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Tools to describe BSM Higgs production
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this talk is not meant to be a systematic and comprehensive review
            but it should rather address few question related to BSM simulations
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The total production cross section: the SM case

● the gluon fusion process dominates
   but weak-boson fusion has a very good signal/background ratio

● the uncertainty bands include: PDF+alphas uncertainty,   scale uncertainty
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● Yellow Report 1 of the Higgs Cross Section Working Group,       arXiv:1101.0593
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The total production cross section: the SM case

● several SM processes available with NNLO-QCD and NLO-EW accuracy for the total xsec
   first examples of matching NNLO results with QCD Parton Shower
   analytical resummation of ptH distributions with NLO+NNLL accuracy of the Higgs ptH

● the theoretical uncertainties still represent a major bottleneck for precision studies
   first important steps towards NNNLO calculations of the gluon fusion process in progress
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Higgs total production cross section: BSM tools

● gluon fusion + bbar annihilation
‣ HIGLU                    MSSM, 2HDM
‣ SusHi                      MSSM, 2HDM
‣ POWHEG               MSSM, 2HDM
‣ aMC@NLO            MSSM, 2HDM, EFT 

● vector boson fusion
‣ VBFNLO                  MSSM, anomalous couplings
‣ aMC@NLO             EFT
‣ POWHEG               ZZjj in EFT

● associate production
‣ aMC@NLO              EFT
‣ VBFNLO                   anomalous couplings

The total production cross section: the SM case

● several SM processes available with NNLO-QCD and NLO-EW accuracy for the total xsec
   first examples of matching NNLO results with QCD Parton Shower
   analytical resummation of ptH distributions with NLO+NNLL accuracy of the Higgs ptH

● the theoretical uncertainties still represent a major bottleneck for precision studies
   first important steps towards NNNLO calculations of the gluon fusion process in progress
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Outline
● Study of the Higgs properties:

‣ within any specific model (SM or BSM), for a given choice of input parameters, 
   we can test its likelihood (we need to evaluate the uncertainties) and set limits

‣ using an effective field theory (EFT) approach, 
   we can relax the model-dependent hypotheses
               parameterize the general features that the new particle might possess
               following only general symmetry constraints
               with a systematic approach to account for the radiative corrections 

                        fit the additional free parameters

● Basic steps of a BSM calculation
‣ choose a lagrangian that describes a model   →  Feynman rules
‣ the couplings and the masses in the lagrangian can be either computed or are external inputs
‣ the partonic subprocesses are embedded in the hadron-collider environment
   with a non trivial interface with “standard” QCD issues (fixed- and all-orders corrections)
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‣ using an effective field theory (EFT) approach, 
   we can relax the model-dependent hypotheses
               parameterize the general features that the new particle might possess
               following only general symmetry constraints
               with a systematic approach to account for the radiative corrections 

                        fit the additional free parameters

● Basic steps of a BSM calculation
‣ choose a lagrangian that describes a model   →  Feynman rules
‣ the couplings and the masses in the lagrangian can be either computed or are external inputs
‣ the partonic subprocesses are embedded in the hadron-collider environment
   with a non trivial interface with “standard” QCD issues (fixed- and all-orders corrections)

● In this talk:
‣ evaluation of Higgs masses in the real MSSM

         ‣ the 2HDM as a playground to study the top/bottom relative strength
‣ accurate evaluation of the MSSM total cross section and of its uncertainties
‣ the Higgs ptH distribution in presence of multiple scales
‣ EFT in shower-MC
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● General features
‣ supersymmetry sets a relation between the gauge boson masses and the scalar particle masses
   such that it is possible to compute the Higgs mass
‣ the radiative corrections overcome the tree-level limit Mh<MZ
‣ the light Higgs should have Mh~125 GeV 
   restriction in the allowed region in the MSSM parameter space
⇾ large stop mixing   or
⇾ very heavy stops                are necessary to push the lightest Higgs mass to O(125 GeV)
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Evaluation of the Higgs masses in the MSSM
cfr  Higgs Days 2014,  talk by  P.Slavich,  http://indico.ifca.es/indico/contributionDisplay.py?contribId=21&confId=599

O(↵t↵s), O(↵b↵s)

O(↵2
t ), O(↵t↵b + ↵2

b)

O(↵2
⌧ ), O(↵⌧↵b)

