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N ———
Collider processes with fixed jet multiplicity

@ typically considered in SCET: energetic and well-separated jets

energetic: Q; ~ Q
well-separated: n; -n; ~ 1

&
— m fixed by arbitrary jet resolution variable
— here for definiteness: 3-jettiness (SCETl) 73 =3, min {Q‘IQ—“}

i

[Stewart, Tackmann, Waalewijn (2010)]
— In(m?/Q?) ~ In(T3/Q) resummed by standard SCET framework

@ common experimental cuts: hierarchies between the jets (e.g. pr,1 > pr,2)

not addressed in this talk:
— hierarchies between two resolution measurements on the same jet — Lisa’s talk
— hierarchies between resolution measurements on different jets — Duff’s talk
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R
Jets with hierarchies

@ typically considered in SCET: energetic and well-separated jets

"
a1

2 2
mi ~m

+

eTe” — 3jets:

O

@ generic additional hierarchies for ete™ — 3 jets:

u
,‘ qi

d
@ .
g a g
VA @ @

ny-ne K 1 Q1 <Q n-ne K1, Q1 €Q
— aim: set up factorization theorems for all hierarchies and recombine them
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Outline

o Hard, well-separated jets

e Two jets close to each other
e One soft jet

0 One soft jet close to a hard jet
© Combining all EFTs

e Generalizations

e Summary
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Hard, well-separated jets

Kinematic setup & modes

n‘.‘
@' = Qivs, sij =2¢i - q; > m?
labelling of jets:

— — 2
t=s12 <u=s13<523~Q

@ Hard, well-separated jets: Q; ~Q, ni-nj~1 < t~un~Q?
@ modes (m? ~ QT3):

mode P =(+—,1) [ /P*
collinear (n1, n2,n3) (%2, Q, m) m
2 77'L2 m2 7TL2
usoft (j, o U) Q
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Factorization

Factorization theorem for t ~ u ~ Q*:

2 2
d0'3 N 2 v ‘ 73 m
dduar; b w @) lel Ji(QiTs, 1) ® S ( 7 ,u> +0 <7>

2 2
Q i
m T N1,N2,N3
m? ¢ us
Q
QCD SCET®

Piotr Pietrulewicz (DESY) Resummation for generic jet hierarchies SCET 2015, 26.03.2015

6/22



Outline

e Two jets close to each other
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Kinematic setup & modes

sy=un~Q?

Qi~Q, n1-ne K1
—mPgt<u~Q@?

unresummed logs in SCET®:

YT In(t/Q%) in Hs and In(n: - n2) ~ In(¢/Q?) in S
Vit = extension: SCET.; [Bauer, Tackmann, Walsh, Zuberi (2011)]
Y — _ 2

ol mode ==l | Vp

collinear (n1, n2, n3) (%, Q, m) m
m? 2 2 2 2
m- | m Qm m m
Vi csoft,; sy (—, 7 ’W) =
m? usoft (m—z m? m—z) m?
o Q' Q' Q Q
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Factorization in SCET.

[Bauer, Tackmann, Walsh, Zuberi (2011)]

construction of SCET.., : conveniently via two-step matching procedure

si3=u~ Q?

1t

m?~t m?~t

— jets 1 and 2 originate from n;-collinear sector in SCET® with Dhy ~ (5, Q, V1)
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Factorization in SCET,

@ construction of SCET..: conveniently via two-step matching procedure

Iz Iz Iz

P, N, Ny

QCD SCET® SCET®

@ decoupled Lagrangian after field redefinitions

3
L:(C) = Zﬁn, + ['cs + ['us .
=1
L.s: csoft Lagrangian = collinear Lagrangian with
— label direction ny ~ n1 ~ na
— label momentum ~ Q x m?/t € Q
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Factorization in SCET.

