Factorization and Resummation for
Jet Processes

Matthias Neubert

Mainz Institute for Theoretical Physics (MITP)
Johannes Gutenberg University Mainz

LoopFest 2016, Buffalo NY, 16 August 2016

In collaboration with T. Becher, L. Rothen & Ding Yu Shao
(PRL 116 (2016) 192001 & arXiv:1605.02737)

Bl  ERC Advanced Grant (EFTALHC)
ifi_ii-le 48 An Effective Field Theory Assault on the Zeptometer Scale:
'._'.‘..._._._ Exploring the Origins of Flavor and Electroweak Symmetry Breaking




Non-global logarithms (NGLs)

(Dasgupta & Salam 2001,2002)

Observables which are insensitive to emissions into certain regions of phase
space involve NGLs not captured by the usual resummation formula:
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Leading-log resummation

Banfi, Marchesini & Smye 2002

 The leading logarithms arise from a configuration in which the
emitted gluons are strongly ordered:

IIRIE S B8 Dol o

* In the large-N¢ limit, multi-gluon emission amplitudes become simple:

Nm 2m Z " Po

)(p1 - pz) - (Pm - Db)

e Based on this structure, Banfi, Marchesini & Smye derived an
integro-differential equation for resuming NG logarithms at LL level
in the large-Nc limit:

BMS equation: 9:.Guy(L) = / dﬁj W3, [0 (5)Gaj(L)Gb(L) — Gap(L)]
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Some recent progress

e Resummation of LL NGLs beyond large N, Hatta Ueda 13 + Hagiwara '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

e LL NGLs (5-loop large N¢ & 4-loop finite Nc) Schwartz, Zhu ’14;
Delenda, Khelifa-Kerfa ’15

* Color density matrix (two-loop anomalous dimension) Caron-Huot '15

e Expansion in dressed gluons Larkoski, Moult & Neill 15; Neill ’15;
Laroski, Moult 15

* Avoid NGLs Dasgupta, Fregoso, Marzani & Powling ’13; Dasgupta, Fregoso,

Marzani & Salam ’13; Larkoski, Marzani, Soyez & Thaler '14; Frye, Larkoski,
Matthew & Yan ’'16; ...
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Sterman-Weinberg dijets

(Sterman & Weinberg 1977)

a(B,0) _ ;. %

Agr?
—16IndIn B —12Ind + 10 — —
00 3T 3

IR finite, but problems for small 3, §

* Large logs can spoil perturbative
expansion
e Scale choice?

p=Q, @8, Qo, QB0
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NGLs in jet observables

Jet observables involve NGLs
because they are insensitive to
emissions inside the cone

(%)20}7014 ( 27?:2) 1n25

These types of logarithm do not
exponentiate in the usual way
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EFT for Sterman-Weinberg dijets

(Becher, MN, Rothen & Shao, PRL 116 (2016) 192001)
p~(n-p,n-pp1)

2Ewout < 6@ < Q
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One-loop region analysis

2
Ao 2 Gy oy (—161n51n5 —12Inéd + ¢cg + 5% — 16>
Constant ¢y depends on the definition of jet axis:

Goi— 3 06 (Sterman-Weinberg)
co = —Hm?/34+14+12In2 (thrust axis)
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One-loop region analysis

O g CF

2e 2
L I
Hard Ao = — — 00 (@) (—6—2 -t~ 16)

sC :
A s 00 (—161n51n5— 12In0 4+ co + 5% — 16)

Constant ¢y depends on the definition of jet axis:

G- 37 L6 (Sterman-Weinberg)
co = —Hm?/34+14+12In2 (thrust axis)
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Soft radiation

Large-angle soft radiation off a jet of collinear particles does not resolve
individual energetic patrons:

D; € lhEaiE
p Di -

n -k

But this approximation breaks down for soft radiation collinear to the jet! ‘

kH = wnt

Typically this small region of phase space does not give an O(1) contribution.
However, it does for non-global observables!
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Factorization formula

