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(Quantum ElectroDynamics, QED)
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1965 Nobel Prize in Physics

SIN-ITIRO TOMONAGA _ . .
& 5K SE— B Richard Feynman Julian Schwinger

for their fundamental work in quantum
electrodynamics, with deep-ploughing consequences
for the physics of elementary particles
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Some Numbers @ LHC
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The Detectors

e R EIEE~50PB=5F GB&EF!

Point 5

ATLAS produces about 1 GB/s
CMS produces about 1 GB/s
LHCb produces about 0.6 GB/s

ALICE produces several GB/s during
heavy-1on running



Why need precise calculation?




Solution to SM QFT Lagrangian




Drell-Yan3 2P QCDZI
Catani, Ferrera, Grazzini, JHEP 1005 (2010) 006
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Z+photonf=4
Grazzini et al, Phys.Lett. B731 (2014) 204-207
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Catani et al, Phys.Rev.Lett. 108 (2012) 072001
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Higgsi & FBiET4EFRQCDN M

Bonvini, et al, JHEP 1608 (2016) 105
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Higgs cross section: gluon fusion
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Higgs Pair
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The wishlist(s)

Process known

H

H+j

H+2j

H+V

t\bar tH

HH

d\sigma @ NNLO QCD
d\sigma @ NLO EW
finite quark mass effects @ NLO

d\sigma @ NNLO QCD (g only)
d\sigma @ NLO EW

\sigma_tot(VBF) @ NNLO(DIS)
QCD

d\sigma(gg) @ NLO QCD
d\sigma(VBF) @ NLO EW

d\sigma(V decays) @ NNLO
QCD
d\sigma @ NLO EW

d\sigma(stable tops) @ NLO
QCD

d\sigma @ LO QCD finite quark
mass effects

d\sigma @ NLO QCD large m_t
limit

desired

d\sigma @ NNNLO QCD + NLO
EW
MC@NNLO

finite quark mass effects @ NNLO
d\sigma @ NNLO QCD + NLO EW

finite quark mass effects @ NLO

d\sigma @ NNLO QCD + NLO EW

with H—bb @ same accuracy

d\sigma(NWA top decays)
@ NLO QCD + NLO EW

d\sigma @ NLO QCD finite quark
mass effects
d\sigma @ NNLO QCD

motivation

H branching ratios and
couplings

Hp T

H couplings

H couplings

top Yukawa coupling

Higgs self coupling

Process

t\bar t

t\bar t+]

single-top

dijet

\gamma-+j

known

\sigma_tot @ NNLO
QCD

d\sigma(top decays) @
NLO QCD
d\sigma(stable tops) @
NLO EW

d\sigma(NWA top
decays) @ NLO QCD

d\sigma(NWA top
decays) @ NLO QCD

d\sigma @ NNLO QCD

(g only)
d\sigma @ NLO weak

d\sigma @ NLO QCD

d\sigma @ NLO QCD
d\sigma @ NLO EW

desired

d\sigma(top decays)
@ NNLO QCD + NLO EW

d\sigma(NWA top decays) @
NLO QCD + NLO EW

d\sigma(NWA top decays) @
NNLO QCD (t channel)

d\sigma @ NNLO QCD + NLO
EW

d\sigma @ NNLO QCD + NLO
EW

d\sigma @ NNLO QCD + NLO
EW

motivation

precision top/QCD,

gluon PDF

effect of extra radiation at high
rapidity

top asymmetries

precision top/QCD, top
asymmetries

precision top/QCD, V_tb

Obs.: incl. jets, dijet mass
—> PDF fits (gluon at high x)
—> alpha_s

CMS x sections:

& http://arxiv.org/abs/1212.6660

Obs.: R3/2 or similar

—> alpha_s at high pT
dom. uncertainty: scales
see

@ http://arxiv.org/abs/1304.7498

gluon PDF,
\gamma-+b for bottom PDF




ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

October 2019 Vs =13 TeV
- -1 - .
Model Signature  [Ldr [ Mass limit Reference
] ] ] ] ] ] ] ] I ] ] ] ]
4q, G—gX) Oe,pu 2-6jets EMS 139 |4 [10x Degen] 1.9 m(¥7)<400 GeV ATLAS-CONF-2019-040
. monojet  1-3jets EPS 361 |G Degen 03] 0.71 (@ m)=5 GeV 1711.03301
< 23, g3\ Oe,u 2-6jets EXS 139 |z 2.35 m(t])=0 GeV ATLAS-CONF-2019-040
£ z Forbidden 1.15-1.95 m(E%)=1000 GeV ATLAS-CONF-2019-040
B 3z -qa(tOF Se,u 4 jets 361 |2 1.85 m(?)<800 GeV 1706.03731
© ee, U 2jets  EP™ 361 |2 1.2 m(&)-m(¥!)=50 GeV 1805.11381
§ g8, §qqWZx) Oepu 7-11jets  EFS 361 g 1.8 m(E}) <400 GeV 1708.02794
= SSe,pu 6 jets 139 |2 1.15 m(z)-m(¥})=200 GeV 1909.08457
c .
I O A 0-1e,pu 3b ET 798 |& 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 |z 1.25 m()-m(¥})=300 GeV ATLAS-CONF-2019-015
biby, by—b¥) 103 Multiple 36.1 by Forbidden 0.9 m(¥})=300 GeV, BR(b¥})=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b¥})=BR(t¥})=0.5 1708.09266
Multiple 139 | b Forbidden 0.74 m(¥?)=200 GeV, m(¥+)=300 GeV, BR(t{¥)=1 ATLAS-CONF-2019-015
w o bibi, by —bY3 — bhi Oe,pu 6b EPS 139 | b Forbidden 0.23-1.35 Am(¥s,%1)=130 GeV, m(¥})=100 GeV 1908.03122
£ by 0.23-0.48 Am(¥5,77)=130 GeV, m(¥})=0 GeV 1908.03122
T O .
g_é 7, i — Wb or it 0-2e,u 0-2jets/1-2b E?fss 36.1 i 1.0 m(¥))=1 GeV 1506.08616, 1709.04183, 1711.11520
2 g_ i, > WbE Teu 3jetsb EF™ 139 |7 0.44-0.59 m(¥})=400 GeV ATLAS-CONF-2019-017
Q5 i, i—Tiby, 151G Tr+lept 2jets/tb EMS 361 |G 1.16 m(71)=800 GeV 1803.10178
e % fiiy, f—ck) | 88, ek 0e,pu 2¢  EMs 361 |@ 0.85 m(¥))=0 GeV 1805.01649
ok . £ 0.46 m(f ,&)-m(¥))=50 GeV 1805.01649
Oe,u mono-jet  EFS 36.1 i1 0.43 m(f;,&)-m(¥1)=5 GeV 1711.03301
hhiy, h—t +h 1-2e,pu 4b EMsS 361 f 0.32-0.88 m(¥})=0 GeV, m(7;)-m(¥})= 180 GeV 1706.03986
b, h—h +Z 3e,u 1b ERss 139 | Forbidden 0.86 m(¥})=360 GeV, m(f,)-m(¥})= 40 GeV ATLAS-CONF-2019-016
XX via Wz 2-3ep EMss 361 | i /)?g 0.6 m()=0 1403.5294, 1806.02293
ee, jij > 1 EMS 139 | X/, 0.205 m(¥T)-m(¥1)=5 GeV ATLAS-CONF-2019-014
XX via ww 2epu Ems 139 | & 0.42 m()=0 1908.08215
XX via wh 0-1e,u 2b2y  ENSS 139 | X{/¥) Forbidden 0.74 m(¥})=70 GeV ATLAS-CONF-2019-019, 1909.09226
= Q Nk vial/v 2e,u EMss 139 | i 1.0 m(Z.7)=0.5(m(TE)+m (")) ATLAS-CONF-2019-008
W= 2z ? 27 Ems 439 |7 [, 7 L] 06013 0.12-0.39 m()=0 ATLAS-CONF-2019-018
fLROLR, AN 2e,u Ojets ~ EmMs 139 7 0.7 m(¥})=0 ATLAS-CONF-2019-008
2e,u > 1 EPs 139 |7 0.256 m(Z)-m(¥})=10 GeV ATLAS-CONF-2019-014
HH, H—hG|ZG Oe,u >3b EFS 361 | @ 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
4e Ojets  EMS 361 | @ 0.3 BR(Y] — ZG)=1 1804.03602
2 o Direct ¥ ¥ prod., long-lived ¥7 Disapp. trk ~ 1jet ~ EMS 361 )?i 0.46 Pure Wino 1712.02118
= % X Pure Higgsino ATL-PHYS-PUB-2017-019
3 % Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
S 2 Metastable g R-hadron, g—qgt\ Multiple 36.1 m(E%)=100 GeV 1710.04901,1808.04095
LFV pp—7, + X, Vr—eu/et/ut e, eT,UT 32 | 1.9 A1,=0.11, A132/133/233=0.07 1607.08079
X7 105 — wWwyzeetevy 4e p Ojets  EMS  36.1 m(%)=100 GeV 1804.03602
28, 8-qg01, X = qqq 4-5 large-R jets 36.1 1.9 Large 17,, 1804.03568
n>_ Multiple 36.1 2.0 m(¥))=200 GeV, bino-like ATLAS-CONF-2018-003
O 7 sy, X - tbs Multiple 36.1 m(t")=200 GeV, bino-like ATLAS-CONF-2018-003
111, —bs 2jets+25b 36.7 1710.07171
hf, fi—qgl 2e,u 2b 36.1 0.4-1.45 BR(7; —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(f, —qu)=100%, cosf,=1 ATLAS-CONF-2019-006

