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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
|
\\"\‘ > Production of a new —
e or p jet suppressed by
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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 [ *oo0ss 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 ete?

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

[1110.0016]



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

*A global event shape measuring degree to which ™ = 5p me{qA DB * PksG1* Phs - -+ qN * Dk}
final state is N-jet-like. > # beams # jets

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,
@0 )
n= 0 Y min{gs - pi,qs - pi}
1€ X
Digh bJ
T : Ho T '

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
T1 =— _QZmln{QB "PiydJ 'pi} 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 it conservation)
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Sensitivity to strong coupling




Fixed-order computation

q
Cross section: Diagrams to O(a,): %’9 R
dU 2 P/éup?
= L, (x, WH (2, Q% T
Hadronic tensor: “% P
P1 P1

WH (2,Q% ) = / d*x ¢ (P|JH (2)d (1 — 7).J*(0)|P) P /%M?

Mﬂeal
Measure thrust of final state: p .
: 9 1 ./ . a% > P1 Z%? < P2
Wi, (z,Q°, 1) = S—jZfd‘I)nM#(J(P) — p1...P)My(§(P) = p1...Dn) L .
. P
x (2m)P8P (P +q - Zpi)5(7 —7({p1 .. -pn})) => wilk
) n MLeal
2-particle phase space: y i _y
n —Xxn
e C pll= Qv+ Q1 = v)———+p!
jl2] _ ) - ) / —M; B
Wil = 5@ mra (1) | wa o MiMea(r —re) M x|
p2=Q(1—V)7+QV ¥ N pJ_



Fixed-order computation
12

1 — v

2-particle phase space:

(all particles into jet/

(all particles into beam hemisphere) current hemisphere)

)

P

p & | P / P
P> / § \ P-
T=1 k.
I
X
= Qv—+ Q(1 — = + p*
py = Qv+ =v)———"+p)

/ 1 —x 7t

n
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D. Kang, CL, Stewart (2014)

Fixed-order results

Structure functions:

“ v v Hq” v P - v VP )
W (2, Q2 7) = 4 TP Fi(e, Q2 7) + T 22T T =g+ T, T = (P ) (P -
“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 d'F (x, 02, 7)
i€{q,q,9} 0
FL(.’L‘,QQ,T) = Z dx A; . I — Fsing 4 pms
= F
i€{q,9,9} v
Singular terms: Agg® =0,
2
sing __ asCp (_ T 2 )]
B ZQf{fq |: 47‘- 2 | 3 | 31117-_'_2111 g \
Crp (1d ‘ : Need
| @47TF /x —qu(:z:/z) [£1(1 —2) (14 2%) 4+ (1 — 2) + Py(2) In Q—ZT] } >

p Int
“7(1— z)] /;summation

B = S Q5T [ o)1 P + Pty




D. Kang, CL, Stewart (2014)

Fixed-order results

. , .C T+ :
Non-singular terms: Ans ZQQQ F{ o dz fq( )(227 — 1) +/ dzfq(%)} ;

1

AD = ZQQO‘S:F{ /”’ dzfy(2)(227 — 1)(1 — 2) /dzfg )(l—z)}

Bl = ZQQQSCF{ ), 1+Td—zfq( 2l 1(1__4;(2”_1)“3 ()]

1 fq(:zz)(BlnT 1 21n? T) + /: %fq( )[Eo(l — z)l —24Z Pyq(2) hlZT]} )

el rdz , .| 2T |
B} = Zc,ﬂ F{ e — fg(£)|=(227 — 1) + Pyy(2) In

Z I 1 — 27

- [ Z @+ Pyme ),

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

— Z
1+

Py(2) = 0(1 — 2)[(1 — 2)* + 27).



Singular vs. non-singular

Contributions to differential thrust spectrum:
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Singular vs. non-singular

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

Fixed—order region

Resummation region

0.0001 0.001 0.01 0.1 1.



Large Logs
* |f we calculate event shape T 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'—I—F231I13’7'—|—F2211’12’7'—|—F211I1’7'—|—F20> —+ ...