Al s = o) dO' 5
G0 = / dp e P/ ) d(ﬁ) color trace integration over angles
0

| s

5(r,6) = o0 H(Q) S(Q7) | > (Fl@9) © Unm (Q57) )
\

/ Efnh==1t

soft function

>

coft function with
m Wilson lines

hard function

First all-order factorization theorem for a non-global observable,
achieving full scale separation!
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Factorization formula

Al s = o) dO' 5
G0 = / dp e P/ ) d(ﬁ) color trace integration over angles
0

| s

5(r,6) = o0 H(Q) S(Q7) | > (Fl@9) © Unm (Q57) )
\

/ Efnh==1t

soft function

>

coft function with
m Wilson lines

hard function

First all-order factorization theorem for a non-global observable,
achieving full scale separation!

Note that the coft scale A=QS8T can easily be 1 GeV, even if
the collinear and soft scales are perturbative!
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NNLO check

F(7,6) = 00 H(Q,¢) S(QT,¢) (FTi({n1}, Q, ¢) ® Ui ({n1}, Qo €)
Tl nat, 60, ¢) <”2}T gl il B )

2
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NNLO check
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9
+ ((8—481n2)1n5+ 5 + 27% — 24(3 —361112) 1n5+c§]
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® Consistent with EVENT?2
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NNLO check
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® Consistent with EVENT?2
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EFT for interjet energy flow

(Becher, MN, Rothen & Shao 1605.02737)

Ph ™~ Q(lalal)
ps ~ QB(1,1,1)
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Factorization
* Hard parton -> collinear fields ®; € {x;, i, A5, } along n = (1,7;)

e Performing SCET decoupling transformation: ®; = S;(n;) ®'”

Si(n;) = Pexp (z’gS/ 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)

Sl o) - Sl Mt 12

——— e ee =t i e elinigpaopro—

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

Then the cross section can be written in factorized form as:
NG (s o) s S i G 300
m=2

* We define the squared matrix element of the soft operator as:

Sm({n}, QB,9) :Zi <O]SI(n1) S e e X 16 () SRS () Q@) BB )

X
The hard functions are obtained by integrating over the energies of
the hard parficles while keeping their direction fixed:

m

ol i), 0.0) = 5 3 TT [t M) (Ml (@ = Y- )57 ) €32 ()

spins 1=1

=l

) indicates integration over the direction of the energetic partons:

Hon(21,Q,8) © ({1}, @8,8) = [ [T #on ({1, Q,5) Sm({1},05,0)

M. Neubert: Factorization and Resummation for Jet Processes © Artwork by Ding Yu Shao



One-loop coefficient vs. EVENT2

A(B,0) =Cr [—81n51n5— 1+6ln2—6Ind —645*+ (2 — 61112) 6* — 4 Lig(—6%) + 4Li2(52)]

A(B0)
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Difference
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Two-loop coefficient

B(B,(S) = C%BF + CpCaBa + CFTFTLfo

By = [% Ind — ? —|—4L12(54)] In? B + 3(1:4) —~ 3(1161_]“;4) i 3(116_1n;)2
_ghﬁ (1-46%) —?mi” (146%) +32Ind1n* (1 —6%) —41n (1 + 6%) In? (1 — 6°)
—41n% (1 +6%)In (1 — 6%) +64In61n* (1 + %) — 6410”5 In (1 + &%)
+8—;1n51n(1—52) —EW21H(1—52)—|—441n51n(1—|—52)—1—%6#2111(14—52)

441n*6 16 268In6  88Liy (6%) | , &
R 37r21n(5— 9 o 5 — 4 Lig (54)_|_8L13 (—1_54)
_ Sl ooy (@R e I Wi i ,
+8In2Li, (6*) — 3( )—§L12(1+52)+§L12(1+52)+32L13 (1-6%)
p
+32Lis (1 = 52) +321In (1 — 6”) Lis (6°) + 32Ind Lis (6°) — 321n (1 + 6°) Lis (67)

, 1 RN 1 , 62
+321nd Lis (1+52) —321n (1—|—5 )ng <1+52> — 321n6 Li, <1+52)

