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Next: jets

Where do jets enter ? Essentially everywhere at colliders!

Jets are an essential tool for a variety of studies:

€ top reconstruction
& mass measurements

¢ most Higgs and NP searches

¢ general tool to attribute structure to an event

¢ instrumental for QCD studies, e.g. inclusive-jet measurements
= important input for PDF determinations



Jets

Jets provide a way of projecting away the multiparticle dynamics of an
event = leave a simple quasi-partonic picture of the hard scattering

The projection is fundamentally ambiguous = jet physics is a rich subject

Ambiguities:
|) Which particles should belong to a same jet !
2) How does recombine the particle momenta to give the jet-momentum!?
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Jet developments

fast-kt, SISCone, anti-kt,
Sterman jet-areas, jet-flavour, non-
Weinberg perturbative effects,

Cambridge - :
UA1+2 cones Aacher? quality measures, jet-
| ! | substructure, grooming ...

Snowmass (cone) Tev Run Il wkshp
Jade, seq. rec. ke (midpoint cone)

1975 1980 1985 1990 1995 2000 2005



Two broad classes of jet algorithms

Today many extensions of the original Sterman-VVeinberg jets.
Modern jet-algorithms divided into two broad classes

top down approach:

cluster particles according to
distance in coordinate-space
|dea: put cones along dominant
direction of energy flow

Jet algorithms

Sequential

(kt-type, Jade, Cambridge/
Aachen...)

bottom up approach: cluster
particles according to distance
In momentum-space

ldea: undo branchings occurred
in the PT evolution



Inclusive k¢/Durham-algorithm

Catani et. al *92-°93; Ellis&Soper °93

Inclusive algorithm:

|. For any pair of final state particles i,j define the distance

Ay + Ad
]Rg ’ mm{kfi, kfj}

dij -

2. For each particle i define a distance with respect to the beam

diB — thz

3. Find the smallest distance. If it is a djj recombine i and j into a new
particle (= recombination scheme); if it is dig declare i to be a jet and
remove it from the list of particles

NB:if AR;; = Ay}, + A¢;. < R then partons (ij) are
always recombined, so R sets the minimal interjet angle

4. repeat the procedure until no particles are left
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Exclusive kd/Durham-algorithm

Inclusive algorithm gives a variable number of jets per event, according to

the specific event topology

Exclusive version: run the inclusive algorithm but stop when either

e 2l dij, dig > dcc Or

* when reaching the desired number of jets n



ke/Durham-algorithm in e*e-

. . L
ke originally designed in e*e-, most  OPAL (91 GeV)

Jet Fraction
ja—y

widely used algorithm in e*e- (LEP) ~ Durham
yi; = 2min{E;, E5} (1 — cos6)) |
. . i +  2-jet
* can classify events using y23, y34, oo P e
: _ " Sjet
Y45, Y56 ... ol i — PYTHLA
* resolution parameter related to ozl
minimum transverse momentum | N
between jets T T e et

Satisfies fundamental requirements:

|. Collinear safe: collinear particles recombine early on
2. Infrared safe: soft particles do not influence the clustering sequence

= collinear + infrared safety important: it means that cross-sections can be
computed at higher order in pQCD (no divergences)!
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The CA and the anti-k; algorithm

The Cambridge/Aachen: sequential algorithm like k¢, but uses only

angular properties to define the distance parameters

ARZ
d:. = 2

dip =1 AR} = (¢i — ¢5)° + (yi — y5)°

Dotshitzer et. al 9 7;Wobisch &Wengler °99

The anti-kt algorithm: designed not to recombine soft particles together

dij = min{l/ktziv l/k?j}AR?j/Rz dip = 1/k1€21,

Cacciari, Salam, Soyez "08



Cone algorithms

|. A particle i at rapidity and azimuthal angle (y;,! i) ! cone C iff

it ye)2+ (Nl 1e)2" Reone
2. Define % | il C Yi apr o = Zz’EC ®; " PT.i
i c PT.i D _icc P,

3. If weighted and geometrical averages coincide (Yc.!c) = (%, %)
a stable cone (= jet) is found, otherwise set(yc.! c) = (%, %) & iterate

4. Stable cones can overlap. Run a split-merge on overlapping jets: merge
jets if they share more than an energy fraction f, else split them and

assign the shared particles to the cone whose axis they are closer to.
Remark: too small f (<0.5) creates very large jets, not recommended
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Cone algorithms

* The question is where does one start looking for stable cone !
* The direction of these trial cones are called seeds
* |deally, place seeds everywhere, so as not to miss any stable cone

* Practically, this is unfeasible. Speed of recombination grows fast with the
number of seeds. So place only some seeds, e.g. at the (y,! )-location of
particles.

