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(QCD and Asymptotic Freedom

Current Algebra: Quarks and What Else?
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Now the interesting question has been raised lately whether we should
regard the gluons as well as the quarks as being non-singlets with respect

5
to color.) For example, they could form a color octet of neutral vector fields

5. J. Wess (Private communication to B. Zumino).
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Birth of QCD
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GOP Security Aide

Among 5 Arrested
In Bugging Attair

By Bob Woodward and Carl Bernstein
Washingtan Pest Staff Wrisers

One of the five men ar-
rested early Saturday in the
atteropt to bug the Demo-
cratic National Committee
headquarters here it the sal.
aried security coordinator
for President Nixon's re.
election commiltee,

The suspect, former CIA
employee James W. McCord
Jr., 53, alzo holds a separate
contract to provide security
sefvices to the Republican
National Committee, GOP
national chairman BEob Dole
said yesterday.

Formoer Attorney General
John N. Mitchell, head of
the Committee for the Re-
Election of the President,
zaid yesterday McCord was
employed to help instail
that committée’s aown se-

Dole Issued a similar state-
ment, sdding lhat "we de-
plore action of this kind In
or out of politics.” An alde
1o Dole said he was unsure
at this timé exaetly what
security services McCord
was hired to perform by the
National Committee.

Police sources said Jast
night that they were seck-
ing a sixth man in connec-
tion with the attempted bug-
ging. The sources would
give no other delails.

Other sources close to the
investigation sald yesterday
that there still was no ex-
planation as to why the five
suspects might have attempt-
ed to bug Democratic head-
quarters in the Watergate
at 2600 Virginia Ave. NW,

v i Thass srara siaebina far

JAMES W. McCORD
« . . retired CIA employce

ugliest questions about the
integrity of the political
process (hat T have encount-
ered In a quarter century.

“No mere statement of in
nocence by Mr. Nixon's cam
paign manager will dispel
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Beta function

Running of the QCD ST 8 tunction of @D with thres light g T
coupling «a, is determined oF g;% -
by the f function, which S i
has the expansion =

Bla) =—ba*(1 +ba)+ 0@}

|
~
T R

(33 D 2nf) =
b — (April /May 1973) Lo 1
127 | =
The first two coefficients lloop:  Politzer, Gross-Wilczek
2loop: Caswell, Jones

b, b’ are invariant under

3loop: Tarasov et al, Larin et al
4loop: Ritbergen et al, Czakon
Sloop: Baikov et al, Herzog et al

scheme change.
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Acceptance of QCD

Asymptotic freedom gave one the ability to immediately calculate a limited
number of quantities in strong interactions, based on operator product
expansion.

Approximate scaling in Deep-Inelastic scattering, Gross-Wilczek, Georgi-Politzer

ete™ total cross section, Appelquist-Georgi, Zee

1
Al = 5 rule, Gaillard-Lee, Altarelli-Maiani

However acceptance of the new theory was not immediate.

LEPTOPRODUCTION AND DRELL-YAN PROCESSES BEYOND THE

PHYSICAL REVIE n MAY 1
WD VOLUME 15, NUMBER 9 1LMAY 1977 LEADING APPROXIMATION IN CHROMODYNAMICS *

Quark elastic scattering as a source of high-transverse-momentum mesons*
G. ALTARELLI

R. D. Field and R. P. Feynman Istituto di Fisica dell’ Universitd, Istituto Nazionale di Fisica Nucleare, Sezione di Roma,
California Institute of Technology, Pasadena, California 91125 Rome 001835, Italy
(Received 20 October 1976)

RK. ELLIS

We diS re g a,I’ d th € th eor e ti C a]. ar gum ent th at thiS Center for Theoretical Physics, Laboratory for Nuclear Science and Department of
. o . . ) T Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
elastic cross section [wh1ch we write as dg/
ALa A A~ ~ « o G. MARTINELLI
d t (S ’ t ) ,- Whe r e S an.d t ar e the S ’ t an ar 1 an tS f Or Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, Frascati 00044,

Italy

‘the quark collision] must vary as §~2f(#/3) and,
instead, leave it as an unknown function to be de-
termined empirically by the data. It will vary

A n The gauge theory of colored quarks and gluons (QCD) ™ is at present the best
more ].ike § - Nf (t / S ) w ith N ab Out 4 . candidate for a fundamental theory of the strong interactions. The asymptotic free-

Received 3 July 1978

1. Introduction
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FIG. 3. Linear-plus-Coulomb fit to V.
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Extension beyond processes governed
by operator product expansion



Infrared safety

+ In the 1977 paper of Sterman and Weinberg a final state is classified as
two-jet like if all but a fraction € of the energy is contained in a pair of
cones of half-angle 6.

g i il e e
 pHh=1-8C;—<{ In— |[In{ ——1)——+4+3e|+—=—-——-—€+—€"+ 00" lne)
2n o 2¢ 4 2 6 2

* The jet measure proposed by Sterman and Weinberg was not important
for itself, but because it established the zero-mass limit as a diagnostic for
perturbative calculability.

