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A REMARKABLE SUCCESS STORY...

Standard Model Production Cross Section Measurements Status: May 2020
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...BUT NOT THE FULL STORY

» origin of dark matter
 hierarchy problem

e matter anti-matter asymmetry

o hierarchy of scales (generations)

« unification with gravity

e is it really the SM Higgs? (properties)

- what is the Higgs potential?

This equation neatly sums up our « establish the Yukawa’s Y

current understanding of fundamental

particles and forces. o _
5 s scrutinise the Higgs sector




EXPERIMENTS ARE MOVING FAST

DISCOVERY TODAY
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»  Higgs properties

@ A tool for New Physics searches
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»  scalar , composite?
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»  extended EW symmetry breaking sector, portal, ...?
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How MUCH PRECISIONZ®

Vs =14 TeV, 3000 fb"' per experiment |
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—— Theory
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HIGH-PRECISION THEORY PREDICTIONS!

» (HL-)LHC — per-cent level!

» FOcCus — clean signature
high momentum transfer

»  perturbative QCD

» with o, ~ 0.1
» NLO ~ O(10%), NNLO ~ O(1%)
> exceptions: Higgs

» predictions as close as possible
to the experiment

> fiducial cross sections &
differential distributions



HIGH-PRECISION THEORY PREDICTIONS!

» (HL-)LHC — per-cent level!

» FOcCus — clean signature
high momentum transfer

\ Eoog »  perturbative QCD
R0, O\ ATy )
SRV o » with o, ~ 0.1
. »  NLO ~ 0(10%), NNLO ~ O(1%)

_— - Q9 Q0
000000008 )
e — —
—— — )

» predictions as close as possible
to the experiment

exceptions: Higgs

> fiducial cross sections &
differential distributions



THEORY PREDICTIONS FOR THE LHC
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HARD SCATTERING — PERTURBATION THEORY

f
A 2
e ~ L a0, (9 (D), ()2 @)
el () (5) Al
g - & S @§
PA\ faja(za) fo1B(70) /PB
—  —

gluon-fusion production:
»  ~ 90 % of all Higgs |ec1d|ng order (LO) “tree level”
»  “heavy top limit”

| | - HTL %@)“"
e
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HARD SCATTERING — PERTURBATION THEORY

f
— R (0 Qs (1 as\2 (2
e du =05+ (ge) 0w + (37) o +
g - R @§
PA\ faja(za) .= fo1B(70) /PB

next-to-leading order (NLO)

b

“virtual” (V) “real” (R)
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HARD SCATTERING — PERTURBATION THEORY

f
oy | o= o (B) o+ (52) o +
PO Jaalwa) | | fus(a) =
X
next-to-nextto-leading order (NNLO)
E;@--- + Eﬁa + S
P
“double virtual” (VV) “real-virtual” (RV) “double real” (RR)
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HARD SCATTERING — PERTURBATION THEORY

50
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" & Preliminary data

XH = VBF + VH + ttH + bbH

- M QCD scale uncertainty
H—yy, H—=ZZ*—4l combined W Tot. uncert. (scale, ® PDF+a,)
} I NSLO
- NNLO
I NLO
| LO
Data Theory

e Higgs in gluon fusion

» notoriously slow convergence

o N°LO stabilises expansion!

[Anastasiou et al. '15]
[Mistlberger ’18]

“so, N°LO 1s a solved problem then?”

next-to-next-to-next-to-leading order (N°LO)
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HIGGS © N3LO & GOING DIFFERENTIAL

e What is the probability of producing a Higgs boson?

Inclusive

N°LO _ +2.07 pb |
Ot~ = 48.68 pb " ¢ ob |

|
i

| v analytic integration over full phase space
|
x no information on final state

[Anastasiou et al. '15] [Mistlberger '18]




HIGGS © N3LO & GOING DIFFERENTIAL

pp—H
O
tot

dapp—>H

e What is the probability of producing a Higgs boson?

