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PRECISION MEASUREMENTS AND PARTON IMPROVED QCD



WHY DO WE CARE?
PRECISION MEASUREMENTS AND THEQRY

SM prediction is

based on evaluations
of the contributions BNLg-2 — o
from QED to tenth

order, hadronic FNAL g2 4 o
vacuum polarisation,
hadronic light-by-

light, and electroweak < 4.20 >
processes

29 of 45 new preprint PA ; PS
on arXiv hep-ph today Standard Model Experiment
1s about new theory for Average

g-2 anomaly 19.0 195 200 205 21.0 215

17!5 8.0 89
% //ﬁ\\ % § a,%10° - 1165900

Phys Rev. Lett. 126, 141801
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REAL SCATTERING EVENTS AT LHC

ATLAS

EXPERIMENT

Run Number: 365512, Event Number: 110420355

Date: 2018-11-09 06:27:05 CET
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REAL SCATTERING EVENTS AT LAC

Run: 310634
Event: 1515766987
EXPERIMENT 2016-10-1501:49:14 CEST
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THEORETICAL TOOLS TO DESCRIBE/APPROXIMATE PARTICLE SCATTERING

_ (0 (1), (952
QCD improved parton model Gap = 61 + (27) S ( 27r) ot
Tao Pa Tab xy PR
fa|A(fCa) . | fb|B(fEb) /P
| | B
Figure by A. Huss

1 1
OAB = Z/o dxa/o dxy, fa|A($a) fb|B(CL’b) Gap(Tq, Tp) (1+O(AQCD/Q))
" 9

parton distribution functions

(systematically, improvable) R non-perturative effects
(no good understanding)

hard scattering
(systematically improvable)
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(CD IMPROVED PARTON MODEL
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T 27
zaPa Y\ Oab J P @§
P\A\ faja(za) . = foiB(xp) L/})B

next-to-next-to-leading order (NNLO)
2 to 2 scattering
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“double virtual” “real-virtual” “double real”
1/€4, 1/€3,1/€2, 1/ . - 1/€2 1/¢ - double unresolved
Slide from A. Huss in LH19 - ' single unresolved + single unresolved
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QCD IMPROVED PARTON MODEL

2T 2T
o Pa Tab | xy Pp @§
two-loop amplitudes S
. Fara(a) fur (@) Z
(new class of functions, =  —

combinatoric &

algebraic complexity) next-to-next-to- [eading order (NNLO) /' evaluation in singular
\ : & unstable regions
2 to 2 scattering

Y '
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AT L L RR L R ——— LI LA LI L L D —_—— | >
“double virtual” “real-virtual” IR subtraction
(involved IR structure,
\_/ B numerical stability,
infrared singularities 4 construction)

Slide from A. Huss in LH19
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6~8 years for a “small” step

THE STANDARD NNLO @ LHC

» LHC processes at NNLO QCD accuracy (include secondary confirmations)

Tourful (2014)

020
(2020)

Z] diff., Boughezal et al. MCFM‘NNLO, Bouhézaltl ] diff., Currie, Glover et al. 77 diff., Heinrich et al.

WH, ZH diff, Campbell et al. ZpT diff., Gehrmann-De Ridder et al. Y pT diff., Grazzini, Kallweit et al. g
Vv diff, Campbell et al. single top diff., Berger, Gao et al. Y] diff., Campbell, Ellis et al. E
W?Z diff., Grazzini et al. HH (EFT) diff., de Florian et al. WpT diff., Gehrmann et al. é_f
12 e e e G i X e D =

sdooTuadQ +XTYLVIN “BIP AA

77 total, Cascioli et al. HJ (EFT) diff., Boughezal et al. ZJ diff., Gehrmann-De Ridder et al. = (,.Pj
ZH diff, Ferrera, Grazzini et al. W] diff., Boughezal et al. 77 diff., Grazzini, Kallweit et al. cﬁ § %
WW diff, Gehrmann et al. HJ (EFT) diff., Caola et al. S 8 5
ttbar diff., Czakon, Fiedler et al. VBF diff., Cacciari et al. % & 5
o
7Y, WY diff.,, Grazzini, Kallweit et al. HJ (EFT) diff., XC, Gehrmann et al. T E <
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THE STANDARD NNLO @ LHC

6~8 years for a “small” step

10~12 years for a “big” step

» LHC processes at NNLO QCD accuracy (include secondary confirmations)

» One colourless (2000) —— Two colourless (2004)

-

A\N

7] diff., Boughezal et al. MCFM@NNL, Boughezal et al.
WH, ZH diff, Campbell et al. ZpT diff., Gehrmann-De Ridder et al.

V7 diff, Campbell et al. single top diff., Berger, Gao et al.
WZ diff., Grazzini et al. HH (EFT) diff., de Florian et al.

WW diff., Grazzini et al. HpT (SM/EFT) diff., XC et al.

77 total, Cascioli et al. HJ (EFT) diff., Boughezal et al.
W] diff., Boughezal et al.

HJ (EFT) diff., Caola et al.
VBF diff., Cacciari et al.

ZH diff, Ferrera, Grazzini et al.

WW diff, Gehrmann et al.
ttbar diff., Czakon, Fiedler et al.

== —

<1990 200

Xuan Chen (KIT)

2002 2004

> Inclusive (2000) —(Differential (2006 12) > Small pT
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6 years for a “small” step

THE CUTTING-EDGE N3LO @ LHC 11 years for a “big” step

» LHC processes at N3LO accuracy (include secondary confirmation)

/ === ___ === = N

» At the early stage like NNLO in ZOOO’S'

Gapprox) G012 -2015) — Tnclusive + Diferental Gpprox) GOIE)

(HNNLO @ 2004 to HN3LO @ 2015) }

>( Inclusiv

A

0 e O

2012~16
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NLO AND NNLO SUBTRACTION METHODS



VARIOUS ESTABLISHED METHODS AND MORE ARE COMING

-~ ' QT
Colorful Slicing ‘ N-jettiness

Subtraction | Slicing

Slide from C. Williams at LoopFest 2019
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BACKGROUND KNOWLEDGE: COLOUR-ORDERED AMPLITUDES

» Basic concept from four gluon scattering: L.Dixon hep-ph/9601359

2
3 2\’\’ 3 -+ 32 3
B E K
e

» Convert QCD couplings by SU(3) generators:

2
- 2 pabe pcde .9 a b c d
- — ig? fobe pede — ;&g (T2, TO)[T, T)
— gf¥e = %tr[T“T”TC _ TeTeT] :

» Group Feynman diagrams by trace of SU(3) generator:

iM = iM(1234) - tr[T*T T°T?) + iM(1243) - tr[T°T°TT*]
+iM(1324) - tr[T°T°T°T?) + iM(1342) - tx[T*T°T*T"]
+iM(1423) - tr[T*T*T°T°] + iM(1432) - tr[TT°T°T"]

