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Sterman-Weinberg dijets

(Sterman & Weinberg 1977)
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IR finite, but problems for small 3, §

* Large log can spoil perturbative
expansion
* Scale choice?
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Non-global logarithms (NGLs)

(Dasgupta & Salam 2001)

Observables which are insensitive to emissions into certain regions of phase
space involve additional NGLs not captured by the usual resummation
formula
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Jet observables involve NGLs because
they are insensitive to emissions inside
the cone
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These types of logarithm do not
exponentiate in the usual way




Leading-Log resummation

Banfi, Marchesini & Smye 2002

 The leading logarithms arise from configuration in which the
emitted gluons are strongly ordered
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* In the large-Nc limit, multi-gluon emission amplitudes become simple:
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e Based on this structure, Banfi, Marchesini & Smye derive an
integral-differential equation for resuming NG logarithms at LL level
in the large-Nc limit:
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Some recent progress

 Resummation of LL NGLs beyond large Nc Weigert '03; Hatta Ueda "13 +
Hagiwara '15; Caron-Huot ‘15

e Fixed-order results

* two-loop hemisphere soft function Kelley, Schwartz, Schabinger & Zhu
'11; Horning, Lee, Stewart, Walsh & Zuberi ’'11

e with jet-cone Kelley, Schwartz, Schabinger & Zhu '11; von Manteuffel,
Schabinger & Zhu '13

 LL NGLs 5-loops (BMS eq & finite Nc) Schwartz, Zhu '14; Delenda,
Khelifa-Kerfa ’15

e Expansion in soft sub-jets Larkoski, Moult & Neill 15; Neill "15; Laroski, Moult
’15

e Avoid NGLs Dasgupta, Fregoso, Marzani & Powling ’13; Dasgupta, Fregoso,
Marzani & Salam ’13; Larkoski, Marzani, Soyez & Thaler '14; Frye, Larkoski,
Matthew & Yan ‘16



From SCET "'0 J et Effecfive Theory

Becher, Neubert, Rothen & DYS, PRL116(2016)192001



EFT for narrow-cone jets

p~(n-p,n-p,pL)




One-loop Region Analysis

2
Agtot = aZCF 00 (—1611&51115 —12Ind + ¢co + 5% — 16)
s

Constant Cg depends on the definition of jet axis:

co = —372% + 26 (Sterman-Weinberg)
co=—bm*/3+14+12In2 (thrust axis)



One-loop Region Analysis
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Agtot = aZCF 00 (—1611&51115 —12Ind + ¢co + 5% — 16)
s

Constant Cg depends on the definition of jet axis:

co = —372% + 26 (Sterman-Weinberg)
co=—bm*/3+14+12In2 (thrust axis)



Factorization for two-jet cross section

integration over angles

color trace
k l 72

5(r,6) = o0 H(Q) S(Q7) | Y- (Fn(@0) & Ui (Q07))
/ L m=1 A — -
coft function with

m Wilson lines

soft function

hard function

First all-order factorization theorem for non-global observable.
Achieves full scale separation!



NNLO check
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NNLO check
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Soft function:
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Soft Radiation

Large-angle soft radiation off a jet of collinear particles does not resolve
individual energetic patrons
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' This approximation breaks down for soft radiation collinear to the jet!!! ',

kF = wnt |

Typically this small region of phase space does not give an O(1) contribution.
However it does in the non-global observable!



NNLO check

5(1,8) = 0o H(Q, €) S(Qr, <Jl {nl} Q5 e) ® Ul({nl} QéT e)
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NNLO check
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NNLO check
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NNLO check
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Jet function: 7>
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NNLO check

Jet function: 7> Coft function: Us
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NNLO check
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1030 20 divergences have cancelled!