Factorization theorem for t <« u ~ Q?:

o ’ = T N
m_HZ(Q’”)HC(t’@’”)nl(@’ﬁ’“)@&(mvu)®s2(7'3,u)

=1
2
(o)

Ingredients:
Q1 J @ H»(Q?, u): dijet hard function
Vit @ H.(t, Q27u): ~ collinear splitting amplitude
m 1 @ J;(QiTs, u): jet functions (same as in SCET®)

2
m

A I @ S. (\/W’“) csoft function resolving the jets 1 and 2

m

o1 @ S>(Ts, u): soft function resolving the well-separated jets (12) and 3
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Outline

e One soft jet

Piotr Pietrulewicz (DESY) Resummation for generic jet hierarchies SCET 2015, 26.03.2015 10/22



One soft jet

Kinematic setup & modes

s3=u < Q?

sp=t~u<@?

jet 1 is soft:

Q1 <@, ni-nj~1
a —m?P gt~ u < Q?

unresummed logs in SCET®): In(t/Q?) in Hs

@1 = extension: SCET,;  [PP, Tackmann, Waalewijn (in preparation)]
5 1 [see also: Larkoski, Moult, Neill (2015)]
. mode p'=(+,—,1) | Vp?
Y . 2
{ collinear (n2, ns) (%, Q,m m
my/t 2
o ; ) t mt t
Q soft-collinear (n1) REL me ”’Qf
m? m? m? m? m?
a1 usoft Q' Q' Qq Q
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Factorization in SCET,

[P.P., Tackmann, Waalewijn (in preparation)]
[Larkoski, Moult, Neill (2015)]

construction of SCET ;. : use again two-step matching procedure

sp=t~u<KQ?

BEPHOYL ]l'
"""71
o
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Factorization in SCET,

@ construction of SCET,: use again two-step matching procedure

1 1 m
Q 4
i N, Ty
é N9, N3
L
us
QCD SCET® SCET®

@ decoupled Lagrangian after field redefinitions

3
,C(S> = Z Lni + Ew,l + Lus -

=2
L, : soft-collinear Lagrangian = collinear Lagrangian with
— label momentum ~ ¢t/Q <« Q
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Factorization in SCET,

Factorization theorem for t ~ u < Q*:

do o2 te NTT (0T : (T
T dh = Ho(Q?, ) Hs (@u) EJZ(QZ%,M)@A(QJ},M)@SJ( T_.nj,u)

m2 u
+o( )
K Ingredients:
Q J @ H>(Q?, 1): dijet hard function

° H,S.(%, w): ~ soft splitting amplitude
up to two loops extracted from [Li, Zhu (2013); Duhr (2013)]

m 1 J @ J/3(Q2/37T3, 1) = Jy/q: (anti-)quark jet functions

miid @ J1(Q1 T3, 1) = Jy: gluon jet function
m2 T3 . i i (3)
wl ° Sg(mu). soft function as in SCET
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Outline

0 One soft jet close to a hard jet
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One soft jet close to a hard jet

Kinematic setup & modes

sp=u < Q?

jet 1 is soft and close to jet 2:
n-ne <1, Q1 <€Q
<< u,u < Q?

(with ¢ >> m?)

M unresummed logs in SCET.: In(u/Q?) in H,

Q4 unresummed logs in SCET.: In(¢/u) in S3
- = extension: SCET.s+ [PP, Tackmann, Waalewiin (in preparation)]
tu
QT
mode Pt = (+, -1 Vr?
m + collinear (n2, n3) ( Q aQ? m
myi g soft-collinear (n) (6 ol "}f) L'Qﬁ
N 2 24 2 2
o CcSOfty, s (%, or ,% ) "22\\//;5
2
"t usoft ( ”% %2 %3
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Factorization in SCET .

[P.P., Tackmann, Waalewijn (in preparation)]
construction of SCET.,+: again via multi-step matching procedure
s13=u < Q?

q
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One soft jet close to a hard jet

Factorization in SCET .

