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IR Singularities

, unitarity cut

Massless QCD:

(example:ete™ — qq)

NLO: |/\/l]2 ~
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IR Singularities

, unitarity cut

Massless QCD:

(example:eTe™ — qq)

NLO: | M2 ~

1 1

(p+k)?  2[p|lk|(1—cos0) | collinear IR singularities
0 — 0 singularity
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IR Singularities

Kinoshita-Lee-Nauenberg (KLN) theorem:

IR singularities cancel for “physical” (IR safe) observables.

* Implies sum over degenerate initial (= PDFs) and final states.

e (Cancellation between virtual and real quantum corrections at every order
in perturbation theory.
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IR Singularities

Practical problem: regularization
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Virtual

Dimensional
Regularization
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— — poles
en

(Must at higher orders)

29.11.2016

Cancellation

PS integration can be
(arbitrarily) complicated

—> Dim. Reg. impossible!

Aim: Numerical integration
—> Monte Carlo generator
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IR Singularities

Practical problem: regularization

QLAXXXXXXD

Virtual
Dimensional PS integration can be
Regularization (arbitrarily) complicated

— Solution: “IR subtraction” |impossible!

(Must at higher orders) Aim: Numerical integration
—> Monte Carlo generator
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Outline

IR Subtraction/Slicing Methods

The N-jettiness Event Shape
* NNLO Ingredients

* Applications/Results

Possible Extensions

* Summary
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IR Subtraction/Slicing Methods

N-jet cross section (i.e. N hard final state partons):

[X = set of (Born-level) kinematic variables the (differential) cross section depends on.]

O'LQ(X) = /dO’LQ(X)
"

N-parton phase space

Lo (X) = / doio(X) + / dofio(X)

N41

onnLo (X) = /NdUNNLo(X) /NdUNNLo(X) /NdUNNLo(X)

+1 +2
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IR Subtraction/Slicing Methods

N-jet cross section (i.e. N hard final state partons):

[X = set of (Born-level) kinematic variables the (differential) cross section depends on.]

O'LQ(X) = AdULO(X)

Lo (X) = / doio(X) + / dofio(X)

N41

onnLo (X) = /NdUNNLo(X) /NdUNNLo(X) /NdUNNLo(X)

T o T
2-loop 1-loop tree-level
diagrams diagrams diagrams
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IR Subtraction/Slicing Methods

N-jet cross section (i.e. N hard final state partons):

[X = set of (Born-level) kinematic variables the (differential) cross section depends on.]

O'LQ(X) = /“dOLo(X)

Lo (X) = / doio(X) + / dofio(X)

N41

onnLo (X) = /NdUNNLo(X) /NdUNNLo(X) /NdUNNLo(X)

+1 +2

/ ! f
/dd>,\.[#+f§+#+#+#] /d(bN_H[é—i—%‘F#] /d¢N+2[#]

Problem: Achieve cancellation of IR poles!
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IR Subtraction/Slicing Methods

ldea: introduce subtraction (counter-) terms

onLo(X) Z/NdU\N/Lo(X) +/

| [doRio00) — ao, 00] + [ a0k, 00

+1

ONNLO (X) = /NdUNNLO(X)—I_/

N+1

+ [ [doRfio(x) - dof 0]+ [ dol(x)
N42 N2

dofiuo(X) = 4ol 00|+ [ ot 0
N+1

Local subtractions:

R,RV,RR
sing such that they

e exactly match the da?NF;,:I/LFéR

e are simple enough to be integrable in D dimensions

Construct do_’
in the singular limit point by point in PS
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IR Subtraction/Slicing Methods

ldea: introduce subtraction (counter-) terms

o(X) = [ dnio(X)+ [ [doio(X) — o, 0]+ [ ot 00

N-+1, N1

integrable in 4D integrable in D dim.

400 () — dof. 00T+ [ dofY. ()
[ |+ o

ONNLO (X) = /NdUNNLO(X)—I_/

N+1

+ [ [doffio(x) - dof 0]+ [ doi(x)
N2, ,  JINE2 ,

integrable in 4D integrable in D dim.

