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PRECISION PHYSICS 

Precision physics has an impressive track-record. Indeed, decisive indications of the correctness of 
general  relativity and the relevance of quantum  electrodynamics came from precision measurements.

Proof of general relativity: a 1% discrepancy with 
the Newtonian predictions

Discovery of Quantum Electrodynamics: 
0.1% discrepancy with predictions of 
Quantum Mechanics
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THE EXPECTATIONS

The discovery of low-scale BSM physics at the LHC was expected  to be easy.  Strong and unambiguous  signals were 
expected. Perturbative QCD and precise predictions for physical processes were  only needed to ensure that nothing 
unusual occurs with the backgrounds, and to clarify the nature of BSM signals after their discovery.

G. Landsberg 
J. Hewett



THE HIGGS DISCOVERY

A Higgs boson — a particle that is supposed to hold the Standard Model together — was discovered six years ago. 
Although this discovery is of a fundamental importance, Higgs boson was viewed as  an ``inevitable’’ part of the 
Standard Model. 



THE REALITY

No indication of any O(TeV)-scale  physics beyond the Standard Model.   Direct production is running out of steam. 

No new partic
les  beyond the 

Higgs so far



THE REALITY

No indication of any O(TeV)  physics beyond the Standard Model.   Direct production is running out of steam. 

In the midst of every crisis lies an 

opportunity



NEW OPPORTUNITY

We should turn the LHC into a precision machine and try to discover 
or constrain physics beyond the Standard Model  indirectly, by 
confronting results of precise experimental measurements of many 
different SM processes with equally precise theoretical predictions.



NEW FOCUS OF PRECISION PHYSICS 

▸ Indirect  searches for physics beyond the Standard Model are bound to play a 
more prominent role in the future. 

▸ This will require us to understand hard hadron collisions from first principles. 

▸ We can only achieve this by further pursuing the development of fixed order 
perturbative computations, thinking about the foundations of parton showers 
and getting to know the non-perturbative effects better

The LHC was  not envisaged as a precision 
machine,  but  it can  be turned into  one,  
provided that  QCD theory can keep up.

Nevents = NSM
events+?
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How do we describe collisions of protons starting from a Lagrangian of quarks and gluons? We can do that because at 
short-distances perturbative description of strong interactions becomes possible, thanks to the phenomenon of 
asymptotic freedom. 



COLLINEAR FACTORIZATION

Collinear factorization provides a well-established framework for the description of hard hadron collisions

  

Introduction

● The goal of hadron collider physics program (Tevatron, LHC) is to discover and study 

physics beyond the Standard Model in the  mass range 100 GeV - few TeV 

● To produce that heavy final states, we require rare short-distance processes where both 

protons disintegrate and all momenta transfers are large. These processes can be 

understood using factorization and asymptotic freedom.

● A major role in  such an understanding  is played by parton-parton scattering that is 

described by  perturbative QCD.

                                           

 THIS DISCUSSION IMPLIES THAT —AT LEAST ON THE THEORY SIDE — IT SHOULD 
BE POSSIBLE TO REACH  A (FEW) PERCENT PRECISION FOR GENERIC LHC 

OBSERVABLES. 

Collins, Soper, Stermand� =
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dx1dx2 fi(x1)fj(x2)d�ijFj
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, ⇤QCD ⇠ 0.3 GeV, Q ⇠ 30 GeV
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Except for parton distribution functions, all other non-perturbative effects are power-suppressed. 

We can compute partonic cross sections in perturbation theory in the strong coupling constant (LO, NLO, NNLO, etc.).

.

Two or three orders in perturbative QCD can be studied without worrying about non-perturbative effects; however, it does 
not make sense to continue with even higher order pQCD computations without addressing generic non-perturbative 
corrections. 

d�ij = d�ij,LO

�
1 + ↵s �ij,NLO + ↵2

s �ij,NNLO + ...
�

<latexit sha1_base64="pxHjJvzzUiP278ljSiXhpV56xfo="></latexit><latexit sha1_base64="cPesnLnA/duAoep96s+ZxL9Oxmg="></latexit><latexit sha1_base64="cPesnLnA/duAoep96s+ZxL9Oxmg="></latexit><latexit sha1_base64="ZmsCbr2nrgD2mW9kg2nNdGKA8iE="></latexit>



NON-PERTURBATIVE EFFECTS

Is the collinear factorization consistent with the known non-perturbative effects such as the underlying event, double parton 
scattering, hadronization, pile-up, color-reconnection etc. ?   Yes ! All these effects are collected  in the power-suppressed correction! 

Simulations of these non-perturbative effects involve models tuned to describe data.  This is a serious obstacle for the precision 
physics program that forces us to choose observables in such a way that sensitivity to non-perturbative effects is avoided.  