+ An observable is infrared and collinear safe if,
in the limit of a collinear splitting, or the emission of an infinitely soft
particle, the observable remains unchanged.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1436

IR safety

September 12, 1977

Dr. Steven Weinberg

Lyman Laboratory of Physics
Harvard University
Cambridge, Mass. 02138

Dear Dr. Weinberg: George Sterman
Th ipt by G. St d S. Weinb A 1
entitleg mang;:i;pfroz Quantilflmggrzrﬁodynaxiég"erg 50 years Of Quantum ChromOdynamICS

has been reviewed by our referee(s). While some of the
referees' comments were favorable, there were also scientific
criticisms which were so strongly adverse that we cannot
accept your paper on the basis of material now at hand. We
are therefore returning your manuscript herewith, together
with a copy of the pertinent criticism.

If you wish to reply, the paper will be given further
consideration.

+ PRL reconsidered after the acceptance of papers
exploiting infrared safety by Farhi (thrust) and by
Georgi & Machacek (spherocity), both listed as received
en sept 6 1977



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1587
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Jet structure: IR safe sequential recombination algorithms

Calculate the distances between particles:

>+ Agp?
d;; —mm(k2p kzp) Ay ¢
R2

» Calculate the beam distances: d;z = k%f’ :

l

+ Combine particles with smallest distance or, if d,p is smallest,

call it a jet;

* Find again smallest distance and repeat procedure until no

pseudo-particles are left.



Sequential recombination algorithms

Ay2 - Aq§2
R2

= p=1 (inclusive k; algorithm)

S S )
” dl-j = mm(kTi . ij )

= Soft particle (k; — 0) means that d — 0 = clustered first, no effect on jets
Collinear particle (Ay* + A¢? — 0) means that d — 0 = clustered first, no effect on jets

o p:O

= Soft particle (k; — 0) can be new jet of zero momentum = no effect on hard jets
Collinear particle (Ay* + A¢> — 0) means that d — 0 = clustered first, no effect on jets

« p<0 (anti-k; algorithm)

= Soft particle (k; — 0) means d —co = clustered last or new zero-jet, no effect on hard jets
Collinear particle (Ay? + A¢? — 0) means that d — 0 = clustered first, no effect on jets



T aIld Alltl—kT

ky algorithm: motivated by QCD
branching structure

Anti-k;: hard particles cluster
first; if no other hard particles are
close by, the algorithm will give
perfect cones

Some what ironic that anti-k;
algorithm leads to conical jets.

Salam, Towards Jetography



https://arxiv.org/abs/0906.1833

Factorization



Asymptotic freedom expands it scope

# The publication of the DGLAP equation aitarelii-parisi 1977, Dokshitser
(Sov. Phys. JETE, 46,641) With its physical picture of parton evolution,
raised the issue of whether the Drell-Yan model could be

extended to QCD.

« Politzer (1977) deserves credit for outlining the factorization
idea.

# Unlike in the parton model, the transverse momentum is
now unbounded.

+ Transverse momentum in Drell-Yan processes (APP) and
AEM (1979) followed Politzer’s lead regulating collinear/
soft singularities by continuing off-shell, (which turned out
to be a tricky procedure).

cf, Sachrajda, 2/1978 - Lepton pair production and the Drell-Yan formula in QCD



https://doi.org/10.1016/0550-3213(77)90384-4
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Collinear factorizaton

gl 1) = Z [dx1 [dx2 fi(xp, 1) f]"-(xz,,uz) 0;(P1> D2 w(19,0 s O 0

i, \ / \
Universal parton distributions

Hard scattering cross section

* QCD factorization should hold for inclusive quantities cotinssopersterman
DIS:e+A—->e'+X
Semi-inclusive e+ e- annihilation: et + e~ > A + X
Drell-Yan processes: A+ B — (u" +u~,W,Z2)+ X
Inclusive jet production: A + B — jet + X

Heavy quark production: A + B — heavy quark(mg > A) + X


https://arxiv.org/abs/hep-ph/0409313

Non-global effects

* Real physical measurements are not inclusive, because of limited
detector acceptance and vetoes imposed to identify jet signatures.

