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Parton Level Event Generator using Antenna Subtraction
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* NNLOJET: A multiprocess parton level event generator at O(alpha_s~3)x*

*
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X. Chen, J. Cruz-Martinez, J. Currie, R. Gauld, A. Gehrmann-De Ridder, T. Gehrmann,
E.W.N. Glover, M. Hofer, A. Huss, |. Majer, T. Morgan, J. Niehues, J. Pires, D. Walker

pp — H + 1 jet (ggF)
pp — H + 2 jet (VBF)
pp — Z/v/WE +1 jet
pp — 2 jets

ep — e+ 2 jets

e+ e— — 3 jets
pp — H (ggF)

ep —>e+1 jet

AN N U N N N N N

NNLO
NNLO
NNLO
NNLO
NNLO
NNLO
N3LO
N3LO

1408.5325, 1607.08817, 1805.00736, 1805.05916
1802.02445

1507.02850, 1605.04295, 1708.00008, 1712.07543
1310.3993, 1611.01460, 1705.10271, 1804.05663
1606.03991, 1703.05977, 1804.05663, 1807.02529
0710.0346, 0711.4711, 1709.01097

(approx.) 1807.11501

1803.09973

all process @NNLO or above

Xuan Chen , Alexander Huss (UZH, CERN)

Recent developments in NNLOJET and applications fowards higher orders » Augdst 21, 818= 3 A2F



Infrared Subtraction up to NNLO
@ Structure of parton level pp — X+Jet up to NNLO (subtraction approach):

X4 AB X+J
1o —/ do
ddx 41
GX+T SRXA+J
ONLO —/ (doNro
dPx 2

V. X+J
+ / (doNLo
dPx 41

Xuan Chen , Alexander Huss (UZH, CERN)

AXHT ~RR.X+J LS X+J
ONNLO —/ (donNLo ~ — doNNLO)
d®x 13

LS, X 4T ~RV,X+J AT X+
—déyro ") +/ (donNTo™ —doNNLO)
ddx 42
AT X AT VV,X+J U XA+
—doNTo ) + / (doNNTo ™ —doNNLO)
d®x 11
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Infrared Subtraction up to NNLO

@ Structure of parton level pp — X+Jet up to NNLO (subtraction approach):

AXA+JT ~B,X+J ~X4J ~RR.X+J LS X+J
o = / doro ONNLO = / (donNLo ~ — doNNLO)
d®x 11 d®x 13
A X+J AR XA+J A S, X+J ARV, X+J AT X+J
ONLO = / (donNro ~ —doXro ™) +/ (donNTo™ —doNNLO)
dPx 42 ddx 42
AV, X+J T, X+J SVV,X+J LUX+J
+ / (doNro " —doNio ™) +/ (doNNTo ™ —doNNLO)
dPx 11 d®x 11

o Consistency requirement:

AT X+ ~S,H+J
Oz/ daNLJ —|—/ daNL0+
d¢‘x+1 dq)X+2

_ S, X+J ST X 4T AU XA+J
0 */ doNNLO Jr/ doNNLO +/ doNNLO
dPx43 dPx 12 dPx 41
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Infrared Subtraction up to NNLO
@ Structure of parton level pp — X+Jet up to NNLO (subtraction approach):

AXA+JT ~B,X+J ~X4J ~RR.X+J S, X+J
o = / doro ONNLO = / (donNLo ~ — doNNLO)
d®x 11 d®x 13
X+ ~RX+J LS, X+ ~RV,X+J AT X+J
ONLO = / (doNro = —doXro ) + (donNLo™ —doNNLO)
dPx 42 ddx 42
AV, X+J T, X+J SVV,X+J LUX+J
+ / (doNro " —doNio ™) +/ (doNNTo ™ —doNNLO)
dPx 11 d®x 11

o Consistency requirement:
o= [ T [ asdi
dq>x+1 dq)X+2
_ A S, X+J AT X+ J ~UXA+J
0 */ doNNLO Jr/ doNNLO +/ doNNLO
dPx43 dPx 12 dPx 41
@ Subtraction terms mimic the divergent behaviour of matrix elements
@ Each bracket is IR divergent until apply Jet algorithm X +1,2,3 - X +J

@ The construction of red terms depends on different subtraction schemes
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Atenna factorisation at NLO
o Exploit universal factorisation properties in IR limits
VA (o P 2 XG0,k AN LR,

colour-ordered amplitude antenna function reduced ME

+ mapping
{pi;pj pe} = {P1.PK}

o Captures multiple limits and smoothly interpolates between them

limit X9 (i, 4, k) mapping
2sik ~ .
p;j — 0 — P1 = Pi» PK — Pk
SijSjk

1 - ~
p; |l pi o Pij(z)  pr — (pi +pj), P — Pk
ij

1 - ~
pj || P o Pej(z)  Pr—pin Px — (pj + k)
J

@ Remove - - - for the simplist case to define X9
0(s 5 k 2

Xg(l,j, k) ~ |A3(7’7~.73~ )|

|AS(T, K)|?

