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The Next 25 Minutes

® Global and Non-Global Measures of Jettiness
® Factorization and (Global) Log Resummation, EFT

® The Two-Loop Dijet Soft Function: Non-global structures

® Recent literature:

. . CL, Hornig, Stewart,Walsh, Zuberi
°
EFT calculation of leading NGL [SCET 201 | Workshop, March 201 1]
2 . . .
o O(ai) Momentum-Space Dijet Soft Function including constant

Kelley, Schabinger, Schwartz, Zhu
[1105.3676]

® O(Oz?) Thrust Soft Function Monni, Gehrmann, and Luisoni
[1105.4560]

e O(a?) Momentum- and Position-Space Dijet Soft Function
Hornig, CL, Stewart, Walsh, Zuberi
[1105.4628]

® Ultimate Goal: EFT/RGE-based resummation of NGLs



Global Measures of Dijet Structure

Q)

Consider s oft radiation Probes of full
e*e to 2 Jets event structure
. “Event Shapes”
collinear jets
— —  thrust axis
\ >
e.g. Thrust, : Known how to
Jet Mass Sum, ' resum global logs to
Heavy Jet Mass arbitrary accuracy
pL|+ PR
T=1 m* = m7 + m% m3; = max{m3, m%}



Non-Global Measures of Dijet Structure

L R

Measure each
hemisphere/jet
separately:

2 2
my,mpg

\

Moving towards studying Global logs: lnk ML,R
individual jet properties... Q
Begin to encounter so- mr,

n
called “non-global” logs Non-global logs: In -



Non-Global Measures of Dijet Structure

L R

soft radiation
splitting across
boundary

Measure each
hemisphere/jet
separately:
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called “non-global” logs mp

Moving towards studying
individual jet properties...

Global logs: In"



Non-Global Logs

single hemisphere
mass cumulant:
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Dijet Factorization Theorem

do ) )
g~ T (@ 11) [ i i m — QU ) I~ QU )S s p
N Fourier transform
ol —im2y —im3ys do
o(y1,y2) Z/dmldmz 1Y Y T :aggH(Q 1) J (yi; 1) J (ya; 1) S(Qu1, Qua; 1)
1415

The Dijet Soft
Function:

same™ soft function appears
in pp beam thrust/0-jettiness

* up to constant term

e L 1€R



Dijet Factorization Theorem

do ) )
g ~ Tt (@ 1) [ i i m — QU ) I~ QU )S s p
N Fourier transform
ol —im2y —im3ys do
(Y1, y2) Z/dmldmz 1Y 2Y T :aggH(Q 1) J (yi; 1) J (ya; 1) S(Qu1, Qua; 1)
1413

The Dijet Soft
Function:

same™ soft function appears
in pp beam thrust/0-jettiness

* up to constant term

e L 1€R



Effective Field Theory

SCET: Bauer, Fleming, Luke, Pirjol, Stewart (2000-2001)

hard scale pe=Q o ====smmesmesmasaasaaaza=s [

SCET able to accommodate
multiple jet scales: Lty =mr
decoupled sectors
of collinear modes

Hyg = MR
logs of mr,/Q or mR/Q each
each summable using using RG Evolution
of jet & soft functions
single
soft scale

but still has only been formulated
with a single soft mode
(but see Jon Walsh next)




Effective Field Theory

SCET: Bauer, Fleming, Luke, Pirjol, Stewart (2000-2001)

hard scale BEZC .. K== M
eoz?'y;{k In® Z—J
SCET able to accommodate
multiple jet scales: Lty =mr
decoupled sectors
of collinear modes
Hyg = MR

logs of my/Q or MR/Q) each
each summable using using RG Evolution

of jet & soft functions
4

Thrust resummed to NNNLL in
SCET Becher, Schwartz (2008)

but still had Accounting for NNNLL +
nonperturbative soft power
correction gives most precise

extraction of strong coupling from m%/Q
event shapes

with 4
(but

Abbate, Fickinger, Hoang,
Mateu, Stewart (2010) 2 / Q
.




Calculating the Dijet Soft Function at O(a?)

» Possible 2-particle final states along cut:

61:ﬁ°(k1—|—]€2)

€2=n-(k1—|—k2)

“Same hemisphere”

‘ 2

62:71']{72

glszl'kl

(61, £2) = S [(XsITIY]Yallo

x5<€12n-ki)5<€22n-ki>

€L 1€R

Contains all non-global structure, can deduce

same hemisphere contributions (up to constant) «——— “Opposite hemisphere”
from it + RG invariance + IR finiteness



Calculating the Dijet Soft Function at O(a?)

