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OUTLINE

» Background:
N-jettiness and the Method of Regions

e @alclilation:

SoftSERVE with N jets

¢ Results

* Endpoints



HOW MANY JETS ARE THERE!

CMS Experiment at the LHC, CERN
Data recorded: 2016-Sep-27 14:30:59.465920
Run / Event / LS: 281707 / 1308250303 / 826

¢




N-JET TINESS

[Stewart, Tackmann, Waalewijn, "1 O]

 (General definrtion:

Tv = Y min —?
N m {a;} Qj
ki Momenta of particles in the event
qf . Momenta of signal jets/beams

P /e iont factors

si/e choose @, = 2E;,then n; = (1,7;),and

TN = g minn, - kn,
—




FRAMES

RN mInImisation spiits the detector Into sectors:

» Cholices of @);are related by boosts

—>  Frame dependent!



UN-OBSERVED OBSERVABLE

* Few measurements s
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[Aad et al,’ | 6] [Mijugkovié, 27]

- Reason: underlying event, pileup

Eledinications: Leptons (1 hrust), DIS, tracks,...



THRUST

tefepion collider observable ==@(1-T) n=(1,7r)

= Z MIn (7 © K, 0 By e A

[Farhi, /7]

+ Exhibits large logarithms:  a®In*" 7

 [hese can be resummed to all orders

20—
i I resummed and matched
i 4" order
- 3" order
1 do 0 I 2" order
o dT 101\ 1%t order
“““ 03 04

[Becher, Schwartz, '08]



FIASE SPACE SLICHNSS

[Boughezal, Focke, Liu, Petriello, " | 5]
[Gaunt, Stahlhofen, Tackmann, Walsh, | 5]

- How to get finite NNLO cross section predictions?

ovyv + opyv + ocpp = finite
- JSlice phase space to add unresolved reals to virtuals
- N-jettiness to resolve additional emissions

oNNLO = ONNLO (TN < Tﬁzm) + onLo+1(Tn > Tzfzut)

\C—J

approximate using small T3




e Ve | ROD OF REGICHSS

[Beneke, Smirnov, '97/]

* |solates dominant singular contributions to integrals

k

5 TO>/ example: I:/o dk (k2 4+ m2) (k2 + M?)
[Becher, Broggio, Ferroglia, ' 4]

m << M

- Analytically: = M 0 it ] e

- Iry to expand before integrating:

4 1
I dk
)y e




INTRODUCE REGIONS

« Use cutoff / factorisation scale: m<N<g<M
0,00[= [0, Al U [A, “Soft”
0,00[= [0,A[U[A,00f | SO

A 00
k k
g /o CoErmniE T TR

* Solve and add:

1](1/\—22 | In 7% 1 m

oM2Z T 9M2 T M2

Is+ Iy =




MODES FOR N-JET TINESS

B ECec At thrust, for small 7 T =)' min(p e e

e Poss|Dle modes:; n-k or - k must be of O(7):;
(n-k,n-kk)

n-collinear (Q, T,/ Q1)
n-collinear (1,Q, v/ QT) 7

soft (7,7, 7)

* Virtual corrections: also hard mode (Q, @, @) allowed

e For N-Jettiness: N+2 collinear modes



WILSONIAN EFT

[Wilson, '65+]
 Associate each region with a dedicated field
(k) = vi(k) + Ur(k)
R L iy
Support on [0, A Support on [A, oo]

- Perform high energy mode path integral

/Dw 6i5[¢] — /leD\Ph eiS[lbl,\Ifh] o /le 6iSEFT[¢l]

- High- and low energy contributions factorise

./\/l ~ CW MEFT



et | FOR HROS

» Slightly different mode picture

| 4
TQ CS ————— -
| ks
Q Q
Classic Soft-Collinear
Wilsonian EFT Effective Theory

» Still factorises

1d0

odr

H(Q?, 1) / dkpdkg J(kp, 1) (ks 1) S(r — ki — kg, 1)