Pile-up, hadronization, 
double-parton scattering, 
color-reconnection, 
underlying event etc.

d� =

Z
dx1dx2 fi(x1)fj(x2)d�ijFj
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THE TOP QUARK MASS — A COUNTER-EXAMPLE

Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )

light-cone
= 0.15

H
4
0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km

s Mpc
= 1.44 ⇥ 10�42 GeV, the probability that we should

have seen a bubble by now is

P =
�

V
(V T )

light-cone
= 10�516

�409
+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �

? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole

t , mpole

h
or

↵s for the SM to be in the metastability window are

171.18 <
m

pole

t

GeV
< 177.68, 129.01 >

m
pole

h

GeV
> 111.66, 0.1230 > ↵s(mZ) > 0.1077

(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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Figure 2: (Top) phase diagram for stability in the m
pole

t /m
pole

h
plane and closeup of the SM

region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on m

pole

t and m
pole

h
. The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the m

pole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on m

pole

h
and theory. The

dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]

is needed for the vacuum  stability

Not everything that we want to know falls into a category of infra-red safe observables — a case in point  is the mass of the top 
quark.  Because of that determinations of  the top quark mass at a hadron collider with very high precision are controversial.  
However, the top quark mass is important for clarifying very profound questions about our Universe so the quest continues.

⌧SM ⇠ 10139
102
�51 years
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tttt I (JP ) = 0(1
2
+)

Charge = 2
3 e Top = +1

Mass (direct measurements) m = 173.1 ± 0.6 GeV [a,b] (S = 1.6)
Mass from cross-section measurements) m = 160+5

−4 GeV [a]

Mass (Pole from cross-section measurements) m = 173.5 ± 1.1 GeV
mt − mt = −0.2 ± 0.5 GeV (S = 1.1)
Full width Γ = 1.41+0.19

−0.15 GeV (S = 1.4)

Γ
(

W b
)

/Γ
(

W q (q = b, s, d)
)

= 0.957 ± 0.034 (S = 1.5)

t-quark EW Couplingst-quark EW Couplingst-quark EW Couplingst-quark EW Couplings

F0 = 0.685 ± 0.020
F− = 0.320 ± 0.013
F+ = 0.002 ± 0.011
FV +A < 0.29, CL = 95%

p

t DECAY MODESt DECAY MODESt DECAY MODESt DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

t → W q (q = b, s, d) –
t → W b –

t → ℓνℓ anything [c,d] ( 9.4±2.4) % –
t → e νe b (13.3±0.6) % –
t → µνµ b (13.4±0.6) % –
t → qq b (66.5±1.4) % –

∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes

t → Z q (q=u,c) T1 [e] < 5 × 10−4 95% –
t → ℓ+qq′ (q=d ,s,b; q′=u,c) < 1.6 × 10−3 95% –

b′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b′)
Mass m > 755 GeV, CL = 95% (pp, neutral-current decays)
Mass m > 675 GeV, CL = 95% (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (e+ e−, all decays)

HTTP://PDG.LBL.GOV Page 2 Created: 5/30/2017 17:13

mobs = mtop +O(⇤QCD)
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 Top quark  is the only quark (and the only particle for  that 
matter) that officially got THREE(!)  different masses according to 
PDG  !



Physics driven by precision 



OFF-SHELL MEASUREMENTS: THE HIGGS WIDTH

H
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Table 1: Expected and observed numbers of events in the 4` and 2`2n channels in gg-enriched
regions, defined by m4` � 330 GeV and Dgg > 0.65 (4`), and by mT> 350 GeV and E

miss
T >

100 GeV (2`2n). The numbers of expected events are given separately for the gg and VBF pro-
cesses, and for a SM Higgs boson (GH = GSM

H ) and a Higgs boson width of GH = 10 ⇥ GSM
H . The

unphysical expected contributions for the signal and background components are also reported
separately, for the gg and VBF processes. For both processes, the sum of the signal and back-
ground components differs from the total due to the negative interferences. The parameters
are set to µ = µggH = µVBF = 1.

4` 2`2n

(a) total gg (GH = GSM
H ) 1.8±0.3 9.6±1.5

gg signal component (GH = GSM
H ) 1.3±0.2 4.7±0.6

gg background component 2.3±0.4 10.8±1.7
(b) total gg (GH = 10 ⇥ GSM

H ) 9.9±1.2 39.8±5.2
(c) total VBF (GH = GSM

H ) 0.23±0.01 0.90±0.05
VBF signal component (GH = GSM

H ) 0.11±0.01 0.32±0.02
VBF background component 0.35±0.02 1.22±0.07

(d) total VBF (GH = 10 ⇥ GSM
H ) 0.77±0.04 2.40±0.14

(e) qq background 9.3±0.7 47.6±4.0
(f) other backgrounds 0.05±0.02 35.1±4.2

(a+c+e+f) total expected (GH = GSM
H ) 11.4±0.8 93.2±6.0

(b+d+e+f) total expected (GH = 10 ⇥ GSM
H ) 20.1±1.4 124.9±7.8

observed 11 91

between the low- and high-mass regions.

Among the signal uncertainties, experimental systematic uncertainties are evaluated from ob-
served events for the trigger efficiency (1.5%), and combined object reconstruction, identifica-
tion and isolation efficiencies (3–4% for muons, 5–11% for electrons) [7]. In the 2`2n final state,
the effects of the lepton momentum scale (1–2%) and jet energy scale (1%) are taken into ac-
count and propagated to the evaluation of E

miss
T . The uncertainty in the b-jet veto (1–3%) is

estimated from simulation using correction factors for the b-tagging and b-misidentification
efficiencies as measured from the dijet and tt decay control samples [38].