Local subtractions:

R,RV,RR
sing

such that they
R,RV,RR
(N)NLO
e are simple enough to be integrable in D dimensions

Construct do .’

e exactly match the do in the singular limit point by point in PS
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IR Subtraction/Slicing Methods

Local subtraction schemes

NLO

Catani-Seymour (Dipole) [catani, seymour, ‘96

FKS I[Frixione, Kunszt, Signer, ‘96]

Nagy-So PEer [Nagy, Soper, ‘07; Chung, Kramer, Robens, ‘10]

FDU [Sborlini, Driencourt-Magnin, Hernandez-Pinto, Rodrigo, ‘16]

v" Well established
v' Arbitrary N-jet processes

v Automated:
HERWIG++, SHERPA, MUNICH: MG5_aMC, POWHEG-BOX, WHIZARD:
HELAC+DEDUCTOR; MCFM, ...
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IR Subtraction/Slicing Methods

Local subtraction schemes

NNLO | very complicated, hard to automate,
but successfully applied to several LHC processes, e.g.:

Sector decomposition [Anastasiou, Melnikov, Petriello, ‘03]
— pp — H, V [Anastasiou, Melnikov, Petriello, ‘03-04]

Sector-improved subtraction schemes (STRIPPER) [Czakon, 10]
— pp —_ tf [Czakon, Fiedler, Mitev, ‘13]

pp — H _|_ J [Boughezal, Caola, Melnikov, Petriello, Schulze, ‘13-15]

Antenna subtraction [Gehrmann-De Ridder, Gehrmann, Glover, '05]
- e+e_ — 3_] [Gehrmann-De Ridder, Gehrmann, Glover, Heinrich ‘07] [Weinzierl, ‘08]

- Pp — JJ (pa rtial) [Gehrmann-De Ridder, Gehrmann, Glover, Pires "13]

« [Chen, Gehrmann, Glover, Jaquier, 14-16]
- PP — H, Z _|_ _] [Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan, '15]

- pPp — tf (pa r‘[_‘ial) [Abelof, Gehrmann-De Ridder, Maierhofer, Majer, Pozzorini, '11-15]

Colorful NNLO [Del Duca, Somogyi, Trocsanyi, "05]
—_ e+e_ — 3J [Del Duca, Duhr, Somogyi, Tramontano, Trocsanyi, '16]
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IR Subtraction/Slicing Methods

Alternative method:
Phase space Slicing (hon-local subtraction)

prototype: g; - su btraction | [Catani, Grazzini, ‘07]

Transverse momentum qg; of color-neutral final state controls real emissions!

A

Ar qT>_O
requires

at least one non-singular

> <
M real emission!
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IR Subtraction/Slicing Methods

Js- Su btraction | [Catani, Grazzini, ‘07]

cut

qar d X d X
UNNLO(X)Z/ dar O'N(Ij\ILO( ) +/ dar O'NCII\ILO( )
T O qT qcut qT

T

diff. measurement
(cuts) on Born-level
kinematics
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IR Subtraction/Slicing Methods

Js- Su btraction | [Catani, Grazzini, ‘07]

qar d X d X
UNNLO(X):/ dgr 7nnLo(X) +/ dgT 7nnLo(X)
0

T qu qout d?T
diff. measurement
q:>0

(cuts) on Born-level

1-j L
Kinermatics jet NLO process

computable with
NLO tools ¢/
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IR Subtraction/Slicing Methods

Js- Su btraction | [Catani, Grazzini, ‘07]

cut

ar d X d X
UNNLO(X):/ dgr 7nnLo(X) +/ dgT 7nnLo(X)
0

T qu gl_ut qu
diff. measurement T q T>0
. . T
(cutslz.on Bo;n-level ] expansion in small g; ; 1-jet NLO process
o
Inematcs G- = Hx (B, ® By, ® S](at) + O(%) computable with
v [Collins, Soper, Sterman ‘84] NLO tools v
known analytically
to NNLO v/
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IR Subtraction/Slicing Methods