● Available codes for Real-MSSM spectra share     the 1-loop full set of corrections
‣ SPheno                                                        the 2-loop corrections (at zero momentum)
‣ SuSpect
‣ SoftSusy
‣ NMSSMTools
‣ FeynHiggs                                                                                     RG codes only
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● differences between the codes
   ‣ determination of the top Yukawa coupling
‣ renormalization scheme choice DRbar vs on-shell

● to obtain Mh ~ 125 GeV it is necessary to enter a region of the real MSSM parameter space
    where large corrections make the perturbative expansion slowly convergent
     and genuine 3-loop corrections would be needed to stabilize the result

Evaluation of the Higgs masses in the MSSMHow well can we predict mh in the MSSM with TeV-scale SUSY?

Simplified benchmark point:  tanß = 20, all SUSY masses = 1 TeV,  At  varied to maximize mh

Code mh  [GeV]

SPheno  3.3.2 127.5

SuSpect  2.43 125.8

SoftSUSY  3.5.1 124.3

NMSSMTools  4.2.1 124.4

FeynHiggs  2.10.1 129.8

All codes include full 1-loop + dominant (strong+Yukawa) 2-loop corrections to mh

Code Mh (GeV)

SPheno 3.3.3 126.2

SuSpect 2.43 125.8

SoftSUSY 3.5.1 124.3

NMSSMTools 4.2.1 124.4

FeynHiggs 2.10.1 129.8

All codes include
full 1-loop + dominant (strong+Yukawa) 2-loop
corrections to Mh

results obtained as the maximum Mh value
upon variation of the stop mixing parameters
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Higgs production
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Gluon fusion: total cross section in the SM

LO-QCD Georgi Glashow Machacek Nanopoulos 1978

NLO-QCD HQET    Dawson 1991,    Djouadi Graudenz Spira Zerwas 1992
exact      Spira Djouadi Graudenz Zerwas 1995
              Aglietti Bonciani Degrassi AV 2007
              Anastasiou Beerli Bucherer Daleo Kunszt 2007

HIGLU 
POWHEG
FeHipro

NNLO-QCD
HQET

Harlander Kilgore 2002
Anastasiou Melnikov 2002
Ravindran Smith van Neerven 2003

iHixs, ggh@nnlo, HNNLO

NNLO-QCD + soft gluon resummation NNLL-QCD
HQET Catani De Florian Grazzini Nason 2003

Moch Vogt 2005 Ravindran 2006  Idilbi Ji Yuan 2006
Ravindran Smith van Neerven 2007

NNLO-QCD + finite top mass effects
Marzani Ball  Del Duca Forte AV 2008
Harlander Ozeren 2009  Pak Rogal Steinhauser 2009
Harlander Mantler Marzani Ozeren 2009

NLO-EW Djouadi Gambino 1994
Aglietti Bonciani Degrassi AV 2004
Degrassi Maltoni 2004
Actis Passarino Sturm Uccirati 2008

mixed NLO EWxQCD
Anastasiou Boughezal Petriello 2009 iHixs

NNNLO-QCD soft approximation
HQET Anastasiou Duhr Dulat Furlan Gehrmann Herzog Mistlberger 2014

Bonvini Ball Forte Marzani Ridolfi 2014 ggHiggs
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The 2HDM in a nutshell

Type I Type II Lepton-specific Flipped
ξuh cosα/ sinβ cosα/ sin β cosα/ sinβ cosα/ sin β
ξdh cosα/ sinβ − sinα/ cos β cosα/ sinβ − sinα/ cosβ
ξ!h cosα/ sinβ − sinα/ cos β − sinα/ cosβ cosα/ sin β
ξuH sinα/ sinβ sinα/ sin β sinα/ sinβ sinα/ sinβ
ξdH sinα/ sinβ cosα/ cosβ sinα/ sinβ cosα/ cos β
ξ!H sinα/ sinβ cosα/ cosβ cosα/ cosβ sinα/ sinβ
ξuA cot β cot β cotβ cot β
ξdA − cot β tanβ − cotβ tan β
ξ!A − cot β tanβ tanβ − cot β

Table 2: Yukawa couplings of u, d, $ to the neutral Higgs bosons h,H,A in the four
different models. The couplings to the charged Higgs bosons follow Eq. 16.

Standard-Model coupling times cos(α−β). The coupling of the pseudoscalar, A, to vector
bosons vanishes.

In this section, we will summarize some of the work done on these four models, and
will follow with a more detailed discussion in the following sections.