» Generalise the idea for quarks and loop diagrams

/(3%&(=/va—ﬁva+m (}i{z I[jf—:ﬂj+ﬁ+m
. LY
= t+ permutations = NC g:z + + perm’s

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021
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BACKGROUND KNOWLEDGE: DYNAMIC IR DIVERGENCES

> Modern tools for calculation: recursion relations like CSW, BCFW, CHY

. (12)* . . (if)*
M(1_2_3.4,) =1 M1 i eej_eony) =i
(12)(23)(34)(41) (12)(23)---(nl)

s;i = (p;+p)* =2p; - p; = (if)ji] MHYV amplitudes, S. J. Parke and T. R. Taylor (1986)
> Easy control of IR behaviour for both dynamic and explicit divergences: factorisation
» Dynamic IR divergence for tree matrix elements
> Single soft gluon with momentum p; — 0:

|ﬂm+1('“, L j, k) |" = Sijkl M (o1 k) | with Eikonal factor Siik =

Siijk

> Single collinear limit p;//p, that p; = zpg, p, = (1 — 2)pg:

WANRCER NN AR = i | MO (-, i, K, L) | with spin averaged splitting functions:
m+1 S m
j
1+ (1 —2)* — ez? 2+ (1 -zP%-¢ 2z 1-—z2

> Double soft gluon with momentum p, + p. — 0:

252, 25,5, 1 1 1 - 2(1 —€), 8,  S.4 2
S g = + ( + + - ) +———(—+ —1)
SabSbedSabcScd She  SabScd SabSded ScdSabe SabcShed Sbc Sabe Shed
» Various double unresolved limits: / /
Double soft, triple collinear, soft and collinear: —_— ~ —_ —

Sabed  Sdabc P ik—K P ijk—K

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 12



BACKGROUND KNOWLEDGE: EXPLICIT IR DIVERGENCES

» Dynamic IR divergence for 1-loop matrix elements

> Single soft gluon with momentum p; — 0:

(M Gy ok ) [P SE O i Ky o) 1P s | (e Ky o) P

> Single collinear limit p;//p, that p; = zpg, p;, = (1 — 2)pg:

P}‘*K = P'k—>K
—— [ R L) [P+

S]k Sjk

Vﬂ}n("‘,i,ﬁ l,-~)|2

|%1+1( i,j,k,l,“‘)|2—>

» Explicit IR divergence for 1-loop matrix elements S. Catani hep-ph/9802439
P/ AR RN ; L) P = = 2Re( M, | M} ) with 1-loop factorised as:

| M) = |/%,£1<u ApD) =1V, w5 {pH | A, (ApD) + | M, (u? {p}))

The explicit 1-loop IR divergence is calculated in d-dimension, factorised in di-pole operator:
e_el//(l)

%‘ 2 —iA; i T2
1D, u% {p}) = T =9 Z (G)ZT T( > with %(e)—§+%
i€{p} I J#i

» Explicit IR divergence for 2-loop matrix elements
| M2 (0, k L) P = = 2Re( M, |%2) + (M} | M) with 2-loop factorised as:
| A3,) = |/%i<u ApD) =1V, 1> ApD | M (1 {p D)) + 126, p? Ap D | M (P Ap D)) + | A" (s {p}))
The new 2-loop di-pole operator is factorised as:

rep(DP(] —
19, u* {p}) = - %I(l)(e,ﬂz; {P})<I(1)(€,ﬂ2; {ph+ Mﬂo) s "; L (Zﬂﬁo +
(1 —¢) €

K)IDQe, p% {ph) + HP (e, p% {p})
€

» Kinoshita-Lee-Nauenberg theorem: all IR divergences cancel at each perturbation order of QFT (1964)

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 13



BACKGROUND KNOWLEDGE: JET ALGORITHM

» How to describe complicated EXP events?
» Three shock waves in a snap shoot
» Ten interaction pile up events

» Tens to hundreds of particles hit
detectors

» Many displaced interactions

> Soft, collinear, detector resolution

> Theory limitations ATLAS oo,

EXPERIMENT 2016-10-1501:49:14 CEST

» Each new particle carries 3 new D.O.F

> QFT is not perfect » Need an agreement between EXP and THE to
abstract the core scattering process: use
> IR divergence (this talk) clustering algorithm to group final states

» UV divergence (solved intrinsically) particles from QCD radiations

> Scale dependence (double edged) » Need to be simple: fast process by EXP

. : > N be IR safs id QFT limitati
> Phenomenology is the bridge between eed to be IR safe to avoid QFT limitation

EXP and THE » Need to have sensitivity to new physics

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021
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SEQUENTIAL CLUSTERING ALGORITHM

» Based on the following distance measures:

» Take all final state QCD particles in a list

> Distance d; between two final state particles i and j:
2

dy=min(ll, kP)— A==y’ +@B—d)  kg=pl+p;

» Distance between initial beam (B) and final particle i:

— 2P
dip = kTi

» Compute all distance d;; and d;; in the list, find the smallest

> If smallest is a dj;, combine (sum four momenta) the two particles i and j, replace i and j in the

list by the combined momentum as one particle

> If smallest is a d,5, remove particle i from the list, call it a jet
> Repeat until all particles are clustered into jet (empty the list)
» Parameter R is called jet-cone size, to control the distance between any pair of final state jets

> Parameter p governs the relative power between energy and geometrical scales to distinguish
the three algorithms: 1 = kT, 0=C/A, -1=anti-kT

» Beam direction is not IR safe and with low EXP sensitivity, add fiducial cuts: p]Tet > x GeV

for any jet and usually with x=30 GeV, discard the event if fiducial cuts were not satisfied

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021



NLO ANATOMY FOR 2 TO N PROCESS

» NLO cross section:

Pa . A R
donro = / (6% Lo — 463 1Lo)
d® N +1

AV AT
+/ (donLo — donLo)
dd N
> do is the matrix elements at tree (R) or 1-loop (V) level

> Observables are based on at least N objects in
) = 5<Zpl f)H

> Fulfilled by the requirement of at least N jets

o 00T = MOE)

jet

> Defined by jet algorithm with minimum p;" requirement

» Constrain d&NLO having only explicit IR divergence

> Allow d&f,w becoming N or N+1 jets event
N jets: with 1 particle being soft or collinear within one of the N jets
N+1 jets: all particles are resolved without dynamic IR divergence

» Construct S and T subtraction terms to remove IR divergence
Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021



NNLO ANATOMY FOR 2 TO N PROCESS

» NNLO cross section: 75 75 RR 75
O — O O
» Observables are still based on at NNk ) d® n 1 5 ( NNLO — NNLO)
least N objects in phase space @,
WP
» Allow up to 2 emission at RR, + / (dUNNLO dUNNLO)
1 emission at RV and only explicit dP N +1

IR divergence for VV

» Subtraction terms to remove IR
divergence at each integration

» No unphysical reminder: / dUNNLO + /
dPN 42 d®nN+1

T / (d6NNLo — A6 NNLO)
dd N

AT 7 B
doNNLO +/ doynro =0
dd N

» What is the perfect subtraction term?