Js- Su btraction | [Catani, Grazzini, ‘07]

cut

ar d X d X
UNNLO(X):/ dgr 7nnLo(X) +/ dgT 7nnLo(X)
0

T qu qgl_ut qu
diff. measurement T q T>O
(cuts) on Born-level on i . !
o " expansion in small g 2 1-jet NLO process
+— =Hx[B.® By, ®S](qr) + O(—E) computable with
qar [Collins, Soper, Sterman ‘84] NLO tools v
known analytically
to NNLO v/

* Exploits existing NLO technology
 Easytoimplement
* Large numerical cancellations as 5" < Q (—> computer intensive)
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IR Subtraction/Slicing Methods

Js- Su btraction | [Catani, Grazzini, ‘07]

cut

a7 d X d X
onNLO (X) Z/ dgr ONCTLO( ) +/ dgT UNCII\ILO( )
0 qT qcut qT

T

Very successful for LHC processes with colorless (N=0) final state:

— H [Catani, Grazzini, ‘07]

- W/Z [Catani, Cieri, Ferrera, de Florian, Grazzini, ‘09]
= YV [Catani, Cieri, Ferrera, de Florian, Grazzini, ‘12]

— \WH [Ferrera, Grazzini, Tramontano ‘11]

— /H [Ferrera, Grazzini, Tramontano ‘15]

— 77 I[Cascioli et al., "14] [Grazzini, Kallweit, Rathlev “15]

—  W*W- [Gehrmann et al., “14] [Grazzini, Kallweit, Pozzorini, Rathlev, Wiesemann, ‘16]
- ZV/WV [Grazzini, Kallweit, Rathlev, Torre ‘14] [Grazzini, Kallweit, Rathlev ‘15]

—  W/Z [Grazzini, Kallweit, Rathlev, Wiesemann, ‘16]

— HH [De Florian et al., “16]
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IR Subtraction/Slicing Methods

Js- Su btraction | [Catani, Grazzini, ‘07]

ar d X d X
UNNLO(X)Z/ dar onnLo (X) +/ dar onnLo (X)
0 q

... but limited to colorless (N=0) final states!

V

transverse momentum of
hard V+g final state (N=1):

q.>0
even if, real emissions
are in the collinear limit!
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IR Subtraction/Slicing Methods

Js- Su btraction | [Catani, Grazzini, ‘07]

ar d X d X
UNNLO(X)Z/ dar onnLo (X) +/ dar onnLo (X)
0 q

... but limited to colorless (N=0) final states!

V

transverse momentum of
hard V+g final state (N=1):

q.>0
even if, real emissions
are in the collinear limit!

need universal N-jet resolution variable = N-jettiness
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The N-jettiness Event Shape

[Stewart, Tackmann, Waalewijn, ‘10]

Definition: TN = Zm1n{2 q;- pk}
/=

N final state jets ﬁnal state parton momenta

jet “directions”: q; = %, i=a,b,1,...,N
da b fixed to the beam directions!
(jet momenta g, determined by any jet algorithm,

Qiis arbitrary normalization, e.g. Qi = Q or Q; = 2E;)
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The N-jettiness Event Shape

[Stewart, Tackmann, Waalewijn, ‘10]

M
Definition: TN = Z min {2 q;- pk}
k=1 |

PR

In >0

requires
at least one non-singular

real emission! lhere: M=3, N=1]
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The N-jettiness Event Shape

M [Stewart, Tackmann, Waalewijn, ‘10]
Definition: 7T\| — E m_iﬂ {2 ai ‘ pk}
|
k=1
« 41

TN—>O

maximally singular limit:
N(+2) pencil-like jets

[here: M=3, N=1]
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The N-jettiness Event Shape

[Stewart, Tackmann, Waalewijn, ‘10]
TN )

Jet 1 (FSR) Q ~ E.m
Soft “hard” scale

\ // 7 setatsn

~
\

(FSR) Jet 2

Factorization formula for small 7y:

do
7 = TrlA -5 ] @B, @Bb®HJ +o(3

——— P,

Soft
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The N-jettiness Event Shape

[Stewart, Tackmann, Waalewijn, ‘10]
Factorization formula for small 7y:
do

7n
dTN—Tr[H Sn] ® B ®Bb®HJ +(’)(('Q\')