Seeds make cone algorithms infrared unsafe




Jets: infrared unsafety of cones

400 Pt |1 a00.Pt 1 -

7 AN
300 300 [ Seed! /’

200 200 \
100 ‘ 3 100 E ‘3
0 ‘ 0

-1 0 1 2 3 - -1 0 1 2 3
3 hard = 2 stable cones 3 hard + | soft = 3 stable cones

- S S S S S S S B BEESEE BEEEEE BEEEEE BEEEEE BEEEEE BEEEEE BEESEE BEEEEE BESSEE0 BESSEE 00 BESSSE 00 BESSSE0 BESSSE 0 BESSSE 0 S0 SESSS 0 SESS 0 S S B e s e s o sees 0 sl

Midpoint algorithm: take as seed position of emissions and midpoint
between two emissions (postpones the infrared satefy problem)
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Seedless cones

Solution:
use a seedless algorithm, i.e. consider all possible combinations of
particles as candidate cones, so find all stable cones [= jets]

Blazey 00

The problem:
clustering time growth as N2N. So for an event with |00 particles need
|07 years to cluster the event = prohibitive beyond fixed order (N=4,5)

Better solution:

SISCone recasts the problem as a computational geometry problem, the
identification of all distinct circular enclosures for points in 2D and finds a
solution to that = N2 In N time IR safe algorithm

(@)

@

(b)

(©)

(d)

Salam, Soyez "07



Jet substructure: Z/W+ H (! bb)

1
___________________ - H - yy
______ [Ldt=301" ® wH(H — bb)
(no K-factors) a H = 727" = 41
“r]ij&S H — W\"’r" — Ivylw

qqd — qq wwil Wiy
4 qqH — gqqTr

qqH — qqZZ — lyy
@ ggH — ggWW — Njj

Signal significance
=
[

Total significance

10

(50 100 200 500 100 2 -

M, [GeV] m,, (GeV/ch)

= Light Higgs hard: promising channel associated production with
mainly produced in association with Z/WV, with decay H! bb is dominant,
but overwhelmed by QCD backgrounds



Z/W+H (! bb)

Recall why searching for pp ! WH(bb) is hard:

l(pp! WH(bh) " fewpb !(pp! Wbh" few pb

l(pp! tt)" 800 ! (pp! Wjj)" few 10'pb ! (pp! bb " 400p

= signal extraction very difficult

i WiHo R -1
10000 - Tt L. . =300fb

o0
Q
Q
o
|

events / 5 GeV/c”

4 )
Conclusion [ATLAS TDR]:
6000 | The extraction of a signal from H'! bb
4000 | decays in the WH channel will be very

difficult at the LHC even under the most
NN T el E optimistic assumptions [...]
0) 50

2000 -

\\\\\\\\\\\\\\

100 150 200 250 300 \_
m, (j.j) [GeV/c?]

J
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Z/IW+ H (I bb) rescued

But ingenious suggestions open up to window of opportunity

Central idea: require high-pt W and Higgs boson in the event

- leads to back-to-back events where two b-quarks are contained
within the same jet

- high pT reduces the signal but reduces the background much more

- improve acceptance and kinematic resolution




Z/IW+ H (! bb) rescued ?

Then use a jet-algorithm geared to exploit the specific pattern of H! bb
versusg! gg,q! gg

- QCD partons prefer soft emissions (hard ! hard + soft)

- Higgs decay prefers symmetric splitting

- try to beat down contamination from underlying event
- try to capture most of the perturbative QCD radiation

b\ /b
9 Rip
mass drop fllter
UE
R A R N N IR I O I G O A RN I SN N O NN

|. cluster the event 2. undo last recomb: 3.filter away the UE:
with e.g. CA algo large mass drop + take only the 3
and large-ish R symmetric + b tags hardest sub-jets

|7



Z/W+ H (!

Mass of the three hardest sub-jets:

3 channdls combined

2180 (d) ~qq
160F SNB =59 = Vijets
=140 in 112-128GeV ﬁvv |
8 = V+Higgs
o120
»100
apt
o
Lﬁ 80

60

40

20

® 20 40 60 80 100 120 140 160 180 20

bb) rescued ?

" with common & channel

specific cuts:
PV, PtH > ZOOGGV y e

real/fake b-tag rate: 0.7/0.01

" NB: very neat peak for
WZ (Z! bb)
Important for calibration

Butterworth, Davison, Rubin, Salam °08

r

Mass (GeV)
-
This and other works opened a new field of jet-substructure...
(would be a whole new lecture)
\_ _J




Recap on jets

& Two major jet classes: sequential (ki, CA,...) and cones (UAI, midpoint,...)