o |AY(I, K)|? is form factor with no knowledge of mapping

o X3(i,4, k) doesn’t have angular correlation of collinear limits (spin averaged)
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Atenna factorisation at NNLO
@ Unresolved IR limits at NNLO?:

A o e sy )2 L X0 e, 1) AD, (-
.o j unresolved =~

|Am+1( : ’Zvjakv"'>|2 ]4>X§(Z 37 )|A71n( I K
+X3<’L7.7a )|'A9n( ai f(

@ New Antenna functions at NNLO:

(i, j 2
X0, 5.k, 1) ~ Al K DF

|AS(1, L)|?
- AL (i, 5, k)| AL K12
Xl%(l?]ak) N%_Xg(lajvkﬂ (2)(“ ~)|2
A1, K| A3 (1, K)|

o With multiple build-in IR limits
X304, k,0) =,k — 0 & (illjl[k) & (lIkIID) & (ill5), (k][1) & (ill), k — 0
& (K||1),j — 0 & single-unresolved
X3(i,5,k) : § — 0 & (jl[k) & (il|7)

INotation |A!|% = A1 AT 4 A0t A1
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Momentum mapping in antenna subtraction

Need mapped momentum set in reduced matrix elements
Need to know the phase space volume for integrated antenna functions
Two resolved hard radiators I, K could undergo (FF), (IF) or (I) mapping

e 6 o6 o

Momentum mapping example (Initial-Initial case):{p;,p7,pm} — {Pj Py}

1
et - (Al =)’

pl = b Sim(sim - SiJ)
1
X R Sigm(8im — 8i7) \
Bo— g ph 3. = | 2Imi%im T 2T )
pM mPms " < Sim(sim - SmJ)
_ 2py - (g +q) . 2py - q -
ph=ph — —————5—(¢" +¢") + q
neo (q+q)? g’
where n # 7, q* = pi +ph, — 1%, g =+,

o ply =p; (NLO),  pl =pj+p, (NNLO),  pf =pj+p;+p (N3LO)
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Antenna subtraction at NNLO
@ Antenna function form physical matrix elements (2005)
A, A, B, C ~ ~* — qq + partons ( quark-antiquark pair)
D, E, E ~ X — g + partons ( quark-gluon pair)
F, G, C:', H ~ H — partons ( gluon-gluon pair)

A.Gehrmann-De Ridder, T.Gehrmann, N.Glover, 05
o Complete set of Antenna tool box (NNLO)
pl'mapping ® topology ® parton ID
[FF,IF, 11 ®[X3,X], X3] @ [A ~ H]

o All antenna functions are analytically integrated (2012)
o Final-Final X??, Xf and XslGehrmam\—De Ridder, Gehrmann, Glover (05)
(ete™ collider: ILC, CEPC)
o Initial-Final X2, X2 and X3 balco, Gehrmann, Gehrmann-De Ridder, Luison, Maitre (06,09,12)
(ep collider: HERA, EIC)
o Initial-Initial X30, X40 and X31 Boughezal, Daleo, Gehrmann-De Ridder, Gehrmann, Maitre, et al (10,11,12)
(pp collider: LHC, SPPC, FCC)
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Antenna subtraction framework

65y 10 = | do5 |+ do5 |+ doo | + [ do* |+ | do 5]
65 o = |doTo |+ 6T |+ | a2 |+ [asTe
46y 1o = |doV ]+ |doVt | +[daUe
@ Test structure of unresolved IR limits Doubl st -4
1000 T
#phase space points = 1000 =1 . =
d A RR,RV 50 outside the plot ( 0, 0) x=107 ——
O.NNLO 5 outside the plot ( 0, 0)
R = =~ 1 800 0 outside the plot ( 0, 0)
a6 T
ONNLO
. . 600
o Horizontal axis ~ R (expect at 1)
o Vertical axis ~ number of P.S. points «
@ Control IR divergence by z (3,4 — 0):
200
834 + Sa5 + S35 + S4H + S3H
8 \?.9999 0.99992 0.99994 0.99996 0.99998 1 1.00002 1.00004 1.00006 1.00008 1.0001
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Antenna subtraction framework

dsV - (1#"%(7%1}}&\1}:) (r JE,"M,‘,) ‘ ‘ dg%E ~ LI @ JOMY H AUC ~ TPMY
467 Ao~ {ﬂY“\ID<’“ x9(4) A\/QL/
g™ ~ J“ M
,,,,,,,,,,,, S SR Y S SR
465 déSa 4650

o Analytical check of poles for (VV-U): e Analytical check of cross-layer terms

09:26:35

$ form autoggBlgeZgtoqU.frm

FORM 4.1 (Mar 13 2014) 64-bits
#_

91, “[ub, wb] 1/nc"2*nf", @

“ALL TESTS PASS"

uuunuuunuuunuuun cnemng X48 Nncﬂ”anuﬂ R
aple 2817 (X86 6

poles = 0;