> dGNNLO = d6RY. - etc. that we need to integrate all D.O.F. analytically

» Numerical integration? Computer can not handle oo

» Possible for QCD beta function (N3LO), DIS structure function (N3LO)
(analytical integration on top of 1 or 2 D.O.F)

» Impossible for W+4 jets at NLO (integrate 3 of 20 D.O.F), ambiguity for parton identity

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 17



ANTENNA SUBTRACTION AT NLO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Example for pp — H + Jet

donro =

T / (d6pro — 6N Lo)
dP 42

+ / (d6 Lo — 46N Lo)
dP 41

~S 0 j~B
donro ~ X3doro

AT o ~S
donLo = —/dUNLO
1

Subtraction terms constructed from
Antenna functions

Each antenna has two specified hard
radiators + 1 unresolved patrons

Momentum mappings
(ﬁDH+2—+(ﬂDH+1
give the P.S. to reduced ME

Integrated Antenna functions all known
and contain explicit poles

Explicit pole cancellation between
integrated Antenna functions and loop
calculations is analytical

» Now explain each parts in details

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021
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ANTENNA SUBTRACTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Antenna Function X30:

~(
| MO (e oy o) | —>sﬁ|/%0< ik, )|
2P]Pk Jk—K

|'%O+1( i’jakal )l |'%O( iakala "')lz B
S]k [H)
|20, j, k) |* = XV(, J k) | 49, jk) |
I/%O(,J, k) |?

X, j, k) = , with [ ML K) | ~ s = s+ 55 + 54

| YT, K) |
» Generalise to X40 and X31:

o | MG kDI MG R1 LR
Xf(lajakal)l — 40 ~ o~ 7 9X31(lajak)| — i) ~ 51D _Xg(la‘]ak) (2) ~ 10
| A(ijk, JKI) | | A, jK) | A5, KO |
> No P.S. constrain on antenna functions with multiple divergence included

> Need to find complete set of all parton combinations

» Dynamics IR divergences are spin averaged from full matrix element

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021
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ANTENNA SUBTRACTION

» Momentum mapping
What is the momentum inside the reduced matrix elements? Pj, P
Given that they belong to a set with less external parton than the full process

> 3 to 2 final-final case: all momentum in final states {p;, p;, py} = {P;> P}

» Momentum conservation and on-shell conditions:

2 _ 2 M H — M H H
i I
» Initial parameterisation: >C<.Oi j m k
pt = xp* + rp* + zp* " . " Kk C(I
] ! J k
K

ph =1 —-xp!+ (1 -rp!+(1-2)p!
Jjk ! J

» with three free parameters and two on-shell condition—one free choice:

B (1 +p)s —2rs; B (1 —p)s —2rs; » 4r(1 —r)s;s;
X = o Z - ° p - 1 +
2(sl-j + 5:2) ) 2(sjk + 5:1) SSit
. J
with r = , S=S.+5,+5,
ij jk ki
Sij + Sjk
PG — Di, PGE) — Dk when j is soft,

» Check various IR limits of p;: pg; = pi +p;; P ~* Pk when i becomes collinear with j,
Pes 7 K PGy~ Pi + Dk when j becomes collinear with k.

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 20



ANTENNA SUBTRACTION

» Momentum mapping

- J
i
I

—0-00 <=

-~

> 3 to 2 inital-initial case: both hard radiator in initial state {p;, p;, pi} — {Pj,Pg}

> How to absorb p; (with p; # 0) into initial states p; and py (with p; = 0)?

Rescale initial state momentum: p;‘ = x.p%,
l

K

Apply Lorentz boost to all final states except p;:
A(g, @) with ¢" =pi+pr—pi. G =xpi+xp;
l l

» Such Lorentz boost is:
20+ g+ q), N 2q"q,

(g + §)? q°

Ni(q,q) =g/ —

ph = xkpg

’ pl - A’Z(qa é)pl,y for [ ;é.]

> By requiring g* = §* and A¥(g, §) is a transverse boost, we fix x; and x;:

when j becomes soft ,

when j becomes collinear with %,

when j becomes collinear with k.

Sik T Sjk Sy T Sik T Sk Spe t S |8+ st Si
Sik T Sj Sik Sik T Sik Sik
> Check in various IR limits of p;: 8 — Dis Pk = Pk
i = (1 — z)ps, Pk — Dk
Pr — (1 — 2k)Pk » Di — i

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods
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ANTENNA SUBTRACTION

» Integrated Antenna functions

» P.S. factorisation (final-final example)

m+3 m+3 d4p
d®,,, (3. Pps3i P1P2) = 8( ) pj— Py — Pz)H 00 8(p7 — mHO(E))
Jj=3

— d(Dm(p39 ”'9pl'~j9pj7(9 .“9pm+3;plap2) ’ d(I)X (pvp]’pk’pl} +pl€l)
» Factorise with S subtraction term (example A30 for do NLO)

A()l%() | d(I)m+1(p3a ’ 7pm+3?p1 pZ) _Ao(lqa.]gak )d(I)X (plapjapkapz}+plgl) ’

ijk

|12, w0 s 1) 1D (Pss =, Pijs P > Prs 33 P15 D)
> Integrated antenna function &/ g(S,K, €):
» Lorentz boost Aé)d@x,.jk to C.O.Mof p; +py — pr+ g

> Rewrite integral in d-dimension using d“p,5(p?) = E*>dEdQ4~"/2

» Lineup integral and integrand variables in s,, with Jde = Zﬂ%F(E)_l

dd G ! r d JS_Sik | ( ) ~d
= \) S S288 — 85;7p — 8 S
Xijk F(l B 6) ) ik ) ik°jk ik jk jk

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021




ANTENNA SUBTRACTION

» Integrated antenna function &/ g(s, €) = J AOdCI)X

l]k
J

Using the definition of A30:
| ﬂg(lqa jga kq) |2

Ao(z j = AO(S Sy Si) =
q’ ga 3\ Dk ]k
. | 91, K) |)2
1 S S‘k SUS — S-k - ik € S k
(”‘+J + A >——<—+i+2>
S\ Sk Sik SikSik S NSk Sik

Finally we could integrate all variables and get:

A7 1 3 19 7 109 7 25
As,) = o) [€2+2€+ - e ‘8”2‘?5(3)”@(62)]

> Repeat initial-initial and final-initial P.S. integral to achieve a library of

8rlecrese

integrated antenna functions ]2(1)(Sij, €)

» Cross check explicit IR divergence between Jz(l)(ij, ¢) and 1-loop ME:
pole{J\V(s;lu )} = = 21V(e, u*; 5;))

» Di-pole cancel with integrated antenna to have d&X,LO — d&Z{,LO finite

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 23



ANTENNA SUBTRACTION

» NLO H+] example subtraction terms

» For qg — ggH sub process from real,

donro = A 9
N T P o
By O e afvw—+1)0(1 4)|/%0(1 2)|
+/d<I> (da']‘\/rLO — déy10) +D§)(2q’ 3 )‘%0(1 2 )‘
H+1