STAlLE OF [ HEARS

N
do
= %; }Bz- ® B; ® H1 T @ tr[Hyi ey * Sijoir1] + O(Tw)
1,71 Fn n=

L —

* Hard, beam, and jet functions known to NNLO

[Broggio et al., ' 4]
[Stewart et al,, "1 O; Berger et al., '| |; Gaunt et al, '|4; Ebert et al., "20; Baranowski et al. "22]
[Bauer et al, '04; Bosch et al,, '04; Becher et al,, '06, "'10,'| |; Briser et al, ' | 8; Banerjee et al., " | 8]

» NLO soft function, NNLO for O-, | -, partial 2-jettiness known

[Jouttenous et al.,'| 1] Kelley et al, "l |; Monni et al., "l |; Hornig et al., " /]
[Campbell et al, ' | 8; Boughezal et al.," | 5]
LBl Al e et e 2l 11

B @alculate NNLO Soft function for at [eastiIN=2
» Recently: recipe for NNLO N-jettiness (confirming/-ed)

[Agarwal, Melnikov, Pedron, 24]




Soft function
Simulation and ( §9ft
Evaluation of ;\
Real and k CRVC
Virtual / o
Emissions

/ Bell, RR Talbert, ' 18,20]

e i ilincetiens can be calculated from

S(7,€) = /dﬂi [A({E:}, e)F o(r — 7({ki}))
* Amplitude Is divergent, measurement harmless

— Isolate divergences analytically,
do all the rest numerically



PUICK EXAMPLE INESS

1

. 2
Matrix element AR

| kr _
Expose divergences — k* = kry/yn* + 7%71“ -

Divergences exposed: / 'k |Af* ~ / dkr dy k' Y~

Classity observable behaviour:
L eading behaviour

(k) = kry? f(y,{9})

Mass dimension

(Angles and
observable
omitted)



PUICK EXAMPLE INESS

» Master formula So(T) =1+ (ZZ:S)(ﬂ2f2) Sr(e) + O(a?)
16Cre "B T'(— i L
Sale) = e / at / dy Y7 F(y, )% (41— 1))

- lLeads to a (bare) soft function involving integrals of |

Sr(€) =

—4Cp SCF Uld lnf(() t) +

ne?

B aiiOERYE wraps this In C++, and Integrates using Gl

[Hahn, '05]



TWO EMISSIONS

ERRGlEdIversence cases:

pr — 0 b—0

y—0 (a,9) — (1,0)




TWO EMISSIONS

ERRGlEdIversence cases:

y—0

» Observable: 7(k, 1} = pryz Blas bt



/;\\;S%vc

» Extension to N-jet cases:

- More emitters
e Nenitrivial colour
S alplicated seometry

> Integration dimensions



e NIEO:

» NNLO: <(

/L‘

» More emitters

%

> <

D

B 2) (N + 1)

>
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> <

dipoles, (N + 2)(IV + 1)N RV tripoles,
many RR tri-/quadupoles
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e @ntrvial colour:

/;\\(S%%VC

» Diet: SWNLO) =T, . Ty 8 = —T2Sgr = —Crl Si

e \=2, explicit colour matnices T, - T55; dppEE

» Tripoles and quadrupoles: e.g. T¢ - T% - Tf - T} - Sijk
NAE accounts for most, except for real-virtual tripoles

(They appear as fa. T{T;T$ Sjj; )
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/

/;\\(S%%VC

> Complicated geometry, see e.g. 2-jettiness

iettiness: | ang

e
2-jettiness: 3 ang
g

iettiness: 5 ang

> Grids grow very large

&
S
S

N-jettiness: 2N-1 angles



/;\\;S%%vc

> Integration dimensions, dijet:

* |hree physical dimensions

(two beams, one transverse reference)

* One emission can probe 4th dimension,
Two emissions can probe 4th and Sth dimension:

1 : —1—e€ 0
F(—E)/O dt5t5 NO(G)




/;\\;S%vc

> Integration dimensions, N-jet:

* Four physical dimensions

(all the beams and jets)

* One emission can probe 5th dimension,
Iwo emissions can probe 5th and 6th dimension:

I : —3/2—¢ 0 = o
el i) /o diz t; ~ O(€") The "awful angle

* For N-jettiness: analytic integration



£

§ GRVE
/ ALMOND

(Adapted forWilson Lines in Multiple Occurring ﬂ—Directions)