47

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

Ino(1) ~ «
+ «
+ «

1 * These logs are of large ratios
- In 7) ) :

, of disparate physical scales
In"7 4 In7) * Need to identify and factor

these scales

. ’  Use RG evolution to resum

Leading Next-to- NNLL the logs
Log Leading Log
(LL) (NLL)

° 1 1
New power counting when In7 ~ —: ~ ~1 ~u«
84
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Momentum scales
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Bauer, Fleming, Luke, Pirjol,
Stewart (2000-02)
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Factorization Theorem for DIS thrust

do(z, Q%)

Start in QCD: S = Ly (2, Q)W (2, Q% )
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 o
@ () )~ QS 0P U @

00 S =

Measure 77 ' of particles crossing the cut




Factorization Theorem for DIS thrust

Match onto 2-jet 5 4 g S~ B i(Pa—fr)@ e~ o
Operators in SCET W/JJI/('CE7Q 77-1) — /d £z € Z /d pld p26 C,lj,(p].?pZ)C/JJ(pl?pQ)
n1,Mm2
X <PTLB |>_(n2,152 (.CIZ‘)T[YTL (I)Yﬂq (CIZ)]an ,P1 (CIZ‘)
collinear jet operators in SCET XO0(my — 7+ —7{° —177) Ynl i Vf/ci)litoihlﬁnes
Xn — [ann] X >_(n1,]51 (O)T[an]fl (O)Yn2 (O)]XTLZaﬁQ (O) ‘PnB>
S
collinear Wilson line collinear quark field
O D
#C S
l@ S
9% (S
o o b <
Y 5 R S
O T Ry, g OR
@ lﬁ BRI 150 (CON) @

7,




Factorization Theorem for DIS thrust

Match onto 2-jet 5 4 g 3~ B~ i(Pa—Pr)mev ..
operators in SCET: Ww(z,Q°,11) = /d X e Z /d d’pae CM(P17P2)Cu(p1,p2)
ni1.no
X (Pog | Xna o () T[Y,), (2) Yo, ()] X0y 0 ()
collinear jet operators in SCET X (11 — 7“-1 _ 7A-1 — ) Ynl 2 Vf/ﬁitognhllazs
— [ann] X an,ﬁl (O)T[ ( )Y’NQ (O)]Xn27p2( )‘PRB>
“ N
collinear Wilson line collinear quark field

“beam function”

1
“jet function” “soft function”



Factorization Theorem for DIS thrust

Factor collinear and soft matrix elements:

* ty LB kS’
Wiua. Q1) = [ &y [ drydrudrs € (Q1uC(@ ) 6(m — 2 — 2 = 22 )

<0HYT/ YT/ |(0)0(ks —nly Dy —np - D) Yo, Yar 1(0)]0)
Pry[Xnp (0)0(QpTE —np - p"#)[0(ip - ¢ + A - P)0°(PL — PL)Xnp) (0)|Pry )
O‘an( ) (QJTJ —ng- ﬁnj)5(ﬁJ g+ "Ny - P)52(QJ_ +p + PJ_)X’RJ (O)‘O>

(+ permutations)

o
o

beam function

jet function soft function
1 do(z, Q%) 2 2 y tr it ks
= H d“p dt;jdtgdkgo
o0 dT{) (Q 9 :u) / piratjatparso| T4 QQ QQ Q

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
1 do(z, Q%) 2 / 2 » tr B ks
— H(Q% ) | d?p dt dtgdksd
o0 de (Q M) plratjalparso| T4 0?2 Q2 Q

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



Hard and Jet Functions

Hard function:

as(1)Cr o 1 p U
—1 31 84 — | +..
27 ( N ()? N (Q)? T 6 i

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 47
’ 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
By(t,z, k7, 1) = Ej: /x f%( e J_alLL)fJ(f i) known to 2 loops;

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



Soft function

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

1
$2(61,60,0) = 1= Tr ) XTIV OY 01103
1€X;

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

1€X; 1€X
ete-: ++ Yﬁ(x) = Pexp igf dsn-As(ns+ x)
DIS: —— ‘ OO ‘
pp:  +-— Y (x) = Pexppigf dsn-Ayns + x|,

» Perturbatively, it is known that S5 = S5¥ = S5  to at least 0(04?)

s(p) R \
SS(LS'}A\ - \ \- 0(—-(-& %— EEP QM%}; N Cskof\\g

Ut



Nonperturbative corrections

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

and nonperturbative shape function: 1ol

S(ks, 1) = / dl Spr (ks — 1, 1) Sxp (1)

0.0 0.5 1.0 1.5 20
* For large enough 7 (kg) | leading effect is a shift: k (GeV)
observable dependent,

