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Foreward

•The known fundamental particles and interactions play 
a double role

1. they are objects of study, to measure their 
properties, to test our understanding of the 
dynamics, and to test the compatibility with existing 
predictions

2. they are tools for the discovery of the unknown

•The depth of knowledge we can acquire from (1) 
defines the strength and power of these tools to 
accomplish (2)
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EW interactions hold the secret of the most puzzling aspects of the SM: 
symmetry breaking and flavour
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who ordered those ?? the answer is worth a Nobel prize ….
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Given the EW lagrangian, however, the study of its dynamics is 
“straightforward”. 
In particular, finding the ground state is a high-school exercise:
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QCD, in comparison, is conceptually rather dull:
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Its perturbative dynamics is controlled by the scale evolution of the coupling

At the lowest order,

and
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See G.Altarelli, 
http://pos.sissa.it/archive/conferences/177/002/Corfu2012_002.pdf

http://pos.sissa.it/archive/conferences/177/002/Corfu2012_002.pdf
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The problem is that the “real” world sits in the deep infrared, at μ < Λ !!

μΛ

The identification of the QCD vacuum 
state and the formal proof of its 
properties (mass gap, confinement, chiral 
symmetry breaking) is one of the 
outstanding “millennium” problems, worth 
a Nobel prize (and loads of money from 
the Clay foundation* ….)
*  http://www.claymath.org/sites/default/files/yangmills.pdf

What makes QCD highly non-trivial, therefore, is the challenge (intellectual 
and technical) to develop frameworks that allow up to make quantitative, 
and precise, predictions for hadronic phenomena, in spite of our limited 
control from first principles of the vacuum and the spectrum

http://www.claymath.org/sites/default/files/yangmills.pdf
http://www.claymath.org/sites/default/files/yangmills.pdf


QCD in the non-PT regime:  
phenomenological issues interesting “per se”

• Issues that used to be classified as “chemistry”, have become 
exciting fields of research, addressed also using powerful 
theoretical frameworks such as AdS/CFT or supersymmetry

• They may not be relevant for applications of QCD as a tool to 
explore the puzzles of the SM, but testify to the richness of the 
dynamics emerging from QCD

• Examples:

• Exotic states in the hadronic spectrum: tetra- and 
pentaquarks, glueballs, …

• The phase diagram at finite density and temperature: 
deconfinement, the quark-gluon plasma, strange matter, the 
equation of state of neutron stars, …

• …



QCD in the non-PT regime:  
role in the exploration of the SM and its limits

• Quark flavour physics: extraction of CKM parameters and CP 
violation, rare decays and FCNC transitions, heavy meson decay 
dynamics, etc etc: crucial role of non-PT QCD => lattice QCD, 
HQET, sum rules, …

• (g–2)μ: role of light hadrons in the evolution of αQED, light-by-
light scattering

• Measurement of αs and its evolution from 
• hadronic τ decays
• quarkonium spectroscopy 
• jet shapes in e+e–→hadrons

• LHC physics => proton structure

• …



Factorization in hadronic collisions
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§  transition from partonic final 
state to the hadronic observable 
(hadronization, fragm. function, 
jet definition, etc)
§  Sum over all histories with X in 
them

€ 

f j (x,Q)
§  sum over all initial state 
histories leading, at the scale 
Q, to: 

  

€ 

! 
p j = x

! 
P proton

Parton distribution 
functions (PDF)
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Universality of parton densities and 
factorization, an intuitive picture
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Assuming 
asymptotic 
freedom!

q qExchange of hard gluons among 
quarks inside the proton is suppressed 
by powers of (mp/Q)2
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d4q
q6 ⇠ 1
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1)

Typical time-scale of interactions binding 
the proton is therefore  of O(1/mp) (in a 
frame in which the proton has energy E, 
τ=γ/mp = E/mp2)

τ≈1/mp

2)

If a hard probe (Q>>mp) hits the proton, on a time scale =1/Q, there is no 
time for quarks to negotiate a coherent response. The struck quark receives 
no feedback from its pals, and acts as a free particle

3)