Mass scale [TeV]
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HiggslIFR=

ATLAS and CMS  —+ Total Stat. [ Syst.

7 TeV, 8 TeV and 13 TeV Tot. Stat. Syst.
ATLAS H —yy Run 1 ==+ 126.02 = 0.51 (= 0.43 =+ 0.27) GeV
CMS H —yy Run1 —— 124.70 =+ 0.34 (= 0.31 = 0.15) GeV
ATLAS H — 41 Run 1 —4— 124.51 = 0.52 (= 0.52 = 0.04) GeV
CMS H — 4l Run 1 —— 125.59 =+ 0.45 (= 0.42 + 0.17) GeV

| ATLAS-CMS yyRun1 =R 125.07 = 0.29 (= 0.25 = 0.14) GeV
ATLAS-CMS 4l Run 1 ¥ 125.15 + 0.40 (= 0.37 = 0.15) GeV
| ATLAS-CMS Comb.Run1 . & 125.00 = 0.24 (= 0.21 = 0.15) GeV
| ATLAS H —yyRun2 SH= 125.11:042(:0.215036)GeV
ATLAS H — 41 Run 2 3 124.88 + 0.37 (= 0.37 = 0.05) GeV
CMS H — 4lRun?2 4 125.26 + 0.21 (= 0.20 = 0.08) GeV
| | | | | | | | | | | | | | | | | | | | | | | | | | | | |
18 120 122 124 126 128 130 132

m, GeV
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How to clo precise calculation?




e

pp Collision

- The proton-proton collision.

Hadronization

Hard scattering
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LHAPDF is hosted by Hepforge, IPPP Durham

LHAPDF 2.1

Main Page I Related Pages l Namespaces v ' Classes ~ | Files ~ l Examples (Q- Search )
LHAPDF Documentation
lntrOdUCtlon Table of Contents
LHAPDF is a general purpose C++ interpolator, used for evaluating PDFs from discretised data files. Previous versions of V Introduction
LHAPDF were written in Fortran 77/90 and are documented at http://Ihapdf.hepforge.org/lhapdfs/. S

J Officlal PDF sets

LHAPDF®6 vastly reduces the memory overhead of the Fortran LHAPDF (from gigabytes to megabytes!), entirely removes v “Sag;“di -

N7 ng again
restrictions on numbers of concurrent PDFs, allows access to single PDF members without needing to load whole sets, . Rundmi Sjmbol ecolution
and separates a new standardised PDF data format from the code library so that new PDF sets may be created and TR e [
released easier and faster. The C++ LHAPDFB8 also permits arbitrary parton contents via the standard PDG ID code mempers
scheme, is computationally more efficient (particularly if only one or two flavours are required at each phase space point, B
as in PDF reweighting), and uses a flexible metadata system which fixes many fundamental metadata and concurrency L Support and bug reporting
bugs in LHAPDFS. J For developers

J Trick to use zipped data files

Compatibility routines are provided as standard for existing C++ and Fortran codes using the LHAPDF5 and PDFLIB
legacy interfaces, so you can keep using your existing codes. But the new interface is much more powerful and pleasant to work with, so we think
you'll want to switch once you've used it!

LHAPDF®6 is documented in more detail in http://arxiv.org/abs/1412.7420

LHC: CTEQ, MSTW/MMHT, NNPDF




fo/hs

O = Z/d$1d$2fa/h1 (1) fo/hy (X2)0ap—x (T1, T2).
a,b

Universal
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DGLAP

Choose PDF
input parameters

PDFs @ Qo PDFs @ any Q

Theory calculations

Adjust
@ NLO,NNLO

initial parameters
Compare

theory & data (X?)