» The corresponding virtual is
GNLO — ‘/%3(1 2 )‘2
T P 6L =+ @0(513/,4 €) | /10(1 302217
onro = — [ doxLo 0 0 ®'a )
1 93(523//4 ,€) ]| ﬂ3(1q, g 2@) |

~S 0 j~B
do'npo ~ X3doro

> Repeat real for gg — ggH, gg — qqH, qq— QOH, qg — qgH
» Repeat virtual for gg — gH, qg — gH

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 24
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ANTENNA SUBTRACTION AT NNLO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Example for pp — H + Jet

d5 - d5 15 ® Subtraction terms constructed from
ONNLO = . ( JNNLO ONNLO) antenna functions
H+3

@ Each antenna has two specified hard

N & :
I / (dUNNLO ao i) radiators + 1 or 2 unresolved patrons
dP® g2 ® Momentum mappings

dPg 3 — dPp (2

~U
T / (dg NNLO — a0 NNLO) AP0 = dPy 1
d®p 41 give the P.S. to reduced ME

dUNNLO NXg M(I)LI-|-4 “ el 2 M(I)LH_:; 2 o Integrated antenna functions all
known and contain explicit poles
A6 nnro ~X3| Myl + X3|Mb 517
NNLO 3 H+3 3 H+3 o Explicit pole cancellation between
~S AT integrated antenna functions and loop
daNNLO — /2 doNNLO /1 doONNLO calculations is analytical

» Now explain each parts in details
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ANTENNA SUBTRACTION AT NNLO (RR LEVEL)

o First to remove single unresolved limits (NLO structure)
@ Three possible colour ordering of double unresolved particles

i ) 1 ¢
: 3 ! R - j !
.o { '. k 2 .
& . i J ) & m
, G K = X -
k K
o1 e 4 ! d
. - ey o 21 M g ama-
m+2 m+2 < "
m’+2 m’+2 K M

(a) colour connected X9 ® |M? |2 (b) colour almost connected X9 ® X9 ® MY |2

Ji Ji ] n
*e ‘,- . 1 é] éo
.k K k P
. — .
n N I N
. o .
X, Wl B S| B
m+2 m+2

K P

(c) colour not connected X ® X ® | MY |?
Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 26



ANTENNA SUBTRACTION AT NNLO (RR LEVEL)

Xuan Chen (KIT)

dé >

d554] ~ XPXYIMO

1 1
.. i .. I
J
_>.
k
L ] l [s} L
m+2 m+2

Sf,;ijk

Sik
~ X3 X5 Myl + — —X5IMy|?

|M9L+2( 7i7j7k7la°'°)|2 —Xg(’&,],k‘,l”Mg( 7I7L7"

High Precision Phenomenology and subtraction methods
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ANTENNA SUBTRACTION AT NNLO (RR LEVEL)

@ Test structure

single collinear - 4/5

~RR 1000 . , , , : : :
d(f #ph int 1000 x=10% —=
NNLO phase space points = X=10:; —
R e — 21 outside the plot x=10" —3
da'S 8 outside the plot
NNLO 800 7 outside the plot

® R ~horizontal axis (centre at one
near the unresolved region)

600

@ Number of P.S. points in each bin ~  “°|
vertical axis !

200

@ Control singular region to achieve T

spike plot : 20 0 1 e

1 |
0.998 0.9985 0.999 0.9995 1 1.0005 1.001 1.0015 1.002
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ANTENNA SUBTRACTION AT NNLO (RR LEVEL)

@ Single collinear limit

~ S |
do NNLO —

da_S,a

)

I ".

Xuan Chen (KIT)

High Precision Phenomenology and subtraction methods

1000

800

600 -

400

200 -

S45
YT = —

S

da_S,d

single collinear - 4/5

April 08, 2021

I I I I
#phase space points = 1000 ::}8(7s E
21 outside the plot x=108 —=
8 outside the plot
7 outside the plot
0 ] iy ’N_CFEF }H]_Iﬁﬂ—- A L
0.998 0.9985 0.999 0.9995 1 1.0005 1.001 1.0015 1.002
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ANTENNA SUBTRACTION AT NNLO (RR LEVEL)

@ Single soft limit

~ S B
do NNLO —
4
4
5
1 P. b
y
H 3

Xuan Chen (KIT)

+|d

a_S,bg e d&S’C

1000

da_S,d

signle soft - 5

800 |

600 -

400 |

200 |

1 1 1
#phase space points = 1000
0 outside the plot
0 outside the plot
0 outside the plot

- |

1]

e

b

]
x=10:2 —
x=108 ——
x=107 —=

IS = S35 + S45 + S5H

High Precision Phenomenology and subtraction methods

0 L 1
0.9999 0.99992 0.99994 0.99996 0.99998

1

L | 1
1.00002 1.00004 1.00006 1.00008 1.0001
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ANTENNA SUBTRACTION AT NNLO (RR LEVEL)

@ Double soft limit

~ 8
doNNLO =

Xuan Chen (KIT)

1000

Double soft - 3,4

800

600

400

200

I L]
#phase space points = 1000

1 outside the plot
0 outside the plot
0 outside the plot

111

Ll

x=1o:g rm—
x=10% ——
x=10% —=

0
0.9997

1
0.9998

1
0.9999

TS = 834 + S45 + 835 1+ S4H + S3H

High Precision Phenomenology and subtraction methods

1 1
1.0001 1.0002 1.0003
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ANTENNA SUBTRACTION AT NNLO (RR LEVEL)

@ Soft collinear limit

Soft collinear - 3,4/5

donro = |d6>% |+ |d6>0 |+ |de>b2 |+ | d6™C |+
5 1000 T T
4 it B
0 outside the plot
800 - 0 outside the plot
1 >: e , ? 600 -
3
.' 400
’..
H
200
0 ! _rﬂ'rl—l_l:
0.99996 0.99998
$45
r=—:), TS = S34 + S35 + S3H
S

Xuan Chen (KIT)

1 |

x-102 —
x=108 ——
x=107 —

High Precision Phenomenology and subtraction methods

1.00002

1
1.00004
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ANTENNA SUBTRACTION AT NNLO (RV LEVEL)

Xuan Chen (KIT)

da.T,a,

= D MO, 2 ~ / X9IMO,

da_T,b

: (M, +1|2 — X3IM,|* + X3 M,

High Precision Phenomenology and subtraction methods
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ANTENNA SUBTRACTION AT NNLO (RV LEVEL)

A a 1 -
o™= MG ~ [ XM ~ O )

do™ | = XML + TV IMO ] ~ O()
do™2 |= X3 (u?)| MO + TP XYM? — Mx XI5V MG ~ O(°)

d6*° | = — / d6>° +deT e + deT 2 ~ XXM ~ O(?)