~

]|
]|
4

\
..0.0... > ,
\ Op

“ _
¢ n
]

* 1
1
I

—_—

factorization
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The N-jettiness Event Shape

. . [Stewart, Tackmann, Waalewijn, ‘10]
Factorization formula for small 7y:

do N 7Ty
—— =Tr[H- }@Ba®Bb®HH;+O(—N)

| d7n / T A Q

H(CDNMLL) Ba<tavxamu>

“hard function” “beam function”

* depends on Born PS * depends on virtuality t,
* matrix in color space * and Bjorken variable x,

of incoming parton

Ji(si7 :u)

“jet function”
* depends jet directions q; * depends on virtuality s,
* matrix in color space of outgoing parton

* k : soft contributions to N
from each jet
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The N-jettiness Event Shape

[Stewart, Tackmann, Waalewijn, ‘10]
TN )

Factorization formula for small 7y:

do ~

Derivation in SCET

nH n#
n-collinear vector p” =p — + pJr

> -+ ol = (p,p",pL)

“lightcone coordinates”
[nz—n =0, n: n—2]

SCET, degrees of freedom:
power counting

n-collinear quark = = == = = p/ ~ (17)\27)\)Q parameter
n-collinear gluon BVETBTOOOD® P ~ (1,27, 0)Q M =Ty/Q
(ultra)soft gluon  PBBOOOOD® P ~ (A%, 2%, 2)Q

29.11.2016 Maximilian Stahlhofen - JGU Uni Wien, Seminar - 29



The N-jettiness Event Shape

[Stewart, Tackmann, Waalewijn, ‘10]
TN )

Factorization formula for small 7y:

do ~

Derivation in SCET

Integrate out non-resonant dofs: eikonal propagator ——

hard al ‘n
4 ’
current . Ral K
1‘ /

X @%% —>

! factorize
A

1

1

soft Wilson line

n-collinear Wilson line
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The N-jettiness Event Shape

[Stewart Tackmann, Waalewijn, ‘10]
Factorization formula for small 7y:

do A In
— —Tr[H- B,.®B J; (9( )
T r[ ] ¥ B, ®Bp & H =+ Q
1-loop calculation Wilson
N=1 coefficient
\\
matching ’::

purely virtual full QCD
contributions (finite parts)
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The N-jettiness Event Shape

[Stewart Tackmann, Waalewijn, ‘10]
TN )

Factorization formula for small 7y:

do
7 = TrlA S @B, @Bb®HJ +o(2

1-loop calculation

N=1 s

-

o ————— ol N ——

-
R
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The N-jettiness Event Shape

[Stewart Tackmann, Waalewijn, ‘10]
TN )

Factorization formula for small 7y:

do
7 = TlA -5 @B, @Bb®HJ +o(2

1-loop calculation

—”

® I ®
4 : \
Y 4 1
’ | \
’ ! \

y Ly
/£HHHHHHHH&
’ ) \
’ \ \
’ \ \

\l
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The N-jettiness Event Shape

[Stewart, Tackmann, Waalewijn, ‘10]

Factorization formula for small 7y:

do N Ty
— :Tr[lil-ém] ®Ba®Bb®H~i+O(6N)

d7n

A

1-loop calculation

29.11.2016 Maximilian Stahlhofen - JGU Uni Wien, Seminar - 34



NNLO Ingredients

2-loop hard function:
« purely virtual QCD corrections 2-loop beam function:
* process-dependent v quark
[Gaunt, MS, Tackmann, ‘14]
* some known, many not v gluon

2-loop jet function:
v quark [Becher, Neubert, ‘06]
v gluon [Becher, Bell, ‘10]

2-loop function:
v known analytically for N=0 (e.g. Drell-Yan, H-production, DIS, e Te ™ — jj)

[Kelley, Schwartz, Schabinger, ‘11; Monni, Gehrmann, Luisoni, "11; Hornig, Lee, Stewart, Walsh, Zuberi, '11;
Kang, Labun, Lee, ‘15]

v known numerically for N=1 (e.g. H/W/Z+j production)