Experimental
data

Theory
(partonic 0, F2 )

o = Z/d$1dﬂ?2fa/h1 (1) fo/hy (X2)0ap—x (T1, T2).

a,b
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Number
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ID
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13100 CT14nlo 57
25300 MMHT2014nnlo68cl 51
260000 NNPDF30 nlo as 0118 101

(Do)~ 13 (o(XF) —o(X7))



BRIXAIETT




Parton Distribution Functions in Higgs production

*» Higgs is pre-dominantly produced through gluon fusion -
gluon PDFs at x=Mu/+/s ~ 0.02 are crucial
* sub-leading Higgs production via VBF is sensitive to quark & anti-quark PDFs

GLUON FUSION ASSOCIATED PRODUCTION VECTOR-BOSON FUSION
:}»- E’" -
NNLO gg luminosity at LHC (\'s = 8 TeV) NNLO gg luminosity at LHC (\'s = 8 TeV)
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Parton Distribution Functions in top quark pair production

» Top quark pair production is dominated by s-channel diagrams where valence quarks & gluons
are important at x=2m/+/s ~ 0.05

S- CHANNEL T- CHANNEL

NNLO gg luminosity at LHC (\'s = 8 TeV)
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Parton Distribution Functions in SUSY production
» production of SUSY coloured particles (squarks & gluinos) very sensitive to gluon PDF
at very high x=2mx/+/s ~ 0.2-0.7 ' 3
very pr'oblemaﬁc

SRUARK PRODUCTION GLUINO PRODUCLCTION
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100 GeV

x f(xQ) at Q

0.8F

—_—

-

(W
T

0.*
0.001

CT14 NINLO

0.003 0.01 0.03

X

0.3

top pair @ Tevatron 1.96TeV
T~ 0.2

49 : fq/pJa/p = Ja/pSq/p Dominant
99 fa/pta/p = Ja/pta/v

top pair @ LHC 8 TeV
r ~ (0.04

a9 : fq/pla/p
gg . fg/pfg/p Dominant!



s at 100 GeV

O,_, rr (ND)

1.15 -
NNPDF4.0 (NNLO) (68 c.l.+10)
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Possible Reason from a toy model

arXiv:2211.xxxxx, Mengshi Yan*, Tie-Jiun Hou, Zhao Li, Kritimaan Mohan, and C.-P. Yuan

g(x) = ag x*(1 — x)*2e™ (1 + xe)?

Npte |ap a1 az a3 a4 as

pseudo-data #1 | 50 [ 30 0.5 24 43 2.4 -3.0
pseudo-data #2 | 50 [ 30 0.5 24 43 2.6 -2.8

. usual-y?-A
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x.‘... JATLAS

A EXPERIMENT

Run Number: 153565, Event Number. 44873640

Date: 2010-04-24 04:18:53 CEST

Event with 4 Pileup Vertices
in 7 TeV Collisions




RXEIENTIF: smF1E

/
/
7’

LS

o
D




IGAEA2R B9 I=E: underlying events

W

underlying events

Hard scatteri
- (from proton remnants)

rton ISR
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Jet

Outgoing Parton

PT(hard)

nitial-State Radiation

-«

---- " AntiProton

Proton

Underlying Event

<

‘nderlying Event

Final-State
Outgoing Parton Radiation



run 17 event 6
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NTALER (soft) FIHsk (collinear) 572

+ Hehfquark 1B T 195 B85

(g+k? 2q-k B 2qY%9(1 — cos 0)
« FMMAEEN:
1. R =0

2. X LB 0> 0




Jet algorithm EE R
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IEFEAYJet algorithm

B EEARIER LN EEENSR/ATH.

- Tt
P ¢
K
jet 1 jet 2 jet1 jet2 jet 1 jet 2 jet 1 jet 2




I iRalgorithm

* Cone-Type Algorithms
% Midpoint Cone (Tev), Iterative Cone (CMS), SISCone (LHC)

% Typically not Infrared- & Collinear-Safe (exception: SISCone)
% Typically complex, involving several (non-phyiscal) parameters
% Favored at hadron colliders (computational performance)

% Strongly disfavored by theorists

* Sequential Clustering Algorithms
% kT, Cambridge/Aachen, Anti-kT

% Infrared- & Collinear-Safe by construction
% Clean & Simple Algorithms

% Strongly favored by theorists

% Now widely used at the LHC



Iterative cone algorithm

kC C 1iff \/()’k — yC)2 + (Pr — ¢C)2 < Rcone,

Y. Yk PT.k Y. bk Pk
y _ kCcC aC _ kCC
¢ Y. pTa D DT,
ICC ICC
(?c, 56)# (e, ¢c); (yc,ac) = (yc, ¢c)

Cone algorithm is IR unsafe



SISCone Algorithm

® 'Seedless Infrared-Safe Cone” Algorithm
® Exact seedless cone algorithm which provably finds all stable cones
® Collinear- and Infrafred-Safe

® Acceptable computational performance (~N2 InN)
% existing approach: ~N2N ->1017 years (!!) for N=100

® Currently: standard cone-type algorithm at CMS

r A
(a) & (b) o (c) o (d) o

2D Simplification: Moving (a) initial circular enclosure in a random

direction until it some particle (b) touches the circle, then pivot the circle
around that edge point until (¢) a second point touches the edge. (d) all
circles defined by pairs of edge points are all stable cones




Sequential Clustering Algs

® Based on the following distance measures:
% distance di; between two particles i and j:

A. .
: 2p 1.2
d;; = min (kTI;, sz;) l;J A} = (yi —y5)° + (¢ — ¢5)°
% distance between any particle i and the beam (B) dis:
2
d;p = kTIZ

® Compute all distances dij; and dig, find the smallest
% if smallest is a dij, combine (sum four momenta) the two particles i and j,
update distances, proceed findint next smallest
% if smallest is a diB, remove particle i, call it a jet

® Repeat until all particles are clustered into jet

® Parameter D: Scales the dij w.r.t. the diB such that any pair of final
jets a and b are at least separated by A?, = D?

® Parameter p: governs the relative power of of energy vs geometrical
scales to distinguish the three algorithms: 2=KT, 0=C/A, -2=Anti-kT






Jet Energy Profile

Midpoint Algorithm (R=0.7)

® DATA

—PYTHIA Tune A
---=PYTHIA

---------- PYTHIA (no MPI)
----- HERWIG

0,1 <IY*"1<0.7

® e
-
-

_lllllllllllllllllllllllllllllllllllllll

2.5 < iml < 3.0

__..JETRQD, ,U=ET

< E, > = 52 GeV

-
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I
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DO Collaboration/Physics Letters B 357(1995) 5600-508
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® Quarks and gluons
radiate proportional to
their color factors

B <ng> ~ (gluon jet multiplicity)

_— =
[n,) ~ (quark jet multiplicity)

® At leading order
_{G)_9
(Cr) 4

® \With higher order
corrections, r~1.5

=2.25

W(r)

0.8

0.6

0.4

0.2

-
4
—

@ RUNS RS RFIHENER

‘-
.
.

- -- Quark Resum
Gluon Resum

~ CF — 4//3
2
. r~ C — 3
g A
- Quark ___,___————i::“‘”‘__'-_’__'__’.'__'__’__'..’..'.-'--_--'--—--‘ """""
- | \'S=7 TeV
- anti-k; R:O_.7
- Gluon  20Gev<P<30Gev
:_ = CMS 10 nb”

o
—t

10.21 | | |

Radius

10.51 | | 10.61 | | 10.71 |




Jet energy profile JE can be obtained by inserting
the step function in the jet function:

JE(l)(mQJa PT7 V27 R7 :u2) —

3 [ o
2\/_ PO 2N, 27) 32wp (277)3 2wy,

<Tr { £(0]q(0 >W<q>*<oo 0)lp. 0k, ) (k. i p. o[ W™ (00, 0)(0)]0) }
<O(m — (p+ k)*)3( — oy, )O(PF = p° — k7).

