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Introduction

· Studies of Higgs boson properties are a crucial part of LHC physics program

[arXiv:1606.02266]

· Higgs couplings to light generation quarks practically 

unconstrained

· One important focus is the study of Higgs couplingsto 

other particles

· After high-luminosity run it is expected that major Higgs 

couplings can be constrained to few percent level

· Current bounds from global fits to inclusive Higgs 

production cross section and exclusive Higgs decays 



Introduction: Ὄ Ὦproduction
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Introduction

· Shape of ▬╣ȟ╗distribution may put stronger constraints on light-quark Yukawa couplings
[Bishara, Monniet al õ16; 

Soreqet al õ16]

· Non-trivial Higgs transverse momentum (▬╣ȟ╗) distribution generatedwhen extra jet is radiated:  ╗ ▒

Reliable theoretical predictions for Ὄ Ὦdifferential cross section required

[Bishara, Monniet al õ16]
· Bounds expected from HL-LHC
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Bottom corrections

Introduction

· QCD corrections to Higgs production known to be large, about hundred percent at NLO

· At ▬╣ȟ╗ larger than twice the bottom mass, the ὫὫὌcoupling is not point-like

· Bottom corrections naively suppressed

compared to top by factor

Top loop dominant:

· Bottom amplitude contains large Sudakov-like 

logarithms, suppressed actually by

· In fact, LO bottom contribution ~ 5-10% of LO top contribution at           

· Inclusive production cross section at N3LO to few percent accuracy, using a point-like, top-loop 

induced ὫὫὌcoupling (HEFT) [Anastasiou, Duhr, Furlan,

Mistlbergeret alõ16]
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Introduction

· Higgs plus jet production at LHC proceeds largely through quark loops

· Two-loop adds extra 

factor of 

· Differential cross section

dominant bottom 

correction

· NLO correction to             may be large, as observed also for top contribution ~ 40%, and relevant 

for reaching percent accuracy in differential cross section

Quantitatively, how large are the bottom corrections at NLO?



Calculation at NLO
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NLO

computation

· Real (2 to 3) and virtual (2 to 2) contributions need to be combined, very well understood at NLO

· Real corrections receive contributions from kinematical regions where one parton become soft or 

collinear to another parton, so a numerically stableapproach required

Real corrections Virtual corrections

[Cascioli, Lindert, 

Pozzorini et al õ12-17; 

Denner et al õ03-õ17]

· Real correctionscomputed in Openloopswith exact top, bottom mass dependence

· One new ingredient are two-loop virtual corrections

· Peculiarity in this case: LO is already 1-loop



Virtual corrections
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NLO

computation

· Typical two-loop Feynman diagrams are:

[planar diagrams: Boncianiet al õ16]· Exact mass dependence in two-loop Feynman Integrals currently out of reach

Infinite top mass limit, well known how to be treated, expanded systematically via effective Lagrangian(HEFT)Top:

Scale hierarchy:

[Mueller & Ozturk õ15; 

Melnikov, Tancredi, 

CW õ16-õ17]

Bottom: Small bottom mass expansion is different because loop is resolved new methods required

Two-loop bottom amplitudesexpanded in bottom masswith differential equation method
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· Form factors Ὂexpressed in terms of scalar integrals

· Virtual amplitude made up of complicated two-loop tensor Feynman integrals

project amplitude onto form factors

NLO

computation Computing virtual bottom amplitudes

· Powerful tool for scalar integrals: IBP reductionto minimal set of Master Integrals(MI )



Three families flashing by
NLO

computation
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· Form factors Ὂexpressed in terms of scalar integrals

· Virtual amplitude made up of complicated two-loop tensor Feynman integrals

project amplitude onto form factors

NLO

computation

· Integration by parts(IBP) identities

· Performed in steps: top topology to subtopologyreduction with Form+Reduze, then FIRE

Computing virtual bottom amplitudes

· Powerful tool for scalar integrals: IBP reductionto minimal set of Master Integrals(MI )

· Reduce to set of MI is verydifficult, naïve reduction with public codes failed



MI with DE method for small ά (1/2)
DE method
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Å System of partial differential 

equations (DE) in □╫ȟ▼ȟ◄ȟ□▐
with IBP relations

Å Solve ά DE with following ansatz

Å Plug into ά DE and get constraints on coefficients ὧ

Å ὧ is ά πsolution (hard region) and has been computed before

Step 1: solve DE in □╫

Å Interested in ά expansion of Master integralsὍ

expand homogeneous matrix ὓ in small ά

[Gehrmann& Remiddiõ00]



DE method
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Å Ansatz

Step 2: solve ▼ȟ◄ȟ□▐DE for ╬░▒▓▪▼ȟ◄ȟ□▐

Å Solution expressed in extensions of usual polylogarithms: GoncharovPolylogarithms

Å After solving DE for unknown ὧ , we are left with unknown boundary constantsthat 

only depend on ‐

Å Determination of most boundary constants in ‐by imposing that unphysical singularities in solution 

vanish

Å Other constants in ‐fixed by matching solution of DE to Master integrals computed via various 

methods (Mellin-Barnes, expansion by regions, numerical fits) in a specific point of ίȟὸȟά

Step 3: fix Ⱡdependence

MI with DE method for small ά (2/2)

[A. Smirnov õ14]Step 4: numerical checks with FIESTA



Numerical setup
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· LHC 13 TeV

· PDF setand associated strong coupling constant: NNPDF3.0_lo for LO and NNPDF3.0_nlo for NLO

· Central scale is dynamical:

· Large ambiguityin bottom mass scheme: appropriate renormalizationscheme for ά from 

Yukawa coupling is MSbarscheme at ‘ͯ ά , while scheme for ά from helicity flip might 

require on-shellbottom mass scheme instead. Two bottom mass schemes considered:

· Scalevariation:

Theory uncertainties considered

Results

[Lindert, Melnikov, Tancredi, CW õ17]



Higgs transverse momentum distribution
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Results

· Top-bottom interference at ▬╣ȟ╗=30 GeV: -6% at LO and -7% at NLO

· Large relative corrections to top-bottom interference ~ relative corrections to top-top ~ 40%

· Large mass renormalization-scheme ambiguity 

· At small ▬╣ȟ╗ the ambiguity is reduced by a factor of two at NLO; less pronounced at larger ▬╣ȟ╗

[Lindert, Melnikov, Tancredi, CW õ17]