6.58 sec out of 6.64 sec
Xuan Chen , Alexander Huss (UZH, CERN)  Recent developments in NNLOJET and applications fowards! hf
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OUTLINE

@ Antenna subtraction method up to NNLO

@ Higgs production at N3LO using g subtraction

@ The projection-to-Born method
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Higgs + Jet and Higgs pr distributions at medium pp

@ Use effective interaction for ggH vertex in large top mass limit
(Higgs production @ LO — only é(pr) contribution):

@ The state-of-the-art FO predictions for medium Higgs pr region are @ NNLOEFT

(same framework of H+J @ NNLOEFT no jet algorithm but with small Higgs p5**)

@ One of the first NNLO processes done with three different subtraction schemes
o Antenna subtraction. xc, Gehrmann, Glover et. al. [1408.5325], [1604.04085], [1607.08817]
o Sector Improved Decomposition subtraction. soughezal, Cacla, Melnikov, Petriello, Schulze et. al.
[1302.6216], [1504.07922], [1508.02684]

o N-jettiness subtraction. Boughezal, Focke, Giele, Liu, Petriello et. al. [1505.03893]
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Higgs pT distributions at small pT

@ Higgs production scale is O(Mp) but the scale at 1 GeV pr is 1072 different

o Large log terms In*(M% /p3.)/p% dominant at small pr (singular terms do®)

o Non-singular contribution do” = do’/ & do® is unphysical

o Resum log divergence in do" at small pr T

. . . . 1.0
o Match non-singluar and resummed contribution for physical
pr distributions:
0.8
do’ & do® & do” s H
g o6 ‘.Z',
@ do® and do” depends on resummation scheme = 'g
@ Many choices for ©, @ and transition region _3‘ _:5 04
o This talk focus on do", theoretically one would except
02
—0
do! —do® 22250
00
] ) ) 0 .50
o P.S. integration of do/ at small pr has large numerical qr (GeV)

cancellations from asympotic tri-soft, quard-collinear etc.
o Reality needs high numerical stability and careful validation
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Validation of singular behaviour at small pT

e Compare asympotic divergent behaviour from log terms between do/ and do®

= Vs =13TeV  pr>0.7 GeV
100 F 1 50 ]
% f"-.k my=125 GeV PDF4LHC15 ] ;’M
§ 50 = HR=Hp=1/2-my or ""’«,,‘ e
2 of =
=]
T 50 | 0 LO SCET 50 ]
e NLO only FO = NLO only SCET ~"~"~
-100 NNLO only FO —— NNLO only SCET 3-100 ]
7 of " : i : :
T 2 2
g o 0
:
3 i pp—H+=0jet 2 gg—~H+=20jet
& -4
g * Ly S LL'.._\
g 40F 1 4
§ w0f {8 ,,
@ e 2 o,
8 Oof == = 1 T
5720 / 1 o
T 1 0.1
2 [ hr 1 P (R N TS ok
& 0 1 Fprr rpre 0
2 llrv"llj I S P
3 2 g—H+=0jet 0.2 qq—H+=0jet
& 3 03
1 10 100 1 10 100
prlGeV]
s
do® from SCET
XC, T. Gehrmann, N. Glover, A. Huss, Y. Li, D. Neill, M. Schulze, I. Stewart, H.X. Zhu [1805.00736]
@ Calculate do™ for pr > 0.7 GeV with or without pr reweighting
3 s Lt .
o Excellent agreement between prdo’ and prdo® within numerical error (~1%)
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Validation of singular behaviour at small pT

e Compare asympotic divergent behaviour from log terms between do/ and do®

8 T NG N HN3LO + NNLOJET — pop = H + X 5= 13 Te
7t /{ NNLO - NNLL —— 45 ' ' ' ' '
{ 5 NLO - NNLL 4 i
,
of17 \{‘HJ LI S T T
\1L 35F X X b4 x
s bty | Pt
& by gpbadart o 37 I [} 1
o4 a2 [} i L) i
° pp->H, 13 TeV, my = 125 GeV = o2s5r g
- 3 S— - S
3 B T Qe o Lt |
Q PDFALHC15 (NNLO) o, = } % %
W ool 1 o
g / 151 % % % .
r po= My } % % § )
0.5 —p= MH/Z i
’ e = W4 b Lol = GG,3,1) My
1 i L i B 1 1 1 1 1
05 1 15 2 25 3 0 2 4 6 8 10