P"O(R —0,) + k°O(R — 0,)]

OKSCF i 1 2 R2 3 R2
——In In —

Pf}ﬂ' 4 re 4 re

At NLO, Ji =~

which is an integrable singularity.
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LO soft kernel

N\

| . .
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LO hard kernel

N\ N\

-712 | d - 2 d

~
1
(=
F
'i‘
=
||

CR?
) ) {
Cr2 !

dv?
= 2[GY + K1

1

2

H

(L)

N

J7 (1, Pr,v*, R, r)
)]jf(lsstVQsR r).
g 22 D2
df)\a (as(wPf)) (;WPT) CF

I



Resummed results become consistent
Phys.Rev.Lett. 107 (2011) 152001

0.1 02 03 04 05 06 C_ 08
r < 0.6-

CDF data 0.4 @4OG€V < P%et < 380G6Vj

PRD71(2005)112002 02 Y—

001 02 03 04 05 06 07
Y




o, from Jet Energy Profile

narrow jel

Z Pr(0,r)
vr) = Njet &< Pr(0, R)’ VsrsH ‘P(’)
wide jel




o, from Jet Energy Profile

. FR3KTera Z factory AILAIRMHEA) 101> D Z BEF, B Z — gg — jj AILAE
JEPHIZEITRZ1R4I7E 107°, REIREIBETTLUZEIZE 107 T,
. XEWE o, HNERETTNESED—TER.

» BERRERDHEEBERNNNMER, EBIREDNR 1%, EFREERKIRTIEFEL
2R D HIIRZE




o, from Jet Energy Profile

. FATZZRY JEP IELI=A (NLO-NLL) , FERIER o RmktR/), IBIPIRE
F EBREF R EE o AR E A EN % ~5%,

. AREREIE RT OB B MRS R, — B LY o, BERRS 107

. BEEARADYS L
0.8 -
—_ B n
> 0.6
0.4 * 40 GeV < Py <60 GeV
0.2
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Boosted heavy particles

-

—

~

-

TOP QUARK l

Discovered at Fermilab in
1995, the TOP QUARK
is as short-lived as it is
massive. Weighing in at
a hefty 175 GeV, its
lifetime, a mere 10724
second, is the briefest of
the six quarks. Top
Quarks are an enigmatic
particle whose personal
life is sought after by

thousands of physicists.

Aerylic felt with
gravel fill for

maximum mass.

The ZBOSON is a very
massive carrier particle for
the weak force. Unlike its
siblings the W-/W+
particles, the Z is neutrally
charged. Living only 10725
second, the Z quickly decays
into other particles.

33, the Z

Discovered in 1
has allowed phy
further study electroweak
theory.

Wool felt with gravel fill
Sfor maximum mass.

The WBOSON is a
messenger particle which
communicates the weak
force. Unlike the photon
and gluon bosons, it has a
mass. Like the Z boson, it is
one of the most short-lived
particles known, with a
mere 10722 second lifetime.
It can be negatively charged
(W=) or positively charged
(W+). Luckily you can have
both, as the toy is
double-sided.

Wool felt with gravel fill

Jor maximum mass.

7
4]

0son universe gets its

RTe,
m.,’,z"’k'

The HIGGS BOSON is
the theoretical particle of
the Higgs mechanism,
which physicists believe
will reveal how
all matter in the

200] "S- Many
e [ scientists hope that
the Large Hadron
Collider in Geneva,
Switzerland will detect
the elusive Higgs Boson
when it begins colliding
particles at 99.99% the
speed of light.
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@ Girth

J. Gallicchio, M.D. Schwartz, PRL 107 (2011) 172001

Linear Radial Moment
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@ Planar Flow

L. G. Almeida, S. J. Lee, G. Perez, G. Sterman, |. Sung, J. Virzi, PRD79 (2009) 074017

ki —
1

[ ik Pil ‘ 4dt1w 4N, A
Zwil"”'[, P — et(/,) 1 A2
w; Wi

m, u(l,)> (A + A2

Planar Flow (P_= 1TeV) | Sherpa QCD (140 GeV < M, <210 GeV)

0.14 5 E 5 R MadGraph QCD (140 GeV <M, <210 GeV)
B E X .. Sherpatt (140 GeV <M, <210 GeV)
0,12 [robtefor -
— L g e MadGraph {f (140 GeV < M, <210 GeV)
0.1 [ EE ? .- MadGraph QCD (No Mass Cuts)
| m ot g ; ;
SO N B T
Y e s e
— | s 3 I PRSI TE i e T
st EE R e o R B pacea
— Pl — : —— ! :
e g i S o
C | R ;
: ' f i i i ; i ‘.__‘____‘i_r-
0::;"-'Pllllll|llll|llll|llll|llll|llllIlllllllllIllll

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Planar Flow

1 ( dJ ) — 5(P). (hidden smearing effect)
J ([Pf 2 body




@ Color Pull
J. Gallicchio, M.D. Schwartz, PRL105(2010) 022001

@0

FIG. 1: Possible color connections for signal (pp — H — bb)

and for background (pp — g — bb).
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Signal

llllllllllllllllllllllllllllll

Background

Pull of Higher pT b

signal

llllllllll

background

lllllllllllll

U As,

Pull of Lower pT b

signal

llllllllll

lllllll

9 _EE'L'T: gﬁ
b

ackground

lllll

1

U Ag,

m



Template overiap

L. G. Almeida, S. J. Lee, G. Perez, G. Sterman, l. Sung, PRD82 (2010) 054034

. . 27
3 ta+1 Ja+1
. 1 oo
Ov(j, f) = max_») exp | — Z 53 ( Z Z E(k,l) — E(Za,]a)(f)) ,
i a=1 @ \k=ig—1l=j,—1 1
035% Pythia8 || Top
030 \ = OCD jet
0.25 o
I jet
~§ Q020
AN | Top
— | b 0.15 \
0.10
0.05 i
0.0 O o e e
0.0 0.2 04 0.6 0.8 1.0

Ov(M j=myqp, Pop=1000 GeV)



N-subjettiness
J. Thaler, K. V. Tilburg, JHEP 1103 (2011) 015

1
™~ = Y prxmin{ARy s, ARog, -+ ,ARNi}. do= > _prxRo,
k k

145 GeV < m. < 205 GeV 65 GeV < m, < 95 GeV
J
0.06 - 0.08
—Top jets -\ jets
— i 0.07 | — i
0.051 QCD jets QCD jets
© 0.06
€ 0.04f 8
§ g 0.05
S 0.03 3 0.04
Q
2 2
T .02} = 0.03
v o
® 0.02
0.01}
0.01
% 02 04 06 08 ! 0 ‘ : : :
| 1)1, of jet ‘ 0 0.2 0.4 0.6 0.8 1

tzlt 1 of jet
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High Order QCD/EW Effect

Real Correction

Virtual Correction

a,b=q,q,9

+ O (AzQCD/Q2)

1 1
Tpp—llX = Z /0 df1/0 d€20 4y 02 (Zl, Z 3) fayp(&1s 18) fo/p(&2, 1)

underlying events

>

>

>

>
— (from proton remnants)

—>

P

Jet




Virtual correction amplitudes

« Feynmanixlgsk=241t
« Feynmantrn=FR 73 291¢

e FeynmanFFiRoitHE



Difficulties in multi-loop amplitude

1. Reduce into scalar loop integrals ( could be
O(10”74) or more ) i.e. tensor reduction

2. Reduce to master integrals ( much less, maybe
O(1072) ), mostly IBP reduction, newly series
representation

3. Evaluation of master integrals ( numerical or
analytical ) e.g. sector decomposition, Mellin-
Barnes, series representation, etc.