CFTRnf : f



Known Properties and a Conjecture

~ ~

Knowns:  Symmetry:  S(xzq,20; 1) = S(x2, 21; 1t)

~~

Exponentiation: S(xlv To; Iu) — eK(xlax%/i) GT(3717332)

RG Evolution: K(x1, 32; ) = nyn,koz? [lnk(,ui:cl) + lnk(,uixg)]
(sums global logs) ™
known to two (three) loops
enough for NNNLL
RG-independent - asCr o’
part to |-loop: T(v1,22) = — i T+ 2(47T)2t2($1/332)

. . 2] 1.2

CO”]ECtUI’E. t2 (371/332) — 59 In (331/$2) + S9

Hoang, Kluth (2008)

Reasons: No single log of xi/x2 due to symmetry
Only logs due to expectation based on event shape distributions

Note: Constant can be extracted numerically from EVENT?2 thrust predictions



Known Properties and a Conjecture

~ ~

Knowns:  Symmetry:  S(xzq,20; 1) = S(x2, 21; 1t)

~~

Exponentiation: S(xlv To; Iu) — eK(xlax%/i) GT(3717332)

RG Evolution: IN((wl, T9; ,LL) — Z ’Yn,lcOé? [lnk (,Uiilfl) + lﬂk (/ﬂ$2)]

n,

(sums global logs)

known to two (three) loops
enough for NNNLL

RG-independent
part to |-loop:

Non-global
structure

Conjecture: to (21 /) = 3[22] In2(x; /z2) + 55
Hoang, Kluth (2008)

Reasons: No single log of xi/x2 due to symmetry
Only logs due to expectation based on event shape distributions

Note: Constant can be extracted numerically from EVENT?2 thrust predictions



T h e Re S U It! Hornig, CL, Stewart, Walsh, Zuberi

[1105.4628]
Lol f2) = — CrCa T ? (21
- — A IR
5 2\L1/X2 FUA 3 7
1172 —-3—18 6 — 472
+ In (ml/@;@/ml)[CFC’A T 9 3 ‘|‘CFTRnf( d

+ CpTrn; [FQ< 2) +FQ( 1) _92F,(1 )} + COpCa [FN( 2) +FN(x1> —2FN(1)}

4
+Ch— + CFCA [CFCA]+ C'FTRnfs[nf]



T h e Re S U It! Hornig, CL, Stewart, Walsh, Zuberi

[1105.4628]
_t2 (21/x2) @ In Dbouble NGL
$1/$2—|—£L’2/CL'1 CFCA117T2_3 18(3 CFTRnf(6—47T2>]
9 9
+ CFTRnf [FQ< 2) +FQ( 1) ~2Fo(1)| + CpCa [FN(%) +FN(i—i> — 2Fy(1)]

4
—|-CF 3 + CFCA [QCFCA] + CFTRnfS[nf]



T h e Re S U It! Hornig, CL, Stewart, Walsh, Zuberi

[1105.4628]
%tz(xl/xg) - CFCA%Q in* (7*) DDouble NGL
Single NGL! {In (”31/ =2 ;W LNy 1”2_93 15 4 T, (6 _947T2)]

T ) ra(5) <ara] o () () 2

—|—C + CFCA [CFCA]+ C'FTRnfs[nf]



T h e Re S U It! Hornig, CL, Stewart, Walsh, Zuberi

[1105.4628]
%tz(xl/xg) - CFCA%Q in* (7*) DDouble NGL
Single NGL! {In (”31/ =2 ;W LNy 1”2_93 15 4 T, (6 _947T2)]

T T ra(5) <ara] o () () 2

—|—C + CFC'AS rCal 4 C’FTRnfs[nf]

Non-Global Non-Logs:

21nb bln*b  (3—272) 1N 2., 8
Fo(b) = _ _ 1 (b —) 12 In(1—b) 4= Inb Lis(b) — 4 Lis(b).
@) =339 7 30-1)2 g m(bFy) gt fin(l=b)+3nb Lis(b) — 4Lis(0)
md Inb bIn®b  (3—11w2+18(3) 1\ 11 In*b
T 1 (b —)——12b1 1—p) 4+ =7
Fv) == 56 =300 Tep-1z ' 8 n(bty) =g b in(l=b)+ =
? 22

-5 Lis(1—b) + [LiQ(l—b)}z iy Inb Lis(b) + 2InbLig(1—0) + 11 Li3(b)

bEiEl/ZEQ



T h e Re S U It! Hornig, CL, Stewart, Walsh, Zuberi

[1105.4628]

1
5752(;@1 /x5) = Double NGL + Single NGL + Non-Logs*

* including constants

20 - -
10 __\‘\\\\ /‘/,——”'__
ol e ]
_10 | i
-20 :—/‘//\\; —
-0 P log2: -~ Cy :
-40 - log.: Ca --- Dy 3
) TR ST,
0.01 0.1 1 10 100
X1 /X,