& Jet algo is fully specified by: clustering + recombination + split merge or

removal procedure + all parameters
& Standard/old cones based on seeds are IR unsafe
& SISCone is a infrared safe cone algorithm (no seeds)
& anti-kt the default sequential algorithm used in LHC analyses
& using IR unsafe algorithms you can not use perturbative QCD calculations

¢ Very active novel field of jet substructure [example of ZH(bb)]



LHC kinematics

Next, we want to review the application of perturbative QCD in high-
energy LHC collisions

Before discussing calculations, it is important to understand the kinematics
in proton-proton collisions

Hadronic CM frame
different from
partonic CM frame

Hadronic CM frame equal to
partonic CM frame only if x1=x2

=0

Proton Beam 1 Proton Beam 2

(E,px, Py, Pz) = ( | b2 + m2, |p|sin" cos#, |p| sin" sin#, |p| cos")

The total longitudinal momentum of the colliding system is unknown (one
can measure missing transverse momentum, but not missing longitudinal one)

20



LHC kinematics

A more common parametrisation relies on rapidity and transverse mass

(E.,px, Py, Pz) = (my coshy, |pr|cos!,|pr|sin!, my sinhy)

With
y:%'“ifﬁi pr= PR mr = B+ m?
check that the two parametrisations are equivalent
check that the rapidity transform linearly under a longitudinal
boost

given two particles, can you easily construct a boost-invariant
quantity?

21



LHC kinematics

For particles with negligible mass the rapidity coincides with the pseudo-
rapidity

= " logtan =
gtan 5

_ oy }Io 1+ cos”
Y= 2 gl" COS

The pseudo-rapidity can then be easily translated to the detector
geometric acceptance as used in experimental measurements

10-4 10-3 10-2 0.1 0.5 1 1 /2
9.9 7.6 5.3 3 1.36 0.6 0

(The other hemisphere has same but negative numbers)
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Rapidity coverage of LHC detectors

The achieved maximum rapidity coverage is important in LHC detectors

o

% B Muon
< . BN [Cal
= 10 ATLAS, CMS B ECal
E_ R B Tracking
=102

~14-17m

8
n
8
NS
n
o
3

'RPS, [l
FA FP420

CASTOR, T2, LUCID

CASTOR, T2, LUCID

| salas | | 1 1

10-75 5 25 0 25 5 7.5 10

1 1 ! 1 ! 1 1 | 1 L
=5 —4 -3 -2 -1 0 1 2 3 4

—
—
=

* For ATLAS and CMS: muons can be detected only in the central regions,
while for jets and hadrons, hadronic calorimetry extends up to 4.5-5
(essential for processes like vector boson fusion Higgs production)

* LHCDb covers better the forward region, but only forward one

* Studies are ongoing to determine the required/possible rapidity coverage

of future detectors
23



LHC kinematics

Rapidity is also interesting from a theoretical point of view, as the single
particle phase space is uniform in rapidity

d°p _ 1 2
JE@)3 - 2230 Pray

derive the above expression (change variables and include the
Jacobian of the transformation)

The above relation has already deep implications: for instance incoherent
radiation (e.g. soft underlying event) is to a large extend uniform in rapidity

24



Dijet production

Before discussing higher-order corrections, let’s discuss go through the
leading order calculation of one of the main LHC process: di-jet production

Sample diagrams (all must be included) Many partonic subprocesses contribute
qq — qq :)]—% ';'2;.:‘.‘;
00— aa (43 [§ (55 + SF) - 23]
a7 — q'q L 45447
49 — 47 | 33 [-‘) (252 + 252) - %—}
aq— 99| 3% |BEEE - %’%—}
99 — qq 5 6o — 5
99 = 94 % | -3 +
99— 99| 3353 ( — i _ s _ ')

Mandelstam variables: 0= ( P1 + p2)2 E): ( P1 + p3)2 0= ( P1 + p4)2

25



Dijet production

The hadronic cross-section PDFs for initial state partons Phase space
! 1 db; |
ikl A | 2
Symmetry factor Matrix elements Measurement function

We have seen that in the LAB frame  P3 = ( pt coshys, pr cos! , pr sin! , pr sinhys)

04 = ( pr coshyy,! py cos!,! pr sin!, pr sinhy;,)

cxercise: show that the rapidities are related to the Bjorken-x variables by

Xl:jig(ey“ey“) x,= L g va 4 g Ve

)

26



Dijet production

show that the rapidities in the partonic centre-of-mass frame are given by
R
%= 5(ys! ya) =1 ¥y

show that the scattering angle in the partonic frame is given by

Y4

g ' I
cosP = tanh &3 = tanh Y3 '2

this relation shows that the difference in rapidities between the jets gives direct access to the
dynamics in the partonic frame

show that in terms of rapidities the cross-section becomes

db;: |
= fi (X1, u2)f (Xo, p2) — X

d3! diet 1 1 dx; dx»
dyldyzdp% 16" s 1+ #y X1 Xo d! -

ikl

The above expression can be integrated numerically and provides a leading order estimate of
the cross section

27



Dijet production

Inclusive and dijet production are extensively studies at the LHC, both for SM measurements
and in searches for New physics

—~10"°
© 10™

510"
Q.