L =In(p,/GeV) o [GeV]

do® from RadISH do® from HN3LO
W. Bizori, XC, A. Gehrmann-De Ridder, T. Gehrmann, N. Glover, A. Huss, P. XC. L. Cieri G Gl
Monni, E. Re, L. Rottoli, P. Torrielli [1805.05016] + L. Cieri, T. Gehrmann, N. Glover, A. Huss [1807.11501]
o Excellent agreement between do/""“ and do* ">

@ Accumulated o" stabilized at < 3 GeV
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qr subtraction at N3LO
XC, L. Cieri, T. Gehrmann, N. Glover, A. Huss [1807.11501]
@ ¢r subtraction for Higgs production at general F.O. has the following structure:

dO_H+J

H _ H H H;s
donnpo =Hynpo ®dogro Nn-1LO dUN"LO]

cut

d(pr) |:

pPT>PT

@ In principle, 6(pr) contains form factor of Higgs and integrated doNﬁfLO
o Design doni’o — 2.0 @ dol, that §(pr) has the resummation form:

G. Bozzi, S. Catani et. al. [hep-ph/0508068]; S. Catani and M. Grazzini [hep-ph/0703012]; S. Catani, L. Cieri et. al. [1311.1654]

2 2 2 2
H pr My H Mj g M [0
(Et}t}(—alaz (MQ Tg ’a3> +Hgg<—a1a2< 3 ,(st)) & dOLO = T §db

dz; -
x Jo(bpr)Se(Mu,b) ] / = Jaum, (2i,0) © d6 50 @ [H" C1Co] g9 ayas
1=1,2 Ti

.0t =eof - [ i da? [Agms(q?))ln]‘ﬁf + By |

252 4
[HHCICQ]ggHab = HgH(as)[Cga(ZU Oés)cgb(ZQ; as) + Gga(zl:, as)ng(Z% as)]
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qr subtraction at N3LO
XC, L. Cieri, T. Gehrmann, N. Glover, A. Huss [1807.11501]
o The factorisation of HE..; , ® do¥, depends on resummation scheme choice
@ Above formulae is invariant under the following scheme transformation:

Hf(O‘S) — Hf(QS)[h(O‘S)]_l
Ag(as) = Ag(as)
Byas) = By(as) = flan) o)
C(G)yaz:05) = C(G)galz: ) (e )

@ Above ingredients can be expressed in series expasion of as
@ Exact formulae from SCET, CSS or hard resummation schemes are transferable
o Collect results from different schemes and transfrom into hard scheme

o All analytical formulae known for NNLO Higgs production

o For N®LO Higgs production, we only know some of the ingredients
Af,3) —(SCET) T. Becher, M. Neubert [1405.4827]

B — (SCET, CSS) Y. Li, H.X. Zhu [1604.01404]; A.A. Vladimirov [1610.05791]
S = glhe [Hf*(?’)]afT) —+(CSS) S. Catani, L. Cieri et. al. [1311.1654]
2
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qr subtraction at N3LO

XC, L. Cieri, T. Gehrmann, N. Glover, A. Huss [1807.11501]

H

@ The currently unknown pieces are inside H_ .

(z; as) with following structure:
: 3
Saadnd(1 = 2)[Hy ey + 85053 (2) + 0 Cia) ()
+ (GF;; ® G;?) (2) + (G;%} ® ng) (2) = Cn36ga0gud(1 — 2)

@ Use Cy3 to approximate the unknown pieces

o Cns3 is process dependent but independent of scale choices
o Cns contains exact unknown pieces propotional to §(1 — z)
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qr subtraction at N3LO

XC, L. Cieri, T. Gehrmann, N. Glover, A. Huss [1807.11501]

H

@ The currently unknown pieces are inside H_ .

