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?

The Lagrangian of Nature?

•With the discovery of a scalar particle having properties consistent 
with the SM Higgs boson, the Lagrangian of Nature appears complete.

(ATLAS+CMS, 1503.07589, fit to 4l+2γ)

•The SM is predictive: given mH, all couplings of the Higgs are now fixed.

Tree-level couplings:



Failures of the Standard Model I

•Numerous outstanding problems exist in the SM, both aesthetic 
and experimental, that demand explanation.

No hierarchy between input, “bare” value 
and quantum corrections ➪ Naturalness

True for gauge bosons ➪ gauge symmetry

True for the fermions ➪ chiral symmetry

Not true for the Higgs!

(MHiggs)2 ∼ (Mbare)2 +Λ2

Does TeV-scale SUSY 
resolve this problem?

Mgauge,ferm ∼ Mbare {1 + a ln Λ/M}
Arbey, Battaglia, Djouadi, Mahmoudi 1211.4004

Precision Higgs mass measurement 
influencing our search for TeV-scale SUSY



Failures of the Standard Model II

•Numerous outstanding problems exist in the SM, both aesthetic 
and experimental, that demand explanation.

➪The SM Higgs does not explain the 
observed masses and mixings of fermions.

Is new insight 
hiding in the lighter 
fermion couplings, 
or buried in the 

errors?



Failures of the Standard Model III

•Doesn’t have dark matter! Assuming non-gravitational DM couplings, can 
imagine two possible scenarios for DM coupling to the SM.

DM

DM
SM (Higgs)

DM

DM

SM

SM

Mediator

Only three renormalizable 
possibilities:

Predicts invisible decays

Schabinger, Wells hep-ph/0509209; 

Patt, Wilczek hep-ph/0605188

Hidden-sector dark matter leads to rich 
Higgs phenomenology (surveyed in Curtin et al, 1312.4992)



Experimental guidance

• No convincing evidence of new particles or BSM effects; Higgs looks 
SM-like, limits on SUSY and other new states over a TeV and increasing
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No obvious deviations so far; precision 
studies very likely key in resolving 

outstanding issues of the SM! 



Precision tests of the Standard Model



The experimental challenge

•The experimental precision achieved at the LHC in multiple channels 
is challenging our ability to calculation precisely enough to compare 
theory to data

• Experimental errors on 
inclusive pT spectrum of 
lepton pairs in Z-production 
under 1%

• Important input into PDF fits
• Theory uncertainties at next-

to-leading order (NLO) at the 
10% level



The experimental challenge

Theory errors are 
exceeding experimental 

errors in multiple channels



QCD at the LHC

•Theory at hadron 
colliders is driven by 
our understanding of 
QCD

•How does theory 
allows us to peer 
into the inner “hard-
scattering” in this 
mess?



Predicting at the LHC: divide and conquer
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•The key principle is factorization:
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How do we get a quark/gluon from the proton?
Non-perturbative but universal; measure at 
HERA, Tevatron, etc.

� = �(0) +
↵s

⇡
�(1) +

⇣↵s

⇡

⌘2
�(2)Calculate!

Leading-order (LO)

Next-to leading-order (NLO)
Next-to-next-to leading-order (NNLO)

or even N3LO for Higgs!

Predicting at the LHC: divide and conquer



Why we need NNLO precision
•The precision standard for most processes so far has been NLO

•NNLO is needed to avoid misinterpretation of experimental data

•An example: the WW cross section

Could it be light 
charginos?
(Curtin, Jaiswal, 
Meade 1206.6888, 
and others)



The WW cross section now

•Sizable NNLO QCD corrections!  Theory within 1σ agreement of ATLAS 
and CMS for both CM energies Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, 

Pozzorini, Rathlev, Tancredi (2014)   

•Enhancement of theory is 
expected when the 
extrapolation from the 
fiducial region is properly 
modeled, further improving 
agreement

Monni, Zanderighi (2014) (see also Jaiswal, 
Okui, Curtin, Meade, Tien (2014))



The importance of higher orders

•For several years the ttbar asymmetry measured at Tevatron was several 
standard deviations away from the prediction; could it be a light axigluon?

