6 0.8 1.0 b
A ~ 0.21 o T
Q 120 — . near scale . _Linear .Sc.a"? —
mean ' T NLL |
t2 — tz(xmean) AV, 047 100
80
ro)
= I
¥ o)
aS(MZ) = (0.118, Ql = 350 MeV g i
40|
20:
§ 0.15 0.20 0.25 70.30 07 T T 08 09T 10
Tb Tb
1 1




- Bin #|
1100 < Q?%/GeV < 1700,
04 <y<0.7:

Xmean ~ 0.025
Omean =~ 37 GeV

8 GeV
~ ~ (0.21

S
§2nnean

tz — tz(xmean) ~ 047

a (M) =0.118, Q, = 350 MeV

Theory vs HERA:

Binned equivalently:
160 1

[—
-
-

o0
-

do /dt{ [pb]

-

140 |

120 |

@)
-

-

|

|

I |

HERA

I 4 HERAerror bar -
+  NLL+ O(a?)
Y
B . |
| : . i . : 1 i : . Y 1;‘ : ]
0.0 0.2 0.4 0.8 1.0
1
HERA 1 j
Theory total cross section: 20.82:1):213; pb




Theory vs HERA:

- Bin #2 Binned equivalently:
440 < 0?*/GeV < 700,

HERA

0.1 <y<0.2 T oy 1 T
200 F ' ' ' 4 HERA error bar
$ NLL+ O(?)
175 I I ' ‘ ‘ '
Xmean =~ 0.016
150 '
Omean ~ 30 GeV = | -
2125 F
8 GeV S
Omean Iy L
50 F M -
: 3 i
25 B+ = E
I [ o e = -
aS(Mz) — 0.118, Ql — 350 MGV OF | == \ \ | , , ) | ) ) ) | ) ) ) | ) ) ) |
0.0 0.2 0.4 0.6 0.8 1.0
T{’

HERA total cross section . +6.23
83.6(2.1) pb Theory total cross section: 72.107, 2 pb




Theory vs HERA:

- Bin #3 Binned equivalently:
700 < Q*/GeV < 1100,

* A | ' ' ' | ' ' ' | ' ' ' | ! ' - | ’ ' |
04 <y<0.7: i R, q
400 :T: :{ - - - 4 HERA error bar
i +  NLL+O(a?)
Xmean ~ 0.037 .
300 ) ~
Omean =~ 24 GeV = 1
8 GeV = onn L
t, X ~ (.34 S 200 .
Qmean T
RS
\'J =
| T II
of - B R —
a,M,) =0.118, Q; =350 MeV Y T T T Y
0.0 0.2 0.4 0.6 0.8 1.0

HERA total cross section Theory total cross section: 37.381%?2 pb

41.4(1.2) pb




Ee, Kang, CL, Stewart [2024] Sens ItIVIty to aS
+ /s =300 GeV, Q = 50 GeV, x = 0.05

a, = 0.116 a, = 0.118 a, = 0.120
Ll Ll L) ,' Al LA A A e Ll Ll L L A Ll Ll LA A A A Al Ll ""', Al Al L) Ll Ll LA
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Ee, Kang, CL, Stewart [2024] Se n S itiVity to aS

Vs =300 GeV, Q =50 GeV, 2 = 0.05

I | l ' | S S S
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:l < 5 g, =0.116) /0 (a, = 0.118) A
! \ oo, =0.120) /7 (a, = 0.118) 7
| L T S e s e B -
] N f |
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Ee, Kang, CL, Stewart [2024] S e n S itiVity tO Q 1

. \/E = 300 GeV,0Q =50 GeV,x =0. 05 Q) = 350 MeV Q) = 425 MeV Q) = 500 MeV
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Ee, Kang, CL, Stewart [2024] S e n S itiVity tO Q 1

15 \/_ 300 GeV Q-oO GeV T —000)
J ' T
' 5 | — N‘LL - 0(0 ) (Ql = 350 MCV) :

| | | 00 = £150 MeV [£42%]
10 n B 6, =475 MeV [£21%] _

» At single x, Q we have
potential |10%-level

sensitivity to €2,

13 00 0.05 0.10 0.15 0.20 0.25 0.30



Ee, Kang, CL, Stewart [2024] S e n S itiVity tO Q 1
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Experimental reach

Current theoretical uncertainty
vs. HERA or EIC coverage:

EIC Yellow Report [2103.05419]
200

100

70
50

30

20

10

0.01 0.1 1.

Many x, Q’s will help break degeneracies
between {o (2, |, improve precision on both



Outlook

e N3LL + @(asz) resummed + fixed-order predictions for DIS thrust available,
our results to appear soon

 Event shapes in DIS promising candidates for precision determination of

strong coupling, PDFs, and hadronization corrections, complementary/
orthogonal to e*e- and other determinations

 Results from HERA encourage this promise as we enter the EIC era



Performance improvement: Summary

- We optimized our codes in mostly two ways, one as the bicubic interpolator (both for
fixed and resummed) and the other as the convolution integrations (for resummed).

Fixed-order singular (5 scale variations)

Resummed singular (17 scale variations)

Original codes: ~ 40 mins

New codes: ~ |0 mins

Optimized bicubic

interpolator for the

interpolated beam
function

Use the integration
method implementing
tanh-sinh method
(mpmath)

Original codes: |3 hours

\4

New codes: ~ 7 hours\

\4

But turned out the
convolution integrations are
subject to the numerical
instabilities due to the
singularities at the
boundaries.

New codes: ~ 2.5 hours

And this Is numerically stable!



Contrast with other work

- Same theoretical accuracy, but different definition of DIS |-jettiness

. [20B " Pr 297 - Pk
| T = mm{ : }
) Ek: Qs ' Q.
dB = SBP) QB — x\/g
Qs = 2K, coshyg, q;r = (K, coshyr, K., K, sinhyk).
. [20B " Pk 297 " Dk
2) Tie = me{ s : : }
k Q" Q
- The jet axis is chosen to be along the actual jet momentum found from jet algorithm
— pi is not convoluted between jet and beam functions, so written in terms of the

ordinary beam function

 Requires use of jet
algorithm

10

07 Hadronic 11_Distripution Hadronic 14 ,—Distribution . Does not make use Of

0.6-: u I:Iy:thla ' : e: n thhia 1 i ] .
s "NLL+NPModel 4 | SALLsNRMGOH universal 2, in shape function
g oa o oicey 18 ¢ /5 =319.0 GeV
- o= €90, 9.0 GeV § | Q%= [60.0, 80.0) GeV? . .
i=25,29 I y=[02,08} » Simpler profile functions

Q
N

 No renormalon subtractions

o
.

o
(=]

O TR VR U VY (RN SR SN TN SN VT VRN ST Y (S WU S VR SR U VR U W SN S W S U S SR R S S S SR (R S S S _—
0.5 1.0 1.5 20 25 3.0 35 4.0 0.15 020 0.25 0.30 0.35 0.40

141[GeV] 1 ﬂ Tia



Region where resummation is
important is thus a function of x:

Crossing point between singular
and non-singular contributions is,
empirically, about:

1 —log(x + x,)
n= 10
x. = 0.0001234

Singular vs. non-singular

1
e

Crossing points
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