* In proton-proton collisions Glauber (Coulomb) phases can spoil
the cancellation of collinear singularities in soft observables giving
rise to super-leading logarithms, L = In(Q/Q,) where Q, is jet-

veto scale; Forshaw, Kyrieleis, Seymour

* Thus for gap-between-jets cross-sections we get super-leading logs

00 n+1 00
Sin - DN Nes 5 = L n+1
0 £ 4 Cln L % We C1.aW ’
: N, : T N, ’

T

Ncas ] Nc g 5
w = L, w_= T
T T

Summing the effects of Glauber gluons (alternating series) we
o L (S9) (©9)
have, O.SLL+G e c sz Wn+f :

Time to start treating violations of factorization as a feature,

rather than a bug

O(7%) effects for
020 GeV) jet veto cuts in
small angle gluon-gluon
scattering

QO [Ge\/]
Boer, Hager, Neubert, Stillger, Xu (2023)



https://arxiv.org/abs/hep-ph/0604094
https://arxiv.org/abs/2311.18811

Amplitudes



Spinor techniques

Weyl o 0 0”) =073 =i0123=<_1 O>
representation § <5"“ 0 ) g 5 D

o =(1,6),6"=(1, -

e
23 Y el P s PO

+ Weyl spinors

« Explicitly we find in terms of the pt =
components of p* = (po, pl, Pz, P3),

. e 0 pp o .
Paﬂ: <—p p* >, Pap = <p pf), Wherepi=p01p3,pl=p1+zp2,p l=pl—zpz.
dE i

Lance Dixon, Calculating Scattering Amplitudes Efficiently, Elvang and Huang, Scattering amplitudes



https://arxiv.org/abs/hep-ph/9601359
https://arxiv.org/abs/1308.1697

Spinor products

Calkul, Xu, Zhang and Chang

Take all particles to be

outgoing.
7] =10 7 = (0. (p|’
So we need outgoing i+ (P)p,y ’ I:t_(p) ( (P )
particles i (p) and u,(p)=(Upl x 0)
outgoing antiparticles v.(p) 0 -
py* v«(p) =0 D)= <|P>a>’ Pl = ('13] )

Spinor products,
{§)Ljil = 2p; - p; G p) =Ll =T e (pywip)= Gl lp,= .

Gluon polarizations require

an auxiliary light-like eh(k, b) = [k|7* | b) i (k|y*|b]

vector b v/ 2(bk) ’ \/2[kb]

Dotted (undotted) indices come together with an south-west, north-east, (north-west, south-east)
summation convention, which is neatly handled by the angle and square bracket notation.


https://www.sciencedirect.com/science/article/pii/037026938191025X
https://www.sciencedirect.com/science/article/pii/0550321387904792?via=ihub

Maximal Helicity Violating amplitudes

(m — 1)! colour sub-amplitudes defined in. A(12,3,...m) = g"2 Z Tefttulors o]l AZ 0012 3 )
terms of traces of fundamental SU(3) matrices POA....m)

Al (=20 ) and
AL =23 =)
(¢;- & =0 for all i, j)

Maximal helicity violating amplitude has a Afree(1- 0~ 3+ e (193¢ Parke-Taylor
. le f f 1 2 : e T = Berends-Giele
simple form for all m m (12)(23)...(1711)
Simple expression for m=3 (in complex (12)* [12)°
inemati — A AT+ 24 37) = |
kinematics) and m=4 L = (12)(23)(31) Z = [121[23][31]
The “Little group” is the group of Alree(1= 0= 3 44 = | GO
transformations that leave the momentum of 4 e (12)(23)(34)(41)
an on-shell particle invariant, i.e for a massless
particle rotation in xy plane= SO(2)=U(1)
p) = tlp), [Pl =17"|p]
1

Angle and square spinors for Weyl spinor scale as t~ for h = =+ -


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.56.2459
https://www.sciencedirect.com/science/article/pii/0550321388904427?via=ihub

T'ree-level gluon amplitudes

+ Colour decomposition ﬂf/’rlee(l’z,g,. ..m) = gm_z Z Tr[tAltAztA3”‘tAm] A;Zee(lazﬁa- ..m)

P2 =) (m - 1)'

ficess = pi=2 Az gl tree
+ However these amplitudes are not all Dy =8 2 (e F), A (Lo, .0, )
independent, Kleiss-Kuijf, DDM OES, 2 (m —2)!

C

iy
H i dl]

amplitudes, because of B(] relations. (m—13)!