* * . 1 E+pZ
~in direction Y = = In
2 E—p

- . Z

yy differential ! — ; e s a—

2 S — B ———

LHC 13 Te ‘ ‘ ‘ ‘ ‘ ‘
| MMHT 2014 | | — LO - — NLO

| v analytic integration over QCD emissions

| x partial information on final state

‘ » only yy - no decay kinematics

| » no information on final-state partons

N [Dulat, Mistlberger, Pelloni ’18]



HIGGS © N3LO & GOING DIFFERENTIAL

oPP~H © What is the probability of producing a Higgs boson?

tot
E+p,

dePP—H o )
_1In direction Y = > In —
— pZ
where the Higgs decays into a pair of photons, H = yy, and the leading and sub-leading photon have a

transverse momentum that is larger than 35% and 25% of the Higgs boson mass, respectively, and are

doP—H
produced within the rapidity interval |y,| < 2.37, where the barrel-endcap region 1.37 < |y, | < 1.52 is
excluded. Photons are further required to be isolated from additional QCD activity by requiring that the scalar

sum of the transverse momenta of hadrons in a cone of AR = (.2 around the photons is less than 5 % of the

photon transverse energy Er.

. 0
dIE it ALNE gy

=
S
ooy
P

e

y

Measurements are done

within a fiducial volume: | S E——




HIGGS © N3LO & GOING DIFFERENTIAL

O Eg:H e What is the probability of producing a Higgs boson?
pp—H E+p,

do _in direction Y = 1 In < P ) { Y-0 &1 to Zeam
dY 2 E—p, Y > o0 & || tobeam

dsPP—H e askany” question!

*Iinfrared safe



SUBTRACTIONS — NLO

1 1

T ~ ~ —

(Pg = k1)* P
v »**y R " indistinguishable:

e 1/€2, 1/¢ o single unresolved } - ‘ - ?
pr =pr1 =0
soft: collinear:
\/ I E,~0 0,0

Infrared subtraction:

e retain full final-state information

e reshuffle singularities
» extract singularities of R
» cancel against V

19



SUBTRACTIONS — NNLO

o /€%, 1/e3, 1/€2, 1/e o 1/€2, 1/¢ o single unresolved

o single unresolved e« double unresolved

single unresolved ~ H+jet 0 NLO

fully unresolved ~ H > NNLO

20
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@ tremendous progress:

» 2 — 2 done for most relevant processes

» 2 — 3 next frontier (first results...)

= an optimal method has yet to emerge

DIFFERENT METHODS*

Antenna

[Gehrmann-De Ridder, Gehrmann, Glover '05]

CoLorFul

[Del Duca, Somogyi, Trocsanyi '05]

qT-subtraction

[Catani, Grazzini ’07; MATRIX]

STRIPPER (sector-improved residues)

[Czakon ‘10]

nested soft-collinear

[Caola, Melnikov, Réntsch ’17]

N-jettiness

[Gaunt, Stahlhofen, Tackmann, Walsh ’15]
[Boughezal, Focke, Liu, Petriello ’15; MCFM]

Projection-to-Born

[Cacciari, et al. ’15]

» Geometric, Local analytical Sectors

[Herzog ’18] [Magnea et al. ‘18]

* Subtraction & Slicing .



HIGGS + JET @ NNLO — 3 CALCULATIONS!

do/dpy ; [fb/10 GeV]

residue subtraction antenna subtraction
[Caola, Melnikov, Schulze '15] [Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier '16]
03 L ' ' ' ' ' ' ' ' ' ' LO ] . NNLOJET pp—H+=20jet  my=125GeV Vs =8 TeV
I NLO mm ; ATLAS Data e
025 | NNLO = : o
| NNPDF2.3, 8 TeV | _ LOM
02 - - % pYY > 20 GeV, Inyl <237
I G 10% EoT oY >0.35:myy, pf*>0.25:my | 7
— PDF4LHC15 (NLO and NNLO) | 1
0.15 Jet . ié_ ,uH=,u,:=(1/4,1§2,1)~(m|2_|+p-2rH)1/)2 ]
0.1} i 1‘3% .
| §71O'3 3
0.05 | . - T
; 10
S I
g 4r 7
g 2r
B 9
S13L
* * * Zz 11 -_
7, jettiness subtraction £os}
[Boughezal, Focke, Giele, Liu, Petriello ’15] ) 0'50 ' ' 5|o - 160' — 1150' T 200
[Campbell, Ellis, Seth ’19] P¥Y [GeV]
Py 7\ T T I ‘ T T T ‘ T T ‘ T T ]
® °r ]
very complex calculations AN, —2.5x10°° |
- NNLO, e=10"" ]
* * 4_* b N
» validation! - NLO Ml :
= C %M% ]
- 3 = ]
» H+jet ~» agreement g > ™~ :
3 2 :— = > _:
© benchmark approaches s * yH * R
0 :)*f | ‘ | | | ‘ | | ‘ | | %L!(: 22