(z; as) with following structure:
: 3
Saadnd(1 = 2)[Hy ey + 85053 (2) + 0 Cia) ()
+ (GF;; ® Gﬁ)) (2) + <G§ﬁ} ® Gg}) (2) = Cn36ga0gud(1 — 2)

@ Use Cy3 to approximate the unknown pieces
o Cns3 is process dependent but independent of scale choices
o Cns contains exact unknown pieces propotional to §(1 — z)

@ (3 can be numerically determined using following strategy (N3LO exclusive):
dofi+d - — dotlis

- |: NNLO N3LO
d(pr) pr>pst

H H T H H
Cns®o0po =0Ns0o — HNspo @ 0Lo

o Terms in black are available from previous discussions

° J]I\{gLO is taken from Higgs total cross section at N*LO using ihixs 2
B. Mistlberger [1802.00833]; F. Dulat, A. Lazopoulos and B. Mistlberger [1802.00827]
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Extraction of Cy3
XC, L. Cieri, T. Gehrmann, N. Glover, A. Huss [1807.11501]

Numerical abstraction of Cy3 using

newly developed package HN3LO: oo JNSLO + MNLOJET _ pp-HeX =13 Tel
o /s =13TeV, Mg = 125 GeV
] PDF4LHC15,C!S(MZ) =0.118 -800 :
o Central scale ur = pr = My /2
o With 7-point scale variaitons 1000
o pit=1,2,3,4,5--- GeV o
C\n3 independent of scale choices 100 b B | S .

Cns independent of p§¥* at 1, 2, 3 D g = 1 ol [ 2]
_ Lo gt = 1 Gev .
GeV (L2 S qcut I
Benchmark value of Cs is - ‘ﬁ”tl= 360w D] = ()
recommended at central scale TS 0 @ @ ® © o
u [n scale]

COng = —942 + 222

Xuan Chen , Alexander Huss (UZH, CERN) Recent developments in NNLOJET and applications fowards' higher orders » August 21, 2028 ¥9 A2



N3LO Higgs total cross section and rapidity distribution
XC, L. Cieri, T. Gehrmann, N. Glover, A. Huss [1807.11501]

o With Cy3 approximation, the o%l;; 5
and dolls, ,/dy™ distributions are:

HN3LO + NNLOJET ~ pp~H+X Vs= 13 TeV
T T T
a8 B
.
46 E
RN eizm
= M . exxa |
i
3 ower B
= ® NNLO [exact]
© 40 * WL [exact] . 1
VL0 [ = 1 GeV, Cy = 0]
38 F WO [t = 1 GeV, Cyp(af = 1 Gev)] g
e W0 [t = 2 GeV, Cya(af™® = 1 Gev)]
3 cut _ cut _
36 = N°LO [gf* = 3 GeV, Cyylaf™™ = 1 Gev)] E
. 1 |

My/4 Wa/2 My
B [hgepe]

HN3LO + NNLOJET — pp-H+X 5= 13 TeV
25 T T T T T T T
=3 WL
P == NNLO
2 NLO
L0
8 15[ R
= B Dogsied = (5,3,1) My
=
=2
S el |
sk |
0 . . L L L n
12F T T T T T T —
o 11k J
2 1~1 v
Py / / / "
S 9.9
o
208l 1
0.7 E
8.6 . . . L L . L]

o Total XS agree with exact results at level of 0.2%

o y! distribution take uncertainties from p

G4t 7-scales and C'y3 uncertainty

@ Uncertainty reduction > 50%, flat k factor (~ 1.04 central) same as total XS

Xuan Chen , Alexander Huss (UZH, CERN)
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@ Antenna subtraction method up to NNLO

@ Higgs production at N3LO using g subtraction

@ The projection-to-Born method
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Projection-to-Born Method

[(F-)



The Projection-to-Born Method

first introduced: VBF @ NNLO [Cacciari, Dreyer, Karlberg, Salam, Zanderighi '15]

VBF~ (DIS)?

1. take the inclusive calculation (real emissions integrated out analytically)
2. make it fully differential (set up as local subtraction)

diff.
ONLO = \@/ /

1, incl.

DIS structure function @ NLO DIS2 jet @ LO

. . . . -Q?
Born kinematics: Q% = —¢®> >0, == ?P% . = pl, =aP", ph,=xPt—g"




The Projection-to-Born Method

inclusive X @ N"LO

n
+ X +jet @N’”LO} ~ X@NIO

1. beyond NNLO

— DIS @ N3LO
2. beyond DIS kinematics

— colour-singlet production in pp
3. connection to Antenna subtraction




Beyond NNLO — DIS @ N3LO

I rojection-to-Born truct
DlS 2 Jet Projection-to-Bo DIS ?urnuciigae
@ NNLO

[Currie, Gehrmann, Niehues "16] [Cacciari, et al. '15]
[Currie, Gehrmann, AH, Niehues '17]
CC: [Niehues, Walker '18]

@ N3LO

[Moch, Vermaseren, Vogt '05]

fully
— DIS differential @ N3L0

[Currie, Gehrmann, Glover, AH, Niehues, Vogt. "18]

> precise probe to resolve the inner structure of the proton (a. & PDF)
> first step towards fully differential VBF ~ (DIS)?