2

1+ 62

+321n (1 4 6%) Lis ( ) —8In (1 — 6%) Lip (6%) + 81In (14 6%) Lip (6*) — 24¢3

D
e §7T2 In2 — ME](@] In g8 + 0124(5)
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Two-loop coefficient

Leading NGL 3(5,5) :C%BF—FCFCABA—I—CFTanBf

2 [%1 ,‘ 4  16lm§  16In¢
A — 3 n -,j st 3(1_54) 3(1_54) 3(1_54)2
—%ln (1—52)—?11& (146%) +32In61n* (1 —6%) —4In (1 4 6%) In® (1 — 6°)
—41n* (14 6%)In (1 — 6?) +641In61n” (1 + 6%) — 641”6 1n (1 + 62)
+2 Inbn (1= 6%) = 'nIn (1 62) + 44In6in (1462) + n In (14 82)
41n*5 16 - 268In6  88Liy (6%) e , &4
: 0 I Orees o . — 4Lis (6*) + 8Li3 <_1—54)
_ Sl ooy (@R e I Wi i ,
+8In2Li, (6*) — 3( )—€L12(1+52)+?L12<1+52)+32L13 (1-6%)
p
+32Lis (1 = 52) +321In (1 — 6”) Lis (6°) + 32Ind Lis (6°) — 321n (1 + 6°) Lis (67)

, 1 RN 1 , 62
+321nd Lis (1+52) —321n (1—|—5 )ng <1+52> — 321n6 Li, <1+52>

2

1+ 62

+321n (1 4 6%) Lis ( ) —8In (1 — 6%) Lip (6%) + 81In (14 6%) Lip (6*) — 24¢3

D
e §7T2 In2 — ME]@)] In g8 + 0124(5)
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Two-loop coefficient vs. EVENT2

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

A[d B/d Inf]
A[d B/d Ing]
A[d B/d Inf]
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Renormalization

e We renormalize the bare hard function as usual:

Him({n},Q,6,¢) =Y Hi({n},Q,6, 1) Z},({n},Q,6,¢, 1)
=2

H,,, ~ O 0478”’_2
e.g. Ha(e) = Ha(p)Zsy(e, ) ™)
Ha(e) = Ho(p) Zas(e, 1) + Ha(p) Zs5(e, p)
e Z-factor has the structure:
( Zog Loz Loy  Zas \ / e T o e T Al \
Zgg Zgg Z34 235 e 0 1 g Oég
ZH 7 75’ : A Z1o Z 43 A 245 T W0 0 0 1 g
BT ) Lol i e ey 0 0 0 1
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Renormalization

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

Si({n},@B,6,1m) =Y ZI ({n'},Q,6,6, 1) © Sm({n'}, @B, 6, ¢)
m=l

* Have verified that Z" renormalizes the two-loop soft function:
Sa(p) = Zy5 Sal€) + Za @ Ss(€) + Zay ® 1+ O(a?)

and the general one-loop soft function:

Qs A1) (1)
Ez(l) ({n} Q 5 € ,U) S 4_/ e mm—l—l({ﬂa nm+1},Q,5,€,,u)

m({@}, Qﬁa 67 6) = finite
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Resummation

Therefore the resumed cross section reads:

= (Hu({n},Q,6,11) ® > Ui ({0'}, 6, s, n) © S ({1}, @B, 6, ps))

m>1

with the (formal) evolution matrix:

Fh d,u

S = eX H T
Ce p{/ %P (.10

The hard and soft matching scales are i, ~ () and p; ~ QS3; at
these scales the hard and soft functions are free of large logs!