[Boughezal, Liu, Petriello, ‘15]

v shown how to obtain numerically for arbitrary N [Boughezal, Liu, Petriello, ‘15]
from known 2-loop results + sector decomposition
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NNLO Ingredients

n# n#
n-collinear momentum: p" = p_7 + b} + pli
Generic quark beam function: /w =Xp
NP LA _
By = (Pn(p7)|[8nWa)(0) M 2 [8(w—57)[Wian (0)]|Pa(p7))
A A [N
/ | \
proton state collinear Wilson line collinear quark field

Gluon beam function analogous: [W'q,] — 1[W,}: iDn W,
g
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NNLO Ingredients

n* n#
n-collinear momentum: p* = p_? + p+? + Pli

Generic quark beam function:

By = (Pule) | [Wa) (0) M & [5(w—7) Whan] (0)][Pae )

Typical measurement
operators: inclusive: M =1 (PDF)

A

N-jettiness: M=t — wﬁ+)

“inclusive” p;: M = 5(pT — fiL) (“TMDPDF”)
=0

(t—wp)d(pT —PL)

—

fully differential: A/
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NNLO Ingredients

n* nt

n-collinear momentum: p" =p ? + p+7 + Pli

Generic quark beam function:

By = (Pule) | [Wa) (0) M & [5(w—7) Whan] (0)][Pae )

OPE: Bi(t,x,,u)zz d§ 7;; i,t,u f(& ) +O(Aé¥)
1 j / ’{(5 )J

virtuality Wilson coefficient

[Collins, Soper, Sterman; Stewart, Tackmann, Waalewijn]

29.11.2016 Maximilian Stahlhofen - JGU Uni Wien, Seminar - 38



NNLO Ingredients

2-loop | qg-diagrams (axial gauge):

+ diagrams with gluons attached to Wilson lines (in Feynman gauge)

Consider all possible cuts!
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NNLO Ingredients

2-loop | qg-diagrams (axial gauge):

[Gaunt, MS, Tackmann, ‘14]
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NNLO Ingredients

2-loop | qg-diagrams (axial gauge):

[Gaunt, MS, Tackmann, ‘14]
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NNLO Ingredients

2-loop gg'diagrams (aXiaI gauge): [Gaunt, MS, Tackmann, ‘14]

A/ AYalalaYala ATA A

000000000
JAYANSAVAVASAVAVATAVAATAVAVATAVAYAVAYZLY,N

2 +Wilson line diagrams and ghost loops
Igg (in Feynman gauge)
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NNLO Ingredients

2-loop | gqg-diagrams (axial gauge):

[Gaunt, MS, Tackmann, ‘14]
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NNLO Ingredients

2-loop

2

-,Z'Sz) (t7 Z, M) — 5U5(1 o Z)

Lo ()@

X

£ = lln"(x)] +

splitting
function

+ 12C2<i) [ (37|30+ﬁo)5u5(1—z)+3p(0)(z)]

Bo

+4§:Pm)

-+2W%4%N1—ﬂ

p 2
+,u12£1<i2){[ 2+(%10)
+ 25 15 (2) — 2(vl o + Bo) P (2
1 t - N
+ 5 o(5){ (0P + Moo

—(7|i30+250 |(1) —|—4Z|(1)

(2)
‘+5(t)4lij (z) | New!

—fmﬂ%&l—a—r@lM%@

2

(0) (1)
®.P\ (z) + 4P (z)}

[Gaunt, MS, Tackmann, ‘14]
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NNLO Ingredients

2-loop hard function:
« purely virtual QCD corrections 2-loop beam function:
* process-dependent v quark
[Gaunt, MS, Tackmann, ‘14]
* some known, many not v gluon

2-loop jet function:
v quark [Becher, Neubert, ‘06]
v gluon [Becher, Bell, ‘10]

2-loop function:
v known analytically for N=0 (e.g. Drell-Yan, H-production, DIS, e Te ™ — jj)

[Kelley, Schwartz, Schabinger, ‘11; Monni, Gehrmann, Luisoni, "11; Hornig, Lee, Stewart, Walsh, Zuberi, '11;
Kang, Labun, Lee, ‘15]

v known numerically for N=1 (e.g. H/W/Z+j production)