¢; are colour factors subject to Jacobi

identity, n; kinematic factors, satistying

the same algebra as color factors, dijf Sum over j runs over distinct m-point graphs

ordinary Feynman propagators. with only three point vertices

« Further reduction in independent e o) 2
] g
J

Review of BC] and double copy results


https://www.sciencedirect.com/science/article/pii/0550321389905749?via=ihub
https://arxiv.org/abs/hep-ph/9910563
https://arxiv.org/abs/0805.3993
https://arxiv.org/abs/2203.13013

Explicit forms for MHV 4-gluon amplitude

Parke-Taylor
& A o oargn
S A
= (2) - 1234l
= a0
A = AT 352 4t ="
i)
| (12 (12)*[34)°
— —T)
(13)(32)(24)(41) »
n n
A, = Afee(l_,Z_,4+,3+) = 2 2
u S
__. g _(12)°[34)°
= Ol

BCJ relation: stA, = utA,, = su A,



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.56.2459

Additonal simplifications: BCJ for 4 point diagrams

2 g4 2t 8 4
gluon-gluon
scattering
1 4 1 3 1 2

e fAlAZB fBA3A4 Cie aiaB Bl = fA1A3B fBA4A2

Jaeobildentity: ¢ =€ = ¢ — 0

Full amplitude can be written in a form

where kinematic part obeys the same o 4= 8 o
A) A u

algebra as the color part

c,+c,+c,=0 =—=n+n+n,=0

n.c nc n.c
ﬂ4=g2( — 4+ + ””>=g2[cA ol

St
\) [ u

Bern, Carrasco, Johansson



https://arxiv.org/abs/0805.3993

MHYV - Graviton Scattering

* In agreement with BGK (1988) result
x\2 (12)'s

A(17,27,3747) = — (_) N(4) (34)

2
+ N(4) = (12)(13)(14)(23)(24)(34) and k = /322G

Kawai, Lewellen, Tye



https://www.sciencedirect.com/science/article/pii/0370269388908131?via=ihub
https://www.sciencedirect.com/science/article/pii/0550321386903627?via=ihub

BCGEW-combining on-shell amplitudes

A 1 A 1
Continue to complex P =il 1 Py =5(1|}’”|1] =5<1|7”|1]—§<1|7”|4]
momenta, such that e o ] e -
2ot [4) =14) +z[1)  pu=Z041r#1B) =Z141r1H + S 1)
i =1
b, + Py =p; + -
i AQR) = Ay(=P~, pt.p) —— Ay(P*,pT.p7) where P = py+ p
= »P3 5Py }32(2) s\7, P1,Pp) WIRRTE 7 = D3+ Py
4" 1= 3
et e . =
A(—P,pt.ph) = — i——— P
= B ey ey S ey
41°(12)° 1
Alyr=—1 [A3 I >A - has a simple pole at z,
3 o - TS R B )

(LIP3 — A0 1P 234 Bl oG G te) z,— 21/

— i
Z=12p) 20 Q3 ) dl

by Cauchy A@Q) = —— => AQ)=——  A(0) =
BCEW



https://arxiv.org/abs/hep-th/0501052

Spinor techniques for massive particles

« Jf amplitudes purport to be a complete description, it is
necessary to be able to handle massive particles.

* For massive particles we can go to the rest-frame, where the
little group is O(3) = SU(2).

#=(E,Psin@cos@,PsinO@sing, Pcosd), PP=E+P
“ In a general frame g ? ? )

« Arkani-Hamed et al define spin-spinors with an SU2(2) index /,

s =5
s Ay =|P)e=VP ( CS>a a1, = NTE <c> for I =1
/lé=\Pl>a=\/P+<g>’ Za1=[PI‘a=VP+<C> for /=2

S>I<

0 0 0
¢— oSt > ), 5 = sinf ; )exp(i¢h), s* = cos( 5 Jexp(—ig) Arkani-Hamed et al



https://arxiv.org/abs/1709.04891

Examples for Top production

+ Simple results for massive amplitudes

(12)(q|1]3] -

: q

_ZA3(1Q’3+’ ZQ) = j\
m(q3) .

(12){gq|1]3]
m(g3)

—iAy(15,37,25) = —

* the two primitive leading-colour
amplitudes are given by,

[34] (12)
R E E

(4]1]3]([13142) + (14)[32])
e + =
lA4(1Q 3g 4g ZQ) (S13 > m2)334

Helicity amplitudes for QCD with massive quarks, Ochirov FEIEIEEIERIET )



https://arxiv.org/abs/2309.03323
https://arxiv.org/abs/1802.06730
https://arxiv.org/abs/1802.06730

NLO (in hadron-hadron reactions)
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T'he beginning...
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Observation of Massive Muon Pairs in Hadron Collisions*

J. H. Christenson, G. S. Hicks, L. M. Lederman, P. J. Limon, and B. G. Pope
Columbia University, New York, New York 10027, and Bvookhaven National Labovatory, Upton, New York 11973

and

E. Zavattini

CERN Labovatory, Geneva, Switzeviand

{Received 8 September 1970)

8th September 1970

Muon pairs in the mass range 1<myy <6.7 GeV/c? have been observed in collisions of
high~energy protons with uranium nuclei. At an incident energy of 29 GeV, the cross
section varies smoothly as d:r/dmml z10'32/mmu5 cm? (GeV/c)™% and exhibits no resonant
structure. The total cross section increases by a factor of 5 as the proton energy rises

from 22 to 29.5 GeV.
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* Lederman credits Yamaguchi and Okun for ol !
suggesting lepton pair processes.
0T 5 4 5 6 7 B I R S R R
Muu [Gevrc?] Muu [Gevrc?]

o,

* "“As seen both in the mass spectrum and the
resultant cross section there is no forcing evidence of
any resonant structure.”