Theoretical uncertainties in the qq background contribution are within 4–10% depending on
mZZ [7]. The systematic uncertainty in the normalization of the reducible backgrounds is
evaluated following the methods described in Refs. [7, 16]. In the 2`2n channel, for which
these contributions are not negligible at high mass, the estimation from control samples for
the Z+jets and for the sum of the tt, tW and WW contributions leads to uncertainties of 25%
and 15% in the respective background yields. Theoretical uncertainties in the high mass contri-
bution from the gluon-induced processes, which affect both the normalization and the shape,
are especially important in this analysis (in particular for the signal and interference contri-
butions that are scaled by large factors). However, these uncertainties partially cancel when
measuring simultaneously the yield from the same process in the on-shell signal region. The
remaining mZZ-dependent uncertainties in the QCD renormalization and factorization scales
are derived using the K factor variations from Ref. [14], corresponding to a factor of two up
or down from the nominal mZZ/2 values, and amount to 2–4%. For the gg ! ZZ continuum
background production, we assign a 10% additional uncertainty on the K factor, following
Ref. [22] and taking into account the different mass ranges and selections on the specific final

Tiny  signal/background ratio. Need precise prediction for ZZ 
production both  in quark-antiquark and gluon fusion, including the 
interference with the off-shell Higgs in the gg channel. 
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Figure 2: Representative Feynman diagrams at NLO. Shown are the two-loop and real emission

contributions to the signal amplitude AH ((a) and (b)) and to the background amplitude Ap ((c)-

(f)). The decays of the Z-bosons to leptons are only shown in (f).

that, upon integration over the phase-space of the relevant final states, produce the corre-

sponding contributions to the cross section. We will refer to the three contributions to the

cross sections, shown in Eq.(2), as the signal, the background and the interference, respec-

tively. Note that the interference contribution to the cross section is not sign-definite, in

contrast to contributions of both the signal and background.

We now describe the ingredients that we use to assemble the full scattering amplitude

AZZ . The one-loop LO amplitudes AH and Ap are shown in Fig. 1. The former, with

full dependence on the quark masses that facilitate ggH interaction, has been known for a

long time. The latter amplitudes for both massless and massive quark contributions were

computed in [35–37]; more recent computations are available in the codes gg2VV [38] and

MCFM [5, 39]. We make use of the amplitudes from MCFM in our calculation.

For the NLO QCD computation we need virtual corrections to gg ! ZZ and real contri-

butions gg ! ZZ + g (see examples of contributing diagrams in Fig. 2). To compute the

6

The Higgs boson width in the SM is 4 MeV. It would be interesting to measure it since it can affected by exotic Higgs decays. 
Impossible to do that at the mass peak; can try ``off-shell’’ .

off-shell

on-shell

Table from one of the early CMS papers on the subject 



OFF-SHELL MEASUREMENTS: THE HIGGS WIDTH

Quark-antiquark annihilation to ZZ is known through  NNLO QCD and gg -> ZZ through  NLO 
QCD (two loops), including interference with the signal.  Integrals with top quark loops are 
known approximately. Close proximity of K-factors for the signal and the background.
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Figure 6: Four-lepton invariant mass distributions in gg ! ZZ processes at the 13 TeV LHC.

The full result is shown as well as contributions of signal, background and interference separately.

LO results are shown in yellow, NLO results are shown in blue, and scale variation is shown for

m4`/4 < µ < m4` with a central scale µ = m4`/2. The lower pane shows the K-factors.

the background distributions are relatively flat, with a slight increase with m4`. The situation

with the interference is different. In this case, the K-factor around the 2mZ threshold is

large, Kintf ⇡ 2.5 for m4`
<
⇠ 2mZ . As the invariant mass increases, the interference K-factor

decreases rapidly and flattens out, reaching the value Kintf ⇡ 1.5 at m4` = 2mt. Hence, at

around m4` ⇠ 2mt, values of the interference, signal and background K-factors become very

similar and, practically, independent of the value of the invariant mass m4`. Thus, we find

that the impact of NLO QCD corrections on the interference K-factor can be approximated

by the geometric mean of the signal and the background K-factors when the interference is

integrated over the full kinematic range of four-lepton masses, as well as at higher values of

the invariant masses where Ksignal ⇡ Kbkgd ⇡ Kintf . However, this is not the case close to

2mZ threshold, where the behavior of the interference K-factor is different from either the

signal or background K-factors.
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gg->ZZ

�H = 3.2+2.8
�2.2 MeV@68%CL
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The CMS result:



HIGGS BOSON PRODUCTION WITH THE HIGHEST TRANSVERSE MOMENTUM

Is the Higgs boson coupling to gluons — a loop process — truly Standard Model like?   A possible interplay 
between a point-like component and modifications of the top-Yukawa.  Interesting to disentangle the two 
possibilities. Can be done if Higgs production at high transverse momentum is measured.
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HIGGS PRODUCTION AT HIGH PT

CMS has already performed the measurement  of the high-pt Higgs production.  Decays of the Higgs to b-
pairs, are identified using the substructure techniques.   Boosted Z is observed with 5 sigma significance.  
Higgs signal with a (much) smaller significance -- but this is a very inspiring beginning ! 