[Boughezal, Liu, Petriello, ‘15]

v shown how to obtain numerically for arbitrary N [Boughezal, Liu, Petriello, ‘15]
from known 2-loop results + sector decomposition
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NNLO Ingredients

2-loop hard function:
* purely virtual QCD corrections 2-loop beam function:
* process-dependent v quark

Gaunt, MS, Tackmann, ‘14]

With these ingredients we can compute

sin " do X TEut
UNNgLo(X):/ 47T NNLO ( )+O(NT

0 dTN

...for a given 2-loop hard function

Kang, Labun, Lee, “15

v known numerically for N=1 (e.g. H/W/Z+j production)
[Boughezal, Liu, Petriello, ‘15]

v shown how to obtain numerically for arbitrary N [Boughezal, Liu, Petriello, ‘15]
from known 2-loop results + sector decomposition
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Applications/Results

[Boughezal, Focke, Liu, Petriello, ‘15]

N-jettiness slicing recipe (Gaunt, MS, Tackmann, Walsh, ‘15]

@ Compute NLO N+1 jet cross section with partonic event generator:

/d']N dO'NNLO(X) :/dUNLO(X)Q(IZT\I>TI\?Ut) (1)
7,

|\<I:ut dTN N_|_1

— for each event determine N jet directions f]i by mapping parton- onto N jet-momenta

. . ) ] ] [Jouttenus, Stewart,
- differences in the mapping procedure (jet algorithm) ~ 7’,\f”t/Q Tackmann, Waalewijn, 1]

— compute T for each event and select events with Ty > 7T\(|:Ut

@ Compute singular cross section using SCET factorization formula

(input: 2-loop virtuals)

Tcut
sin N dO-NNLO (X)
UNNgLo(X) :/o d7y 4T (2)

@ Add (1) + (2) and check T,\f“t independence!
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Applications/Results

do/dY

NNLO Z and H rapidity distributions @LHC (as proof of principle):
e used 7y (“beam thrust”) - slicing
* NLO Z/H+j computed with MCFM [campbell, Ellis, ‘02, “10]

600 . . . . 15 . . .
pp — Z/y — £+~ (13 TeV), NNLO 99 — H (13 TeV), NNLO
400_1H1{{{Hifnffm2“@ i VI “:mH@ g |
iii II BN HNNLO
200t == VRAP : E 5} " { To-slicing |
{  To-slicing " £ {0(.76>7:5) ! ’
0 b o(To>7Ts) T b o™ (To < Ts) .
I o (Ty < T5) Ol]ll]]]llllllxzs """
IR I I
B IEERESEREREREE _ | | | |
0 i 3 3 i K i 2 3 i
v Y

[Gaunt, MS, Tackmann, Walsh ‘15]

Good agreement with existing codes VRAP and HNNLO (per-mill level!)

[Anastasiou, Dixon, Melnikov, Petriello ‘03, ‘04] [Catani, Grazzini, ‘07, Grazzini ‘08]
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Applications/Results

do"* /dlogy, 7 [pb]

NNLO Z and H rapidity distributions @LHC (as proof of principle):

dgnons - dUNNLO B dO.sing
dint = dlnrt dlnt

~alrln’r4+ ..., T=T4/Q

Check 7, " independence:

[Gaunt, MS, Tackmann, Walsh ‘15]

1p : : - - - 0.10— . . .
pp — Z/y — T4~ (13 TeV), pure NNLO g9 — H (13 TeV), pure NNLO
ol ¢ p=mzg | = 0'05'1 { p=mp
1 l l“ I I : i 7= "To/mz % 0.00 1 } THI T{T{{}{II}IIEHIHH;I; . 7= To/mu
H P S N LA
_1.] [ f ”IIII“;I L o] & —0.05{
! IH Iiii!ﬁ!;!:” % 3 3 28
£ ~0.10} -
9l Ry
= —0.15}
K K R— Y R— ¥ S—  a—: S— S e KO ¥ | . S (R
% log,, 7 logyo 7
cut Cut
7y 73