There are relatively few studies which directly compare all four models. One of the
earliest papers to mention all four models was by Barger, Hewett and Phillips [30], who
studied the charged-Higgs phenomenology but assumed fairly light top quarks. The fa-
mous Higgs Hunter’s Guide [47] mentions all four, but concentrates only on the type I and
type II 2HDMs. Grossman [31] also discusses all four models, but focuses on models with
more than two doublets, and concentrates on the on the charged Higgs sector. Akeroyd
has several papers in which all four models are discussed. In an early paper with Stir-
ling [32], the phenomenology of the charged Higgs boson at LEP2 was analysed in each
model, and this was followed [33] by a study of the neutral sector at LEP2. In addition,
he looked [49] at LHC phenomenology in all four models, focusing in particular on the
Higgs branching ratios to γγ and ττ . More recently, Barger, Logan and Shaughnessy [50]
performed a comprehensive analysis of the couplings in all models with natural flavour
conservation, including doublets and singlets; the four models appear as special cases.

There are two recent papers comparing Higgs decays in all four models. Aoki et al. [36]
study the decays of the Higgs bosons in each model, summarize current phenomenological
constraints and look at methods of distinguishing the models at colliders, although they
focus on the type II and lepton-specific models and assume that the heavy Higgs bosons
are not too heavy (typically with masses below 200 GeV). Arhrib et al. [51] study the
decays of the light Higgs in each model, although the main point of their work concerns
double-Higgs production at the LHC.

Recently, a new computer code was written by Eriksson et al. [52]. The code allows one
to input any of the different Z2 symmetries, or even more general couplings, and calculates
all two-body and some three-body Higgs boson decays, and the oblique parameters S, T
and U and other collider constraints.

The least studied model is the flipped model (the word was coined in Ref. [50]); even
works that discuss all four models generally focus less on this structure than the others.

12

● 2 complex scalar doublets Φ₁ and Φ₂ with VEVs  v₁ and v₂
                3 d.o.f. are the longitudinal polarization of  Ws and Z       
                5 d.o.f. are in the physical spectrum: 2 charged scalars, 2 neutrals CP-even, 1 neutral CP-odd

● input parameters are:  α, tanβ= v₂/v₁, Mh, MH, MA, M±, M₁₂

● the presence of additional discrete symmetries forbids the appearance of tree-level FCNC
   leading to different types of models;
   the couplings of the Higgs scalars to fermions are:

Alessandro Vicini - University of Milano                                                                                                                                                     Torino, October 2nd 2014
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● The gluon fusion is mediated only by quark loops (no additional colored particles)

●  LO, NLO-QCD and NNLO-QCD (HQET) corrections are borrowed form the SM, 
       with rescaling of the  top and bottom  Yukawa couplings

● full NLO-EW corrections are not available in the 2HDM;  
   only the light-fermion subset can be taken from the SM and properly rescaled

R.Harlander, M.Mühlleitner, J.Rathsmann, M.Spira, O.Stål,  arXiv:1312.5571

Status of neutral Higgs production in YR3
MSSM Higgs production

Neutral Higgs production in the real MSSM:

  [GeV]φM
210 310

 +
 X

) [
pb

]
φ 

→
(p

p 
σ

-410

-310

-210

-110

1

10

210

 A→gg
 h/H→gg

bbA
bbh/H
=5βtan

 scenario-
h,modm

= 8 TeVs

h H
A

SusHi (ggH + 5FS bbH)
LH

C 
HI

G
G

S 
XS

 W
G

 2
01

3

  [GeV]φM
210 310

 +
 X

) [
pb

]
φ 

→
(p

p 
σ

-410

-310

-210

-110

1

10

210

 A→gg
 h/H→gg

bbA
bbh/H
=30βtan

 scenario-
h,modm

= 8 TeVs

h H A

SusHi (ggH + 5FS bbH)

LH
C 

HI
G

G
S 

XS
 W

G
 2

01
3

Production cross sections
according to YR3 [arXiv:1307.1347]

Bottom-quark annihilation:

�

b

b

()
b

b
�

Gluon fusion:

�

Stefan Liebler - MSSM group 3 / 18

Status of neutral Higgs production in YR3
MSSM Higgs production

Neutral Higgs production in the real MSSM:

  [GeV]φM
210 310

 +
 X

) [
pb

]
φ 

→
(p

p 
σ

-410

-310

-210

-110

1

10

210

 A→gg
 h/H→gg

bbA
bbh/H
=5βtan

 scenario-
h,modm

= 8 TeVs

h H
A

SusHi (ggH + 5FS bbH)

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
3

  [GeV]φM
210 310

 +
 X

) [
pb

]
φ 

→
(p

p 
σ

-410

-310

-210

-110

1

10

210

 A→gg
 h/H→gg

bbA
bbh/H
=30βtan

 scenario-
h,modm

= 8 TeVs

h H A

SusHi (ggH + 5FS bbH)

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
3

Production cross sections
according to YR3 [arXiv:1307.1347]

Bottom-quark annihilation:

�

b

b

()
b

b
�

Gluon fusion:

�

Stefan Liebler - MSSM group 3 / 18

Neutral Higgs production in the 2HDM: gg+bbar

bottom quark annihilation gluon fusion

● available codes for the production of h, H, A (neutral Higgses)
⇾ HIGLU                              NLO-QCD (exact t, b) + NNLO-QCD (HQET) + NLO-EW (light f)

                         M.Spira, hep-ph/9510347

⇾ SusHi                               NLO-QCD (exact t, b) + NNLO-QCD (HQET) + NLO-EW (light f)
                         R.Harlander, S.Liebler, H.Mantler, arXiv:1212.3249

⇾ POWHEG gg_H_2HDM     NLO-QCD (exact t, b) + NLO-EW (light f) in gluon fusion
        E.Bagnaschi, G.Degrassi, P.Slavich, AV,     arXiv:1111.2854

good agreement (0.1% level)  between the three codes (with same accuracy) for the
total cross section predictions
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Neutral Higgs production in the 2HDM: gg+bbar

�approx
2HDM =

�NNLO
SM

�LO
SM

�
g2t �

LO
tt + gtgb �

LO
tb + g2b �

LO
bb

�

can differ by 50% from the correct result
the use of dedicated codes is highly recommended 

gq =
y(2HDM)
q

y(SM)
q

●  caveat
   the couplings have an important impact not only at LO but also at NLO-QCD
                         →a global rescaling of 2HDM  LO results with a SM K-factor is not possible

R.Harlander, M.Mühlleitner, J.Rathsmann, M.Spira, O.Stål,  arXiv:1312.5571
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Neutral Higgs production in the 2HDM: gg+bbar
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Neutral Higgs production in the 2HDM: gg+bbar
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●  caveat
   the couplings have an important impact not only at LO but also at NLO-QCD
                         →a global rescaling of 2HDM  LO results with a SM K-factor is not possible

● effective accuracy of the result:    it depends on the relative strength of the top and bottom couplings

      ⇾ NNLO-QCD when the top quark dominates the amplitude,
      ⇾   NLO-QCD when the bottom quark gives the leading contribution

      ⇾ the residual uncertainty (e.g. estimated via scale variations) depends on the model parameters
           (more details along the same lines in the MSSM slides)

R.Harlander, M.Mühlleitner, J.Rathsmann, M.Spira, O.Stål,  arXiv:1312.5571
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Neutral Higgs production in the MSSM, gg+bbar: available corrections

● as in the 2HDM, the Higgs top and bottom Yukawa couplings depend on the model parameters

● gluon-quark corrections: NLO analytical results
Spira Djouadi Graudenz Zerwas 1995, Harlander Kant 2005,

     Aglietti Bonciani Degrassi AV 2006, Bonciani Degrassi AV 2007

● gluon-squark corrections: NLO analytical and numerical
Anastasiou Beerli Bucherer Daleo Kunszt 2006,
Aglietti Bonciani Degrassi AV 2006, Mühlleitner Spira 2006, Bonciani Degrassi AV 2007

● gluino-squark-quark interaction: 
   semi-analytical results

Anastasiou Beerli Daleo 2008, Mühlleitner Rzehak Spira 2010

   Taylor expansion in small Higgs mass
Harlander Steinhauser 2003,2004 Harlander Steinhauser Hoffmann 2005 Degrassi Slavich 2008

   expansion in heavy SUSY masses
Harlander Hoffmann Mantler 2010, Degrassi Slavich 2010, Degrassi Di Vita Slavich 2011 2012

Status of neutral Higgs production in YR3
Gluon fusion

3 Inclusion of NLO squark contributions:
. gluon-quark: known analytically (higher orders)

[Spira Djouadi Graudenz Zerwas ’95; Harlander Kant ’05; . . .]