�H ⇥ Br(H ! bb̄) = 74± 50 fb

systematic uncertainty is included to account for potential
differences between the W and Z higher-order corrections
(EW W/Z decorrelation). Finally, additional systematic
uncertainties are applied to the Wðqq̄Þ, Zðqq̄Þ, and
Hðb̄bÞ yields to account for the uncertainties due to the
jet energy scale and resolution [65], variations in the
amount of pileup, and the integrated luminosity determi-
nation [66]. A quantitative summary of the systematic
effects considered is shown in Table I.
In order to validate the background estimation

method and associated systematic uncertainties, studies
are performed on simulated samples injecting signal
events and determining the bias on the measured signal
cross section. No significant bias is observed in these
studies.
A binned maximum likelihood fit to the observed mSD

distributions in the range 40 to 201 GeV with 7 GeV bin
width is performed using the sum of the Hðb̄bÞ, W, Z, tt̄,
and QCD multijet contributions. The fit is done simulta-
neously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt̄-
enriched control region. The production cross sections
relative to the SM cross sections (signal strengths) for
the Higgs and the Z bosons, μH and μZ, respectively, are
extracted from the fit. Figure 1 shows the mSD distributions
in data for the passing and failing regions with measured
SM background and Hðb̄bÞ contributions. Contributions
from W and Z boson production are clearly visible in
the data.
The measured Z boson signal strength is μZ ¼

0.78 $ 0.14ðstatÞþ 0.19
−0.13ðsystÞ, which corresponds to an

observed significance of 5.1 standard deviations (σ) with
5.8σ expected. This constitutes the first observation of the
Z boson signal in the single-jet topology [67] and validates
the substructure and b tagging techniques for the Higgs
boson search in the same topology. The measured cross
section for the Z þ jets process for jet pT > 450 GeV and
jηj < 2.5 is 0.85 $ 0.16ðstatÞþ 0.20

−0.14ðsystÞ pb, which is

TABLE I. Summary of the systematic uncertainties affecting
the signal, W and Z þ jets processes. Instances where the
uncertainty does not apply are indicated by “…”.

Systematic source W/Z H

Integrated luminosity 2.5% 2.5%
Trigger efficiency 4% 4%
Pileup <1% <1%

N1;DDT
2 selection
efficiency

4.3% 4.3%

Double-btag 4% (Z) 4%
Jet energy scale/
resolution

10/15% 10/15%

Jet mass scale (pT) 0.4%/100 GeV (pT) 0.4%/100 GeV (pT)
Simulation sample
size

2–25% 4–20% (GGF)

H pT correction … 30% (GGF)
NLO QCD
corrections

10% …

NLO EW
corrections

15–35% …

NLO EW W/Z
decorrelation

5–15% …
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FIG. 1. The mSD distributions in data for the failing (left) and
passing (right) regions and combined pT categories. The QCD
multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f . The features at
166 and 180 GeV in the mSD distribution are due to the
kinematic selection on ρ, which affects each pT category
differently. In the bottom panel, the ratio of the data to its
statistical uncertainty, after subtracting the nonresonant back-
grounds, is shown.

PHYSICAL REVIEW LETTERS 120, 071802 (2018)

071802-4

?
PRL 120, 071802 (2018)

Need to understand theoretical aspects of this process better ! Indeed, a 
60 percent enhancement of   the cross section at high transverse  
momentum  — is it heavy top partners or just a QCD effect? 
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HIGGS PRODUCTION AT HIGH PT

CMS has already performed the measurement  of the high-pt Higgs production.  Decays of the Higgs to b-
pairs, are identified using the substructure techniques.   Boosted Z is observed with 5 sigma significance.  
Higgs signal with a (much) smaller significance -- but this is a very inspiring beginning ! 

�H ⇥ Br(H ! bb̄) = 74± 50 fb

systematic uncertainty is included to account for potential
differences between the W and Z higher-order corrections
(EW W/Z decorrelation). Finally, additional systematic
uncertainties are applied to the Wðqq̄Þ, Zðqq̄Þ, and
Hðb̄bÞ yields to account for the uncertainties due to the
jet energy scale and resolution [65], variations in the
amount of pileup, and the integrated luminosity determi-
nation [66]. A quantitative summary of the systematic
effects considered is shown in Table I.
In order to validate the background estimation

method and associated systematic uncertainties, studies
are performed on simulated samples injecting signal
events and determining the bias on the measured signal
cross section. No significant bias is observed in these
studies.
A binned maximum likelihood fit to the observed mSD

distributions in the range 40 to 201 GeV with 7 GeV bin
width is performed using the sum of the Hðb̄bÞ, W, Z, tt̄,
and QCD multijet contributions. The fit is done simulta-
neously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt̄-
enriched control region. The production cross sections
relative to the SM cross sections (signal strengths) for
the Higgs and the Z bosons, μH and μZ, respectively, are
extracted from the fit. Figure 1 shows the mSD distributions
in data for the passing and failing regions with measured
SM background and Hðb̄bÞ contributions. Contributions
from W and Z boson production are clearly visible in
the data.
The measured Z boson signal strength is μZ ¼