L)

%+ Drell and Yan had
seen the Christenson

et al data at the
spring APS meeting

L)

* “Indeed, in the mass region near 3.5 GeV /2, the
observed spectrum may be reproduced by a
composite of a resonance and a steeper continuum.”

L)


https://inspirehep.net/files/239e4f5c80f786d2298f56b0c35e5bae

Drell-Yan i
st W

* Drell and Yan (1970) showed that the parton model could
be derived if the impulse approximation was valid.

* To accomplish this, they had to impose a transverse
momentum cut-off for the particles that appeared in the
quantum field theory:. ssumed anti-parton

distributions= parton

distributions!

do Ao 1J() dra 1 J’ld rd 5( ) o () F ()
e F (T = X X xx—rz = )b
dQ? 30?2 07 30?% 02 0 10 = e \2 i

* Rapid fall-off of the cross section, despite the fact that the

partons were point-like particles (in contrast to DIS).

cf, Altarelli, Brandt & Preparata, PRL (1970)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.25.316
https://doi.org/10.1103/PhysRevLett.26.42

T'he first Drell Yan prediction

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

(Received 25 May 1970)

May1970!

 On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadron inelastic collisions in the limiting region,
s —», @%/s finite, Q2 and s being the squared invariant masses of *»~ 1ot~ mefw cwd dla

two initial hadrons, respectively. General scaling properties and 100000

inelastic electron scattering are discussed. In particular, a rapid
section as Qz/s —1 is predicted as a consequence of the observed 1
elastic scattering structure function vW, near threshold.

‘0

» Predictions are

(V)
RELATIVE UNITS

= F(7), T = Q*/s,

. dpproximatescaline=——

dgQ

= angular dependence, (1 + COS> 0)

do
dQ2

s A dependence on nucleon number.
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https://doi.org/10.1103/PhysRevLett.25.316

Radiatve corrections to Drell-Yan
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Fig. 3. The hard component of the (kf_) of the muon pair as a function of their invariant mass is compared with the experimental
points taken from ref. [9] for three different powers # = 4, 5, 6 of the gluon distribution, following the procedure described in
the text.

= QCD predicts an approximate
linear rise of (k7.) with s or
QA2, but only at fixed 7.

« Intrinsic k; needed.

Transverse momentum in DY processes,
Altarelli, Parisi and Petronzio (1977)

Altarelli, RKE, Martinelli had written a

previous paper mainly on radiative

corrections to DIS, including corrections to

DY as a (erroneous) postscript

LARGE PERTURBATIVE CORRECTIONS TO THE
DRELL-YAN PROCESS IN QCD *

G. ALTARELLI

Istituto di Fisica dell’ Universita,

Istituto Nazionale di Fisica Nucleare, Sezione di Roma,
Rome 00185, Italy

R.K. ELLIS

Center for Theoretical Physics,

Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139, USA

G. MARTINELLI
Istituto Nazionale di Fisica Nucleare,

Laboratori Nazionali di Frascati,
Frascati 00044, Italy

Received 17 Aprit 1979 ~ AEM

Marciano(1975) - Dimensional Regularization and Mass singularities



https://doi.org/10.1103/PhysRevD.12.3861
https://www.sciencedirect.com/science/article/pii/0370269378908055?via=ihub
https://www.sciencedirect.com/science/article/pii/0550321379901160?via=ihub

()CD corrections for hadron-hadron interactions

7 47° o In(1 — 2) 3
o, f(2) = ch—ﬂ[(l + )KL -2+ 2L +2 ) )++ T -6 4]

1 -2

=

1 9 S
|

[(Zz T nl - 5Z2 5

T 2

40

+ Correction relative to DIS

ol Va? - a8 6ev xM - o7
aS 1 T = .03 g = 33
A e i
XS G
2w =20

20

* Simple origin for the large |
size of the corrections;

« Phenomenology, x5

r‘m
’__
|

distribution; o I —

(n)

-0.2
0.4

Altarelli, Ellis, Martinelli, see also Kubar-Andre _.
and Paige, and Abad and Humpert -0.8