Observe convergence of nonsingular terms toward zero v/
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Applications/Results

Compare O-jettiness to gy slicing in pp — vy

\ \ [Campbell, Ellis, Li, Williams, ‘16]

— 18F
O [
é" 17- geut_cut
8@ 16- 5cut:Q%ut
; 15;— .
% 14
1074 0.001 0.010 0.100 1 10
oM [GeV]
n 1 (8% C " Tcut cut cut V2
N"LO cut LO _ -~ sV F 2n T -~ T
Ao (tr>7") /0 n!( - ) log 0 - For 5 _<Q>
R — ¥ log cancellations similarly large
" A n .. .
AN EO(Qr > Q) [0 ~ — ( - F) log” % +... -> similar computational effort!

NNLO O-jet processes computed with N-jettiness slicing, automated in MCFM.:
pp— H, pp = Z, pp = W, pp = HZ, pp = HW, pp =77 (+decays)

[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello, Williams, ‘16]
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Applications/Results

do/dpy [ pb/GeV]

More (impressive!) results for LHC: W+j@NNLO

used 77 - slicing

NLO W+jj computed with MICFM [Campbell, Ellis, ‘02, ‘10]

101 | ‘—

100 P

B Lo
s NLO

NNLO |4

ffffffffffffffffffffffffffffffffffff
10 120 140 160
[ GeV]

jet

T

[pb/GeV]

do/dp

[Boughezal, Focke, Liu, Petriello, ‘15]

s T
— B NLO
10t T — NNLO |
]
I
o
| ]
[ [—
10° | - _—
] [ ]
-
) ) -
leading jet p; -
101
22 b T S——
1.8 —% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S RS e
1.4+ NN L O [ et ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1ofpl MOl BT STV SSTTTe RIS S
06 I I I I I \ I
40 60 80 100 120 140 160 180
P [ GeV]

T,""" independence checked in the range 7,7 ~ 0.05-0.1 GeV (per-mill level!) v/
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Applications/Results

More (impressive!) results for LHC: H+j@NNLO
« used; - slicing
* NLO H+jj computed with MCEFM [Campbell, Ellis, ‘02, ‘10]
[Boughezal, Focke, Giele, Liu, Petriello, ‘15]

‘ ‘ 0.16 ‘
0.10
w Lo 014 . Lo
Emm NLO : Bm NLO
= 0.08 NNLO ~ 0.12 NNLO |
N8
g 85 0.10
v-a 0.06 - E
— — 0.08
Toos Higgs p = oos leading jet p
< T 2 T
= 'g 0.04 -
0.02
— |
22F <o 11
1.8 e To
T T D SO et rer S O SO leLL(;)
: : : : : : 1.0 S : : S
060 — R R S S L] 0.6 i
0 20 40 60 80 100 12 14 160 180 40 60 80 100 120 140 160 180
jet
pt [GeV] pr [GeV]

7" independence checked in the range T ~ 0.05-0.1 GeV (per-mill level!) ¢/
Agreement with results from sector-improved subtractions at per-mill level!
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Applications/Results

More (impressive!) results for LHC: Z+j@NNLO

used 77 - slicing

NLO Z+jj computed with MICFM [Campbell, Ellis, ‘02, ‘10]
[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello, ‘15]

10° | —_—

=
S
o

=
Qe
N

do/dp7 | pb/GeV]

=)
N
(on
@)
(%)
@)
>
©
—

B Lo

= Lo

10°F —
s NLO — s NLO
NNLO — [ NNLO
> I
[\8) 1 —
E I —
.E. —_—
8 o ]
& 102 [ p—
= | | I
F _—_—
S| - ||
. . L
107} | leading jet p; -

T°"" independence checked in the range 77" ~ 0.04-0.1 GeV (per-mill level!) v/

10.12.2015
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Possible Extensions

* Single-differential N-jettiness subtraction:

7. i | :
off dasmg(x) da(X) dUsmg(X) s
7 /odN 4Ty +/T§N[dTN 70T < To)| +0( )

— point-by-point subtraction in 7y
— expect better numerical convergence = 75 < T,\f“t feasible (?)
— requires PS map to disentangle 7y from rest of PS integration