Energy flow in restricted angular regions
(Dasgupta & Salam ‘02)
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EFT for NGOs with rapidity gap

(Becher, Neubert, Rothen, DYS 1605.02737)




Factorization
e Hard parton -> collinear fields ®; € {x;, xi, A:, } along n' = (1,7;)

e performing SCET decoupling transformation: ®; = S;(n;) <I>§O>
Si(n;) = Pexp (igs/ dsn; - A%(sn;) Tf)
0

 The operator for the emission from an amplitude with m hard partons

hard scattering amplitude with m particles
(vector in color space)

soft Wilson lines along the directions of the
energetic particles (color matrices)



Factorization

Then the cross section can be written in factorized form as,
=) (Hm({n},Q,0) @ Sm({n},QB.6))
m=2

We define the squared matrix element of this operator as

Sm({n}, @B, 9) :Zf (0151 (n1) .. S (nm)| X ) (X[ S1(n1) -« S (110)[0) 6 (QB — 2B out)
X
The hard functions are obtained by integrating over the energies of

the hard particles, while keeping their direction fixed

o), 0.0) = 55 3 TT [Tt M) (15 (@ = Y- )o% ) 057 (2}

spins 1=1 1=1
) indicates integration over the direction of the energetic partons

Hon(21,Q.0) @ S (21,@8,0) = T] [F4m Hn(221,Q.0) Su({2},25,9)




One-loop coefficient v.s. EVENT2
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Two-loop coefficient v.s. EVENT2

B(ﬁ,(S) = CIZ:BF + CrpCaBa + CFTFTLfo
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Two-loop coefficient v.s. EVENT2
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Two-loop coefficient v.s. EVENT2

a=n/4, NLO(Cy) a=n/4, NLO(C,) a=n/4, NLO(ny)

A[d B/d Ing]
A[d B/d Ing]
A[d B/d Ing]

> We reproduce ALL logs at two loops




Renormalization

e We renormalise the bare hard function
Ho({n},Q.0,6) = Hi({n},Q,0,p) Z},({n},Q.0,¢ 1)
=2
e.g. Ha(e) = Halp)Zsy(e, 1)

%3(6) — H2 (M)Zg (67 ,LL) + HS(“)Z£(€7 ,LL)

/ 1 as of a
0 1 a, a2
 The Z-factor has the form Z"({n},e, u) ~ 8 8 (1) Ois

e By consistency, matrix Z" must render the soft function finite

Si({n},@QB,6,1) = > Z[1({n}.Q,6,e. 1) ©Sm({n},QB,4,¢)
m=l




Renormalization

» We verify that Z" renormalises the two-loop soft function

So(p) = ZQ% So(€) + ZQ% ® S3(€) + Zﬁ 21+ O(ozi’)

e and the general one-loop soft function

Qs (1 as [ dQUnmi1) ()
e (). Q 0 o)+ 32 [ TS (), Q8

+Sm({n}, @B, 4, €) = finite



Resummation

Large logarithms in the soft function

Si({n}, QB.0,un) =Y _ Up ({0}, 0, ps, 1) & Sm({n}, QB, 8, 1)

m>1

with the formal evolution matrix

U”({n},6, ps, pun) = P exp [/Mh an T ({n},0, )

14

Therefore the resumed cross section

= > (Hi{n},Q,0, 1) © Y Ui, ({0}, 6, s, i) © Sm({n}, QB, 8, pss)
[=2

m>1



Resummation

At LL level,

(Vg R, 0 0 \
0 Vg3 Rs 0 ...
ST:(l,l,---,l) H = (00,0,---,0) 1O = 0O 0 Vy R, ...
0 0 0o V; ...

Vin o div. of one-loop virtual correction to m-legs amplitude

R, : div. from additional radiation
O-LL(da 6) — 00 <82({n7 ﬁ}a QB) 57 /Lh)> — 00 Z <U§m({ﬂ}7 57 s, ,uh) ® ]->
="

The symbol ® indicates that one has to integrate over the additional
directions present in the higher-multiplicity anomalous dimensions Rn
and Vn,



LL resummation

Expand RG equation order by order

k _
Wk =

Sgl) — = (4NC)/ 30ut W1327
Q

1 —
8 = - (4N, / ~ 31 dow (PH — Wiy Wih) + Bouw dow Wi W) |
. Q -

| i
Sgg) =3 (4Nc)3/Q _3In 40ut d0ut [P1324 (W153 + W, + W152) — 2Wi, Wiy W152}
— 31 41 5out Wis [(P1435 — Wiy W153) T (P?fl25 — Wi, W352) — (]31425 — Wiy W152”
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Agrees with order-by-order expansion of BMS equation