0.78 $ 0.14ðstatÞþ 0.19
−0.13ðsystÞ, which corresponds to an

observed significance of 5.1 standard deviations (σ) with
5.8σ expected. This constitutes the first observation of the
Z boson signal in the single-jet topology [67] and validates
the substructure and b tagging techniques for the Higgs
boson search in the same topology. The measured cross
section for the Z þ jets process for jet pT > 450 GeV and
jηj < 2.5 is 0.85 $ 0.16ðstatÞþ 0.20

−0.14ðsystÞ pb, which is

TABLE I. Summary of the systematic uncertainties affecting
the signal, W and Z þ jets processes. Instances where the
uncertainty does not apply are indicated by “…”.

Systematic source W/Z H

Integrated luminosity 2.5% 2.5%
Trigger efficiency 4% 4%
Pileup <1% <1%

N1;DDT
2 selection
efficiency

4.3% 4.3%

Double-btag 4% (Z) 4%
Jet energy scale/
resolution
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FIG. 1. The mSD distributions in data for the failing (left) and
passing (right) regions and combined pT categories. The QCD
multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f . The features at
166 and 180 GeV in the mSD distribution are due to the
kinematic selection on ρ, which affects each pT category
differently. In the bottom panel, the ratio of the data to its
statistical uncertainty, after subtracting the nonresonant back-
grounds, is shown.

PHYSICAL REVIEW LETTERS 120, 071802 (2018)
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Heavy	quark	mass	effects	
•  H+jet	amplitudes	with	masses	

§  Small-mass	limit	(K.	Melnikov,	L.	Tancredi,	C.	Wever)	

§  Two-loop	integrals	with	full	mass	dependence	in	
progress	(R.	Bonciani,	V.	Del	Duca,	H.	Frellesvig,	J.	Henn,	F.	Moriello,	V.	
Smirnov;	D.	Kara,	TG)	
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Figure 1: Examples of two-loop Feynman diagrams that contribute to the process
gg → Hg.

where, for consistency with Eq.(2.6), sums over polarizations of external gluons are

taken to be

∑

pol

(ϵµ1 (p1))
∗ ϵν1(p1) = −gµν +

pµ1p
ν
2 + pν1p

µ
2

p1 · p2
, (3.2)

∑

pol

(ϵµ2 (p2))
∗ ϵν2(p2) = −gµν +

pµ2p
ν
3 + pν2p

µ
3

p2 · p3
, (3.3)

∑

pol

(ϵµ3 (p3))
∗ ϵν3(p3) = −gµν +

pµ1p
ν
3 + pν1p

µ
3

p1 · p3
. (3.4)

We stress at this point that all Lorenz indices in Eq.(3.1) have to be understood as

d-dimensional. The explicit form of the projection operators can be found by making
an Ansatz in terms of the same linearly independent tensors as in Eq.(2.7)

P µνρ
j =

1

d− 3

[

c(j)1 gµν pρ2 + c(j)2 gµρ pν1 + c(j)3 gνρ pµ3 + c(j)4 pµ3p
ν
1p

ρ
2

]

, (3.5)

where j ∈ {1, 2, 3, 4}. The scalar functions c(j)i are unknown a priori; they are found

by requiring that Eq.(3.1) is satisfied. We obtain

c(1)1 =
t

s u
, c(1)2 = 0 , c(1)3 = 0 , c(1)4 = −

1

s u
,

c(2)1 = 0 , c(2)2 =
u

s t
, c(2)3 = 0 , c(2)4 = −

1

s t
,

c(3)1 = 0 , c(3)2 = 0 , c(3)3 =
s

t u
, c(3)4 = −

1

t u
,

c(4)1 = −
1

s u
, c(4)2 = −

1

s t
, c(4)3 = −

1

t u
, c(4)4 =

1

s t u
.

(3.6)

With these results at hand, we can compute each of the form factors separately.
Since the form factors are independent of the external polarization vectors, all the

– 7 –

TO MAKE PROGRESS, WE NEED TO UNDERSTAND HOW TO COMPUTE 
NON-TRIVIAL (LOOPS+MASSES ) FEYNMAN INTEGRALS
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HIGGS PRODUCTION AT HIGH PT

K. Kudashkin, J. Lindert, K.M., C. Wever;    S. Jones,  M. Kerner,  J. Luisoni; T. Neumann
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mt = 173.2GeV

mh = 125GeV

µ = 1/2, 2µ0

LOHEFT [fb] NLOHEFT [fb] K LO [fb] NLO [fb] K
p?> 400 GeV 33.8+44%

�29% 61.4+20%
�19% 1.82 12.4+44%

�29% 23.6+24%
�21% 1.90

p?> 450 GeV 22.0+45%
�29% 39.9+20%

�19% 1.81 6.75+45%
�29% 12.9+24%

�21% 1.91

p?> 500 GeV 14.7+44%
�28% 26.7+20%

�19% 1.81 3.80+45%
�29% 7.28+24%

�21% 1.91

p?> 1000 GeV 0.628+46%
�30% 1.14+21%

�19% 1.81 0.0417+47%
�30% 0.0797+24%

�21% 1.91

Table: Inclusive cross sections and K -factors for pp ! H+jet at
p
S=13TeV in the SM and in the infinite top

mass approximation with di↵erent lower cuts on the Higgs boson transverse momentum p?.Kirill Kudashkin H+Jet production Loops&Legs, 2018 14 / 15