&K= 210



Difficulties In tensor reduction

I i\r({(b f:l' {I‘c}(bzl)
./\/1 — D q — ™ .
Hi=1 Di

Unlike SP between loop momentum and external momentum ( - k

( can be expressed as linear combination of denominators )

2 2 2
3siy CA

- —192e2Vi, VI \ [ 80ua + Ca(C% = 2)54u 0
N(q1,q2) = .

5 :f_AJ“PL(K'-l - Ql)"fﬁ(_gl T, t Kz = x.:‘)ﬂ’"b]

x [dy" Pp(¢, + k:;)’?”flz";““] :




Projection Method

n
Amplitude: A = z C; T;
=1

Dependent of Mandelstam variables Dirac structures

C; = Zj(Mij)_l(AﬂT):
Mij = TiT,-T

Phys.Rev.D90(2014)no.11,114024



General Tensor for H->ggg @ 2-loop

3 3
v o mov p _ .. | | | |
Suwp(g1: g2: g3) €] €565 = E AjikDic€1Dj €2 Pr-€3+ E B;pi-€1 €2-€3
i, k=1 i=1

3 3
T E Cipi-€2€1-€3 + E D;pi-€3€1-€
= A1 p2-€1p1-€2p1-€3 + A2 pa-€1 p1-€2pa-€3 + Aoz po-€1 p3-€2P1-€3

+ Agzapa-€1p3-€ap2-€3 + Az11p3-€1p1-€2pr-€3 + Az12p3-€1 p1-€2 p2-€3

+ A3z31p3-€1p3-€a2p1-€3 + Az32p3-€1 P3-€2Pa-€3

+ Baex-€3p2-€) + B3 ex-€3p3-€

+ Crer-egpr-ea + C3€1-€3p3-€2

+ Dy€-eapr-€3 + Da€g-€apa-es, (3.4)

Gehrmann et. al. JHEP 02 (2012) 056



Gauge invariant basis

o v.p _
Suvp(91: 925 g3)€) €5€s = Ao11To11 + Az D311 + AsaToze + Azi12T312,

T — 1 ~ p3-€1p3-€apr-€3S812 1 €2-€3 p3-€) $23 812
232 = P2 €1 P3-€a2P2-€3— <~ €2-€3P2:€] S23 + = ;
2 S13 2 S13
T 1 ~ per€rprr€apr-€3S13 1 €1-€2 po-€3 813812
211 = P2 €1 P1°€2P1-€3— <~ €1 €2P] €3 S12 + = ,
2 823 2 $23
Toer — 1 ~ p3-€1p3-€apr-€3S1a 1 €1-€3p3-€2 813812
311 — P3-€1P1-€2P1-€3— —€1°€3P]1°€2 513 r = ;
2 593 2 593
1 1
1319 = P3°€1P1°€2P2°€3—P2'€1P3'€2Pl°€3+§€1°€3P3°€2 312+§€1'€2 P1 €3 S23
1 1 1 1
—§ €1°€3P1-€2 823+ § €2°€3 P2-€1 513 — § €1°€E2P2°€3 513 § €2°-€3P3°€1 S12. (3-7)

Gehrmann et. al. JHEP 02 (2012) 056



C; = X,;(My;) ' (AT]),

M;j = Tﬂf

e Loop momenta have been decoupled from
Dirac structures, polarization vectors etc.

e Numerator contains scalar products of loop
momenta and external momenta at most.

e Loop integrals can be contracted into
coefficients of form factors



Tarasov’s Method

1

7
= [ Dx exp (Z fI:-A,-)
1 | M / “ el A} )
Al ¢ o o A7 : i—1

/DT — IZ[ (_1)% /OO du: Vi1
J =t = Wy fo

1=1

a,k'Q+b12+2(1k-l+2d-k—|—2(3-l+f,

M-
S
|

=1
I s b e b e e b
P| —> < a = T1+Ty+ T3+ Tg+ Ty
b = 11+ 290+ 3+ 15 + 24
Cc = I + Lo + £3
2 Y p3 p4 1 L L L
d" = xzph + TaPis + T7p)
et = xyphy + ropiay + xsph
p2 - - / — 1 S.
3

Anastasiou et al, Nucl.Phys.B 580 (2000) 577-601



Tarasov’s Method

L H
T (1\' ‘ {X) |

(

[F — (L -+ y)“ :

| | |
- 73{ (xg + 21 ) (X7 + 5 + 24) + (x5 + T4 + 23)T7| P + X375 — 24(20 + 21)| Ph
— 2o(s + .z-,),/;}. (3.7)
| 1 ’ H ’ ' H
Y — 73{ 317 — (o + 1) | P — (29 + 1) (27 + 26 + x5) + (27 + X6 + X3)T5)]| Ph
— xo(27 + .1'(;)1)’1'}. (3.8)

P = (er-+ 0+ a5+ 2) (ra 4 0+ 1) + (5 + ) (27 + 7).

Anastasiou et al, Nucl.Phys.B 580 (2000) 577-601



Tarasov’s Method

11)1 - IUL

| ixD/2 | ;=D/2

. 23 . M
< (K oL x) (K oL X) (L) (L)

(l (

o P, Q
X exp ((11\“ + —L* + —) . (3.10)
a P

y )
}\l)()XL (I/l y Vo, Vg, Vy, Vs, Vg, U7, S, f) — /DI 7.

Xbox” (v1, V2, V3, V4, V5, Vg, V75 8, t) [A'“]

[
—
S
A
R

Xbox" (vy, v, V3, V4, V5, Vg, 73 8. t) [1*]

|
—
>
X
!

1 Q
L = ’Pl),”? CXp <5> :

Anastasiou et al, Nucl.Phys.B 580 (2000) 577-601



Tarasov’s Method

w1 vl
(=1) d r, —> —1/,( L) T - viT.
F(I'/z') F(I/z' + 1)
iTXbox" (...,v,...) =Xbox" (..., £1,...),
SR U RO .
7)[_)."",_2 ’]D — P(. D+2)/2° 7) . .

-t r L) > [) ' 2
d*=Xbox™ = Xbox~ ™.

Finally obtain the combination of scalar integrals with higher power of
propagators and higher dimensions.