-1.0

2m{fgov- f5.2)
{expanded scale)

U O



https://doi.org/10.1016/0550-3213(79)90116-0
https://doi.org/10.1103/PhysRevD.19.221
https://doi.org/10.1103/PhysRevD.19.221

Drell-Yan data and K-factor

S
& ]
. . . L Y N data (200 GeV/c) -
« Data lay above the naive DY prediction, S j
leading to the introduction of a “K-factor”; r\% Tanee
2 0t \ ;
(o - g (do E o 5
L aa / . A& N Y S J
\ EXP o /hRHF A g
0’0 IOE- _:4I
From ~4 experiments K > 2 : ]
« Telegdi question (V.. or not?)
|4 10
K = (d%0/dx1dx3)exp/(d*0/dX1dX2) DY model
Reaction pN PN 7N a'N 7 H, (n~—aHN
K 2.2+04 2.4+0.5 2.2+0.3 24+ 04 2404 22+ 04
Events 960 44 5607 2073 138 -

NA3, Badier et al,



https://inspirehep.net/files/6ca1025b78b9682ce04f01de5a1eb1c5
https://doi.org/10.1016/0370-2693(79)90093-5

Subtraction/slicing method at NLO

R i P
R S Y
(b) (c)

% O-NLO — J dGR + J dO-V
m+1

m

* Jet definition can be arbitrarily complicated, but IR/ collinear safe
2

+ do® = PS, | M 1] F;{z+1(p1’ +-Pm1)

+ We need to combine without knowledge of F’

« Divergences regularized in d = 4 — 2¢ dimensions.

« Two solutions: slicing and subtraction.



One-dimensional example

ﬂ(x)FJ(x) + — : —vF’(0)

e
o X €

+ The full cross section in d L dx
: : ? o=
dimensions is [

= Xx is the energy of the
emitted gluon

»  KLN cancellation theorem, .#(0) = v
— | HOF) - MOF©0)] + J 4 ZyF
() x1+€ €

r 1
d
| 5wl - aor©)] + o

1 1
dx 1 d 1 d
6= [ MEOF(x) + —vF J =2 R+ —uF + J = M) Fl ()

1

dx
~InduF) + [ — M) F()

0

» Infrared safety: F IJ 0) =

1+€
0 X




NLO QCD solved!

# NLO order is a solved problem numerically, (with the exception of processes first
occurring at one-loop level, and processes with a large number of external partons). NLO
electroweak corrections also often included. In some cases matched with parton shower.

* MadGraph5 aMC@NLO, Recola, Openloops 2, Gosam, POWHEG(Box)

* Ingredients required -

» Tree-level and one-loop diagram generation, (or equivalent for processes
beginning at one-loop order);

+ Reduction to known integr als (Generalized Unitarity, OPP, Tensor reduction to scalar integrals,
Passarino& Veltman Collier, On the fly reduction);

* Complete basis set of one-loop scalar integrals (tHooft & Veltman, Denner Nierste & Scharf,
RKE & Zanderighi).

K/
0’0

Subtraction procedure to cancel soft and collinear divergences between real
and virtual (ERT Catani-Seymour, FKS);



http://madgraph.phys.ucl.ac.be/
https://recola.gitlab.io/recola2/
https://link.springer.com/article/10.1140/epjc/s10052-019-7306-2
https://github.com/gudrunhe/gosam
https://powhegbox.mib.infn.it/
https://doi.org/10.1016/j.nuclphysb.2006.11.012
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1016/j.cpc.2016.10.013
https://arxiv.org/abs/1710.11452
https://doi.org/10.1016/0550-3213(79)90605-9
https://doi.org/10.1016/0550-3213(91)90011-L
https://arxiv.org/abs/0712.1851
https://doi.org/10.1016/0550-3213(81)90165-6
https://doi.org/10.1016/S0920-5632(96)90030-4
https://doi.org/10.1016/0550-3213(96)00110-1