The Projection-to-Born Method — DIS @ N3LO

d(j(llgéN;ng = [m (dU§§2j J(O4)
— dogiy; J(Os) — dogiy; J(02) )
+ A (da{f.svzj J(03)
5
— dopigh; J(Os) — dopis, J(O2)
+ A (dagsvg_, J(Os) — doblss; J(O2)
.

* subtraction terms add up to zero



The Projection-to-Born Method — DIS @ N3LO

N3Lo
dUDISI;

i L (4088 (7(02)-7(05)

— o, (J(O2)=J(O8)) = dogdy, (J(02)=J(0s)) )
+LS (ao8id; (7(05)—(0s))

— dogis, (J(03)=J(Or)) = dopdy, (J(02) - (On))
4 / 2 (4058 (J(02)~7(0s)) — datiss, (F(02)-T(O5)))

1o N3 LO, incl.
dgpis

+ —
dOB \ VVV ”‘/(3 n)
dopisty +Z/ dopis 1

n=1 n+1

* subtraction terms add up to zero



Differential distributions at N3LO

NNLOJET ep-e+jet +X V5= 300 GeV NNLOJET ep-e+jet+X Vs = 300 GeV
3000 T T T T T T T 10° T T
L i ZEUS L0 E==NNLO | e ZEUS L0 E==3 NN
7000 3 s 3 ]
T===RT] NO B NLO

6000 |- T

5000

4000

do/dn’®® [pb]

3000

do/dE{*t [pb/Gev]

1000 3
0 . . . . .
1.6 T T T T 1.3 T T
o 1.4 o12f 1
Sk =]
R — RN e, i S I
8 L a4 s 1 = T
Sl 1 Zesf I
3 e Sost
Seaf i So
0.2 . - 0.7 4
g 1 1 1 1 1 1 Bé 1 |
-1 -5 @8 @5 1 15 2 25 3 10 ) 100
et £t [6ev]

> for the first time: overlapping scale bands agreement with data
> reduction of scale uncertainties



Jet Rates

0.01

NNLOJET ep-e+jet+X V5= 296 GeV
2 3 3
NLO U(GS) NNLO 0(05) N°LO U(IXS)
3 Rey HF Ry HF Ry o
Raay Raen Raen)
Rez1) Ry Ry
R@n R
T Rany

0 0.62 0.94 0.6 0.08 0

Yeut

0.02 0.04 0.06
Yeut

0.08 0

0.02 0.04 0.06
Yeut

0.08

Jet rates:

R(ny1) = Neng 1)/ Neot

JADE algorithm
— cluster partons if:

QEiEj(l — COS 0”)
L1f2

< Yeut



Beyond DIS kinematics — colour-singlet production in pp

H + jet Projection-to-Born do‘/dyH
@ N™'LO @ N"LO

— fully n
— H differential @N LO ?

> da/dyH
< analytic integration over real emissions
— lose information on final-state partons

» H fully differential
— retain full final-state information
— fiducial cuts, jetveto, photon isolation, ...



The Projection — colour-singlet production in pp

> real-emission phase space: d®y .,
Pat+po—put+ki+ka+...+ky

> projection to Born: ddy
Pa + Do — PH (Pa = Eapa, Db = Ebpy)

Ql)ul)h - 2(1)(1, + [)b)l‘wl on T /‘3.‘12___,,

on-shell: p4 =pf=MZ = & &=

2papy
. _ 2pppH
rapidity: gu = yn = /&= ——
2papH
< decay products: pyg — p1+ ...+ pm (pf — pt = A¥, pY)

_ 2(pu + Pu)* (pu + Pu)v n 2p5pH
(pr + Pr)? Py

A*y (pu, pu) = "'

> forn =1,2: identical to the initial-initial antenna mapping



The Projection-to-Born Method — ggH @ N3LO

do_NSLO
I / (Ao ™ (J (Orrs)—J (Outrae)
do iy

— Ao e, (J(On42)—J (Onyas)) — dogiyse, (J(OH+1)—J(OH+HB)))
+/ (dagﬁv (J(Ouy2)—J(Oni2-8))
P2
= doy e (J(Onr2)—J (Ontass)) — dog i, (J(OHH)*J(OHH%)))
+/ (dUglé‘H/V(J(OH+1)_J(OH+1~>B)) - d0g+jct(J(OH+1)_J(OII+1~>B>>)
P41