 Multi-differential N-jettiness subtractions:
— differential in7 variable ( ~ invariant mass of each jet/beam sector)

— differential in both, 7y and Ot [Jain, Procura, Waalewijn, ‘12] [Gaunt, MS ‘14]

[Procura, Waalewijn, Zeune ‘15]
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Possible Extensions

* Include sub-leading power corrections:

Teut sing
o(X) = / a7, 370 / a7, 97X +O(Tc“t)
0 ,I;ut

d7y d7y Q
— Could improve accuracy/performance of '\ _
slicing method Systematically
calculable
in SCET

* Include quark masses:

— if mq ~ Q, treat heavy partons similar to color-neutral final states, but
—> more complicated soft function [Li, wang ‘16]

- if mg < Q’ use “massive SCET” [Pietrulewicz, Gritschacher, Hoang, Jemos, Mateu, ‘14]
requires modified definition of 7!
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Summary

New NNLO subtraction method: N-jettiness slicing

T -
wt  dosing(X) dor(X) Towe
X) = T T
UU/OdN 47 +/7—chdTN+O(Q>

o(In > Towe) from NLO tools v/

o*"8(Tn < Tewt) from SCET, all universal ingredients known ¢/

Impressive NNLO results: pp — W/Z/H +j

Possible extensions:
more-differential subtraction, quark masses, power corrections ...
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Back-Up

[Gaunt, MS, Tackmann, Walsh ‘15]

gg — H (13 TeV), pure NNLO

> H

S 10t

~~—

2

— L

=S S R

= 107" L

_% F —— pure NNEO

— 1072[ --- singular
JETERRLE nonsingular

1073 bR

10~ 10 10 10

To |GeV]
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Back-Up

29.11.2016

o NNLO/ ONLO

1.10

1.09

1.08

1.07

1.06

1.05}-

1.04

1.03

1.02

[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello, ‘15]

Z+j@NNLO

0.03 0.10

0.25 0.50 2.00 5.00

7—1’C’ut [GCV]

1.00
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! ! ! | I
: : : : o—e QCD(>T™) ||
e—e SCET(<T;")
o—e (QCD+SCET

H+j@NNLO 10

AU/UNLO

0.05 0.06 0.07 0.08 0.10

cut
7—1 [GeW [Boughezal, Focke, Giele, Liu, Petriello, ‘15]
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Back-Up

M

Tn =Y _(Bi — |Bl) + min{ jmin (|75 - (P51},

{1751 + 5+l — |5 + 5} } . (3.5)
k=1

jk’élll.r.l.w
The first term in the overall minimization corresponds to the first case above (extra emission
clustered to the beam), whilst the second term corresponds to the second case {extra
emission clustered to a jet).

When M = N + 2 there are two extra emissions. Now, N — 2 axes will always be
aligned with N - 2 of the pi momenta, and there are four possible cases how the remaining

two axes can be chosen based on the remaining four py. The appropriate expression for
Ty for M =N +421s

M
In = E(Ej = 1pj

J)=1

)+ min{_min {1551+ 15l ~ 251 - Ipi1}. (3.16)

] o | 4 k| 4+ |13¢| = |9 + pil = loF
min, {1851+ |l + 15| — |65 + Bl ~ i},

dmin, {185] 4 [l + |8~ 15 + 5 + il

jk‘g’!'x&igl_“{lxi}l + |pk| + |Bt] + B = [P + P — |t + ﬁ‘ml}}.
The first term in the overall minimization corresponds to both extra particles being clus-
tered to a beam direction. The second term corresponds to one particle being clustered to
a beam, and two particles being clustered together in a jet. The third term corresponds
to clustering three particles together in a jet, and the final term corresponds to clustering
two sets of two particles into two separate jets. In all cases the remaining jet directions are
set by the remaining unclustered p; momenta. [Gaunt, MS, Tackmann, Walsh ‘15]

29.11.2016 Maximilian Stahlhofen - JGU Uni Wien, Seminar - 60



Back-Up

[Gaunt, MS, Tackmann, Walsh ‘15]
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