 -K-factors are large but largely pt-independent;

- K-factors in the full theory are  about 6 percent 
larger than in  HEFT;

- Large  differences compared to the central values 
of the experimental result.

p? > 450 GeV
�H ⇥ Br(H ! bb̄)|th,NLO = 7.5 fb + 20% NNLO ?
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PRECISION PHYSICS WITH TOP QUARKS

Improved calculations of top quark pair production cross section  can be used to extract  the top quark mass from the inclusive cross 
section, constrain the strong coupling constant and parton distribution functions.  In addition, they are instrumental for excluding the 
existence of ``stealthy stops’’, i.e. supersymmetric partners of the top quark whose masses are very close to mt.

�t̃t̃ ⇠ 0.14 �tt mt̃ = mt
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Top-Quark pairs at the LHC (total cross section)

• Uncertainties:

Scales ~ 3-4%
pdf                 ~ 2-3%
αS ~ 1.5%

mtop ~ 3%

5% 3-4%

Czakon, Fielder, Mitov 2013

• Precision for the top-quark pair cross section?

• Total cross section prediction in perturbative QCD

NNLO needed (at least)

Measurement < 4% expected
Talk by Yvonne Peters 

Czakon, Heymes, Mitov

t̃ ! Z̃t
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A 750-GEV RESONANCE AND THE SHAPE OF THE DI-PHOTON SPECTRUM

NNLO QCD (normalized) predictions for the di-photon invariant mass distribution compare perfectly well  with 
ATLAS data (3.2/fb, 13 TeV), in spite of the ambiguities in defining a ``photon’’.  No need to fit the background to 
``discover’’ a 750 GeV resonance! 

Campbell, Ellis, Williams



NNLO QCD PREDICTIONS FOR MAJOR LHC PROCESSES

G. Salam

Remarkable pace of progress in recent years — most of the relevant 2 ->2  LHC processes ( jj, H+j, V+j, tT, VH ) are 
known through NNLO QCD.  2->3 processes ( 3j, 2gamma+j, ZbB, tTH). is the next frontier.



NNLO QCD computations



PERTURBATIVE QCD: REAL AND VIRTUAL CORRECTIONS

Processes with fixed number of final state particles are sensitive to long-distance physics,  computation of QCD corrections 
requires us to consider both virtual and real-emission corrections. 

Virtual corrections  is difficult to compute. 

It is difficult to combine real and virtual contributions together, to obtain physical cross sections.

Real correctionsVirtual corrections Real and virtual 

Z
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A NNLO COMPUTATION FOR ZZ PRODUCTION REQUIRES US TO COMBINE QQ -> ZZ,  QQ -> ZZ+G AND QQ -> ZZ+GG 
PARTONIC PROCESSES 



VIRTUAL CORRECTIONS

For processes of interest we have to deal with very large number of very complicated  Feynman integrals (hundreds 
diagrams, thousands of integrals etc.); a one-by-one integration is unthinkable. The question, therefore, is how to simplify 
the amount of analytic work that is required. 

Key ideas: 

1) integration-by-parts:  reduces the number of independent integrals  to be computed;

2) generalized unitarity: allows us to work with on-shell amplitudes that are simpler than diagrams;

3) differential  equations for Feynman integrals: better to solve a differential equation than to compute an 
integral;

4) numerical computation of Feynman  integrals: the ugly future.. 



VIRTUAL CORRECTIONS: REDUCING THE NUMBER OF INTEGRALS

Computation of integrals through derivatives is referred to as ``integration-by-parts’’.  The starting point is simple, even 
embarrassingly simple, but the consequences are profound.  

FIRE, REDUZE, LITERED, KIRA
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Conceptually, a reduction to master integrals became a straightforward exercise  in linear algebra after ``Laporta algorithm’’ 
was invented.

Computer-algebra packages can do a reduction for you.

For multi-scale problems (many particles with different masses, many kinematic scales), the reduction to master integrals 
becomes exceedingly difficult problem because   algebraic complexity increases dramatically. 

However, these complex cases are needed!  Indeed, 2 -> 3  two-loop partonic amplitudes is a new frontier, relevant for  3-jet 
production, vector boson + 2 jets, Higgs + 2 jets, diphoton + jets, ttH,  etc.

Many new ideas (e.g. Baikov representation, “finite fields reconstruction’’)   on how to force the reductions to work in practice, 
also in  these complex cases;  very active field of research.
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VIRTUAL CORRECTIONS: REDUCTION THROUGH UNITARITY

Generalized unitarity provides a different approach to the reduction to master integrals;  reduction coefficients are reconstructed 
from  on-shell scattering amplitudes .  Very successful method at one-loop; attempts to generalise to two- loops.