N3L0, incl.
dogen

dOg

“ingeneral: Onis—p # Outa—s # Ontis



Validation up to NNLO — Antenna vs. P2B

LHC @ 13 TeV

> p1t > 0.35- my,

> p? > 0.25- my,

> |y’ <237

> reject 1.37 < |y7| < 1.52 (barrel-endcap)
» photon isolation in AR < 0.2

= > pri<005-E]
AR;,<0.2




Validation up to NNLO

NNLOJET + RapidiX

ppoHGyy) +X V5= 13 TeV

T T T T T T T T T
20
15
=
&
)
]
5
9 L L L L L L L L L
T T T T T T T —
1.92 F 7' NLO coefficient ]
@ ]
E 1F 3 = = E oy ® ox ®EEE . T T E W, = = - ‘
8 ]
B e e e e e
~ 1.1} P NNLO coefficient -
§ R O N T R
0.9 L L L L L L L L L ]
-2.5 -2 -1.5 -1 -85 @ @5 1 1.5 2 25

H
y

coefficient: < 5%o
NNLO coefficient: < 5%

Antenna vs. P2B

[Chen, Dulat, Gehrmann, Glover, AH, Mistlberger, Pelloni]

NNLOJET + RapidiX ppHGyy) +X Vs=13 TeV

T T T T
I NLO coefficient

1.02 1.,
g L ot T BT S qm
3 -1
= 0.98 [ ! ! I I I ! ! I 1
t t t t t t t t =
~ 1.1 F P NNLO coefficient ]
@ o ssu
& 1,} IIIIIIIIIIIIIIII :757‘
0.9 I I I I I I I I 1
-2.5 -2 -1.5 -1 -8.5 8 0.5 1 1.5 2.5

~> agreement @ full NNLO: < 1%o



Projection-to-Born — an “antenna” view

Consider the real-emission subtraction in the antenna subtraction formalism
for H + Ojet (@ LO):

[ {0k o - aoii0}
= /d<1>H+1{ A3gOH(1g, 2g, 35, H) T (Pu1)

— F§(14, 24, 3,) A2g0H (1, 24, H) T (Buo) }



Projection-to-Born — an “antenna” view

Consider the real-emission subtraction in the antenna subtraction formalism
for H + Ojet (@ LO):

/{do—ll}+0jet — dUﬁliIaJOet}
= /dq)HJrl{ ASgOH(lg7 28,7 3%7 H) j(q)HJrl)

— F§(14, 24, 3,) A2g0H (1, 24, H) T (Buo) }

Antennae = ratios of physical Matrix Elements:

. A3gOH(ig, Jg, ke, H
F:?(’gv]gvk'g) = g (g’fj" )
A2gOH(ig, kg, H)




Projection-to-Born — an “antenna” view

Consider the real-emission subtraction in the antenna subtraction formalism
for H + Ojet (@ LO):

[ {0k o - aoii0}
= /d<1>H+1{ A3gOH(1g, 2g, 35, H) T (Pu1)

= /d¢H+1 A3gOH(1g, 24, 3¢, H) {j(‘I)HJrl) - J(‘T’Hw)}



Projection-to-Born — an “antenna” view

Consider the real-emission subtraction in the antenna subtraction formalism
for H + Ojet (@ LO):

[ {0k o - aoii0}
= /d<1>H+1{ A3gOH(1g, 2g, 35, H) T (Pu1)
— F§(14, 24, 3,) A2g0H (1, 24, H) T (Buo) }

= /d¢H+1 A3gOH(1g, 24, 3¢, H) {j(‘I)HJrl) - J@mo)}

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

Similarly at NNLO: X & X§ x X are “projections” of RR ME & NLO(+jet) subtraction term.

doyso/dyn ~ integrated antenna: X7, X, X



Summary & Outlook

> Antenna subtraction successfully applied to many important processes:
— pp—~ X +0,1jets, pp— dijets,
= subtraction set up for: pp — “colour neutral” + 0, 1, 2 jets

» NNLO corrections important: reduction of scale uncertainties
— improve theory vs. data comparison (resolve/reduce tension with data)

> Antenna @ gr subtraction
— challenge: numerical stability of X + jet
— study of sub-leading power correction
— straightforward to include exact Cs once available

> Antenna @ Projection-to-Born
— first fully differential N°LO prediction: inclusive jets in DIS
— colour-singlet production in pp (proof-of-concept @ NNLO)
— differential Higgs @ N3LO
— all ingredients in place for differential VBF @ N°LO

Thank you



Backup Slides



Colour decomposition — Example: ¢q — ggZ

» antenna formalism operates on colour-ordered amplitudes:

@ }‘E :E j_y (T* TM)%
o b= T E (T
o S T mee T

> //[/%_,W - (Ta,T“")% Vqﬁ:mms&,%,gi )
t (ijac, ﬁ:mme&,za,% )