Position space result shows directly what terms must be added to HK ansatz
and is required to achieve (global log) resummation of many dijet observables analytically



Hornig, CL, Stewart,

MOmentum Space ReSUIt Walsh, Zuberi [ 105.4628]

agrees exactly numerically with
Kelley, Schabinger, Schwartz, Zhu

[1105.3676]
For the double cumulant S (/¢ / dﬁl/ dly S(l1,02; 1)
1 C C C C C
SIS, 5, ) = D(E)O(05)] — = OpCa o’ (@)
c/pc c/pc 1172 -3 -1 — 472
4 n (51/62 ‘552/51) [CFCA & S 83 —|-CFTRnf6 977 ]

+OrCy [fN (i) + 2 () = 20|+ Coions | fo(5F) + £ () ~2000)

1 n
+ C%2— + CFC S[CFCA] + iCFTRnfS[pr]}



Hornig, CL, Stewart,

MOmentum Space ReSUIt Walsh, Zuberi [ 105.4628]

agrees exactly numerically with
Kelley, Schabinger, Schwartz, Zhu

[1105.3676]
For the double cumulant SC( / dl / dls S 51, 52, )
1 C C C C C
5752(61752’#) = 9(61)9(62@1‘7014 In” (g ) Double NGL
2
C/pcC c/pc 2 9 _ 2

+OrCy [fN (i) + 2 () = 20|+ Coions | fo(5F) + £ () ~2000)

1 n
+ C%2— + CFC S[CFCA] + iCFTRnfS[pr]}



Hornig, CL, Stewart,

MOmentum Space ReSUIt Walsh, Zuberi [ 105.4628]

agrees exactly numerically with
Kelley, Schabinger, Schwartz, Zhu

i X [1105.3676]
For the double cumulant - S (/1. £5; 1) :/ dél/ dly S(l1,02; 1)

1 cipc pc c c
§t2(€17€2 ) ,LL) — 9(61)9(62

Double NGL

Single NGL rCa

1172 — 3 —18 6 — 47>
; CS _|_CFTRnf 9 ]

)+ () =205 |+ CoTang | o (35) + fo (32) ~200(0)]

2

4

1 n
‘|‘C 8 + CFC S[CFCA]+§CFTRnfS[2pf]}



Hornig, CL, Stewart,

MOmentum Space ReSUIt Walsh, Zuberi [ 105.4628]

agrees exactly numerically with
Kelley, Schabinger, Schwartz, Zhu

I 125 [1105.3676]
For the double cumulant SC( f, 20; ,u) — / dl4 / dls 3(51,52; ,U)
1 cipc pc c c T 2 El
5752(617527,@ = 0(£1)0(63(§ — ?CFCA In (@) Double NGL
Li /85 + 45 /8¢ 1172 — 3 — 18 6 — 4
Single NGL —|—ln( i/43 . 3/t O LT : G3 L CpThn; 97‘(‘ ]
1 ty a1 ty
+CpCal n(gs) + I (55) - 2fN<1>] + CpTpny [fQ(@) + fQ(@)—zf@u)]
o1 1 n
+ Cl%ﬂ% + i(jFCAS[QCp’FCA] + §CFTRnfS[2pf]}
Non-Global Non-Logs: ¢
272 2 4 1
fola) = (% “ 3t 1)) Ina — = InaLis(—a) + 4 Lis(A) — =(3 — 27%) In (a—l— 5)’
: 1 . . 1
fn(a) :_4L14(a+1) —11L13(—a)—|—2L13(a+1)1n {(afl)Q} B KC gc
+ 12(@ ){ﬂ' —In“(a + )—5 nan{(a_l_l)z}—kg na}
1 a 1 5] . 9 (a—1)Ina
+ﬂ{221n[(a—|—1)2} —61n(1—|—g)ln(1—|—a)—|—7r }ln a — 6la+1)
5 1 117
—I—ﬁln (1+a) In(1+4a) — 730



1 C C
§t2(51/€2)

Non-Global Structures in Momentum Space

Hornig, CL, Stewart, Walsh, Zuberi
[1105.4628]

Double NGL + Single NGL + Non-Logs*

20 1 -
0F e T -
O _____________
'10 — “/\“ _
-20 d
_30 — logz: CA —
40 F %og: Cp --- Dy _
' non-log: — C, — g
_50—I Co T I
0.01 0.1 1 10 100
C C
81 /82
(ﬁf £y
After isolating the single NGL ~ In | — + —=
€2 61

one can notice the non-constant part of the
non-log function is closely approximated by:

)

)

C
1

2/1

)+ f(4

C
2

1/l

£(¢

* including constants

—_
-

exact approx.
— Ca Ca -
— I S T

/(

0.001 0.01 0.1 1

100 1000

10
0/t
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Cross-Check with EVENT?2