C
() 1 € calculable coefficient

<€> < >PT T Ce—=

Q ()1 universal nonperturbative parameter

» Rigorous proof (and field theory definition of {27 ) from factorization theorem and boost invariance of soft radiation:

1 _ —
QO = — Tr(0[Y" YTéJT( )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




Evolution and resummation

- Easier to discuss in terms of Laplace transforms (V) = /OO dr e "o (1)
(or Fourier transforms to position space) 0
~ _ 2 T( N2 R N2 C
- Turns factorization theorem into a simple product: 6(v) = H(Q*, wJ(Q~ /v, ))B(Q~ /v, x, w)S(Q/v, )
- RGE obeyed by Laplace-space jet and soft functions: ,uiF(Qj/v 1) = ?’F(Qj/’/ ﬂ)F(Qj/y 1)
d//t 4 % b

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

Q Full QCD

H~1+aIn™ %
Q\/? P — le_l_&? lnm ..... A
evolution wit T
c:lsllculable h ILL (B) Qf

soft EFT
S~1+aln™



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

NY r_PTual'wb\

o ollewd, Suho}o W\?g- W &:\\C(D\aﬂ!ﬂ\ Feyion w T =
o Shhle N¥ regon b ot S\\a?a&mb%
v vamabon /h AL qoanilis b ML& e Yooy umuw*mﬂl‘a/

e (£ 1)



For DIS, these regions depend on x, e.g.:

100.

Scale profiles

T T

30.

60.

Hs(T)
40.

20.

\
\
\
g I I l I I l I N l I I\l I I
[ ]



DIS thrust cross sections

D. Kang, CL, Stewart

Resummed to N3LL accuracy: (2015 and in progress)

Q=15GeV, z=0.01 NLL Q =50GeV, z=0.05

140
120|
100}
80|
60|
40|

d(/)\'NP/dTl

-
-
-
-
-
" -
-~
-

0.15 0.20 0.25 0.30 035  0.40 0.15 0.20 0.25 030  0.35 0.16 0.18 020 022 024 026 0.28 0.30
T1 T1 T1

0=80 GeV
x=0.2 |
U NNLL PT + NP 0=0.35 GeV

can be related to other D. Kang, CL,

f DIS event shapes Stewart (2013)

or even pp to | jet Stewart, Tackmann,

: observables Waalewijn (2014)
0

000 001 002 003 004 005 006 007



DIS thrust cross sections

Tail region, fixed x, low to high Q:

71 Q =50GeV, x=0.1
6.
| 5 5
| A
| z 4
| <
6} = 3}
41 of
0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.16 0.18 020 0.22 024 026 0.28 0.30 0.16 0.18 0.20 022 0.24 0.26 0.28 0.30
T1 T1 T1
| N O 100 GoV. 4 _o01 NLL
| A Q =100 GeV, z=0.1
< 4f g 3
= < 3
T~ T~
n, 3 a¥
. .
e & 2t
) ol )
1] | B |
0.16 0.18 0.20 022 0.24 0.26 0.28 0.30 0.16 0.18 0.20 022 0.24 0.26 0.28 0.30

T1 T1



DIS thrust cross sections

Tail region, fixed Q, low to high x:

QQ=50GeV, =001 = ‘- NLL QQ=50GeV, =005 = = NILL

-}

0.16 0.18 020 0.22 024 026 0.28 0.30 0.16 0.18 020 0.22 024 026 0.28 0.30 0.16 0.18 0.20 0.22 0.24
1 T1 T1



Full distribution:

600}

DIS thrust cross sections

Q =15GeV, z =0.001

0.1 0.2

0.3

Q) =30 GeV, 2 =0.01

0.1 0.2

0.3

O =100 GeV, z =05

0.20
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0.30



Experimental sensitivity and strong coupling

Current theoretical uncertainty

Current theoretical uncertainty on the order of |%
vs. HERA or EIC coverage: Y °

sensitivity to a, and PDF uncertainties:

200

‘\ =50 GeV

100

70 |
50 |
0
30 |
20 |
_5.

- 0.00 035 040 095 020 035 030

0.01 0.1 1. t D. Kang, CL, Stewart

(2015 and in progress)



Outlook

NSLL resummed predictions for DIS thrust to be published soon.

Event shapes in DIS promising candidates for precision determination of
strong coupling, PDFs, and hadronization corrections

Results from HERA or an EIC may shed light on “low” value of LEP event
shape determinations of strong coupling