SUBTRACTIONS — N3LO

B+ P+ Bt

o 1/eg6, 1/g5, ... o 1/e%, 1/€3 - o 1/€2, 1/¢ o single unresolved

o singleunresolved e single unresolved + double unresolved

 double unresolved < triple unresolved

double unresolved ~ H+jet ©© NNLO

isolate “radiating” part

fully unresolved («» pff - 0) ~ H @« N3LO

23



qr SUBTRACTION @ N3LO

o In"(¢/Q)
' H+jet ©» NNLO

gr resummation

e expand to fixed order

o error: O ((gf"'/0)")

[Catani, Grazzini ’07]

dO-II\I{3LO = do—lﬁgLO + do—lﬁgLO
. qT<q%ui . QT>Q%utJ
qr resuTnmation dal\%j[get
~ Hipo @ doth + [dofs* —dogd]
T
Competing interests: ¢ as small as possible g as large as possible
& suppress power corrections < numerical stability & efficiency

24



HIGGS RAPIDITY @ N3LO [Cieri, Chen, Geh Gl AH 18]

pp-H+X Js= 13 TeV
E==5 L0 © N3LO ~ few %
E=—== NNLO
- T;O » good convergence
= o loswed =GB D M | very flat & well-approximated by
Ed ' NNLO X K
— N°LO
5 - yH _
0 1 ] ] ] ] ] i . ) ) . .
———————————— © inprinciple, fully differential
S 1.1 f - . . .
= » in practice: very challenging
2 9.9 ~ H
S o8| going beyond y
& 0.7[ 5
0.6 0 | . . | | g L - » CPU cost
0 0.5 1 1.5 2 2.5 3 3.5 4 L
7 ~ few nullion core hours

* numerical approx. for unknown coefficients 25



qr SUBTRACTION @ N3LO

[Catani, Grazzini '07]

H H H
do’ 3 p— dO' 3 —|—d0- 3
N3LO N3LO cut N°LO cut
qT <gp qT >4
" 4 . -~ ~
resummation H+jet
qT doyno
H H H-+jet H, CT
~ Hys 0 @ doo + [dONNLO —d N3LO} cut
QT>qT

\ J/

1

100 Hi. Vs =13TeV pr>0.7GeV
50 | m. =125 GeV PDF4LHC15 ]
L T —e=1/2-m
- "'-..TEL e e HR=HF H
0 1 T '**""r'.'.,;_'_'_h;; """""""""" ey s T R

NLO-Gnly FO ——  NNLO only FO —— |
only SCET =~ NNLO only SCET '

-50 L_‘_'—I_I—I_I_I_I-'_,—I—'_' ]
: LOFO I—
100 | LO SCET

| non-local
s e s | cancellations

o N A

N

pp— H+=0jet

IN

Non-Singular [pb] pTdof’S/de [pb]

)

I1OO | IIII”1O1
pt [GeV]

[Chen, Gehrmann, Glover, AH, Li, Neill, Schulze, Stewart, Zhu ’18]
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HIGGS RAPIDITY @ N3LO — ANALYTIC

12 lhc1atev A A | @ tailored to observable
MMHT 2014 | | — LO - — NLO
10PP'>::ZX 7777777777 S 7= —\ ~ NNLO ~ N3LO | » function of yT
3 ,I«II?:/«’,‘?:?:F
= » very efficient evaluation
ors 6 1/~ ? ~ few minutes!
°l T | | | | | |
d P
2 J o o differential info lost
0. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 3 1 1
Y R T R » kinematics of the Higgs
< decays

» QCD radiation
< isolation, veto, ...

YES!
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THE PROJECTION-TO-BORN METHOD

Idea: restore the differential information of an inclusive calculation!

LHC 13 TeV
MMHT 2014 ;
10 PP=>HeX R— o :

; m
pr=pr=—2

[ 2. —— ——————————

® genuine N3LO limits (“fully unresolved”)

Born kinematics ( RNy 4
cosh(y") Y
»  y" only non-trivial variable!  pjj = My Or o
\sinh(yH) ) R
- .