Hornig, CL, Stewart, Walsh, Zuberi

c2 | 105.4628
do ! d?o [ ]
2 (m?) — dm% 2 >
dms 0 dmidm3
distribution in m? from EVENT2 ] global terms subtracted
700 ? 25 | CF CA
600 - i 20 ; color structure
500 | 15- :
400 . | logyo m2/Q? 10, ' logyy mi*/Q?
w i 5
200 e, 0 .
100 e -5 o
0 : : ‘ . A .‘ Toe ! | _10; . ! ! ! I\ ! | |
-7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 -2 -1 0
log,, m%/ Q2 log,, m%/ Q2

Numerical O(a?)

global terms and NG double log subtracted global terms and all NG terms subtracted

10, | 2 prediction from EVENT2
E ) 1! E s Catani, Seymour
S : log,y m1"/Q ; v logy my”/Q
I : ..._'. 0};II§3!1! ....... . :
0 e |
e T 1 I |.82 trillion events
- -2/ " 2 CPU years
_10 w | | ! I\ ! ! L _3 ! ! ! l‘ | | |
-7 -6 -5 -4 -3 -2 -1 0 =7 -6 -5 -4 -3 -2 -1 0
CUTOFF = 10>
logyy m3/Q” log;y m3/Q”

NPOWI=NPOW2 =3



Cross-Check with EVENT?2

Hornig, CL, Stewart, Walsh, Zuberi

do mfz d20' [1105.4628]
——(m{?) = dm
2 2 2
dms 0 dmidm3
distribution in m3 from EVENT2 global terms subtracted
100, i 30, ! Cr Tr ¢
; - 25 ; color structure
0 | 20 :
= E 15; : E
-100- e’ I P L c2 /N2
? \ logo mi/Q 10° oot logymyT/0
| 0 : :
B e Tl A S St
log, m%/QZ log;, m%/Qz N ical O ( 2)
87
global terms and NG single log subtracted global terms and all NG terms subtracted o umerica S
30, , 30, . prediction from EVENT2
25; ' 252— : Catani, Seymour
20 i 20 :
15 15 !
[ [ ) !
101 ot 3 lommi/QT 10 ot g mi/Q” 253 billion events
5 . : 5 . ! '
e ettt : ! T : 3 CPU months
0:6 $ % s ; 0:‘ s _*, I
—50_ ‘ o =5
7 -6 -5 -4 -3 -2 -1 0 =7 -6 -5 -4 -3 -2 -1 0 CUTOEE = 10°'5
log,y m3/Q° log,y m3/Q°

NPOWI=NPOW2 =4



Cross-Check with Event Shapes

Hornig, CL, Stewart, Walsh, Zuberi
[1105.4628]

Heavy Jet Mass:

o’ Tde . o - n
Z%G(p) — 871'2(9('0)/ ?tz(e 6) = 87‘(29( ) [CFCA CrCal —+ C’FTRnfs[ f]}
0
Thrust:
o o’ - n
S7(r) = 25 0(M)ta(1) = 50(7) |CrCash ™) + CrTrn sy

Our analytic results predict:

n n 4
sy, = sy = 4G — 5 = 3.4749,

CrC CrC 2 197‘(’ 27T 1
sy r Ol girCal = Sttt nf2 §ha 2 — 16 Liy (2) —11¢3 — 14¢3 In 2 = 11.6352
While EVENT?2 predicts: [Q?Zf] 3[27”] —3.33+0.14,
Abbate, Hoang, Mateu,
SgiFCA] — S[QCFCA] = 11.54 £ 0.47 Schwartz, Stewart (201 1)

Kelley, Schabinger, Schwartz, Zhu [| 105.3676] and Monni, Gehrmann, and Luisoni [| 105.4560] now calculate s; analytically.

n n 0.08
EVENT2 Sg,, minus analytic 2 S[gpf] — sy =3.467598,

predicts:
soor Ol g 0r9al = 11,55 + 0.46



New Opportunities

Understanding origin of fixed order NGLs in effective field
theory opens door to RGE-based method to resum them

® cf. nonlinear evolution equation, solution currently
only known numerically in large-Nc limit.

When NGLs are not large, our new results allow analytic
resummation of global logs in dijet observables to NNNLL
accuracy.

Dijet soft function directly applicable to beam thrust or
O-jettiness in hadron collisions

NGLs will appear in multijet/subjet observables, jet cross

. : : cf. Banfi, Dasgupta, Khelifa-Kerfa, Marzani (2010)
sections Wlth ]et energ)' vetoes, etc. Rubin (2010): NGLs in Filtered Jet Algorithms

Calculation and resummation of global and non-global logs
bring us into the realm of precision jet physics.