\./1010

>
£10°%}

CMS Preliminary L = 4.7 ]ft?" \s =7 TeV anti-k. R =0.7

Iy J<0.5

0.5<Iy
10<Iy

max.
15<ly

20<ly_ .
NLO@NP

| <1.0(x 10"
1<1.5(x 10%)
1<2.0(x10%
1<2.5(x 10%)

NNPDF2.1 M =p R=(;TT1+pn)/2

10°

M, (GeV)

CMS L= 34pb' \s =7 TeV

llll‘

IyI<0 5 (x3125) -
0.5=lyl<1 (x625)
1<lyl<1.5 (x125)
1.5<lyl<2 (x25)

2<lyl<2.5 (x5) °
2.5<lyl<3

> » O B O e °

10° __ NLO®NP
10 (PDF4LHC)
15 [ ] EXp. uncertainty
107 Anti-k, R=0.5 v )
20 30 100 200 1000
p. (GeV)

Direct determination of gluon PDF, constraints of other PDFS, measurement of ! , probe of
QCD running at TeV scales ...



Dijet production
Inclusive and dijet production are extensively studies at the LHC, both for SM measurements

and in searches for New physics

Search for excited quarks Search for gluions
CMS,L=194fb"at Vs = 8 TeV

L~ ;'——' 1 I LI l I U | LI B B | L) I LI A | Fr o ’r! T I LN | I LA | l L l LI I LI I l LI I | LI | LI B | 7 §=
% 10E . cms (1.0 fb™) '2 % A=110 GeV, 6'“-,etp > 110 GeV =
Q) T Fit ] o Sphericity = 0,4 -
S 1L QCD Pythia + CMS Simulation __| 10 ¢ Data =
Q - JES Uncertainty 5 = - Fit to the data =
~ - e, T EXCited Quark :': = 2 X o'gluim) 12 /ndf =29.2/23 ~
= N I String Resonance 2 10 : : - —
T 10°E = © - — Signal Mglumo = 500 GeV =
B : _-"7 8 (1.8 TeV) = - =
'8 [ . . 3 - Signal M =750 GeV -
> - 1L gluino N
107 E 3 - -
i (1.5 TeV): .~_.S (2.6 TeV) n n -
10° = - R = 107 =
af - \ _ i ;
LI ml<25,1an1 < 1.3 \ Y - - .
10 E " - = 10°

= Wide Jets ‘E 5

© = o = e

’9 2 _L.. A. T L I TSNt .g ]
2 1000 1500 2000 2500 3000 3500 4000 - AU S

Dijet Mass (GeV) © 400 600 800 1000 1200 1400 1600 1800 2000

Triplet invariant mass [GeV]
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Dijet production

Inclusive and dijet production are extensively studies at the LHC, both for SM measurements
and in searches for New physics

Explore substructure of quarks

o< 022 I T — T ] T
© '[I. dt=3.1pb ' \s=7 TeV e 340< m”,<520 GeV ‘
i b AN s 520<m <800 GeV (+0.03) —|
3 E weveee A =3 TeV (+0.00) s 800<m <1200 GeV (+0.06) -
% 0.181- o m>1200 GeV (+0.09)
iy e : QCD Prediction ] ¥ .
50'1 6 [ ] Theoretical Uncertainties | -4 It IS Clear that the Sma"er the
Z 014" I hesues BN Total Systematics - uncertainties, the more one can
- 0.12k \ exclude exotic scenarios.

Above we sketched a leading order §
calculation, in the following we’ll |
discuss higher-order corrections in §
a more generic case '

0.1;
0.08
0.06-
0.04-
0.021
0
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Perturbative calculations

Perturbative calculations rely on the idea of an order-by-order expansion
in the small coupling

I A+ B"s+C"2+D"2+ ...

LO NLO NNLO NNNLO

* Perturbative calculations are possible because the coupling is small at
high energy

* In QCD (or in a generic QFT) the coupling depends on the energy
(renormalization scale)

* So changing scale the result changes. By how much? What does this
dependence mean!