RepresentativeNLO results

Process i nif Cross section (pb)
LO NLO

al pp—ti Mitop 5 123.76 +0.05 162.08 +0.12
a2 ppotj Meop 5 34.78 +0.03 41.03 +0.07
a3 pp—tjj Mitop 5 11.851 +0.006 13.71 +0.02
ad  pp—thj Mitop/4 4 31.37+0.03 32.86 - 0.04
a.5 pp—tbjj Miop/4 4 11.9140.006 7.299 £0.05
b.l pp— (Wt —=)etr, mw ) 5072.5+2.9 6146.2 £9.8
b.2 pp— (Wt =)etrej myy 5 828.4+0.8 1065.3 £1.8
b.3 pp— (Wt =)eTvejj mw 5 208.8+0.4 289.7+0.3
bd pp— (v*/Z —)ete mz 5 1007.0£0.1 1170.0 £ 2.4
b5 pp— (v*/Z —)ete™ j myz 5 156.11 +0.03 203.04+0.2
b.6 pp—(v* /Z —)ete™ jj myz 5 54.24 +£0.02 54.1£0.6
cl pp— (Wt =)etv.bb myw + 2my 4 11.557 £0.005 22.95+0.07
c2 pp— (WT =)etwett mw + 2Miep O 0.009415 £ 0.000003 0.01159 £0.00001
c3 pp—(v* /Z —)eTe"bb  myz +2my 4 9.459 £+ 0.004 15.31+0.03
cd pp— (v /Z =)ete it mz + 2myep 5 0.0035131 £0.0000004 0.004876 £0.000002
e 2Myop 5t 0.2906 +0.0001 0.4169 +0.0003
dl pp—o>WtW- 2mw 4 29.976 £0.004 43.92£0.03
d2 pp—oWTW~j 2mw 4 11.613 +0.002 15.174 £0.008
d3 pp—WTWTjj 2mw 4 0.07048 £0.00004 0.08241 £0.0004
el pp— HWT mw + mp 5 0.3428 £0.0003 0.4455 +0.0003
e2 pp— HWTj mw + mpg Y 0.1223 +£0.0001 0.1501 £0.0002
S s myz +myg ) 0.2781 £0.0001 0.3659 £0.0002
ed pp—HZj mz +mpy 5t 0.0988 +0.0001 0.1237 £0.0001
e.5b pp— Hitt Miop + MH 5 0.08896 £ 0.00001 0.09869 £ 0.00003
e.6 pp— Hbb mpy +myg 4 0.16510 =0.00009 0.2099 £0.0006
e7 pp—Hjj mi ) 1.104 £0.002 1.333 £0.002

Table 2: Results for total rates, possibly within cuts, at the 7 TeV LHC, obtained with MADFKS
and MADLoOOP. The errors are due to the statistical uncertainty of Monte Carlo integration. See

the text for details.

Madloop+MadFKS, Hirschi et al

MadGraph5_aMC@NLO. Alwall et al,



https://arxiv.org/abs/1103.0621
https://arxiv.org/abs/1405.0301




NNLO results

+ In a recent paper Process MCFM | Process MCFM
. H +0 jet [8-14] v [15] | W* 40 jet [16-18] | v [15
(2202.07738) T tried Z/v* +0 jet [11, 17-19] | v [15] | ZH [20] / 21
to document all the Wty [18, 22, 23) v [24] | Zy [18, 25] v [25
processes calculated vy [18, 26-28] v [29] | single top [30] v [31
W*H (32, 33] v [21] | WZ [34, 35] v
at NNLO. ’ ’
Z7Z (1, 18, 36-40] v W+W- [18, 41-44] | v
: W +1 jet [45, 46] 3] Z +1jet [47,48] | [4]
; Ab(?Ut 50% i v+ 1 jet [49] 5] H+1jet [50-55] | [6]
available in MCFM. tt [56-61] Z +b [62]
W=H+jet [63] ZH +jet [64]
=  We use both g; Higgs WBF [65, 66] H — bb [67-69)]
sl Cing and ] ettiness top decay |31, 70, 71| dijets [72-74]
lici yy+jet [75] W*e [76]
SUCHIS: bb [77 vy [78]
HH [79)] HHH [80

Most apart from heavy quark

and jet production are

generalizations of Drell-Yan


https://link.springer.com/article/10.1007/JHEP06(2022)002

Examples of NNLO results from MCFM

Process target MCFM
ON LO« ONNLO dNNLO | ONNLO INNLO

pp— H 20.78(0) | 30.03(3) 10.15(3) | 30.01(5) 10.13(5) mub
pp— Z 56.41(0) | 5599(3) —0.42(3)| 56.03(3) —0.38(3) nb
pp— W~ 70.00(0) | 78.33(8) —0.76(8) | 78.41(6) —0.68(6) nb
pp— W+ 106.2(0) | 1058(1) —0.4(1)| 1058(1) —04(1) nb
PP — ¥y 25.61(0) | 40.28(30) 14.67(30) | 40.19(20) 14.58(20) pb
pp — e~ ety 2104(0) | 2316(5)  122(5) | 2315(5)  121(5) pb
PP — €Y 1902(0) | 2256(15)  354(15) | 2251(2)  349(2) pb
pp — ety 2242(0) | 2671(35)  429(35) | 2675(2)  433(2) pb
pp— e—p—etpt | 17.20(0) | 20.30(1)  3.01(1) | 20.30(2) 3.01(2) b
pp— e pty,r, | 2437(1) | 264.6(2)  20.9(3) | 264.9(9) 21.2(8) fb
pp— e~p—ety, | 23.94(1) | 26.17(2)  2.23(3) | 26.18(3) 2.24(2)
pp—e~etpty, | 34.62(1) | 37.74(4)  3.12(5)| 37.78(4)  3.16(3)
pp — ZH 780.0(4) | 846.7(5)  66.7(6) | 847.3(7) 67.3(6) b
pp — WEH 1446.5(7) | 1476.1(7)  20.6(10) | 1476.7(8)  30.2(4) fb