-
.....
-y -®
--------

reconstructible

e step l: evaluate inclusive prediction on Born phase space @y

» analysis: observables, fiducial cuts, histograms, ...

e step 2: fix what is wrong in step 1

: : . P2B =
» compute the difference using a projection to Born: ®@p,, — Py

28



THE PROJECTION-TO-BORN METHOD

by = Oy Gy, # Oy by, # Oy

e (because we can reconstruct full Born) 29



THE PROJECTION-TO-BORN METHOD

Ny X
7 _ |7
Y sV e X N X
Vallp- > >
H + jet (H+jet) 5 5
h
/ . \. -
> real-emission phase space: d®yy, T T
S O O
> projection to Born: d®y ® sub-divergences

Do + Pb — PH (P = €apar Db = Evpr)

» dealt with H+jet @ NNLO

2papy — 2(pa + po)k1..n + kI,

on-shell 3% =pf = M7 = (.6 =

2DaPb
3 .
aidi: = o o e - o e N”LO divergences
. decay productss D — b1 1 O = A ) » fully local prescription
A (pr, i) = gty — 22T PRI nt Pr)y | 2P Py » P2B (“ideal” subtraction)
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THE PROJECTION-TO-BORN METHOD — MASTER FORMULA

N*LO N*—1LO N*—1LO
do F,inc. do F+iet do F+iet

dagkLO _
| dO dO0 o0,

dO dOp

NNLOJET + RapidiX pp —=H (> yy) + X Js= 13 TeV
| I

45

LO NLO E=—= NNLO

48

fully local

do/d|y"| [fb]

e Fully validated up to NNLO
antenna subtraction

S .= » NLO coefficient: ~ per-mille
é 8.99 | | | | 5%
et WL coefficient d. * NNLO coefficient: ~ sub-per-cent
& Te®se*s*asa * Ky g alireer e En 1 :
Ry ~1%
] 8.5 1 1.5 2

Iy"] 31



HicGs @ N3LO USING PROJECTION-TO-BORN do/dYH

50
40
_
0
T
—_
= 30
>
o
~
2 20
O
o
10
8
1.2
S 1.1
=
=
58.9
20.8
2
s 8.7
6.6

INCLUSIVE

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]

FULLY DIFFERENTIAL

L]
L]
NNLOJET + RapidiX — p p — H X BRyLyy J5= 13 Tev : NNLOJET + RapidiX pp — H (= y y) + X J3= 13 TeV
T T T T ° T T T T
L]
- . 59 LO B===3 N3L0 -
L]
. NLO NNLO x Kp3Lp
[ . E=== NNLO
i ] . 1e é!éZeZQAQAt,v¢ ]
. o
L - ° = 38 i
- I
. 2
- : S 28 . .
L] _’_'-—|
- . . 18 | — ]
L4 —
LO NLO E== NNLO E=== N3LO N =
| ! | ! : 0 | | | !
C T | T | ] . 12 F T T T | ]
- > - 2 R e S Z
RS R D R R SRR AT R TIRXIIR IR . = e 7aS AR
. 2 8.9F 2 L
- - . 0.8 -
° +
. . £ 0.7 .

> plt > 0.35 - moyy

> pl2 > 0.25 - my,

> |y'] <2.37

> reject 1.37 <|y’| < 1.52 (barrel-endcap)
» photon isolation in AR < 0.2

> pr;i<0.05-E]
AR;,<0.2

| —

<
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HicGs @ N3LO USING PROJECTION-TO-BORN do/dYH

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]

o naive rescaling fails for |y?| < 1.5

»

o N°LO

»

»

reduced uncertainties

bands largely overlap

@ non trivial features

»

»

»

corrections larger |y

rescaling works for |y

artefact @ y

H~05

Hi<15
Hi>15

do/d|y"| [fb]

Ratio to NNLO

o 0 0 ©

—_—

50

o N 00 0 — = N

NNLOJET + RapidiX pp — H (— vy y) + X Js= 13 TeV
| | | |
_ LO E===3 N3LO -
NLO NNLO x Ky3.g

E=——=4 NNLO

|y

ANVt v, X 2
o 77 ////%fﬁfﬁyé
0 .5 : | )
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HIGGS @ N3LO USING PROJECTION-TO-BORN H — yy

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]