As a result, to study inclusive processes at large Q it is sufficient to consider 
the interactions between the external probe and a single parton:
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As a result, to study inclusive processes at large Q it is sufficient to consider 
the interactions between the external probe and a single parton:

1) xbefore ≠ xafter ⇒affect f(x)!
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➡ Universality of f(x)

However, since τ(q≈1GeV)>>1/Q, the emission of low-virtuality gluons will take 
place long before the hard collision, and therefore cannot depend on the detailed 
nature of the hard probe. While it is not calculable in pQCD, f(q<<Q)  can be 
measured using a reference probe, and used elsewhere   

As a result, to study inclusive processes at large Q it is sufficient to consider 
the interactions between the external probe and a single parton:

1) xbefore ≠ xafter ⇒affect f(x)!

2) for q≈1 GeV not calculable in pQCD

Q

1) calculable in perturbative QCD (pQCD)
2) do not affect f(x): xbefore = xafter

q>Q

q

q<Q

This gluon cannot be 
reabsorbed because the 
quark is gone



Q dependence of 
parton densities (PDFs)
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Q dependence of 
parton densities (PDFs)

The larger is Q, the more gluons will not have time to be reabsorbed

PDF’s depend on Q!

f (x,Q) = f (x,µ) +
Z 1

x
dxin f (xin,µ)

Z Q

µ
dq2

Z 1

0
dyP(y,q2)δ(x� yxin)

11

μ
xin

Q>μ

x= y xin

μ>q

x=xin



f (x,Q) = f (x,µ) +
Z 1

x
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f(x,Q) should be independent of the intermediate scale μ considered:
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One can prove that: 

and finally (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi DGLAP equation):
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2π

1
Q2

P(x)
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More in general, one should consider additional processes which lead to the 

evolution of partons at high Q (t=logQ2):
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Directions for progress

•Improve the determination of the PDFs, using LHC data

•Improve the calculations of partonic matrix elements (NnLO)

•Improve the description of the full final state:

•higher-order corrections to the matrix element (resummation, parton shower)

•transition from partons to hadrons

•modeling the interaction of the proton fragments

•Validate the theoretical progress against data, test validity/limitations of 
factorization
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TH is rapidly making progress

16Courtesy of G.Salam



Status of PDF luminosity uncertainties
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τ=M2/S
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arXiv:1612.03016 

arXiv:1612.03016 



Heavy quarks and PDFs
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TOP

mtop=80 GeV
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CHARM



Top quark production at LHC
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Czakon, Fiedler, Mitov, 
arXiv:1303.6254

(pb) σ(172.5 GeV) δscale δPDF+αs δmtop

8 TeV 253 +6 
–9

± 12 ± 7.5

13 TeV 832 +20 
–29 ± 35 ± 23
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Czakon, Fiedler, Mitov, 
arXiv:1303.6254

(pb) σ(172.5 GeV) δscale δPDF+αs δmtop

8 TeV 253 +6 
–9

± 12 ± 7.5

13 TeV 832 +20 
–29 ± 35 ± 23

Pinning down PDF and parametric uncertainties is becoming more 
important than dealing with uncertainties from higher-order corrections



Some applications

Czakon, Papucci Mitov Rudermann Weiler, 
arXiv:1407.1043

Limits on stop from 
σTH(tt) vs σexp(tt)

Improved determination 
of gluon density

Czakon, et al
arXiv:1407.1043



Top quark spectra @ NNLO vs PDF fits
M.Czakon et al, arXiv:1611.08609

The sensitivity of measurements and TH has reached the few-% level also for 
complex processes like t-tbar production. 
The measurement of distributions complement the total XS info, in sorting out 
PDF effects vs possible new physics effects 



Forward charm as a probe of small-x gluons

27

xlow vs η, for pT=

5 GeV
3 GeV
1 GeV

pp @ 13 TeV

The LHCb experiment, 
with coverage for 
2.5<η<5, has 
a reach in the 10–6 

range

(pT , η)c

cbar
xlowxhigh



Forward charm production at LHCb, 
implications for cosmic ray physics

28

only HERA small-x data

inclusion of LHCb charm data in the fits
http://arxiv.org/abs/arXiv:1610.02230

The reduction in small-x gluon PDF 
uncertainty leads to a reduction in 
systematics for the calculation of 
the cross sections of cosmic high-
energy neutrinos