@ construction of SCET.s: again via multi-step matching procedure

1 Iz 1 Iz
Q 1
e, N
Vu \\L\l\‘\»N\\\\\\\\
T~ us g, g
Q Vi \\\\\\‘\s\\\\\\\\
—1.C8 b 12,3
Q
T
cS
us
QCD SCET® SCET? SCET®

@ decoupled Lagrangian after field redefinitions

3
L =" Lo+ Loy + Les + Lus -
1=2
L, Les = collinear Lagrangians with
— label momenta ~ Q x u/Q < Q (soft-coll.), ~ u/Q x m?/t <« u/Q (csoft)
— label direction for csoft modes: ny ~ n1 ~ no
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Factorization in SCET s

Factorization theorem for t <« v & u < Q*:

does
e = Ha@ ) I (QQ,u) [17@T. 0 © 1@ T5p)
T3 m? t u
Iz I
Q Q
i compared to SCET.; (t < u ~ Q?):
l sz“ u “ﬁ2 tu
m + m + c\l; gz, 1 cs\ gz
| ® He(t, & 1) =3 Hes( L%, 1)
) B @ virtuality of J; = J, and S, lowered
W 1 le u
10w
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Factorization in SCET s

Factorization theorem for t < v & u < Q%

3
does 2 tu
. — }J’ l%és —5 7 (] 3, [
dtdudTs 2(Q% 1) <Q2 “) 1;[ i(QiTs, 1) ® J1(Q175, 1)
T3 m?> t wu
c | —F/—, N7 O _
05 (m M>®S2(T3 )+ ( " Q2 |
n
Q 1 Q 2y.
compared to SCET, (t ~ u < Q7):
el
%. OH(QZ’ )ﬁHw(QmN)
m 1 m A — here (trivial color): He. (5%, 1) = Ha( 5%, 1)
T. Q ) w
2/ ® Sy a1 Y Se( g 1) © S2(Ts, )
T Qf'
m? m?
m? | w ]
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Outline

© Combining all EFTs
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Combining all EFTs

Result with full fixed-order content & log-resummation

@ fixed order content of the theories:

SCET

©

@ diff. cross section resumming all kinematic logs with full fixed-order content:

do = dU'cs + dUgLS + dO'?s + dU;s + dO'a%D

— does: resums all logs In(m?/t), In(t/u), In(u/Q?)

— do?* = doc — docs|,q2: resums logs In(m?/t), In(t/u)

— dol® = dos — does|~w: resums logs In(m?/t), In(u/Q?)

— doy® = dos — doc|iug2z — dos|yg2 + does|iuug2: resums logs In(m?/Q?)
— dogop = doqep — dos|,,2.g2: only fixed-order
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Outline

e Generalizations
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pp — N jets: One nonstandard hierarchy
@ additional complications compared to e"e™ — 3 jets:

— initial state radiation, more involved kinematics, color correlations
@ well-separated energetic jets:

N
dO’NNTI‘ ]:INXBQ(X)Bb@HJi@SN

=1
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pp — N jets: One nonstandard hierarchy

@ additional complications compared to e"e™ — 3 jets:
— initial state radiation, more involved kinematics, color correlations
@ well-separated energetic jets:

N
I:INXBa(X)Bb@HJi@SN

=1

dO’N ~ Tr

@ two close-by jets or jet close to beam: [Bauer, Tackmann, Walsh, Zuberi (2011)]

do. ~ Tr

N
Hy-1 x He x Ba®Bb®HJi®Sc®SN_1}

i=1
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pp — N jets: One nonstandard hierarchy

@ additional complications compared to e"e™ — 3 jets:
— initial state radiation, more involved kinematics, color correlations
@ well-separated energetic jets:

N
I:INXBa(X)Bb@HJi@SN

=1

dO’N ~ Tr

@ two close-by jets or jet close to beam: [Bauer, Tackmann, Walsh, Zuberi (2011)]

do. ~ Tr

N
Hy-1 x He x Ba®Bb®HJi®Sc®SN_1}

i=1

@ one soft jet:

N
dos ~Tr |Cno1o x Hyvo1 x Oy x Ba®@ By ® HJi ®J1® Sy

=2
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pp — N jets: One nonstandard hierarchy

@ additional complications compared to e"e™ — 3 jets:
— initial state radiation, more involved kinematics, color correlations
@ well-separated energetic jets:

N
I:INXBa(X)Bb@HJi@SN

=1

dO’N ~ Tr

@ two close-by jets or jet close to beam: [Bauer, Tackmann, Walsh, Zuberi (2011)]

do. ~ Tr

N
Hy-1 x He x Ba®Bb®HJi®Sc®SN_1}

i=1

@ one soft jet:

N
CA'N,LS X ﬁNfl X é;f—l,s X Ba®8b®HJi®Jl ®SN

dos ~ Tr
1=2
@ one soft jet close to a jet or beam:
N
does ~ Tr |Hy-1 X Hes x B @ By @ [[ i ® J1 @ S ® Swa
=2
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pp — N jets: More hierarchies

@ strongly ordered limit: iterations of single hard splittings,
e.g. for M softjets with Q1 <« Q2 < -+ K Qu K Q:

N
do ~ Tr CA'N,LS .. .CA'N,/\,L,S X Hy_ % éj\ril\,,_rs e CL,]__S Bo® By ® HJi ® Sy

i=1
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pp — N jets: More hierarchies

@ strongly ordered limit: iterations of single hard splittings,
e.g. for M softjetswith Q1 € Q2 < -+ - K Qum <K Q:

N
do~Tr |Cnotso . Onenrs X Hyom x Oy (A?Lfl__s B, ® By ® H Ji ® Sn

i=1

@ not strongly ordered: multiple splittings at a single scale,
e.g. for M softjetswith Q1 ~ Q2 ~ -+ ~ Qu K Q:

N
SXBa(g)Bb@HJi@SN

=1

......

M M

Cn_arss. .. st 1 — M + 1 soft splitting amplitudes
M
(for M jets close to each other: 1 — M collinear splitting amplitudes)
= results for all hierarchies can be obtained from these cases
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Outline

0 Summary
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Summary

@ EFT framework for generic hierarchies between jets: SCET

at

& %
t~u~Q?
af "
? & igj“
EE é '3
t~u << QP t <€ u<Q? t << un~Q?

—_— U

@ all scales are disentangled in collinear+soft limit
— resummation of all potentially large kinematic logarithms possible

@ systematic incorporation of power corrections via sequence of nonsingular terms
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e Back-up slides
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Scaling of the modes: SCET., (t < u ~ Q?)

sp=un~Q?

scaling of the csoft mode
@ csoft mode has to be collinear to resolve the jets 1 and 2
— pgs ~ ch(Azs» 17 )\cs) with )\35 ~ t/QQ
@ csoft mode has to contribute to measurement

—ph~Ts
= v~ ST (1)
mode pr=(+—-1) v’
collinear (ni,nz, ns) Q(%J, %) QT
csoftn, ny %273 (&v 1, g) %2732
usoft T3 (1, 1, 1) 75
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Back-up slides

Scaling of the modes: SCET,, (t ~ u < Q?)

scaling of the soft-collinear mode Qn, (A2, 1, An,)

@ soft jet leads to dijet invariant masses ~ ¢: pn, - pn;, ~ t

= Ppy, ~t/Q

@ soft-collinear mode has to contribute to measurement

= Py~ (To, 5,1 /5 T5)

=~ Ts

mode

pH = (+, _7J*)

p2

collinear (nz2, ns)

soft-collinear (n1)

usoft

CRRYE)

L(%l /%)
Q t t

75(1,171)