1
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ANTENNA SUBTRACTION AT NNLO (RV LEVEL)

@ Normal phase space preserve explicit pole cancellation

normal phase space point

1

107 —
#phase space points = 1000 i;}g-a —

0 outside the plot x=10? =

0 outside the plot
0 outside the plot

1

1000
f
800 |-
600 |-
1 > - 2
) 400 |
200 |
y
H 3
0
0.99999

1.00000 1.00000 1.00001

Figure: 6% pole
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ANTENNA SUBTRACTION AT NNLO (RV LEVEL)

@ Normal phase space preserve explicit pole cancellation

normal phase space point normal phase space point
1000 T T T 07 1000 T T T T T T T T =
. = — {0 e
#phase space points = 1000 §=1O:g — #phase space points = 1000 :;}843 —
0 outside the plot x=107 =3 999 outside the plot x=10° ——
0 outside the plot 999 outside the plot
800 |- 0 outside the plot . 800 1000 outside the plot z
600 | 7 600 7
400 ' 400 7
200 = 200 -
0 1 1 0 | 1 1 1 - L | | 1
0.99999 1.00000 1.00000 1.00001 1.00001 0.9995 0.9996 0.9997 0.9998 0.9999 1 1.0001 1.0002 1.0003 1.0004 1.0005
. 1 . 0
Figure: < pole Figure: € pole
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ANTENNA SUBTRACTION AT NNLO (RV LEVEL)

@ Single collinear limit preserve both explicit and dynamic pole cancellation

single collinear - 3/4

1000 T L 7
4 #phase space points = 1000 ::} 8-8 —
3 0 outside the plot x=10° —
0 outside the plot
800 - 0 outside the plot
600 |
1 > e 2
400 |
$ 200 |-
| 4
H 0 1 1
0.99999 1.00000 1.00000 1.00001 1.00001

Figure: 6% pole
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ANTENNA SUBTRACTION AT NNLO (RV LEVEL)

@ Single collinear limit preserve both explicit and dynamic pole cancellation

single collinear - 3/4 single collinear - 3/4
1000 T T T - 1000 T T T T T T T T 7
#phase space points = 1000 :;10:8 — #phase space points = 1000 ::188 —
0 outside the plot x=10" —3 30 outside the plot x=10° —
0 outside the plot 9 outside the plot
800 0 qutside the plot 1 800 + 6 outside the plot 7
600 - 7 600 = 7
400 ! 400 [ s .
200 - 200 | J o
0 1 1 0 | | g —ﬁi M al 1
0.99999 1.00000 1.00000 1.00001 1.00001 0.9995 0.9996 0.9997 0.9998 0.9999 1 1.0001 1.0002 1.0003 1.0004 1.0005
” 1 . 0
Figure: < pole Figure: € pole
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ANTENNA SUBTRACTION AT NNLO (RV LEVEL)

@ Single soft limit preserve both explicit and dynamic pole cancellation

single soft - 3
1000 T T I =
4 #phase space points = 1000 ::}83 |:':
352 outside the plot x=10" —3
1 outside the plot
800 - 1 outside the plot
600 |-
1 > | 2
400
' 200 =
' —
H o B e | = =t|"l"—==: - L

1
0.9995 0.9996 0.9997 0.9998 0.9999 1 1.0001 1.0002 1.0003 1.0004 1.0005

Figure: €° pole
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ANTENNA SUBTRACTION AT NNLO (VV LEVEL)

deU daUA~( %JS’M}}) e J;”M,{) dsVB ~ g0 o JVMO deUC ~ JDMO
A *
L\ A A
1l dge ~6§’M9+ §TIMS
A A

Vv

V
— e L  — L — P e,
45T deTbs ~ {%X&’MD Q@X:‘s’ (L) _EMD~/ de ™ ~< / d&Sﬁ)G d&T=“> (daM)
: - . :
—

N e — .
dsTe ~ J0) MO, dsTb2 AXIMY) + (5" X9MP) (- X397 M2
A
___________ SN L e e e o R SRS SRS PSS ARSI GRS o ) N | L S [
43S - dgSe dg54 dgSie dg5:b2 dg>b

@ Double virtual level only have explicitly poles and no parton become unresolved
o Collect all subtraction terms (integrated) and add back in d6\ 7o
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ANTENNA SUBTRACTION AT NNLO (VV LEVEL)

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

=
Q»
S
Q
|

I (IME 2 - |M %)

5V e oA

o
Q>
S
S
]

da.U,c - (2)|M |2

1
POle{dUNNLO}ZPOZe{ I @ MLE - (I @ I8 A BEO JT(LQ))|M9L|2}

2

» Explicit IR divergence can be arranged in di-pole structure

» Analytically check the cancellation against VV ME:
|2y = | A2 () =TV, u® (P AL (W2 (P D)) +1P(e, 2 {p D) | O {p D)) + | AT (u?; {p)))

e
e, (p)) = = ST, {p})<1(”(€,ﬂ2; o) +27 °> + S50 (704 K)IOCe, % (p)) + HO 4 )

» Complete NNLO calculation with all IR divergence regulated

Xuan Chen (KIT) High Precision Phenomenology and subtraction methods April 08, 2021 41



APPLICATION TO PRECISION PHENOMENOLOGY AT THE LHC



APPLICATION TO PRECISION PHENOMENOLOGY AT THE LHC

» H+]J production at NNLO (using NNLOJET package + SCET/RadISH):

» Join Higgs production with decay channels: H — yy, 2[2v, ,4l etc

» Predictions of HpT at NNLO compare with ATLAS results

10

—
AT T T

doyy/ dp!" [fb/GeV]

I T
ATLAS Prellmlnary

1 I 1 I T I 1
H—yy, \I__13TeV 139fb‘

—+— Data, tot. unc.

T T

. syst. unc. H—- ZZ*

B gg—H default MC + XH ; S 0.1
BB NNLOUET ® SCET NNLO @ N°LL + XH ] g
-+ XH = VBF+VH+ttH+bbH ] 0.08

0.06— | # [.%

o
o
g
"'I"-H-J-I-'I"'l"'I
=
=

—
a1 N
T L LS

o
3

Ratio to default pred.

E 0.12|— ATLAS
o

> T heory uncertalnty is currently ahead of EXP error 10% vs. 25%

— 41

— Vs=13TeV, 139 fb"

| | | | |
¢ Data
[ Syst. uncertainties
o MG5 FxFx K = 1.47, +XH
. NNLOJET K =1, +XH
o RadISHK =1, +XH
. NNLOPS K = 1. 1, +XH
oo XH = VBF+VH+ttH+bbH+tH |

Total stat. @ syst. uncertamty_

—&%— Fitted ZZ* Normalisation

p-value MG5 FxFx = 15%
p-value NNLOJET = 15%
p-value RadISH = 6%
p-value NNLOPS = 8%

6 <27 ab95% CL

O...

Xuan Chen (KIT)

.50. -

100
ATLAS-CONF-2019-029

PR R
150

0.02 i:
+ }s- i

Q beszsas S ssss. B s s S s TR PR

§ 2— I I . .