Gauld, Rojo: http://arxiv.org/abs/arXiv:1610.09373

http://arxiv.org/abs/arXiv:1610.09373


Examples of PDF-sensitive precision 
measurements of SM parameters
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W mass

30

ATLAS-CONF-2016-113 
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Gfitter, arXiv:0811.0009

sin2θw

Δ = 0.00123 ± 0.00040  
=> ~ 3 σ 



sin2θw at the Tevatron

Δ = 0.00123 ± 0.00040  
=> ~ 3 σ 
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CMS,  arXiv:1412.1115 ⇒ opens prospects for a precise 

measurement of sinθW from FB lepton 
asymmetry in Z0 decays at large y

Bodek, Han, Khukhunaishvili, Sakumoto, 
arXiv:1507.02470

sin2θw at the LHC ?



QCD and progress in the measurement of 
the Higgs boson properties

34



Highlights of 2015-16 Higgs measurements

ttH

too much ….

VH(bb)

too little ….

ttH (→bb)

….



Highlights of 2015-16 Higgs measurements

ttH

too much ….

VH(bb)

too little ….

HIG-16-033

just about right …

ttH (→bb)

….



Future evolution of Higgs statistics

include estimates of analysis cuts and efficiencies

July ‘16

End ‘18
End ‘23

~ 2035



Projected precision on H couplings
ATL-PHYS-PUB-2014-016

(μ=σxBR)

solid areas: no TH systematics 
shaded areas: with TH systematics 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016/
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Figure 3: Relative uncertainty 
expected for the determination of 
coupling scale factor ratios λXY in a 
generic fit without assumptions, 
assuming a SM Higgs boson with a 
mass of 125 GeV and with 300 fb−1 
or 3000 fb−1 of 14 TeV LHC data. The 
hashed areas indicate the increase of 
the estimated error due to current 
theory systematic uncertainties. ATL-PHYS-PUB-2014-016

On theory uncertainties

dominated by modeling



Example in TH progress:  
pp→Higgs, via gg fusion, at N3LO

arXiv:1602.00695

http://arxiv.org/abs/arXiv:1602.00695


NB  σ(gg→H) ∝ yt2     ⟹ 𝛿yt /yt ∝ 0.5 𝛿σTH /σTH 
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Higher-order EW and mt 
corrections

Lack of 
NNNLO in 

PDF evolution

PDF fits 
syst’s

αS 
Ssyst’s



Example of theoretical modeling systematics in the 
interpretation of Higgs measurements: jet vetoes

Jet veto required to reduce ttbar bg’s to H→WW*

Banfi, Monni, Salam, Zanderighi, arXiv:1206.4998
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Digression: the importance of EW bosons’ 
pT distributions in hadronic collisions
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The theoretical systematics …. … the comparison with data

pT(W) spectrum at LO
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Gehrmann–De Ridder, Gehrmann, Glover,  Huss, Morgan, arxiv:1610.01843

pT(Z) spectrum at NNLO

https://arxiv.org/pdf/1610.01843.pdf
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Gehrmann–De Ridder, Gehrmann, Glover,  Huss, Morgan, arxiv:1610.01843

https://arxiv.org/pdf/1610.01843.pdf
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Understanding the pT of gauge bosons 
in the search for DM signatures

A

gχ

gq

Z0

ν

ν—

versus



back to the Higgs: first probes of production dynamics, pT(H) spectrum

ATLAS γγ run 1 ATLAS γγ run 2 CMS γγ run 1

ATLAS 2l2ν run 1 CMS 2l2ν run 1 CMS 4l run 2



49

• δstat ~ 5 δexp => ~25xL ~300fb–1 to equalize exp&stat uncert’y
• O(ab–1) will provide an accurate, purely exptl determination of pT(H) in the theoretically 

delicate region 0-50 GeV, and strongly reduce/suppress th’l modeling systematics affecting 
other measurements (e.g. WW*)

• More in general, a global programme of higher-order calculations, data validation, MC 
improvements, PDF determinations, etc, will push further the TH precision…. 