QT

QTs

752
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Scaling of the modes: SCET .. (t ~ u < Q?)

s13=u < Q?

scaling of the soft-collinear mode @, (Ai1 s 1, An,)

@ soft jet leads to the large dijet invariant mass w: pn, - pn; ~ u = py, ~ u/Q
@ soft-collinear mode has to contribute to measurement

=, ~Ts
= by~ (T5, 5,1 [8T5)
scaling of the csoft mode

@ csoft mode has to be collinear to resolve the jets 1 and 2
= Pl ~ Qes (N2, 1, Aes) With A2, ~ t/u
@ csoft mode has to contribute to measurement

+
— pes~ Tz
= ol ~ T (£,1,4/2)
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Current operators

@ current in SCET®
J2 = Xny Yrjt I'Ys, xa, ,
@ current in SCET® and in SCET,, (difference only in the label momenta)
T8 = Xng Vol Yo, nggL,Ygg YogXng -
@ current in SCET.+ and in SCET.s (difference only in the label momenta)
Tt = n, BUA T [X0, X0, XL Vo | [V Vg g

@ currentin SCETf)

\72+ = X"tX’jlt V"t Y’rj't FYﬁt X#ig s
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Matrix elements in SCET,..

@ csoft function

1

Sc{g’qu}(kh k27 N) = No Cr

o|T [VTLXMTAXLXM} 5 (kl\/g - Pl)

) (/@\/E —na- Pg) T [X,szmTAXlant] 0y,

@ Wilson lines (V, «+» W, X, +> Y3)

0
V. = Pexp [—ig/ dsny - Ay (sn” + m”)}

X, =Pexp [zg/ dsn - A7 (sn" + x“)}
0
@ soft function

Sa (0, b, b, 1) = Nic (o|T [YTLYM] 5 (zl —m -Pl) 5 (éz & Pg)

%) (zg — @ 153) T [Y,jtYnS] 0Y,
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Overview: factorization theorems

Factorization theorem in SCET..; (for t < u ~ Q?):

= ’ AR A0 T
dauar, ~ Qe (t’ QQ’“> g‘lz(@%,u)@sc (mu> ® S2(Ts, )

v

Factorization theorem in SCET., (for t ~ u < Q?):

dos oo e \NTT oo
Tdudls H>(Q", p) Hs <Q27M) il:[lJt(QzT&M) ® S3(Ts,mi - nyj, 1)

Factorization theorem in SCET.... (for t < u < Q?):

3
does 2 tu (O T
m - HQ(Q 7”) HS <Q25/1’> EJZ(Q’L%’M) ®Sc <m7ﬂ> ®S2(7z’n/"/)

v

Piotr Pietrulewicz (DESY) Resummation for generic jet hierarchies SCET 2015, 26.03.2015 28/22



Factorization theorem in SCET .,

Factorization theorem for t < u < Q?*:

does

3
_ 2 tu (O T
Tdudls H2(Q", ) Hes (Qzaﬂ> il:IlJz(QzT%M) ® Se <m,ﬂ> ® S2(Ts, )

w Ingredients:
ol o Ho(Q?, 1): dijet hard function

° HCS(QZ,/L) ~ csoft (=soft) splitting amplitude

S| e Jay3(QaysTs, 1) = Jy: (anti-)quark jet functions

mt @ Ji(Q173, 1) = Jg: gluon jet function

=T e S (\/W’“) csoft function resolving the closeby jets with
Q"’% directions n; and n»

@ S>(Ts, u): soft function resolving the well-separated jets with
directions n; and ngs
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Tree level expressions for hard splitting functions

a.Cr (Q° = 1) +(Q* — u)?

H{P " (b0, Q% ) =

21 Q*tu '
G asCp 14 (1 —2)?
HED (¢, 2, 1) = ;W Z(ta )

tu a;Cr 1 tu
HS -5 = o :Hcs o
(QQ “) T tu (Q2 “)
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