0,G1a(L) = [ LW, [OR(G)G(L)Gra(L) - Gra(L)]

Schwartz, Zhu ’14



LL resummation

S(t) = - 12t - 36.3399 12 + 1186.55 13 - 4768.05 t*



LL resummation

d
LL evolution equation: — Hn(t) = Hn(O)Vy + Hp—1(t) R

dt
/Oé(us) doe o
-

t
Ha(t) = Ha(tr)el70)V +/ dt'Hpy 1 (t')Rpy_ 1tV
11

Solution:

This form is exactly what is implemented in a standard parton shower MC




LL resummation




LL resummation

exponentiate the fix order soft function



Conclusion

We have derived a factorization formula for a NG observable: cone-jet
process

s

0:Z<7-[m®8m> G=00HS Z<jm®1j{m>

L m=1

m

In both case we have checked the factorization up to NNLO and
reproduce full QCD resultfs

All the scales are separated —¥# RG evolution can be used to resum
all large logarithms

We apply MC method to solve the associated RG equations at LL level
(next step: NLL)

Numerous possible applications: jet cross sections, jet substructure, jet



Thank you






NNLO singular terms

e Up to NNLO,
0(8,8) = 00(HaS2 + Hs @ Sz + Ha @ 1).
* the hard function #,, starts from O(a” %)
e iy O Hy ~ o

. fwo loop 82 (Kelley, Schwartz Schabmger& Zhu 11)
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Comparison to BMS

Consider real and virtual together, all collinear divergences drop out.
Leading soft divergence obtained by the soft approximation for the
emitted (real or virtual) gluon

4

ny O (k) + OZE (k)]

1
Vm = I‘S?m = —42 5 (117’911 y 17]7L _l_ EaR i T.]aR) / out
(25)
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LL resummation

In the large Nc¢ limit the color structure becomes trivial

AT N
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Comparison with LMN approach

(Larkoski, Moult and Neill, 1501.04596)

Increasingly Differential Measurement

IS 1) Tn(e$, 1) INC AN

'—Iﬂ- 1 B s (g .J J ﬁ {B s T f ) ‘—’T'ﬁ lB s Hds )

jet axis

’]’I l

Decreasing Scale

Sn NNsj

LMN perform differential measurements to isolate regions where soft subjets
give rise to NGLs. Resummation of the Gls associated with subjet observables
resums part of the NGLs.

We derive factorization theorem directly for NG observables: Resummation of
NGLs with RG. Soft Wilson lines along energetic particles instead of soft
subjets.

LMN method involves a tower of effective theories with more and more d.o.f;

We work with a single theory with only two d.o.f: hard and soft. NGLs get
factorized into hard and soft logs.



Dressed-gluon expansion

Even at LL accuracy, terms with arbitrary many subjets contribute. Not clear by

which parameter higher-order terms suppressed.

Two—Dressed Gluon Approximation
Ratio To Dasgupta—Salam Fit
MC Implementation
3—-Loop Fixed Order
4-Loop Fixed Order
1-Dressed Gluon
2—Dressed Gluon

One-Dressed

2]
=
3 1.05
‘R
%

Two-Dressed

Our RG resummation method is standard (but the RG is complicated!). Clear

which ingredients are needed for a given log accuracuy.



Open questions in LMN approach

e The problems with traditional global factorization theorems become
visible only at NNLO

- Have evaluated all ingredients to this accuracy and verified that
we reproduce the full QCD result. Would be worthwhile to do the
same in their approach

e One expects that a factorization theorem for a jet cross section
with additional measurements is at least as complicated as the

. factorization theorem we
Eil ..;w,_ AP T il R e e _._.‘_ 4

" J y S
.Io-'v.: 5 ¢ hraed "  Las FRL g ey ATy s o S P

btain: Multi-Wilson-line operators in LMN
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Comparison with approach of Caron-Huot

(1501.03754)

Caron-Huot defines colour density matrix:

= [ A () U ) U (00) [ (w1}

mn
Here unitary matrices U () are used to track the contributions from different

particle multiplicities.