NNLOJET + RapidiX pp = H (= vy y) + X Js = 13 TeV NNLOJET + RapidiX pp = H (= vy y) + X Js = 13 TeV
45 T T T T 508 T T T
LO E===3 N3LO LO E==29 N3LO
48 - T 71
NLO NNLO x Ky_g L NLO NNLO x Ky3Lg
IR ETIXR 'é_3| % —
— 30 ' =z T - L4 '
tf =5 — 39 F L = —7 _
— 25 == - R *
J— > 7 7 A
= o0t . > v
S : 5w R
S 15| - S
[erasassss s s 8 [
10 B yl ———— 4 19 | ( ) _
|y - Ay(y1, 72
0 | | | | 0 | | |
1 2 B ] ] ! ] i 1-8 ] ] ]
' R 1.6 R I ILERT
; 1.1 area oo ; 1.4 | REHRLIRLHRLRLERS
= 1 = 1.2 F
B 08.9F = S
-E 0.8 - . E 0.8 |- .
& 0.7 F 4 T 8.6 ]
0.4 - =
9'6 [ | | | | ] 9-2 | | |
0 8.5 1 1.5 2 0 8.5 1 1.6 2
lyY1l |8y (v1,v2) |
3 . 3
e N’LO systematically e N’LO ~
> @ instability in last bin
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IR SENSITIVITY & POTENTIAL ENHANCEMENTS

. NNLOJET + RapidiX pp — H (= y y) + X Js= 13 TeV
In the following: pT ~ 0 .. ' e e
L] NLO NNLO § KyLg
48 F= == NNLO
o Higgs rest frame (back- t g % __
—~ 30 r
S o= 6 A _ B A s 3
 Jr=Ey=-3r &opl=prq £ | vava '
MH . ’ % SRR IR IR ii:::7 @ ‘
. Elin = — =Dr cosh(y) ° ol A ( ) © NNLO
| y yl ? 72 | & N°LO
| 0 |
boost by y! ] | | |
TS0 N - cciccecns v ‘\
\: 2 > 4
“ .E 0.8 '
@ Lab frame | Bes l
\ 8.2 }‘

oy =y 3 | Ay(yy, 15

M
| Ay(y;,7,) | < 2cosh™! 5 2 )1~1.8
pmln
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FIDUCIAL ACCEPTANCES & yH

y ® y}/l/2 ~ yH i j\]
4\

y Y7 <£2.37

L)
o ;,L//\\ --------------------- »  barrel-endcap: [1.37,1.52]
( 7 T,
R A
e Sudakov shoulder @ |[y]| < 0.9
> yH

T T T

/
/

T Born acceptance
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FIDUCIAL ACCEPTANCES & yH

p T » |y7/| S 237

»  barrel-endcap: [1.37,1.52]

e Sudakov shoulder @ |[y]| < 0.9

> yH
Y\\\\\\\N\\\\\ |
4 *  Sensitivity to the shoulder
H 14 8
» Y S Ymax — Yshoulder ™ 149
H . b
y" 2 1.5: NNLO X Kypy 5 v

barrel-endcap v.s. shoulder

> yH ~ y‘g)/—e — yshoulder ~ [047, 062]

yH < 1.5: enhanced corrections

artefact @ y" ~ 0.5 ?
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FIDUCIAL ACCEPTANCES & yH

- NNLOJET + RapidiX pp — H (= y y) + X Js= 13 TeV
y T T T T
50 LO E===2 N3L0 -
AN NLO NNLO x Ky3.g
E=——4 NNLO
/
( g
4 \ — —
I>~
=]
3 i
108 | y | —= .
0
1.2 F
S 1.1
2 =z
AT So.0f
\/\ / 3087
/4 N/ & 0.7
/ 0.6 |
/ B 8.5 1 1.5 2
[y

@ Exposed infrared sensitivity

H .
yH 2 1.5: NNLO X Knpp g v

o »  better cuts, resum (lin. power corr.), ...?
v < 1.5: enhanced corrections
© NNLO: accidental cancellations

artefact @ y" ~ 0.5 ?

» @ NNLO & Sudakov 38



PROJECTION-TO-BORN — AN “ANTENNA" VIEW

Consider the real-emission subtraction in the antenna subtraction
formalism

for H + Ojet (@ LO): %;%mm
[{dottons — dofYe2}
¥ e R----

— /d(I)H—i-l{ ABgOH(lga 2%7 3%7 H) j(q)H—Fl)

— F??(lga 2g, 35-’;) A2gOH(ig, éga H) j(a)HJrO)}
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PROJECTION-TO-BORN — AN “ANTENNA" VIEW