•Large NNLO QCD corrections!  Not 
predicted by soft-gluon resummation, 
required a genuine NNLO prediction 
(Czakon, Fiedler, Mitov 1411.3007) 

•Large electroweak corrections!  QED 
generates an asymmetry via the same 
mechanism as QCD (Hollik, Pagani 
1107.2606; Kuhn, Rodrigo 1109.6830)

•Within errors, the SM prediction now agrees with experiment



The importance of higher orders

•For several years the ttbar asymmetry measured at Tevatron was several 
standard deviations away from the prediction; could it be a light axigluon?

•Large NNLO QCD corrections!  Not 
predicted by soft-gluon resummation, 
required a genuine NNLO prediction 
(Czakon, Fiedler, Mitov 1411.3007) 

•Large electroweak corrections!  QED 
generates an asymmetry via the same 
mechanism as QCD (Hollik, Pagani 
1107.2606; Kuhn, Rodrigo 1109.6830)

NNLO, plus resummation when cuts require, 
should become the standard during Run II and 

beyond when comparing theory to data



A timeline of NNLO hadron collider 
cross sections

•Complete NNLO hadron-collider cross sections with control over kinematics: 

2005

Higgs

2006

W,Z

2007 2008 2009 2010 2011 2012 2013 2014 2015

WH 
γγ

tt 
Zγ

Wγ 
WW 
ZH 
ZZ 
t

Wj 
Hj 
Zj 

VBF

NNLO, including for jets, becoming available for 
2→2 scattering in time for high-precision Run II 

data



Vector boson plus jet production

NNLO corrections mandatory to properly 
describe measured HT distributions in both W+j 

and Z+j production

Boughezal, Liu, FP 1602.05612

• Important background process to SUSY, dark matter searches, VH production



Vector boson plus jet production

Only NNLO correctly describes 
shape and normalization via a 

controlled, systematically 
improvable expansion

Boughezal, Liu, FP 1602.05612



Comparisons with 13 TeV data

• NNLO again offers an excellent description of both shape and normalization



Comparisons with 8 TeV data

• NNLO again offers an excellent description of both shape and normalization

NNLO1j from Boughezal, 
Focke, Liu FP1504.02131

NNLO1j from Boughezal, 
Focke, Liu FP1504.02131Our current knowledge of NNLO 

theory and PDFs allows several-
percent comparisons of theory with 

data for a large variety of LHC 
measurements



The gluon luminosity
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Exploring the Higgs sector in Run II



Framework for Run II Higgs studies

•We haven’t yet seen anything beyond the SM, although hints exist.  The Higgs 
appears SM-like.  Motivates interpretation of Run II results in EFT framework. 



Sketch of an EFT analysis

Measure maximum energy scale that goes into 
measurement to set lower limit on EFT region 

of validity

Experiment bounds g2/Λ2

Can map heavy NP models 
into this constraint plane

Must compare explicit UV models 
against data in the region

Englert, Spannowsky 1408.5147



Theory uncertainties 
halved; other 

systematics scaled as 
1/√L

γγ

ZZ

WW



Theory uncertainties 
halved; other 

systematics scaled as 
1/√L

γγ

ZZ

WW

The dominant component of the 
systematic error on the signal strength is 
SM theory.  This threatens to become a 
limiting factor in interpretation of Run II 

as statistical errors decrease.

Great recent progress in meeting 
this precision challenge of Run II!