* |n the following will discuss these issues through examples
31



Hard cross section

Born level cross section straightforward in principle

d M @ {phIESEp})

m

LO

b

v 4

m-particle phase space . measurement function
Matrix element

(e.g.Vegas) (constraint on phase space)

32



Leading order with Feynman diagrams

Get any LO cross-section from the Lagrangian

|. draw all Feynman diagrams

2. put in the explicit Feynman rules and get the amplitude

3. do some algebra, simplifications

4. square the amplitude

5. integrate over phase space + flux factor + sum/average over outgoing/

Incoming states

Automated tools for (1-3): FeynArts/Qgraf, Mathematica/Form etc.

Bottlenecks
a) number of Feynman diagrams diverges factorially
b) algebra becomes more cumbersome with more particles

But given enough computer power everything can be computed at LO

33



Diagrams for gluon amplitudes

Number of diagrams for gg ! n gluons

o 23 4 | 5 6 7 3
ding. | 4|25 | 220 | 2485 | 34300 | 559405 | 10525900

¥number of diagrams grows very fast

¥complexity of each diagrams grows with n

Alternative methods!?

34



Techniques beyond Feynman diagrams

# Berends-Giele relations: compute

helicity amplitudes recursively X—E_ x—<gé

using off-shell currents
Berends, Giele ‘88

# BCEF relations: compute helicity
amplitudes via on-shell recursions
(use complex momentum shifts)

Britto, Cachazo, Feng 04

# CSWV relations: compute helicity
amplitudes by sewing together

MHYV amplitudes [- - + + ... + ]
Cachazo, Svrcek, Witten '04

35
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s it necessary to go beyond LO?

Very early observation:

at least NLO corrections are needed to describe data

3||||||||||||||||i '3||||||||||||III|||
| =CDF(1995,2005) F ’ i )
aD0(1995)
eUA2(1990)
— oUA1(1989) —
g ol E L
N n
Q — Q —
T )
= - N -
e i M i
g 1 tt; A
- - ——0(as),NLO
: 2 —0(1),L0 -
Ol.lsllllll.lllll!sllllél Ol.lsllllll.lllll!sllllél
Vs [TeV] Vs [TeV]

Drell Yan production is one of the first processes for which NLO

corrections have been computed
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Leading order n-jet cross-section

* Consider the cross-section to produce n jets. The leading order result at
scale M result will be

| njets (W) ="s(W"A(pi, #,...)

e Instead, choosing a scale pCdne gets
2
u_ +

2 Api,#,...)

| hiots (M) = "s(W)"A(pi #,...) = "s(W)" 1+ nby" (W)l

So the change of scale is an NLO effect (! ! ), but this becomes more

important when the number of jets increases (! n)

* Notice that at Leading Order the normalization is not under control:

| njets (H) o S(|J-) "
| njets (W ) "s(W')
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NLO n-jet cross-section

Now consider n-jet cross-section at NLO. At scale U the result reads

2

e () = "s( A #, ... )+ "W B(pi,#,...)! nbolng—% + ...

* So the NLO result compensates the LO scale dependence. The residual
dependence is NNLO.

* Scale dependence and normalization start being under control only
at NLO, since compensation mechanism kicks in

* Notice also that a good scale choice automatically resums large
logarithms to all orders, while a bad one spuriously introduces large logs
and ruins the PT expansion

* Scale variation is conventionally used to estimate theory uncertainty, but
the validity of this procedure should not be overrated (see later)

38



NLO calculations

NLO accuracy requires to dress a process with one real or one

virtual parton /

requires loop

Integration over

virtual

Sample diagrams shown.All diagrams must be included.

We won’t have time to do detailed NLO calculations, but let’s
look a bit more in detail at the issue of divergences/subtraction

39



Regularization procedures in QCD

Regularization: a way to make intermediate divergent quantities meaningful

* |[n QCD dimensional regularization is today the standard procedure,
based on the fact that d-dimensional integrals are more convergent if
one reduces the number of dimensions.

d*l - dY
L p® d=4" 2"< 4
N @)
* N.B.to preserve the correct dimensions a mass scale |l is needed
Cldx Tt dx 1

* Divergences show up as intermediate poles |/* ~ ! T T
0 0 - .

* This procedure works both for UV divergences and IR divergences

Alternative regularization schemes: photon mass (EWV), cut-offs, Pauli-Villard ...
Compared to those methods, dimensional regularizatiom has the big virtue that it leaves
the regularized theory Lorentz invariant, gauge invariant, unitary etc.

40



Subtraction and slicing methods

* Consider e.g.an n-jet cross-section with some arbitrary infrared safe jet
definition. At NLO, two divergent integrals, but the sum is finite

130 = dig+ diy

* Since one integrates over a different number of particles in the final
state, real and virtual need to be evaluated first,and combined then

* This means that one needs to find a way of removing divergences before
evaluating the phase space integrals

* Two main techniques to do this

. . ! . . .
- phase space slicing ~ obsolete because of practical/numerical issues

) " . . .
- subtraction method  most used in recent applications
41



Subtraction method

* The real cross-section can be written schematically as

d! i% = d"n+1 M a1 |2Fr‘1]+1 (P, Pn+1)

where F is the arbitrary jet-definition

* The matrix element has a non-integrable divergence

1
IM 111 |2 - ;M (X)

where x vanishes in the soft/collinear divergent region

* |IR divergences in the loop integration regularized by taking D=4-2!