I T 0 L LI =

o 1m0 LEEDEEREES Do m Ty A Y T Y

é’ 0_51 .I'. | I | | Il . | v .l v | —
500 250 300 . 350 0O 10 20 30 45 60 80 120 200 350 1000

YY

Py [GeV] 2004.03969 p* [GeV]
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APPLICATION TO PRECISION PHENOMENOLOGY AT THE LHC

» y+] production at NNLO (using NNLOJET package):

» Common event at LHC but huge background to interference with signal

» Theory uncertainty is currently comparable with EXP error, both at 3~5%

, NNLOJET  pp—y+j (Nj>=1) s=13TeV
! i ! i ' ) ' ! LO I E
NLO m=m ]
NNLO ——— 3§
ATLAS +—e— ]
) :
L E
)

T .
£ i -
_§ 10! :NEDF 3-_1 . e i
4 R=HF =Pr ;
& 10 — -
= 10 j =
pT > HX)GCV 3
103 | <2.37 )
y¥| < 2.37 excl.[1.37,1.56] :

10~ RY 08

Ratio to NLO

125 200

Xuan Chen (KIT)

300 500

p; (GeV]|
1904.01044

2000

Theory/Data
£ 1% &

o
D

Y} ====NNPDF3.0

o
»

Theory/Data

0.8f

0.4L

—
N

[ ATLAS
'\F-13Tev 36.1 fb"’
[ ®Data [n'|<0.6

= Vevave
e ‘_vvqwﬁ%.

b 00000

B NNLOJET (NNLO QCD):
== NNPDF3.1 (PDF and a, unc. from NLO JETPHOX)

L SHERPA (ME+PS@NLO QCD):

JETPHOX éNLO QCD; u=E’):
[ e MMHT2014 i T

A ‘r". 4
’ojo/oa"o“o o 0 0 0.0, o‘:o. O (e = ==

1 g0k
1203 %8 4% 0000\
R AR 09
,.,v‘oo.o.o.o,ooooo -

—
»

\\\\\\§_:'_

L/

=
)
= N
) L L

0.6F

%2 SN

CLeu”
P OTY I s

o eve e Y e %
v0000000 0
&0000.0.0.

. ®mData

| OData

1.56 < In'| < 1.81 ] 181<|11"|<237 _
200 300 7000 2000 200 300 ~1000 2000
El [GeV] El [GeV]

2004.03969
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APPLICATION TO PRECISION PHENOMENOLOGY AT THE LHC

» Z+] production at NNLO (using NNLOJET package):
» The “standard candle” of the Standard Model

» Theory uncertainty is currently behind EXP error, 1% vs. 0.2%

> Accurate data are used to abstract PDF and affect other phenomenology studies

0.10

0.08

0.06

(1/0)dx/dp?

0.04

0.02 |

Ratio to data
Cooo+HFKHEFEFO
DO OWOWOORLEFLNO

OOUIO0U1IO010 0100

.

v

G,

RadISH4+NNLOJET
8TeV, pp— Z(—= LT )+ X
0.0 < |Yy| < 2.4, 66 < My < 116 GeV

NNPDF3.0 (NNLO)
uncertainties with ugr, wr, Q variations

LLLL

772

B2 NNLO

1 Data

B24 N3LL+NNLO
#2544 NNLL+NLO

RIS 059:%% |
KK 5% S 02020, <X

o200 020 500% %
o:lo'o TRARIXRARA

.

T o.v, XIS .,1 XXXE OA

RS -
Ve VA'A'O O,' i s :"‘ ‘ e .« bt

’

Xuan Chen (KIT)

L L
10t
Pt
1805.05916
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102

(1/0) do/ dd’

Ratio to NLO

1.3
fofh

NNLOJET NLO —— NNLO —

ATLAS Vs=8TeV
46 GeV <m, <66 GeV

0<ly1<08

0.5.‘...1 2 | | ; .‘.I10
¢
1610.01843
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N3LO SUBTRACTION METHODS



(T SUBTRACTION AT N3LO (APPROXIMATED)

» Extend gT-subtraction method to N3LO (Cieri, XC et al. 1807.11501).
In T (CSS) factorisation to Higgs productlon at N3LO:

2

dO' mH H +00 b ld de »
dp%dy - GLO[O db— Jo(pr)S (myy, b)z Ll . L - [HC1C2 Hf/h(x /7, b2 1b?)

a,d, 2

M? d 2 M2
S.(M,b) = exp [ — [ iz (Ac(as(qz))ln — T Bc(as(qz)))]

/b2 4 q
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(T SUBTRACTION AT N3LO (APPROXIMATED)

» Extend gT-subtraction method to N3LO (Cieri, XC et al. 1807.11501).
In T (CSS) factorisation to Higgs production at N3LO:

2 +00
do  myg , "

b
dy = s Lo db=-Jo(bpp)S (rmy, b) >

0 a;,a, = X1 1 2

1
dz, (' d
J 2 1HC,G)
< X

gg:a1a,

M? d 2 M2
S.(M,b) = exp [ - [ iz (Ac(as(qz))ln ? + Bc(as(q2)>>]

H o (il 2, b3 1?)

neib: 4
cut : :
> Apply g7 to factorise full N3LO into two parts. HN3LO + NNLOJET o p o H + X = 13 Tev
4.5 T T T T T
H H H+jet _ 3 _HCT
dO-N3L0 =X N3LO ® dO-LO‘ [d ONNLO dGN3L0] > geut s b §
o(pr) Pr>4qr I I S S .
> Above g5, recycle H+jet at NNLO from NNLOJET 3.5 | S T
with qT counter terms (CT) to regulate IR divergence. _  3f I I by by o5 5 o
= i
. o e — 2.5 7]
> Below g5, factorise real radiations from hard Z
coefficient functions at o(py) in HN3LO package. = 7 } % % % %
1.5 7]
Ty i SRR
N T
| e = MH/4 U [“R=“F] = (%7%11) MH
0 | | | | |
0 2 4 6 8 10
gf** [Gev]
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(T SUBTRACTION AT N3LO (APPROXIMATED)

» Extend gT-subtraction method to N3LO (Cieri, XC et al. 1807.11501).
In gT (CSS) factorisation to Higgs production at N3LO:

do  mf r“’ b rdzlr dz,
= o db—J,(bp;)S,(my, b HC,C x;/z;, b2 /b*
dpady o LO A > o(bp7)S(my, b) Z N [ 1 2] — l_llzfai/hi( /2 by1b%)
a,,d, i=1,
M? 2 2
d M
S.(M,b) = exp [ - [ iz (Ac(as(qz))ln — T Bc(as(qz))>]
/b2 4 q
> Apply g+ to factorise full N3LO into two parts. HNSLO.+ MMLOJET. o b~ H + ¥ - 13 Tol
. 4.5 T T T T T
H _ H H H+ HCT
doys 0 = # nao ® dogp ‘ S + [doyyio = doyiio] pr>giH T or g g -
T X X
> Above g7, recycle H+jet at NNLO from NNLOJET 351 PEorox oz
with qT counter terms (CT) to regulate IR divergence. _  3f tFig P s s .
g i
> Below g5, factorise real radiations from hard - 2
coefficient functions at 6(py) in HN3LO package. = } % % % |
1.5 7]
» Most of the factorised components of 6(py) . % i bl _
o . =My b3
contribution are known analytically at N3LO. g5l T = My _
| = My/4 M [UR:UF] = (4,3,1) My
> We use a constant Cy36,,6,,0(1 — z) to approximate the ° ) ; z ; '
unknown pieces (related to N3LO beam function). 0t [Gev]