W 1y || 3 1o 4 -
» AV 3..4..2- 7 a1l g all *s
A(14.35,45.24.7) has { o | 40 } but not { o |l 30 limit



Antenna subtraction @ NLO — Example: ¢q — ggZ

dss - dé® ~ X9MY

/{dUzR+1jct - dU§+1jct}
/d¢z+2{

AQ(Lq, 3¢, 4g, 24, 2)|* T(Pz42)

— d3(1q, 3, 4g) |AS(Tq, (34), 20, 2)|* T (@z41)
— d3(24, 45, 3g) |AY(1g, (34),,24,2)|? J(%Hl)} (3 4)

/{d0¥+1jet - dog+1jet}
= /d<I>Z+1{ | AL (1q,3g,24,2)|?

1 ,
+ 5 [Dg(sm) + Dg(sz.‘s)] }4[:( lq,3g, 27, Z)|2} T (Pz+1)



Antenna subtraction @ NNLO

[J. Currie , EW.N. Glover, S. Wells "13]

g™ (XYM M
T g™ ~ Chx9n? )+ MO dgTe ~(= / dgS€) + (dgTer) + (doTez
do' : ‘ = Ji
deTe ~ g M, doTb o~ (X2M0)+ @9 x9M0) — Qux X978 MY
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R I
459 dg5a 4654 d6Se dGSh




What about those angular terms?

> Antenna subtraction: X! |A,.|> <  spin averaged!
» angular terms in gluon splittings:

Aikzl}

2 v
Py qq = . |:*gM +4z(1 — 2) 2
1

3

< subtraction non-local in these limits!
— vanish upon azimuthal-angle (y) average (= do not enter x)

sol. 1: supplement angular terms in the subtraction
sol. 2: exploit » dependence & average in the phase space

it
A* YL
K ki

A, ~ cos(2¢ + vo)

= add ¢ & (p+m/2)!

] y PR 74 j p\;7 p\;7 A
P PSen — | Wi Pj }} (ill7) {{Zkﬂ .
s i, Py -} T2, prtR L



Validation of ygy with Cys

25 HN3LO + NNLOJET — pp -~ H + X J5= 13 Tev
' ' ' é NNIiU [exa;t] '

o Without available fully differential wf o] et T
N3LO calculations, one could refer _ o W (G, = Hy4)
to one order lower and test the Cnao & r b D] = Gb )y |
approximation against exact NNLO Nl |
results b

o Three scale results devided by T |
exact NNLO distributions 0 .

o Approximation with C'y2 deviate T T T T T T —]
from exact NNLO by maximum g}ggg Y- 5
~ 0.2% through out yx C [0,4] E ;ZZi e bac 1
for all three scales Sohmepnet s 1

sol—— ]

Cn20galdgd(1 — 2) < 8gabgpd(1 — 2)[HE *”]ag

1 6,,09(2) 4+ 6502 (2) + (G_E,%R ® Gfﬁ,’) =)

Xuan Chen , Alexander Huss (UZH, CERN) Recent developments in NNLOJET and applicatioins fowards higher orders August 21,2018 0/ @



Uncertainties in N2LO Higgs v’ distribution

@ Estimate theoretical
uncertainties from:
e 7-point scale variation
o p$* change to 1 or 2 GeV
o (n3 vairation at +o
@ Theoretical uncertainties at
central rapidity are dominant
by scale uncertainties
@ High rapidity region
uncertainties are dominant by
p$¥t variation but mainly due
to limited numerical statistics

Xuan Chen , Alexander Huss (UZH, CERN)

da"/dyy [pb]

Ratio to NL0 [q2* = 2 GeV]

25

20

HN3LO + NNLOJET
T

pp-H+X Vs =13 TeV

T

T T T T T
=== N30 [¢2* = 2 GeV]
== 00 [Cys uncert.]

N3L0 [o“® uncert.]

Recent developments in NNLOJET and applications fowards' higher orders

YH

August 21,2018 3/ @



Higgs pr anatomy at NNLO

o Contribution from fixed order, singular and non-singular contributions to Higgs
pr in ggH EFT

10 T T T T T T
- n pr >0.7 GeV
| NNLO Nqn Singular, dc;f/dpT —_ --. my=125 GeV
. NNLO Fixed Order, do'/dpy Vs =13 TeV

NNLO Singular, Ido%dpyl ===

PDF4LHC15
pPr=Hp=1/2-my

0.1

do/dp[pb/GeV]

0.01

pp—*H+=0jet
0.001 f E

20 40 60 80 100 120 140
pr [GeV]

Xuan Chen , Alexander Huss (UZH, CERN) Recent developments in NNLOJET and applicatioins fowards higher orders August 21,2018 4
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