Higgs production in gluon-fusion and VBF

•Inclusive gluon-fusion Higgs production known at N3LO!  Important part of 
all coupling analyses (Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Lazopoulos, Mistlberger 1602.00695)

•VBF production known at N2LO differentially, and N3LO inclusively 
(Cacciari, Dreyer, Karlberg, Salam, Zanderighi 1506.02660; Dreyer, Karlberg 1606.00840)

13 TeV:

trunc
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EW
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PDF(th)
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scale
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αs
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Approximate error budget 
(percentage of total error):

ggH from 1602.00695



Higgs production in gluon-fusion and VBF

•This assumes PDF4LHC αS(MZ) recommendation: 0.1180±0.0015

•DIS fits prefer lower αS(MZ); LO ggH~αS2⇒strong parametric dependence!

Fix αS(MZ)=0.113, value found in ABM12 
fit; study CT14, ABM12 predictions 

1602.00695

~10% lower cross section!

Approximate error budget 
(percentage of total error):
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Higgs production in gluon-fusion and VBF

•This assumes PDF4LHC αS(MZ) recommendation: 0.1180±0.0015

•DIS fits prefer lower αS(MZ); LO ggH~αS2⇒strong parametric dependence!

Fix αS(MZ)=0.113, value found in ABM12 
fit; study CT14, ABM12 predictions 

1602.00695

~10% lower cross section!

Approximate error budget 
(percentage of total error):
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Again illustrates the need to have 
everything (theory, parameter 

determinations, experiment) in place for 
precision studies at Run II



Higgs+jet production

•Question: how can we disentangle the ggh and tth couplings?  Direct 
tth production, but also through Higgs pT spectrum.

Inclusive production cannot distinguish these 
scenarios (must extend κ framework for Run II!) 

Schlaffer, Spannowsky, Takeuchi, 
Weiler, Wymant 1405.4295

Azatov, Paul 1309.5273 (see also Grojean et al. 1312.3317)

Precision pTh 
calculation 
essential! 



Higgs+jet production
•Need precision theory improvements on two fronts:

Exact NLO mt dependence for high pTh 
(corrections to 1/mt suppressed 
operators known Harlander, Neumann, Ozeren 

1206.0157; Dawson, Lewis, Zeng 1409.6299) 

NNLO QCD corrections in heavy-mt limit for 
low pTh. Now known from three independent 
calculations! (Boughezal, Caola, Melnikov, FP, Schulze 
1504.07922; Boughezal, Focke, Giele, Liu, FP 1505.03893; Chen, 
Gehrmann, Glover, Jaquier 1604.04085)

Non-trivial shape 
dependence of 
corrections!

1504.07922

1505.03893
1604.04085



Di-Higgs production

•Question: Is the Higgs potential the one predicted in the SM, 
which depends only on mh?

• Critical to use mhh to break 
degeneracies between couplings.  
First higher-order QCD corrections 
were in heavy-mt approximation

(These two ci chosen for illustration)

Azatov, Contino, 
Panico, Son 
1502.00539

mhh in 
[250,550] GeV  

mhh in 
[550,850] GeV  

mhh in 
[850,∞] GeV  

Plehn, Spira, Zerwas (1996); Dawson, Dittmaier, Spira (1998); 
Grigo, Hoff, Melnikov, Steinhauser (2013); Maltoni, Vryonidou, 
Zaro (2014); Degrassi, Giardino, Groeber (2016)



•Large corrections not captured by heavy-mt approximation!  In particular, 
a strong dependence of the NLO corrections on mhh is missed in the 
approximation approach

The full higher-order 
corrections are essential 
for interpretation of this 

measurement!

Heavy-mt approximation

Exact NLO result

Borowka, Greiner, Heinrich, Jones, Kerner, 
Schlenk, Schubert, Zirke 1604.06447

Di-Higgs production

Exact mt in real radiation only



Conclusions and future directions

•We have entered the era of NNLO jet phenomenology in 
time for analysis of LHC Run II

•Numerous possible applications to a plethora of data; 
potential for improved determination of PDFs, more robust 
theory in high-pT tails were discovery is expected

•Precision theory ready for the study of Higgs kinematics 
distributions in Run II

We are ready for discovery!