» Numerically abstract the Cy; coeflicient using exact N3LO total cross section (1802.00833, 1802.00827).
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HIGGS RAPIDITY DISTRIBUTIONS AT N3LO (APPROXIMATED)

» N3LO differential observables at the LHC from gT-subtraction and threshold expansion

HN3LO + NNLOJET pp-H+X Js= 13 TeV
25 T T T T T T T
===
E== NNLO
NLO

LO

b [pgsuel = (G,2,1) My

20 |

15

do""/dy, [pb]

— —

Ratio to NNLO

[SS RS I CSI S)

O N0 O = =N

Cieri, XC, Gehrmann, Glover, Huss 1807.11501

%
|

e
o0
\

dO'NNLo/dY/dUNsLO/dY
©
Ne}

Y
Dulat, Mistlberger, Pelloni 1810.09462

» Remarkably flat K-factor (as expected)

+1%
—3%

» Comparable to (S2) HL-LHC projections £ 3%

» QCD scale uncertainty reduced to

» Future upgrade to reduce PDF and @, uncertainties

ATLAS Preliminary

Projection from Run 2 data
s=14 TeV, 3000 fb™

20— Hoyy+H-Z2Z >4l
[} HL-LHC No Sys
15/ I HL-LHC Sys. + Stat. _

B HL-LHC Scaled Sys. + Stat.
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
E1%5s e ¢ WRE s+
£
0’0.95
0 0.30 0.60 0.90 1.20 1.60 2.50
H
WG2 report on HL-LHC 1902.00134 X
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LIMITATION OF QT SUBTRACTION AT N3LO

: : 7 /onnLo — 1% — H @13 TeV
» EXP never measure directly the Higgs +0.30 ./,.WPQ: ...... [] ..... SEE—r— = O —
Boson but its decay products 4020 | |
» Various fiducial cuts are needed to +0.10 | hm mu
. . I [Ir B R Ry £ N 00005 A gy AL gy MU I LU G
identify final state decay products 0 il
L —
(Photon-isolation, jet algorithm, lepton 010 .
isolation, energy veto for neutrinos) ' —— ofNrapolated (i, > 0.15)
—0.20 | o_exact(SUSHI)
. ) l(;T%\TLO
» qT subtraction at NNLO already shown 0.30 —— onnLo(T) |
it limitation with fiducial cuts 0 01 02 03 04 05 06 07 08 09 10
rcut[%]
> More general NNLO subtraction o/owio M pp = 77 @ 13 TeV
methods are not yet ready for N3LO Ry e I
+4 . OO ' ...----.l--Il-Illl-
» However, remember what is perfect ool
subtraction method? TU e g 5015
+2.00 - i!!!,ﬂ" U&Jﬁrfgolated ( Fout > 0.05)
» Use the scattering ME itself SF. —— oxnLo(T)
+100 |
> Need integrated ME which is possible N
only for simple process 00 T
0 01 02 03 04 05 06 07 08 09 10
: : : . ut[ %
» Did I mention the analytical calculation? Lo )
1711.06631
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P2B SUBTRACTION AT N3LO

» N3LO Higgs total cross section was known in 2015

» Complete integrate all real emissions, loop
momentums to achieve total cross section

700¢ [Anastasiou,:Duhr, Dulat, Herzog, BM, 15]

600! |z L0 = NLO
— NNLO - N3LO

O 500;

S

g §400-

cn O

o 300t

L0

=

/

10 20 30 40 50 60 70 80 90
LHC Energy [TeV]

» Going from inclusive to differential in yH took 4 years

> Keeping the rapidity information (PDF convolution
fraction) and integrate all real emission kinematics

» With x; and x, degree of freedom kept, we have all
information for Born kinematic of Higgs production
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P2B SUBTRACTION AT N3LO

1
> N3LO Higgs total cross section was known in 2015 dop poH+X _ &0 Z / daydzadyr dys fi(y1) f5 ()

dY

» Complete integrate all real emissions, loop
. : L1
momentums to achieve total cross section X0(T — T122Y1Y2)0 (Y ~3 log (x Z )) nij (1, 22)
_ 2Y2
700; [Anastasiou, Duhr, Dulat, Herzog, BM, 15] b
LI e L O [ Thcaretey -
— NNLO — N3LO 10F p s, S .
o 500 -
-2, 8
2 = 400 —
o 2 = :
: >~
Y > 300 < 6:
Ln 8 -
— 200 4r
10 20 30 40 50 60 70 80 90 g
LHC Energy [TeV] ¥
» Going from inclusive to differential in yH took 4 years 3 1 M // // //// 2% ////
2,
8
> Keeping the rapidity information (PDF convolution go 9 / //// ///%
fraction) and integrate all real emission kinematics \g %
S
, 0% |
» With x; and x, degree of freedom kept, we have all 1 2 3 4

information for Born kinematic of Higgs production
181 0.09462
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P2B SUBTRACTION AT N3LO

» All ingredients ready for “Projection to Born” subtraction at N3LO
» Higgs rapidity distribution retain all Born level differential information of Higgs production

» Combine with H+] at NNLO with the perfect subtraction term for beyond Born kinematic

N*L N*-DL0o N*-DLO N*L
doj -© dop et B dop fjet L doy 1O
dO dO dO dO

» General idea of “Projection to Born”

» Use H+J at NNLO to subtract the IR divergence of H+] at NNLO

» Define momentum mapping to map H+], JJ, JJJ kinematic to H Born kinematic © = 0O:

~

» Perfect subtraction of IR divergence at Born kinematic O = 0

> Differential information of real radiations kept in normal BS. @ # 0
» A mapping retain Higgs rapidity: Initial-Initial Antenna mapping!