Recent progress with the evaluation of planar (large Nc) contribution to five-gluon two-loop amplitude.   An impressive proof of 
concept that unitarity works at two-loops but still far from a real computation of the full scattering amplitude and e.g. the 
phenomenology of  the three-jet NNLO cross sections. 

Badger, Bronnum-Hansen, Hartano, Peraro
Abreu, Cordero, Ita, Page, Zeng
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Bern, Dixon, Kosower ; Britto, Cachazo, Feng, 
Ossola,  Papadopoulos, Pittau; Elllis, Giele, Kunstz 

0 ! 5g @ NNLO
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VIRTUAL CORRECTIONS: INTEGRALS

Master integrals need to be computed after the reduction;  this can done either analytically or numerically. 

Analytic computations were a preferable choice for a long time (transparent results, fast and numerically-exact evaluations).  The 
complexity  of analytic results increases dramatically with the number of scales (kinematic invariants and particle masses).

Analytic computations in recent years were mostly performed using  differential equations (that follow from IBP’s) in the canonical 
form. 

We benefited from a better understanding of particular special functions — the so-called Goncharov polylogarithms — that appear 
in many  solutions of differential equations for various Feynman integrals.

There are many relevant cases where canonical form can not be achieved (ttH, ttZ, Zbb etc.). Different class of functions is  needed 
(elliptic integrals appear). What are these functions and what are their properties is  the topic of a very active exploration currently. 

Henn

Remiddi, Tancredi,  Adams, Bogner, Weinzierl,, Duhr, 
Broedel, Dulat, Penante 
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VIRTUAL CORRECTIONS: INTEGRALS 

Interesting physics requires higher-order computations for generic mass assignments (ttH, ttV, Zbb etc.); hard to imagine that 
analytic computations will continue to play a leading role  —  sooner or later we will be forced to go numerical!

There are two examples of very successful application of the numerical methods for the computation of loop integrals.

Chen, Czakon, Poncelet
Boundary conditions are computed at very high energy, for nearly massless quarks.

Top quark pair production gg ! tt̄
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VIRTUAL CORRECTIONS: INTEGRALS 

Master integrals can also be computed upon numerical integration over Feynman parameters (SecDec). This method has 
been  successfully applied  to double Higgs and Higgs + jet production at the LHC with the full top mass dependence. 

NNLO QCD Corrections to Higgs Boson Pair Production Javier Mazzitelli

Figure 1: Example of Feynman diagrams needed for the NNLO calculation for the virtual corrections (left)
and the real corrections (right) for gg→ HHg (top) and qg→ HHq (bottom) subprocesses. Other parton
subprocesses can be obtained from crossings.

For both virtual and real corrections, we used the MATHEMATICA packages FEYNARTS [27]
and FEYNCALC [28] in order to generate the Feynman diagrams and evaluate the corresponding
amplitudes. The calculation was performed using nonphysical polarizations, which we cancel by
including ghosts in the initial and final states. We used the FIRE algorithm [29] to reduce the virtual
contributions into master integrals, which were obtained from Ref. [30]. For the real emission
processes we used the Frixione, Kunszt, and Signer subtraction method [31] in order to subtract
the soft and collinear divergencies. Further details of the calculation, together with the explicit
expressions for the NNLO results, can be found in Refs. [20, 32].

3. PHENOMENOLOGY

Here we present the numerical results for the LHC. At each order, we use the corresponding
MSTW2008 [33] set of parton distributions and QCD coupling. We recall that we always normalize
our results using the exact top- and bottom-mass dependence at LO. For this analysis we useMH =

126GeV,Mt = 173.18GeV andMb = 4.75GeV. The bands of all the plots are obtained by varying
independently the factorization and renormalization scales in the range 0.5Q≤ µF ,µR ≤ 2Q, with
the constraint 0.5≤ µF/µR ≤ 2, being Q the invariant mass of the Higgs pair system.

We assume for the phenomenological results that the two-loop corrections to the effective
vertex ggHH are the same than those of ggH (that is C(2)

HH = C(2)
H , following the notation of Ref.

[32]), as it happens at one-loop order. We change its value in the range 0 ≤C(2)
HH ≤ 2C(2)

H in order
to evaluate the impact of this unknown coefficient and find a variation in the total cross section of
less than 2.5%.

In Figure 2 we present the LO, NLO and NNLO predictions for the hadronic cross section at
the LHC as a function of the Higgs pair invariant mass, for a c.m. energy Ecm = 14TeV. As can
be noticed from the plot, only at this order the first sign of convergence of the perturbative series
appears, finding a nonzero overlap between the NLO and NNLO bands. Second order corrections
are sizeable, this is noticeable already at the level of the total inclusive cross sections, where the
increase with respect to the NLO result is of O(20%), and the K factor with respect to the LO
prediction is about KNNLO = 2.3. The scale dependence is clearly reduced at this order, resulting
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Double-Higgs production
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....
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0

dx1...dxn

~N(x1, ..., xn)

D(x1, x2, ..., xn)
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INFRA-RED AND COLLINEAR SINGULARITIES

The key problem with combining  real and virtual contributions is that a) they live in different  phase-spaces and b) they 
diverge, when taken separately. 