Table 4. NLO results, computed using MCFM with NNLO PDFs (denoted oy ), total NNLO

cross sections from vh@nnlo (W*H and ZH only) and MATRIX (remaining processes, using the
extrapolated result from Table 6 of Ref. [24]) and the target NNLO coefficients (dyxro, with

ONNLO = ONNLO — ONLO* ) The result of the MCFM calculation (O-jcttinew, fit result by from
Eq. (3.9)) is shown in the final column.
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+ Unresolved is subject to a factorization formula = J HRBR®BRS® H il

and power corrections.

+ Resolved radiation contribution obtained from
NLO calculation with one additional jet, available
by subtraction in MCFM.

« As the cut on the resolved radiation becomes
smaller, neglected power corrections are also
smaller, but cancellation between resolved and
unresolved is bigger.



Slicing parameters

« For color singlet production, “g;” of produced color singlet

ObjeCt, (Catani et al hep-ph/ 0703012v2)

e -
. //N-]ettlﬂessﬂ (Boughezal et al) 1505.03893 F ,, = Zmini { Di Clk}
k

i

The p;, are light-like reference vectors for each of the initial beams and final-state jets in
the problem

g, denote the four-momenta of any final-state radiation.
Q. = 2E; is twice the lab-frame energy of each jet

Can handle coloured final states, e.g. H+jet

+ Recent new parameter “Jet veto” (Gavardietal), 2308.1577


https://arxiv.org/abs/hep-ph/0703012
https://arxiv.org/abs/1505.03893
https://arxiv.org/abs/2308.11577

NNLO results: dependence on slicing procedure

3 For most (but not all) 34.6 E B |+‘ = | - | | P | I s ]
processes the power . g44F Vettﬂ M( ()W Z') NILO E
; 2@ g i ] -
corrections are smaller = - JQe (Em)ess - :
fod@ liinothanfor . = = = - e -
jettiness. g 34,0
o £
- Factor of two in the S5 5= 22?2‘0773? |
exponent difference = e 0.010 0.020 0.050
between the leading & or ¢
form factors for g; and e | o e =
E + =+ it .
jettiness - ove g (W) =
= - jettiness(e.) 5
A S == =
removed by defining ~ = ) :
er= gy /0 and = e e =
€ = ( cut/ % = 3.0 EREEE B R s e e
T T Q) 26 E
28 :_I | | | | | | | | | | | | | | | | _—
0 0.00%2 0.005 @040 0.020 0.050
Campbell et al, 2202.07738 €. OT €

45


https://arxiv.org/abs/2202.07738
https://arxiv.org/abs/2202.07738

Y/
0’0

0

Precision QCD

We compute higher orders in
QCD to increase the precision
of our predictions i.e. to
reduce the theoretical error.

As we accumulate higher
order terms we can ask how
our error estimates in lower
order perform.

The NNLO central value lies
within the NLO error band in
only 4 out of the 17 cases
shown.
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Gavin Salam, (LHCP2016)



http://lhcp2016.hep.lu.se/




N3LO results for inclusive Z/y* etc

» Results for Z, W=, H, WH, ZH
normalized to N3LO.

= Both pup and uy are varied by a
factor 2 about their central

values respecting the constraint

1
— 2 < 2, “7-point scale

HE
variation”

* In most of the analyzed cases
the seven point scale variation
at NNLO does not capture the
N3LO central value.

pp = ¥*/Z + X | /s =13 TeV | PDFALHC15 nnlo_me | g, = Q

== 10 QCD =8 NNLO QCD ||

e NLO QCD B N3LO QCD

40 60 80 100 120 140 160 180
Q [GeV]
Baglio et al, 2209.06138,

c.t. Mistlberger


https://arxiv.org/abs/2209.06138

Conclusions

“ The future for (perturbative) QCD is bright.

“ Only ~10% of the final LHC luminosity of 3ab-! has been
collected.

* Paucity of BSM signatures, emphasizes the importance
of precision QCD for LHC (and ultimately for planned
successor machines, FCC).

“ Electron Ion Collider, expected to pertform 3-d
tomography of the proton, is expected in the early 2030’s