- Added support for nontrivial geometry, RV tripoles,

ernal geometry sampling, cluster deployment



EiE CALCULATICORNS

* Sample In steps of ;—5 yielding 34476 samples
(29904 2-jettiness, rest O- and | -jettiness)

* Fourfold symmetry reduces this to 8619

» 24 tripole and |8 dipole programs per point
(NLO, Ca, and nf for 6 dipoles)

» 900GB binaries and log files, 30min per point
(NNLO programs, particularly Ca, the slowest)



THE TARGER

VWhat I'm about to plot:

+2r Y fapc T{ TP TF
i#j 7k

+£ZZ{Tz’°Tj,Tk:°Tl

itj kAl

I 2 s\ 2
(P28 5 e )+ (%)
n 41

(
(
;

T r
I Aj(ﬁLiJr(

r 278
( ol e D

'y 2
j>( iy == % Ly + (1))}

n

O~
oy
n

(71 +50 zg ) o —|—C<2)>

r

295
n

1k cﬁ))LM) +C

~(2)
17k

>



-JET TINESS

F@le cancellations

1-jettiness (12)-dipole 1-jettiness (13)-dipole 1-jettiness (23)-dipole
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* Finrte results
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[-JET TINESS COMPARISON

[Campbell, Ellis, Mondini, Williams, " 8]

» Compare with result from Campbell et al.

our numerics Campbell et al. fit
C'—1,nab - C'—1,nab

5
cl)I{{I{III!!!!III}I{}I
R ~1
R -2
2
(1355! i
_]_é
— —222
179 i i 8 % t
— . oftyd gt bt
/2 0.
n13/2

» Only fit functions for physical channels provided



-JET TINESS - B2B

Pole cancellations

2-jettiness (back-to-back)

(12)-dipole

15‘7 T T T T T T 4\ 1
i 2.C) —e—1/e ]
C 512 (e) ——1/* ]
10f e 1/e? ]
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ni3

2-jettiness (back-to-back)

(13)-dipole
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2-jettiness (back-to-back)

(23)-dipole
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* FInite

-JET TINESS - B2B

results

2-jettiness (back-to-back) (12)-dipole
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-JET TINESS - PLANAR

2-jettiness (cis-planar)
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FUGE CASER

* When jets become collinear, some results diverge

3-jettines dipol
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
. (2,Ca)
200~
L [ ] (CA)
L (2,Ca)
150~
[ /
/
L —
100~
|- /
0-0-9 —@ — — —P— — =B — O . O . . . .
50
FOO -0 = @ === === @ == s s s s @eenssss@essssss@uuenssnns@ennnnnss@snnnnn @
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

000 025 050 075 100 125 150 1.75

|015 — 014] [in degrees]

» Non-dipole jet collinear to dipole jet: divergence

ERicin: contribution from one et enhanced by
collinearity to dipole jet



METHOD OF REGIONS!

* [wo regions:
bulk and collinear

< <




IMPLICATIONS

A kind of refactorisation

(global soft base and collinear soft correction)

Pattern should be general

Correction Is observable and dipole dependent

N-|ettiness:

2

(@fconn)HSE= 7T_
iy = Teng (

_CA<

472 20

ik
9 T4

1172 20

9

1n(

nij

) % 8.023(2))

) 5 10.0335(2)>



CONVERGENCE
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[ 1 115 USEFUES

* |-jettiness at N5LL for GENEVA

[Alioli, Bauer, Berggren, Tackmann, Walsh, " | 5]

» /+jet production in lab frame vs CS-frame
[Alioli, Bell, Billis, Broggio, Dehnadi, Lim, Marinelli, Nagar, Napoletano, RR 24]

» For some @Q;, nig ~107"7
has to be probed




CONCLUSIONS AND
U T OO

* We extended the SoftSERVE code to N-jet cases and applied it

to the N-jettiness at NNLO
Derived a grid for the 2-jettiness soft function

Investigated logarithmic divergences at the edges of phase space

using the Method of Regions
Used our results for an N3LL resummation

Next: non-global logarithms, N-gularrties, ...
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