Virtual corrections  are always integrated over the loop momenta; they explicitly exhibit infra-red and collinear 
singularities.
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Real corrections are finite in the bulk of a phase-space;  to produce divergencies  we need to integrate them over  infra-
red- and collinear-singular regions  of phase-space where the final state looks similar to  the final state of the tree-level 
process.
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REAL EMISSION CONTRIBUTIONS

Real emission corrections are finite in the bulk of the allowed phase-space;  infra-red and collinear divergencies only 
appear upon integration over energies and angles of the emitted partons.  

Need to find a way  that allows us to extract these  divergencies without integration over resolved parts of the 
phase-space.

A number of methods have been developed to a point where ``mass production” of NNLO results relevant for 
different physics is possible (in  practice, limited to  2 ->1 and 2->2 since virtual amplitudes only exist for those).

Nevertheless,  a search for an ideal subtraction method that can be easily generalized to a process of arbitrary 
complexity continues.

- ``qt’’-slicing [Catani, Grazzini]

- ``Antenna’’ subtraction [Gehrmann-de Ridder, Gehrmann, Glover]

- ``Jettiness’’ slicing [Boughezal et al, Gaunt et al]

- ``Sector decomposition &  FKS’’ subtraction [Anastasiou et al., Czakon, Heymes, Caola, Röntsch, K.M.]

- ``Projection-to-Born’’ [Cacciari et al.]

- ``Colorful NNLO’’ [Del Duca et al.]



THREE PILLARS OF THE  SUBTRACTION SCHEMES

1) Singularities in  real emission contributions  can only originate  from  soft emissions and collinear 
kinematic configurations;

2) Scattering amplitudes exhibit universal factorisation properties in soft and collinear limits;

The so-called subtraction technique rests on three pillars:  

S4FLM(1, 2, 4) = Eik(1, 2, 4)FLM(1, 2)
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3) Perturbative computations are  applied to infra-red/collinear safe observables. 

d�R = hFLM(1, 2, 4)i = h(I � S4)FLM(1, 2, 4)i+ hS4FLM(1, 2, 4)i
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We then subtract and add back approximate cross sections in both soft and collinear limits;  the difference of the 
full and approximate is finite and integrable and the approximate itself can be integrated over energies and 
angles of additional patrons since they decouples from matrix elements and observables. 
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REAL EMISSION CORRECTIONS: A LOOK AT NNLO

At NNLO QCD, the situation is more complex because of a non-trivial  interplay between various singular limits; 
the basic principles remain, however, the same.  For the DY process,  the finite (fully-subtracted) term looks as 
follows and can be evaluated numerically.  All subtraction terms can be integrated analytically.  Comparison of 
numerical and known analytic results shows perfect agreement. 

If one wished to consider the final state gluons and quarks separately, one could do away
with the energy ordering and the requirement of symmetrizing the quark amplitudes. We
emphasize that in this case, the formulas presented in the forthcoming sections would not
be applicable.

As mentioned in Section 2, an important part of the subtraction scheme is the dividing
of the phase space into partitions which each have restricted collinear divergences, cf.
Eq. (2.21). Throughout this paper, we choose the explicit parametrization of the partition
to be
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(3.14)

where ⌘ij = ⇢ij/2. It is trivial to check that these partitions restrict the collinear singular-
ities as discussed in Section 2, and also that they sum to unity.

We now present results for the different terms in Eq. (??) that arise in the quark
channel.

3.2.1 Terms with NNLO kinematics

This (hard) regularized contribution is the only one that involves the full matrix element
for fafb ! V + fxfy. It reads
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+ ✓(c)⇥I � CC i
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I � C45

⇤�

⇥ [dg4][dg5]w
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(1, 2, 4, 5)

�
.

In this equation, dc = {(1, 2), (2, 1)} and tc = {1, 2} refer to the double- and triple-collinear
partitions, respectively, while the sectors (a)–(d ) are defined by the angular ordering in
Eq. (2.22). The action of the operators S5, SS, Cij and CC i has been discussed in great
detail in Ref. [1], and in Sec. 2

We note that d�̂NNLO
1245 fafb

is computed numerically in four dimensions. In order to do
so, we must provide the explicit parametrization of the phase space for the complete final
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SUMMARY

Precision physics at the LHC evolves into an  important tool to discover physics beyond the Standard Model.  Precision 
leads to new opportunities, not fully appreciated earlier. 

Perturbative computations move  forward very rapidly; NNLO QCD computations for  2 -> 1 and 2->2 processes have 
been performed and can be used to do real physics.

Methods for loop computations are being developed with an eye of new challenges that we will face (multi-scale 
problems, masses  etc).   Numerical methods are getting as important as the analytic ones.  

An important next challenge are the 2 -> 3 processes (3jet, ttH, tt+jet, H+2jet, Z+2jets etc.) whose understanding at 
NNLO QCD will require computation of missing loop amplitudes. 

NNLO subtraction/slicing schemes are practically   a ``done deal’’  but these methods will benefit  from becoming 
more transparent, physical and efficient. 