Anastasiou et al, Nucl.Phys.B 580 (2000) 577-601



Resolve dimension shift (in Tarasov’s Method)

Il(d) 11(d+2)

:Mfl

L

;@ 1(d+2)

L Master L Master

Complicated
Nucl.Phys.B502(1997)455-482



IBP (integration by parts)



Feynman i
S. Laport
porta, Int. J. Mod. Phys. A 15 (2000) 5087

F(ala'”;an) = //ddklddkh

. J pai —
kz El Egn) O

Y " aiF(ay +big, ... an+bin) =0




Numerical approaches for multi-
scale multi-loop

 Mellin-Barnes Representation
Many tools, tfaster, difficult on many scales.

* Sector Decomposition
More general, slower, okay for many scales.

- Auxiliary Mass Flow
Latest algorithm, most efficient for now



Mellin-Barnes Representation

1 1 dz B?
(A T B))‘ B F()\) /C D111 A/\+zF(/\ T Z)F(_Z)

/ / dr > H P az+ﬁz€+z ’)’»,,]Z]) H .
Sp -
C1 Cn

(2me)" H P a + Bie+ ;% J) §




Sector Decomposition
| = /01 dx /01 dy x 7y (x + (1 —x)y)*

1 : t-
o T (2) — T

t Y

1 1
l:/ dx x~ 1 6/ dt t (14 (1 —x)t)~ !
0 0

1 1
+/ dy v 26/ dt t (14 (1 — y)t) !
0 0

G.Heinrich, Int.d.Mod.Phys.A23:1457-1486,2008 _




: ko ki
N l/j ’
=1 Hj:l Pj ({k}, {p}, m?)

dPx; = S dPk;,  P;({k},{p},m?) = (¢ — m2 +id),

Feynman parameterization

J

oc N N
%zw/ deja:;j—lé(l—zw’:)ﬁ’
Hj:l PJ : Hj=1 F(V]) 0 1=1 1=1 [ZN Q‘;JP ]

j=1 '
N
where N, = ) =1 Vj, leads to
i

a0 AN N
GiiloR = L(N,) / H dz; w;j_ld(l — sz) /dD k1 dPkL
0 i=1

N
Hj=l F(VJ) 71=1

L L — Ny
x k' ---k,‘:f[ Y kIM;ik; —2) ki -Q; +J+z'5] ,

2,7=1 9=]1



I Integrate out loop momenta I

N
G R = (—1)M / H dz; z, 2778 (1 — Za:l)
[R/2] 1\™ ) i
(— 5) (N, —m—LD)2)[(M~!® g)l™iH-2m)]l1.lr
}YNo—(L+1)D/2—R
X —EN.—LDj=m (7)
EN,—LDj2—m
where

L
F(x) = det(M) [ Z QjMﬁlQl —J — 1|,
=1 (8)

Ux) =det(M), M t=UM"1, I=Uv



U and F can U(x) = Z H Zjl ,

be determined TeT1 Ljec(T)

geometrically

L

TeT; Ljec(T)
N
F(x) = Fo(x) +U(x) Z:cjm?.

7=1

U = T123T567 + TaT123567 ,
F = (—512)(Z203T4567 + T5T6T1234 + T2T4T6 + T3T4T5)

where z;it... = x; + ¢; + zx + - - and s;; = (p; + p;)2.



First generate primary sectors to eliminate Delta function

j=1
il

o0 N OO N
/ dNz = Z/ dVz H O(x; > ;).
0 =10

Tit; for 3 <1,
Tj = { I for 3 =1,
SIIltj_l for 5 > 1

Gi= [ ][dt FNTBT) l=1,...,N.
[




Determine a sub-set of parameters ti

Then divide into r sub-sectors




1 / N-1 , 1 4Nv—(L+1)D/2

All the coefficients of divergences are finite (complicated).




Decomposition strategies

 Hironaka’s polyhedra game
Bogner and Weinzerl, Comput.Phys.Commun. 178
(2008) 596; A. V. Smirnov and V. A. Smirnov, JHEP
05 (2009) 004;

 Geometric method
Kaneko and Ueda, Comput.Phys.Commun. 181
(2010) 1352




Iteration of certain strategy will show explicitly
dimensional regulators, where poles can be extracted.

1

aj—bje
lj = /dtj t(' )I(tja{ti¢j}7€) )
0

a;|— (p) r
I 0,4t;2:1,€ g —bie o, —
E (0,1 ;éj} ) | /dtjt-" %) R(t,¢€) .
+p+1 — bje p! J
p=0 0

Ij — bje Ij(oa {t’i#j}ve)"'/dt t PR (I(t {tz#.’l} )_Ij(oa {ti#j}ae)) 3




Contour Deformation

D(Z,e) Hs(T, €)

1
[. = Cle lim/
( )5—>0 o [Fs(Z,m?,s;r) —z’5]a+b€

C

2 = X — ATy (1—’1?)38]:8
8.”132'

. : D(Z,¢€) H(Z. D(Z, e
(lsl_I)n 2 B a—}-b(-: — 2
0.Jo [Fs(Z,m:,sik) 2(5 ¢ [Fs(Z,




lmprove via guasi-Monte-Carlo

[(f) d® xf (X)
1 I + ] | I | i
+
H.
08 . ++
. g
Fooo
t +
06 | T
_+_
+
_+_
0.4 .
+
*T 4
t
02 | +
4
+ + + +
+ N + N '++,
n + + *+ 4 +#
4 T
0 <+ L | 4 <4 = L L |
0 0.2 0.4 0.6 0.8 1

/. Lietal., Chin.Phys. C40 (2016) no.3, 033103



Implementation on GPU

=2
P.
— L, —2€YE }—3—262 :_z
IC = € S i .
1=0

Vegas/CPU QMC/GPU
Po —7.959 4 0.009 — 10.5867 £ 0.0092 | —7.949 + 0.003 — 10.5852 4= 0.0052
P 3.94+ 0.1 —28.12 £ 0.1z 3.831 &£ 0.005 — 28.022: 4 0.0052
Py —3.9 £ 0.8 +92.37 £ 0.82 —4.63 £ 0.07 + 92.132 £ 0.077
Integration Time 45540s 19s

/. Lietal., Chin.Phys. C40 (2016) no.3, 033103



Auxiliary Mass Flow
Phys.Lett.B 779 (2018) 353-357

L DE' N
I(Ds{vatin) = | I1 e oy [(Pseki0)= lim 10 i)
- - lm‘(n)
 Tn) = Am)In i
O ) o ; ; ——~ Re(1)




Real Corrections



NLO calculation

~(1) _ AR AV A C
O-ab _qab+Qab+Gab’

v 11

. 1 1
0-5[) = 7% N, qu)n+l (Mfl(?l‘M§,(E1>Fn+l s Ogp = qu)n 2Re <M$,O)IM9)> F, ,

28 Ngp

1

0 (P15 P2) = 2——[—] Z f dz| PO (@) 65,(zp1, p2) + PL)(2) 621, 2p2) |




Where is IR singularity?