» What has been subtracted in H+] at NNLO are already integrated and added in dagi])}O/ dY

> da;{v%(o/ dY lives in Born kinematic phase space O
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P2B SUBTRACTION AT N3LO

» Joint effort for NNLOJET and RapidiX:
> Projet H+J@NNLO onto inclusive Higgs rapidity distribution from RapidiX

» In Higgs to di-photon decay channel, apply LHC experiment fiducial cuts:
p; > 0.35Xmy, pll>0.25Xmy, |n”| <2.37 excluding 1.37 < [5"| < 1.52

For p; € AR; , < 0.2 and EL > 1 GeV, only keep event with Z EL < 5% X E7

l

NNLOJET + RapidiX pp — H (= y y) + X Js= 13 TeV NNLOJET + RapidiX pp — H (= y y) + X Js= 13 TeV
45 | 1 1 1 59 1 I 1
10 - Lo B3 N3LO | B3 N3LO
NLO O\ weeeee NNLO x Kyao | BE&_ =N - NNLO x Ky3ig
35 mvwwsm = NNLD = = |
= l_.‘_‘_“.’_‘.“ ...... Q
_/ Do o e G
= 30 YV =3 i S
& i | o =
— 25 e - R
> ok . =
=] >
S 15| oy o . s
10 F o e | =i
10
5 = -
a 1 1 1 1 a 1 1 1
I I ¥ I 1-8 1 I 1
- 1.2 = 5 1.6 F
2 1.1 % : = 1.4
= v =
/ 7 ra - ra ra o i 7 - // // 1.2 -
8 g ¢ [t £ / e = 3
E 9.8 I 2 E 0.8 | o
& 0.7 F = < 8.6 i
0.4 -
0’6 i 1 1 1 1 . 9.2 1 1 1
0 8.5 1 1=5 2 5} 8.5 1 1.5 2
lyY] [Ay(y1,v2) |

NNLOJET + RapidiX 2102.07607
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SUMMARY

» With limited theoretical tools to predict hadron collision, we
could explain experimental results and test the Standard Model

» High Energy Physics is advancing to precision study at a steady
speed, new breakthrough is expected for every decade

» NNLO QCD is the new standard for precision study, more
consistent update to PDF and «, will be available in the future

» NNLO+N3LL and N3LO predictions are available for limited
observables. With realistic projection of theory progress, we can
expect promising precisions at HL-LHC accuracy.

» More flexible subtraction methods are needed for 2 to 3
scattering at NNLO and 2 to 2 scattering at N3LO.

» New physics are already there, we need better tools to find them.
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Total time (int.
dimension Of the

tree level)

H 1 min (3) 30 min (6) 300h (9)
H—>di-photon 1 min (3) 40 min (6) 400h (9)
H—>4l (2e2mu, 4e,
4mu require at least 2~3 min (9) 2h (12) 1000h (15)
two separate runs)

H+j 3 min (6) 1.5h (9) 70000h (12)
H—>di-photon + jet 4 min (6) 2h (9) 90000h (12)
H—>4l (2e2mu, 4e,
4mu require at least 20 min (12) 10h (15) 600000h (18)

two separate runs)+jet
H qT 20 min (6) 5h (9) 7000000h (12)



NNLOJET pp— H+=0jet Vs =13 TeV
; CMS fiducial cuts NNLO®LOM o Ac c EPTAN c E STU DY

12T
5 PDF-4LHC15 nn|9 me NLO®II:8M = *
H— Z7* — 41

dp) 1 _ L e I

i) E

8 %os » CMS (1706.09936) and ATLAS (1708.02810) use

N g | different lepton isolation algorithm in ZZ* — 4]

< |

2 06F[

O | Fiducial Cuts CMS ATLAS
0.4 Lepton Isolation
NI Cone size R! 0.3 —

0 50 100 150 200 250 300 350 400 450 500
o Y pilph i € RY < 35% -
Acceptance deviate from each FO T
NNLOJET pp-o>H+=0jet Vs =13 TeV AR PEXL, 1) > (.02 > 0.1(0.2)
B ot 2gto = | [Jet Definition (anci-KT with R=0.4)
7-point scale variation LOM J ets
_ p& = =172 e ()22 _: Py (GeV) > 30 > 30

E 1 mp=125 GeV ] ;

o 3 Rl < 2.5 < 4.4
§0.8

f</:J g AR(jet, e(u)) — > 0.2(0.1)

< -

ﬁ o0 » Fixed order study of acceptance reveals detailed

< structures
047

" .
dGH(—>ZZ —>4l)+]et/d@
100 . d3.5 . 19 () Ap(0) = A
0 50 100 150 200 254(1)I 300 350 400 450 500 FO

| dopa’®' 1dO X (BRyyy, + BRy, + BRy,)
Acceptance consistent for each FO
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single collinear - 4/5
1000

T T T
_106
#phase space points = 1000 ;;18-7 g
21 outside the plot x=10C ——

8 outside the plot
800 7 outside the plot

600 -

400

200

|| 1:

O 1 1
0.998 0.9985 0.999 0.9995 1 1.0005 1.001 1.0015 1.002

Single collinear limit 4//5 with x ~ 107%

signle soft - 5
1000 T T T ' 5 ——
#phase space points = 1000 §:186 —
0 outside the plot x=107 ——
0 outside the plot
800 0 outside the plot
600
400 - B
200
0 ! ! 1 J h

0.9999 0.99992 0.99994 0.99996 0.99998 1 1.00002 1.00004 1.00006 1.00008 1.0001

Single soft limit 5 — 0 with x ~ 107’
Xuan Chen (KIT)

High Precision Phenomenology and subtraction methods

TEST NUMERICAL STABILITY
OF MATRIX ELEMENTS

» Construct antenna subtraction terms
(ATS) to mimic unresolved limits of
matrix elements (ME)

EO
ASTO

» R ~ the horizontal axis (centre at one
near the unresolved region)

» Test function (tree level): R =

» Number of P.S. points in each bin ~ the
vertical axis

» Controlling singular region correctly will
achieve spike plots

» For example: p; + p, = p3 + p, + D5

: : . 545 _
Single collinear limit: x =—, x~ 1078
S
Single soft limit: x5 = 535 + 845, x~ 107’
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TEST NUMERICAL STABILITY

1000 T T T T T T T T T
#phase space points = 1000 x=10° —=3
et = OF MATRIX ELEMENTS
800 - 143 outside the plot ( 0, 0) .
00 | { »Ideally we would like to use ME from
ol | automated tools
| Is | > However, not many of them are
H numerical stable in IR singular regions
] ) -h-a—_—_—__.
00.99 0.992 0.994 0.996 0.998 1 1.002 1.004 1.006 1.008 1.01 ) OpenLOOpSZ iS One Of the bGSt auto_
Single collinear limit 3//4 with x ~ 107° tools optimised in IR singular regions
. e » However for a loop-induced process:
#phase sg;ace points = 1IOOO | | Xf|'|0'2 —
T oiide et { 0. 0 = g1 +& 2>r+r+8+8&,
800 264 outside the plot ( 0, 0) .
» Test function (loop induced):
600 | . MEI
| R =
al 1 AST!
200 | | 1 » We observe spikes break down at
£ _ngn.:mn::plfL = | single collinear limit: x ~ 1077

0.97 0.98 0.99 1 1.01 1.02 1.03 . o _4
single soft limit: x~ 10

Single soft limit 4 — 0 with x ~ 1073
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