1
2ReM v AMg} = Y

42



Subtraction method

* The n-jet cross-section becomes

* |nfrared safety of the jet definition implies

)!i!mo I:r\1]+1 (X) = Fﬁ]

* KLN cancelation guarantees that

im M (x) = V
x! 0

* One can then add and subtract the analytically computed divergent part

;1 Pl © 1
dx dx dx 1
Bio = SmM ORI 00 GRVR VR + VR
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Subtraction method

* This can be rewritten exactly as

a8 . 1 dX " # "'-.1
o = oz MOOFY ! VR + OV,

\ 0 y

Now both terms are finite and can be evaluated numerically

* Subtracted cross-section must be calculated separately for each process
(but mostly automated now). It must be valid everywhere in phase space

* Systematised in the seminal papers of Catani-Seymour (dipole
subtraction, '96) and Frixione-Kunszt-Signer (FKS method, '96)

* Subtraction used in all recent NLO applications and public codes (Event2,
Disent, MCFM, NLOjet++, Madgraph4@aMC@NLO, POWHEG ...)
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Ingredients at NLO

A full N-particle NLO calculation requires:

M tree graph rates with N+| partons
" soft/collinear divergences

[J virtual correction to N-leg process
divergence from loop integration,
use e.g. dimensional regularization

M set of subtraction terms

45
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Virtual one-loop: two breakthrough ideas

Aim: NLO loop integral without doing the integration

l) “.. we show how to use generalized unitarity to read off the (box)
coefficients. The generalized cuts we use are quadrupole cuts ...”

o

NB: non-zero
because cut gives

complex momenta /p— | —C&

Britto, Cachazo, Feng "04

Quadrupole cuts: 4 on-shell conditions on 4 dimensional loop
momentum) freezes the integration. But rational part of the amplitude,
coming from D=4-2" not 4, computed separately
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One-loop: two breakthrough ideas

Aim: NLO loop integral without doing the integration

2) The OPP method: “We show how to extract the coefficients of 4-, 3-, 2- and
[-point one-loop scalar integrals....”

! " (D) wo " (D) #o " (D)#
AN = Ciyizisis i1izizia T Ciizizg lijisia T b.i, Ii1i2
[i1]ia] [i1]is] [i1]iz]

A O

Ossola, Pittau, Papadopolous 06

Coefficients can be determined by solving system of equations: no
loops, no twistors, just algebral!

47



Virtual (one-loop) amplitude

Bottleneck for a long time... but thanks to these and
other theoretical breakthrough ideas

* connection between NLO amplitudes
and LO ones

\f
%

* input from supersymmetry/string
theory

* sophisticated algebraic methods
* connections with formal theory and | 4%

pure mathematics ...

the problem of computing NLO QCD corrections is now solved

48



Automated NLO (aka NLO revolution)

Example: single Higgs production processes (similar results available for
all SM processes of similar complexity, backgrounds to Higgs studies)

Process Syntax Cross section (pb)

Single Higgs production LO 13 TeV NLO 13 TeV

1 34.8% +1.2% 1 20.2% +1.1%
gl  pp—H (HEFT) pp>h 1.593+0.003 - 10! +348% f”:% 3.261 4 0.010 - 10 J_f”_g:% fm?,o
g2  pp— Hj (HEFT) pp>hij 8.367£0.003 - 100 FH% 1% 1.422+0.006 - 100 FRAT 1%
23  pp— Hjj (HEFT) pp>hijj 3.020+0.002 - 100 F3L% ALA% 512440020 - 100 +207% +13%
g4  pp—Hjj (VBF) PpP>hijj$swtuw-z 1.987£0.002 - 100 *17% +1.9% 1.900 +0.006 - 100 +0-5% +2-0%
g5  pp—Hjjj (VBF) PpP>hjjjsswtw-z 2824+0005-10-1 F5T% 1A% 3.085+0.010 -10-1 FEO% +10%
g6  pp—HW= 1.195+0.002 . 10° +23% +1.9% 1,419+ 0.005 .10 *21% +1.9%