[>T+ L

s |




NNLO effect

~(2) _ ARR ~ RV A VV A C1 A C2
g . =04 +0, Tv0O, T0_, T0_,,

. 1 1 0) | x 4(0) rv 1 1 0) | A 4D
O-aRg{ = 23,\ Nab qu)n+2 <Mn+2|Mn+2> Fn+2 ’ O—ab = 23} Nab d(I)rH'l 2Re <Mn+l‘Mn+l>Fn+l ’

1 1
AVV _ d (0) (2) (1) (1)
O ab — 2§ Nab fd n (2Re (Mn |Mn ) + <Mn ‘Mn >) Fn .



Phase space slicing

545

; 8cSl2

0812 —?
S

8csl‘.Z
\ !
O:S12 T

FIG. 7. The s35-545 plane for electron-positron annihilation to
massless quarks showing the delineation into soft S and collinear C
regions. The triangles marked “m” give vanishing contribution for

5.<8, .
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Two cutoff phase space slicing method

B. W. Harris™
High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

and Robert Morris University, Coraopolis, Pennsylvania 15108

J. F. Owens'
Physics Department, Florida State University, Tallahassee, Florida 32306-4350

(Received 10 February 2001; published 13 May 2002)



PSS Efficiency Problem:

Eur. Phys. J, C 23, 259-266 (2002)

Digital ()hjm'l Identifier (DOI) 10,1007 /100520100868 THE EUROPEAN
PHYSICAL JOURNAL C

Comparison of phase space slicing -
and dipole subtraction methods for v* — QQ

T.O. Eynck!, E. Laenen', L. Phaf', S. Weinzierl®

' NIKHEF Theory Group, Kruislaan 409, 1098 SJ Amsterdam, The Netherlands
‘ Dipartimento di Fisica, Universita di Parma, INFN Gruppo Collegato di Parma, 43100 Parma, Italy

Received: 15 October 2001 /
Published online: 25 January 2002 - (© Springer-Verlag / Societa Italiana di Fisica 2002

s = 400 GeV?
points DIP PSS
1000 | 0.04% | 1%

10000 | 0.009% | 0.3%
100000 | 0.003% | 0.1%

Table 1: Accuracy dr/r of the inclusive cross section attained for a given number of points per

iteration in the two methods. The same phase space and random number generators are employed.
The PSS results use the 77 contribution only, with sy, = 0.001GeV?2.



Dipole subtraction

A General algorithm for calculating jet cross-sections in NLO QCD
S. Catani (Florence U. & INFN, Florence) , M.H. Seymour (CERN)
May 1996 - 116 pages

Nucl.Phys. B485 (1997) 291-419
Erratum-ibid. B510 (1998) 503-504

NLO _ NLO R v DOI: 10.1016/S0550-3213(96)00589-5
o . / do — f do™" + f do” . CERN-TH-96-029. CERN-TH-96-29
m+1 m e-Print: hep-ph/9605323 | PDF

ogNLO — [daR - daA] - do® + / doV
m—+1 m—+1 m

do" + / do? ,
. 1 .

e=(

o0 = [ @) = (@) ]+

L’



FKS subtraction

Three jet cross-sections to next-to-leading order

S. Frixione, Z. Kunszt (Zurich, ETH), A. Signer (SLAC)
Dec 1995 - 48 pages

Nucl.Phys. B467 (1996) 399-442
DOI: 10.1016/0550-3213(96)00110-1
SLAC-PUB-7073, SLAC-PUB-95-7073, ETH-TH-95-42
e-Print: hep-ph/9512328 | PDF

A General approach to jet cross-sections in QCD

S. Frixione (Zurich, ETH)
Jun 1997 - 25 pages

Nucl.Phys. B507 (1997) 295-314
DOI: 10.1016/S0550-3213(97)00574-9
ETH-TH-97-14
e-Print: hep-ph/9706545 | PDF




Somogyi’s subtraction

Subtraction with hadronic initial states at NLO: An NNLO-compatible scheme

Gabor Somogyi (Zurich U.)
Mar 2009 - 43 pages

JHEP 0905 (2009) 016
DOI: 10.1088/1126-6708/2009/05/016
ZU-TH-03-09
e-Print: arXiv:0903.1218 [hep-ph] | PDF

Matching of singly- and doubly-unresolved limits of tree-level QCD squared matrix elements

Gabor Somogyi, Zoltan Trocsanyi (Debrecen, Inst. Nucl. Res.), Vittorio Del Duca (INFN, Turin)
Feb 2005 - 53 pages

JHEP 0506 (2005) 024
DOI: 10.1088/1126-6708/2005/06/024
DFTT-05-05
e-Print: hep-ph/0502226 | PDF




Antenna subtraction

Infrared Structure at NNLO Using Antenna Subtraction

James Currie (Zurich U.), E.W.N. Glover, Steven Wells (Durham U., IPPP)
Jan 2013 - 65 pages

JHEP 1304 (2013) 066
DOI: 10.1007/JHEP04(2013)066
IPPP-12-82, ZU-TH-26-12
e-Print: arXiv:1301.4693 [hep-ph] | PDF

i _ AR A S AV AT
do;; NnLo = / 1 [daz‘j,NLO — dffz‘j,NLo] T / [daz'j,NLO — doj; NLO
n-+

n



Czakon’s subtraction at NNLO

A novel subtraction scheme for double-real radiation at NNLO
M. Czakon (Aachen, Tech. Hochsch.)
May 2010 - 12 pages

Phys.Lett. B693 (2010) 259-268
DOI: 10.1016/i.physletb.2010.08.036
e-Print: arXiv:1005.0274 [hep-ph] | PDF

S

Pt = %(1,0,0, 1),

P = ¥2(1,0,0,-1).

nt = ?52(1,0,Sin91,C0891) :

nf = g,@Q(l,sind)Sin 62, cos ¢ sin B2, cosfs) ,
k’f = 51 n‘f ;
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~
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Feynman Diagram Generation



Generation via FeynArts

e Start from seed diagrams.

* |nsert legs connecting to each propagators and vertices iteratively.

o0

* Also obtain the symmetry factor.

N
/

@



What's new (past 12 months)
Version 3.6.3 available
Version 3.5.2 available

A paper on diagram generation with mixed propagators

QGRAF is a computer program that generates Feynman diagrams for various types of QFT models — itis a
research tool created with the obvious aim of contributing to extend the range of feasible, perturbative QFT
calculations. It generates neither 0-point nor non-connected diagrams, though.

Diagrams are represented by symbolic expressions only; however, if some kind of graphical representation
is required, have a look at some of the external links (in the first group).

o Latest version: qgras-3.6.3 (2022).
Please report any error you may happen to find.

Programming language: rortran 2008 for versions released since 2020, and rortran 77
for earlier versions.

Executables/binaries are not distributed, the program has to be compiled and linked.
Employing GNU Fortran for that task should be straightforward, eg there should be
no need to specify a Fortran standard (see file qgras-3.6.3.pd£).

There are executable/binary versions of GFortran for several operating systems, as
described in the GFortranBinaries webpage.

e The features added in the last three versions include (eg):




FeAmGen.ji

* Using QGRAF but interfaced with UFO format.
* (Generate amplitude for each generated Feynman diagram.