M. Neubert: Factorization and Resummation for Jet Processes © Artwork by Ding Yu Shao



Leading-log resummation

At LL level:

0
0
0

Y

(V2R2

Vs
0
0

0 Offgta 4
Rs O \
LN £ gl
OnmiEl /i

Vm: divergences of one-loop virtual m-leg amplitudes

Rm: divergences from additional real radiation

OLL((S? B) — 00 <‘S2({n7ﬁ}7 QB? 57 :uh>> — 00 Z <U2Sm({ﬂ}v 57 :usa,uh) ® 1>

The symbol ® indicates that one has to integrate over the
additional directions present in the higher-multiplicity anomalous

dimensions R, and Vn,

M. Neubert: Factorization and Resummation for Jet Processes

© Artwork by Ding Yu Shao



Leading-log expansion

Expand RG equation order by order:

Sgl) O (4N6)/ 30out W1327

Q

1 =
S§2> BTG (4Nc)2/
2! oL

1
8;3) G (4Nc)3/
3! =

ni-nj

e
Wk =

NG - Nk Ny - Nk

= 3In 4Out (P1324 R W132 W142) Ar 3Out 4Out W132 W142} ’

31n 40ut Bout [Pra (Wis + Wiy + Wph) — 2Wh Wi, Wi |

— 3in 41 Sous Wi [(Prs — Wiz Wis) + (P33 — Wi Wa) — (Pis — Wi W)
R 30ut 4Out 5Out W132 W142 W152 }

Agrees with order-by-order expansion of BMS equation:

bt / P Wi, 007 ()Ga; (1)Ca(L) — Gaa (L)

47
Schwartz, Zhu 14
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Leading-log expansion
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Leading-log resummation

LL evolution equation: %Hn(t) — e A e e

/O‘(,UJS) d()é Q0
S ie
(e Ea e

(4
Hon(t) = Hu(t)eF 70V 4 / AT i e s
t1

Solution:

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

(Becher & Shao, in preparation)
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Conclusion

e We have derived the first factorization formulae for NG observables:
Sterman-Weinberge dijet cross section and interjet energy flow

7 2

GZOQHg_i <Jm®am> 0:Z<%m®8m>

L m=1 o m

e In both cases we have checked the factorization up fo NNLO and
reproduced the full QCD results

e All scales are separated -> RG evolution can be used to resum all
large logarithms, including the NGLs

 We have applied MC methods to solve the associated RG equations at
LL level (next step: NLL)

e Numerous possible applications: jet cross sections, jet substructure,
jet vefto, ...
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Thank you!




Backup slides



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:

d)(n 2
Vb Bl = —42 (Tir - Tir + Tir - TjR) / 4(7;“) Wi [0 (k) + Ot (k)]
(27)
kel L DS S 1)

(i7)

Virtual has the same form as the real-emission contribution, because the
principal-value part of the propagator of the emission does not contribute.
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Leading-log resummation

In the large-Nc limit, the color structure becomes ftrivial:
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One-loop renormalization for the

narrow-angle jet process

LR L @ ) e )
2 2 o

m,m-+1

el
b

TR i

fin.

AP {nh0 = — =TTy [in (1-67) +1n (1 - 8) —1n (1 — 208,80, + 6262)]

(25)

€

5 y
——ZTO-mn(1—9§)+TO-TO (——2+
€
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NNLO check

P

Jet function: J>

~72(1)(é1, Ba, ¢z, @5, €) = Cr 6(py — m) e 2¢Le

he 52 elp e - [Iné
x{(2++7—g+61n2>5(91)5(92)—6(91)[é] +85(91)[“A2]
+ +

€ €
dpis Rl ) 21/ A

Y L 2 R G

dbs L(91__|_ (1+y)

e o Dz
Sl 2[—] LB 9(92—91)+(9(e)}1
0y ], G (1+y)

U (01,0, d2,QT0,€) =1 + E = gndele {CF ur(61) +Ca UA(é17é27¢2)} 1
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NNLO check

<$(1> R u2 > =% 6—26(Lc—|—Lt) (C%MF 3 CFCAMA)

AL Gty sl I 1 ’
MF:——4—€—3—|——2(—14—|—?—121n2)—|—g<—26—ﬂ' —|—1OC3—321H2)
107° Jilpe e

4 2
— 273 + 4

30 —§1n42—81n32—41n22+71n22

1
—521n2+47r21n2—28C31n2—32Li4(§) ,
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Beld e 2 6 6 3
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