+1.2%

e
* +0.9%
g8 PP —0.6%
+1.9%

o
+1.1%

g10  pp 0.9%
* +0.7%

g 11* pp —0.6%
g12* pp— 1 PP >Ah 3325 £ 0.139" Toa% 6% L 003 Tow 15w
g.13* pp— HW*y pp>hupnma 2.518+0.006 - 10-3 F-7% fi;g; 3.309+0.011 - 102 ’_‘g;;,(;’; e
g.14* pp—HZIW= pp>hz upm 3.763+0.007 - 1072 FLI% HR0% 520240015 -107% 0% AR
g15* pp—HZZ pp>hzz 2.093+0.003 - 1072 Fpu% H1I% 2,538+ 0.007 - 1073 FO% 0%
T -1 +30.0% +1.7% -1 +5.7% +2.0%

g16  pp— Hit pPpP>ht t~ 357920003 -1071 *5)00 *y00 460800161071 *o0s Foog
g17  pp—Htj pp>htt] 4.994+0.005 - 1072 305 H12% 6.328+£0.022 -1072 HFEF 100
g.18  pp— Hbb (4f) pp>hbb~ 4.983+0.002 -10-1 F3I% 1A% 6.085+0.026 - 1071 Fpav +16%
g19  pp— Hiij pp>htt~j 2.674+0.041 - 10! jgg;g:;; P 324440025 -1071 337 +25%
2.20*  pp— Hbbj (4f) PP>hbb~ j 7.367+0.002 - 1072 FO% 1% 0.0344+0.032 -1072 0% HISE
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NLO revolution?

What lead to this remarkable progress!?
The fact that

|.leading order can be computed automatically and efficiently (e.g. via
recursion relations)
2.one can reduce the one-loop to product of tree-level amplitudes

3.it was well understood how to subtract singularities

4.the basis of master integrals was known

But for item 2. everything was there since the time of Passarino-Veltman
(even item 2. was understood, but no efficient/practical method exited).
We will later on compare this to the current status of NNLO
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NLO status

Various public tools developed: Blackhat+Sherpa, GoSam+Sherpa, Helac-NLO,
Madgraph5 aMC@NLO, NJet+Sherpa, OpenLoops+Sherpa, Samurai, Recola ...

® Practical limitation: high-multiplicity processes still difficult because of
numerical instabilities, need long run-time on clusters to obtain stable
results (edge: around 6 particles in the final state, depending on the
process)

® Today focus on
# automation of NLO for BSM signals

# loop-induced processes: formally higher-order, but enhanced by
gluon PDF

# automation of NLO electroweak corrections (necessary to match
accuracy of NNLO)

# automation of NLO in SMEFT

Comparison to NLO is the standard now in most LHC analyses
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Uncertainties

The “unpleasant” feature that cross-sections depend on the choice of
renormalization and factorization scale can be turned into something useful,

i.e.a way to quantify the theoretical error

Example: R-ratio (again!)

Fix both scales to the scale at which the hard process occurs (Q) and vary

them up and down by a factor 2

NB:

* the factor 2 is conventional

* it is a procedure that seemed to work
well in practice

* in complicated processes large degree of
freedom in the choice of the scale
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|. LHC example of NLO: tt+ | jet

Cross-section
1500 - —

! [pb] pp " t8jet+X
5= 14TeV

Prjet > 20GeV
1000

500

———  NLO (CTEQ6M)
LO (CTEQ6L1)

O L L M R R |
0.1 1

W/ my

" Scale variation is not a perfect procedure to assess the theory uncertainty

10

Asymmetry
. 0.04 — PR
AEg pp" t8+jet+
0.02 5= 1.96TeV ~
0 PTjet > 20GEV +
#0.04 ]
#0.06 ]
#0.08 .
#01} —— NLO(CTEQ6M) |
' LO (CTEQS6L1)
#0.12 R .
0.1 1 10

W/ my

" Ambiguities in the central scale choice (more so for more complicated

processes)

" Scale variation for ratios (asymmetries etc.) underestimates the uncertainty
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2. LHC example of NLO:W+3jets

Scale choice: example of W+3 jets (problem more severe with more jets)

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 200 350 400 450 500
[ h- I L ' L] ' L ' L ' L] ' L) l . l . A L] ' L] ' L] ' L) I L I ] I ) l L ' L ' L
i - W +3jets+X - 10O ’ ] —_— W +3jets+X —- 10
— 0'F =, - — NLO _ 0'F — - — NLO
> s 1 Vs = 14TeV . > = — Vs = 14Tev
g | e 1 S | ;
', ) S B, -
- - - S Wy = by = H
B:h = ~ .-—_.q E m s .
= R ALMEE L'_ - - = | BT > 206GV il < 3
-8 B E; >22GeV, In'l <25 —— -8 P E; > 200V, In'l <25 —
10 E | £, > 30Gev, M) > 20Gev _'-L""" E 10 E | 2, > 0Gev, 8] > 200GV
[ | & « 04 (siscone] BlackHat+Sherpa I ] [ | & « 04 [siscoze] BlackHat+Sherpa
I I T TR TP B | ] I I T T NN NP NP R M B
Tt 1 -t - &+t &+ttt
71 -— LO/NLO 15— LO/NLO B NLO scale dependence
6 - -
5 — PateTe st e ¥
i !
3 e -
2 o i
|| messs s
0P~ i PRttt ety
Y A M M - : A N M M M A N 1 N
0 50 100 150 200 250 300 350 400 450 500 0 100 150 20 250 00 350 400 450 500
Second Jet E, [GeV ] Second Jet E [GeV ]