• Higher statistics shifts the balance between systematic and statistical 
uncertainties. It can be exploited to define different signal regions, with 
better S/B, better systematics, pushing the potential for better 
measurements beyond the “systematics wall” of low-stat 
measurements.

• We often talk about “precise” Higgs measurements. What we actually 
aim at, is “sensitive” tests of the Higgs properties, where sensitive 
refers to the ability to reveal BSM behaviours. 

• Sensitivity may not require extreme precision

• Going after “sensitivity”, rather than just precision, opens itself new 
opportunities … 

50

Indirect Higgs probes of new 
physics at large statistics



Higgs as a BSM probe: precision vs dynamic reach
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L = LSM +
1
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Ok + · · ·

O = | hf |L|ii |2 = OSM
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For H decays, or inclusive production, μ~O(v,mH)
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⇒ precision probes large Λ

e.g. δO=1% ⇒ Λ ~ 2.5 TeV

For H production off-shell or with large momentum transfer Q, μ~O(Q)

⇒ kinematic reach probes large Λ even 

if precision is low

e.g. δOQ =10% at Q=750 GeV  ⇒ Λ~2.5 TeV

�OQ ⇠
✓

Q

⇤

◆2



Examples

δBR(H→WW*)

W

H

Q=m(WH)W*

H

Q=pT(H)
W

W

or



Examples

δBR(H→WW*)

W

H

Q=m(WH)W*

H

Q=pT(H)
W

W

or

δBR(H→gg)

H

Q=pT(H)



Probing large Q: 
Higgs production at large pT

HL-LHC

all rates LO

Caola (NLO rates for gg->H)



Examples: gg-> H at large pT

(See also 
Azatov and Paul arXiv:1309.5273v3)

top squarks in the loop

Grojean, Salvioni, Schlaffer, Weiler arXiv:1312.3317Banfi Martin Sanz, arXiv:1308.4771 

top partners T 
in the loop

LHC14

10% sensitivity at pT(H)~1TeV is compatible with 3ab–1 rates in previous page

http://arxiv.org/abs/1309.5273v3
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~   f( pT/m ) x

→ 1 for pT≪m

→ 1/pT2 for m≪pT

f ~ ————
4m2 + pT2

4m2 

“EFT”

“mt”

TH syst’s at large pTH



… but for finite mtop , not even at NLO
NNLO pT spectrum available in EFT…

=> important 
systematics due to finite 
mtop effects at large pT

Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier, 
https://arxiv.org/pdf/1607.08817v2

https://arxiv.org/pdf/1607.08817v2


Ex: Probes of dim-6 op’s with high-mass DY
M.Farina et al, arXiv:1609.08157
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Example: search for low-mass resonances V→2 jets

V
q

q
_

q

q
_

search impossible at masses below 
few hundred GeV, due to large gg→gg 

bg’s and trigger thresholds 

Physics with hadronic W/Z(/H) decays ?
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Example: search for low-mass resonances V→2 jets

V
q

q
_

q

q
_

search impossible at masses below 
few hundred GeV, due to large gg→gg 

bg’s and trigger thresholds 

V

At large pT

 
• S/B improves (qg initial state dominates 

both S and B)
• use boosted techniques to differentiate 

V→qq vs QCD dijets
• εtrig ~ 100%

Physics with hadronic W/Z(/H) decays ?



Example: search for low-mass dijet resonances
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60



Final remarks

60

Key question after few yrs of LHC: 

why don’t we see the new physics we expected to 
be present around the TeV scale ?



Final remarks

60

• Is the mass scale beyond the LHC reach for direct production ? 

• Is the mass scale within LHC’s reach, but final states are elusive 
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Final remarks
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• Is the mass scale beyond the LHC reach for direct production ? 

• Is the mass scale within LHC’s reach, but final states are elusive 
to the direct search ?

Key question after few yrs of LHC: 

why don’t we see the new physics we expected to 
be present around the TeV scale ?

In either case, if new physics is there to be found, 
better understanding and control of QCD will 
play a crucial role in revealing it, and studying its 
properties 

While we wait for the discoveries, improving our 
knowledge of QCD via calculations and 
measurements remains greatly challenging and 
rewarding