Consider the real-emission subtraction in the antenna subtraction
formalism

for H + Ojet (@ LO): %;%mm
[{dottons — dofYi}
¥ e R----

— /d(I)H—i—l{ ABgOH(lga 2g,3g, H) j(q)H—Fl)
y
— F??(lga 2g, 35-’;) A2gOH(ig, éga H) j(q)HJrO)}

Antennae = ratios of physical Matrix Elements:

ABgOH(iga jg; kga H)
A2gOH(gg, iﬂ;ga )

F??(igajga kg) =
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PROJECTION-TO-BORN — AN “ANTENNA" VIEW

Consider the real-emission subtraction in the antenna subtraction
formalism

for II + Ojet (@ LO): %&mm

/ {dUIPJ{JroJ‘et - dglsiljrléget}

2 et

- /d(I)H+1{ ASgOH(lga 2%7 3g7 H) j(q)H‘|‘1) yyy
4

— F??(lga 2g, 35-’;) A2gOH(ig, éga H) j(a)HJrO)}

= /dq)H+1 ASgOH(lga 2%7 3%7 H) {j(q)H‘|‘1) o j(&/)H‘FO)}

= Simple processes where antenna ~ real-emission Matrix Element
«~~ Projection-to-Born

Similarly at NNLO: X, & X3 x X are “projections” of RR ME & NLO(+jet) subtraction term.
- 0 11 4,2
doso/dya =~ Integrated antenna: X5, X, A3

41



CONCLUSIONS & OUTLOOK

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

> exploration of the Higgs sector - highest priority of LHC & future colliders

«w» precision to scrutinise Standard Model ¢ search for New Physics

> fully differential N3LO prediction for Higgs production
% fiducial cuts can induce non-trivial features in predictions

+ IR sensitivity responsible for some of the features

< possibility to avoid them? resum them?

> future directions

+ other Higgs decays: H — 47,

% Drell Yan: more challenging

< Projection-to-Born Antennae TH AN K YO U |
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SHOULDER AT NNLO

[Dulat, Lionetti, Mistlberger, Pelloni, Specchia "17]

LO
100 - [ NLO
= NNLO
<] 80
Ry pp > H+X = yy+ X
.& LHC@13TeV
60 MMHT?2014
~ _
b<] pw=mnu/2
o 40 -
|~
M
20
0 | | | | |
O 0.4 0.8 1.2 1.6 2

L4



NNLO USING SUBTRACTION

o d RR d S
ONNLO — ONNLO — UONNLO
Py 3

RV T
—|—/ (dUNNLo — dUNNLo) 4
Py40 /

—|—/ (dUmio — dO'IEIJNLO)
Pyq

finite —0

— each line suitable for numerical evaluation in D = 4
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ANTENNA FACTORIZATION

» antenna formalism operates on colour-ordered amplitudes
» exploit universal factorisation properties in IR limits

0 .. 2 j unresolved O,/. - 0 = 2
A (i gk, sy X9(i, 5, k) A% .. ILK,..)
colour-ordered amplitude antenna function reduced ME

+ mapping

{pl7pjapk} — {§I7§K}

» captures multiple limits and smoothly interpolates between them”

limit X3(i,5, k) mapping
287;k ~ ~
p; — 0 pPr — piy DK — Pk
Sijsjk
1 - -~
pillpi  —Pij(2)  Pr = (pi+pj) Pr = i
%
1 - ~
pj || Pk a Ppi(z) pr—pi, Px — (pj +Dpi)
J

* cf. dipoles: X3 (4,7, k) ~ Dij 1 + Drj.q
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ANTENNA FACTORIZATION

» antenna formalism operates on colour-ordered amplitudes
» exploit universal factorisation properties in IR limits

)|2 j &k unresolved\ ~

WS N s | X260k D| [A%NC. L))

colour-ordered amplitude antenna functio reduced ME

+ mapping
\Pi,Dj,DPk,P1} — {P1,PL}

» captures|multiple limitsland smoothly interpolates befween them”

imi  X9(i,j, k)

2Sik » double soft: j,k — 0
Dj — 0 . .
SijSjk » triple-collinear:
pillpi  —By(2) Gllgllk) & GllkIlD
i‘ﬂ » double collinear: (¢ || j), (k|| )
p; |l Pk ?ij(z) » soft—collinear:

(@llg)k—0 & (k[1),j—0
» single-unresolved
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ANTENNA SUBTRACTION — BUILDING BLOCKS