... large logarithms can appear in some distributions, invalidating even an NLO prediction.
Bern et al.’09
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Is NNLO needed?

———
ATLAS
— WZoi

— ® ATLAS Vs=13TeV (m,  66-116 GeV), 3.2 fb”
— A ATLAS Vs=8TeV (m,  66-116 GeV), 20.3 fb"
— ™ ATLAS V{s=7 TeV (m, 66-116 GeV), 4.6 fb”
— V DO Vs=1.96 TeV (m,  60-120 GeV), 8.6 fb"

& CDF V5=1.96 TeV (corr. tom, _ 60-120 GeV), 7.1 fb”

T

NNPDF3.0, un=pF=(mw+mz)/2

Illlllllllllllll

L I L 'l 1 I Il 1 L l 1 L 1 I L

== MATRIX NNLO, pp—->WZ (mz_’" 66-116 GeV)

= MCFM NLO, pp—WZ (m, 66-116 GeV)
P CT14nlo, pn=uF=mwz/2

g - = =MCFM NLO, pp—WZ (m, 60-120 GeV)
. CT14nlo, u_=p _=m,;,/2
1 1 I 1 L

__—NNLO
“—NLO
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LHC data clearly already requires NNLO
Same conclusion in all measurements examined so far
With more data NLO likely to be insufficient
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Why is NNLO difficult

calculation of two-loop methods to cancel
master integrals (when many (overlapping) divergences
scales are involved) before integration

d! n2ReM ' 10\ free | dl nd! 12RelM 75 °PM 19 | dl nd! oM TR,

- 0 o = Z =

1 1 1

d gz tazzt+ ...+ a ! 7+ a3 ...+t )

Cancelation manifest after phase space integration, but to have fully
differential results must achieve cancelation before integration
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Ingredients for NNLO

At NNLO the situation is very different from NLO

|. leading order of very limited importance
2. no procedure to reduce two-loop to tree-level (unitarity approaches
still face many outstanding issues)
3. subtraction of singularities far from trivial
4. basis set of master integrals not known, integrals not all/always
known analytically
And all this even for simple processes (no full result exists forany 2! 3
scattering process)

What changed in the last years (and is undergoing more changes)

|. technology to compute integrals
2. extension of systematic subtraction to NNLO

57



Antenna
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NNLO uncertainty?

NNLO scale uncertainty bands of 1-2%.
Is the theory uncertainty indeed 1-2%7?
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N3LO: only 3 LHC process known so far

Gluon fusion Higgs
production (in the large m:
e" ective theory)

Vector boson fusion Higgs

production (in the structure

function approximation, I.e.
double DIS process)

Drell Yan (W and Z bosons
to leptons)




Higgs production at N3LO

#0(100000) interference diagrams (1000 at NNLO)!
168273802 loop and phase space integrals (47000 at NNLO)!
Habout 1000 master integrals (26 at NNLO) !




Higgs production at N3LO

50}
40}
- 30:-
20:- Anastasiou et al 1602.00695

100

| LO LO+LL NLO NLO+NLL NNLO
o ~ NNLO+NNLL — N3LO ~— N3LO+N3LL
0.5 1.0 1.5 2.0

pimy (U=HR=UF)

HN3LO bnally stabilizes the perturbative expansion !

Halso matched to resummed calculation (essentially no impact on
central value at preferred scale mu/2 )
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Error budget: one example

Gluon-fusion Higgs productions (known to N 3LO fully di* erential)

Error budget as of 2018
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More data; lattice
determination " ;!

progress in s Pts

Removed by !
Czakon et al 021

can be removed

Reduced by factor 2
through mixed EW-
QCD calculations

Missing N3LO PDFs!

Missing N4LO




Summary of perturbative calculations

o | O:fully automated. Edge: 10-12 particles in the final state

. :also automated. Edge: 4-6 particles in the final state

. :the new frontier. Lots of new 2! 2 processes in recent years.
First 2! 3 calculations for the LHC

e NNNLO: fully inclusive Higgs production via gluon fusion (large m;
effective theory), vector boson fusion (factorised approximation) and
Drell Yan production
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