* Prepare the visual diagram in the tikz-feynman style.

. Public @ github

The Julia Programming Language

Download Documentation




Resummation effect



RESEARCH

PARTICLE PHYSICS

High-precision measurement of the W boson mass with the CDF Il detector

SM I I I
Total uncertainty
DO | 80478 + 83 ¢ Stat. uncertainty
CDF | 80432 + 79 —_—
ALEPIH : o
DELPHI 80336 + 67 ——— = - : "
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RESEARCH

PARTICLE PHYSICS

High-precision measurement of the W boson mass with the CDF Il detector
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RESEARCH

PARTICLE PHYSICS

High-precision measurement of the W boson mass with the CDF Il detector

-
Table 2. Uncertainties on the combined

M, result. -—_s e
Table 1. Individual fit results and uncertainties for the My
Source Uncertainty (MeV) measurements. The fit ranges are 65 to 90 GeV for the my fit
e EE— and 32 to 48 GeV for the pt and py fits. The ° of the fit is
Lepton energy scale 30 computed from the expected statistical uncertainties on the
LeptonenergyresolutlonIZ """""""""""" data points. The bottom row shows the combination of the six
........... : Ty T T " MMM mMmM MM M MM MM T M T I T T IO T N YT fit results by means Of the best Iinear unbiased estimator (66).
Recoil energy scale 12
Eecf'len;rgy reSOIUt'On ....................... éi ................. Distribution W boson mass (MeV) y2/dof
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iR N — pile) o BOAIIARI0Tgy t 118y B3/62
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Parton Model

(1in hadron collisions)




Up to next to Leading order corrections

g (W)

7
; , / Transverse momentum




To describe data === Resummation 1s needed.

| Perturbative
1200 } = ,
(pb/GeV) | {1 \\ \. Dotted: Pert ( O.))
1000 ¢ '.
Dot-dashed: Pert ( af)
800
600 t
Dashed: CSS (1,1,1)
400 |
Solid: CSS (2,2,1)
2000 el _
Resummation | e T T
0 - — : ; — PR A
0 b) 10 15 20 25 30



W-boson mass measurement from P;

W_ I 2000 ¢ T T T T
—> do i
e V e 5 [pb/GCV] - qr (W): 0
dp; - ! -
1500 - 5 .

A ¢ - :
- Pr(©)
W : 500 ? :

O
Y
N>
:
‘“3
3
sariveed

do 60
—[pb/GeV] |
dp

T

Kinematics Jacobian factor

do do ]
dp;  dCosb [1-4p2/M}




What’s QCD Resummation?

All order quantum corrections

i%‘am 1 (m) /Qj\ L
qu QT n=1 m=0 \ 947 )
~—{ ag (L+1)

qr
+a§(L3+L2+L+1)

+a§(L5+L4+L3+L2+L+1)

i I }

Resummation 1s to reorganize the results
in terms of the large Log’s.



Resummation

%~q—1§{ o (L+1) +02(E+L)+ad(E+L) +- ]
+ +oig (L+1) +a§(L3+L2) +oe ]
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Foee }
l Renormalization Group Technique
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do/dq., (pb/GeV)
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* To predict the transverse momentum of

Drell-Yan

—> Must include QCD Resummation



do

—[pb/GeV
qu [p ] I I I I | | I I I | | | | I | [
- ~90% B )
1000 — Cross PP-W X
Section JS =1.8 TeV
750
500 H | |
250 I I
non—pertuf ative Matching I Perturbative
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Resummed results:

> Determined by A(Y) and B(M

do 1
— ~—{ o (L+1) 4o (L +L )+ (L +L') +-- ]
dq; ‘ﬁ{ S( ) S( ) S( )
+[ +aig (L+1) +a§(L3+L2) +e0e ]
Determined by =
A® and B® +[ Fag (L+1) 4+ ]
T } s Determined by
A® and B®

s> QCD Resummation

In the formalism by Collins-Soper-Sterman, 1n addition to
these perturbative results, the effects from physics beyond
the leading twist 1s also implemented as

[non-perturbative functions].



CSS Resummation Formalism

{ J' d’b € "W (b,0,x,,x, )-[Non-perturbative functions]

do T , ,
dq; dde2 =§0'08 (Q —MW)
(2n)

+Y(q,57,0)}

~

W=e"".CQf(x,)-C®f(x,)

> ZLA ds, C,

v

Sudakov form factor S(b)= I (Q) dp” =
I

[ x )
Abu

\E.,A

m(fﬁ—i\A(a)w(a)

| Non-perturbative functions] are functions of (b,Q,x,,Xy) which
include QCD effects beyond Leading Twist.

f/A (E.uv“)

fk/B (gBﬁ P«)



[non-perturbative function] 1s a function of (b,Q,x,,Xy), 1mplemented to
include effects beyond Leading Twist.

Until we know how to calculate QCD non-perturbatively, (Lattice Gauge
Theory?), these functions can only be parameterized. However, the same

functions should describe Drell-Yan, W*, Z° data.

mmm) e« Test QCD in problems involving multiple scales.
* Measuring these non-perturbative functions may help in
understanding the non-perturbative part of QCD.

[non-perturbative functions]| , dependent of Q, b, x,, X5, 1S necessary to

describe q — distribution of Drell-Yan, W*,Z° events.

Fits:

exp

—_—

—g1b2 - g2b2 In

/Q\

20, )

* Brock-Landry-Nadolsky-Yuan

g,2;b> In(100x ,x; )

i

New term with
x-dependence

0, =1.6 GeV
g =0217" GeV”
g, =0.68"% GeV?

g; =—0.601,
( Bpw =0.5GeV™" )



CSS formalism

do(gg -+ HX) o Q? QQI‘H/mH
dQ2dQ%dy " S (Q% —m3)? + (QTy/my)?

1 . —~ —
X d*be T W 4 (ba, Q, 1,22, C123) W T (b, Q, 21, 22) + Y (Qr, Q, 21, 22,C4) ¢,
(27)2 99

o ——

Weg(b, Q,z1,22,C1,2,3) = e~ (H@C1C2) Z (Cga ® fa)(21)(Cgp @ fo) (z2),

a,b=q,q,9
C§Q2 dii [ CQ 2 -
S(b:QaCIaCQ) — L ) ﬁ_l; A(as(ﬁ)vcl)ln ( ZZQ ) +B(as(ﬁ))01702) .
1-12 b2 i ]




Theory Uncertainties

up, uncert. (NLO, NNLO, ...)

u- uncert. (NLL, NNLL, ... in DGLAP)

PDF uncert.

non-pert. uncert.

resummation uncert. ( soft scale & hard scale )

scheme uncert., higher twist, hadronization effect,
detector effect, etc.



Future colliders




Future colliders

Higher energy / higher luminosity

Z factory / Higgs factory: CEPC, ILC, FCC-ee, CLIC
muon colliders?

SPPC, FCC-hh

Extremely accurate experiment data”?

QCD/EW NNLO/NNNLO/Resummation theory? Numerical approaches may
be the only choice. What if theory cannot satisfy precision needs?



Thank you!