.
> X(...) based on physical matrix elements x =4 B, 0D, £,F, G, H
0/- - 2 O/: 2
x0(i,j, k) = MBELRIE o oy - A6 G KD
A (L, K2 A (L, L)|?
1 2 1 I K 2
Xi(i k) = IR o g gy AL )T
|A2(17K)|2 |A2(17K)|2
i |2
0,. . A . . o |?
A g, i o) = SV

» integrating the antennae <— phase-space factorization

d®,1(. .., pi,Pj, Py - - -)
=d®,.(...,p1, Pk, .) d(I)Xijk(pi,pjypk;ﬁI + pK)

X013, 5, k) :/d@xiijg’l(@',j, k), Xf(z’,j,k,l):/dCDXijMXff(i,j,k,l)
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ANTENNA SUBTRACTION — BUILDING BLOCKS

All building blocks known!

X3, X7, X3 and integrated counterparts &9, X}, &J

V configurations relevant at hadron colliders:
— final-final

— Initial-final
[Daleo, Gehrmann-De Ridder, Gehrmann, Luisoni, Maitre '06,09,12]
— Initial-initial

[Boughezal, Daleo, Gehrmann-De Ridder, Gehrmann, Maitre, et al. '10,11,12]
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ANTENNA SUBTRACTION @ NLO — ¢gg — ggZ

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

46T 46T ~ g0
____________________________ Y o __________.
A
dé° daSNXgMS

R S
/{dOZ+1jet - dUZ+1jet}

pm /dq)z_|_2{ |A2(1q73g74g72672)|2 j((I)Z—|—2)
— —— 2 =
— d3(1q,3g,4g) |A3(1g, (34),,24,2)|” T(Pz41)

L
— d3(2q,4¢,3g) [A9(14, (30)4,24,2)° T(Bz11) } + (3 & 4)
/{d0¥+1jet - d"gﬂjet}
1 2
:/d(I)Z—I—l{ |A3(1q73g72(jaz)}
1 2
+ 2 [DY(s19) + DY (s525)] [ A43(14,35,24,2)* } T(@z41)
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ANTENNA SUBTRACTION @ NNLO

do? : d&U’A”@g@ + @)@ 6P~ gai) @ I My AU~ P MY

w@@@@ o
do! A 1 A
n+1Mn+1 34n X ‘3 XA3d9

L
>

455 dga dgd dge deSbe daS:b1
» double real: do® ~ X3 |AY 117, X9 A2, X9 X3 AP

> real-virtual: do' ~ &3 |Ar1l?, X5 |AL, X3 |AR)°
» double virtual: do" = (collect rest) ~ X ]./42;1\2
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ANTENNA SUBTRACTION — CHECKS OF THE CALCULATION

Analytic pole cancellation Unresolved limits
» Poles (dO’RV _ dO’T) — 0 > do® — do™™  (single- & double-unresolved)
» do- — doY (single-unresolved)

» Poles (davv _ daU) — 0

bin the ratio: doS/doRR Unresolved,

DimReg: D = 4 — 2¢

qq— Z+g3gsgs (g3soft & g4 q)

09:26:35 |
$ form autoqgBlg2ZgtoqU.frm 000 | | | softeolinear -3, 2% | | |
FORM 4.1 (Mar 13 2014) 64-bits #phase space points = 1000 o —

1 outside the plot ( 0, 0) x=10° =3
#_ 0 outside the plot ( 0, 0)
800 | 0 outside the plot ( 0, 0)

poles = 0;

6.58 sec out of 6.64 sec 600 -

400

0.9999 0.99992 0.99994 0.99996 0.99998 1 1.00002 1.00004 1.00006 1.00008 1.0001

(approach singular limit: z; = 10~ ", 10~ %, 107 ?)
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X. Chen, J. Cruz-Martinez, ). Currie, R. Gauld, A. Gehrmann-De Ridder,
T. Gehrmann, EW.N. Glover, M. Hofer, AH, I. Majer, J. Mo, T. Morgan, ). Niehues,
J. Pires, D. Walker, J. Whitehead

Processes computed using the antenna sub \
» pp— V 1'\3\5 \ \/, O
» pp—>V + ? T NNLO

—V =0 "BF) @ NNLO

> pp — jets 3“ vy, 7T, Vv, VV
> pp — 1" . Co\o\“ Oop — VH @ NNLO
> ep” P . A — H — bb
> ep\ D A BN
> ee\ e @ NNLO

\\\77 - >
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