H@ _l_ﬂdozs

[ d d ] O_ren[U;“] =i K(U) 5/5[], as(lu),é)o-ren[U;,Lb]

R .The one- loop expressuon for K are in one-to- on‘e correspondence to our
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ST LR S . T FSET
zo Se i Bl e



Coft factorization

For cone-jet processes with narrow cones, small angle soft radiation
became relevant

e collinear and soft (“coft”)

e resolves individual collinear partons: operators with multiple Wilson
lines



- 12t - 36.3399 % + 1186.55 t3 - 4768.05 t*




Method of region expansion

To isolate the different contributions, one expand the amplitudes as well
as the phase space constrains in each momentum region.

e Generic soft mode has O(1) angle: after expansion, it is always outside
the jet

e Collinear mode has large energy. Can never go outside the jet

. 0 . 4 '
3 L ~ | '..Z 1 = 7 N wid / \ ~ 1 I LA S oF
u" -\ Q(ﬁ '\.,.‘ ,“.n‘,";,_ ‘QAQ ‘- 1 e a.?“? !‘_l 1’—_,-&., 1 U SQ‘ ~| ,‘,"-
. e A it iste A ot . A Yy ’ u ¢ 1o ad | -,



One-loop renormalization for the narrow-
angle jet process

1 =
571(1) S 7 =

ZZSP({@}, €) = — % ZTZ e [ln (1 = 6’?) + In (1 — é?) — (1 — 2cos ¢jéiéj + éfé?)}
(25)

[
y : A
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Hard Function H;




Hard Function H;




Hard Function H;

region I:

Cr (g) W (0 00,

region II:

Cr (%) R e 0 )

region III:

Cp (%) W (4, 0, 6, €)




Hard Function H;

region I:

Cr (g) W (0 00,

region II:

Cr (%) R e 0 )

region III:

Cp (%) W (4, 0, 6, €)

(Hs' ®1)

NLO



Hard Function H;

region I:

Cr (g) W (0 00,

region II:

Cr (%) R e 0 )

region III:

Cp (%) W (4, 0, 6, €)




Soft Function S;




Soft Function S;

2€
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) RO
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Soft Function S;

8(1) ” L 2€
< 3 > (Qﬁ) [Cpsg(u,v,d,e)+C’AS3A(U,U,5,6)]

a_ 141
53 = —Ap " (u,0,0) + AP (u,0,6) + € Ay (u, 0, )

HP ®8M) = C. (ﬁye (L Py
3 Q Qﬁ) e [C%MF(&G)—I—CFCAMA(&G)]




Soft Function S;

8(1) ” L 2€
< 3 > (Qﬁ) [Cpsg(u,v,d,e)+C’AS3A(U,U,5,6)]

a_ 141
53 = —Ap " (u,0,0) + AP (u,0,6) + € Ay (u, 0, )

HP ®8M) = C. (ﬁye (L Py
3 Q Qﬂ) e [C%MF(&E)—I—CFCAMA(&G)]

\[C]




Coft Scale

We emphasize that the coft modes have very low virtuality p? = AZ? = (Q55)?, much
lower than the virtuality of the collinear and soft modes. The presence of this low physical
scale might have important implications for the relevance of non-perturbative effects. These
are suppressed by the ratio Aqcp/A¢, where Aqep ~ 0.5GeV is a scale associated with
strong QCD dynamics. Non-perturbative corrections to jet processes can thus be much
larger than the naive expectation Agcp/@. For example, for a jet opening angle a = 10°
(0 ~ 0.09) and 5% of the collision energy outside the jets (8 = 0.1), one obtains A; =~ 1 GeV

for Q = 100 GeV. It would be interesting to explore phenomenological consequences of this

low-scale physics.
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Note: EVENT2 suffers from numerical instability in 7y channel.