. gluon-squark: known analytically/numerically
[Anastasiou Beerli Bucherer Daleo Kunszt ’06;
Aglietti Bonciani Degrassi Vicini ’06; Mühlleitner Spira ’06;
Bonciani Degrassi Vicini ’07]

. gluino-squark-quark contributions:
semi-analytically known
[Anastasiou Beerli Daleo ’08; Mühlleitner Spira Rzehak ’10]

Challenge for gluino-quark-squark contributions:
Five different masses: mq,mq̃1,mq̃2,mg̃, p

2
= m2

�

. Taylor expansion in small Higgs mass:
�! top-stop-gluino contribution m� ⌧ mt,mt̃1,mt̃2,mg̃

�![Harlander Steinhauser ’03 ’04 + Hofmann ’05; Degrassi Slavich ’08]

�! (NNLO top-stop-gluino contr. [Pak Steinhauser Zerf ’10 ’12])
. Expansion in heavy SUSY masses: m�,mq ⌧ mq̃1 ,mq̃2 ,mg̃

�! quark-squark-gluino [Harlander Hofmann Mantler ’10; Degrassi Slavich ’10 + Di Vita ’11 ’12]

�

�
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Status of neutral Higgs production in YR3
MSSM Higgs production
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The expansion of d�(res)/dp2T with respect to ↵s determines the logarithmic terms at
NLO in Eq. (2). The explicit expression can be found in Eq. (72) of Ref. [42], with the
corresponding coe�cients in Eq. (63) and (64) of that paper.

The resummed expression [d�(res)/dp2T ]NLL has been calculated with a modified version of
the program HqT [42–44], which determines the NNLO+NNLL pT distribution for the gluon
fusion process using the approximation of an infinitely heavy top quark. We modified it
for our purposes and implemented the resummation coe�cients of Eqs. (10) to include the
MSSM e↵ects.

� � �

(a) (b) (c)

� � �

(d) (e) (f)

�

�
�

(g) (h) (i)

Figure 1: A sample of Feynman diagrams for gg ! � contributing to the NLO

cross section; (a-c) LO, (d-g) virtual and (h-i) real corrections. The graphical
notation for the lines is: solid straight b= quark; spiraled b= gluon; dashed b=
scalar (squark or Higgs); spiraled with line b= gluino.

3 Choosing the resummation scale

While the matched cross section is formally independent on the resummation scale Q, the
actual numerical result can be quite sensitive to its particular choice due to the truncation
at finite logarithmic order. It is therefore vital to determine an “optimal” choice for

8

bottom quark annihilation gluon fusion

● the MSSM dominant production channel is (gluon fusion + bottom quark annihilation)
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● available codes for the production of h, H, A via gluon fusion / bbar annihilation

‣ SusHi R.Harlander, S.Liebler, H.Mantler, arXiv:1212.3249    includes 
   the complete set of NLO-QCD corrections in the MSSM (either analytical or via mass expansions) 
   the NLO-EW light fermion contributions
   the NNLO-QCD corrections to the quark loops (HQET) and 

                                               to the stop loop diagrams (mass expansion)

‣ POWHEG gg_H_MSSM E.Bagnaschi, G.Degrassi, P.Slavich, AV,     arXiv:1111.2854

   shows very good agreement (with same accuracy) with SusHi
   for the total cross section prediction of the gluon fusion process;
   both codes share the same NLO matrix elements

‣ aMC@NLO https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HSushi

   includes the porting of the SusHi results in this matching/showering framework

Neutral Higgs production in the MSSM: gg+bbar

13
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Neutral Higgs production in the MSSM: neutral CP-even scalars
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● not negligible squark contribution (light stop scenario) to the total cross section

E.Bagnaschi, R.Harlander, S.Liebler, H.Mantler, P.Slavich, AV,  arXiv:1404.0327
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Neutral Higgs production in the MSSM: uncertainties of the total cross section

● sources of uncertainty under discussion
‣ scale variations
‣ PDF + α_s
‣ inclusion of NNLO stop contributions
‣ determination of the bottom Yukawa coupling
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1/2  µ̄R/µ̄F  2
Cµ are all the scale combinations

with the constraint

● light h
⇾ in the decoupling limit, the uncertainty reaches the SM level
⇾ when the bottom dominates, the accuracy is effectively NLO 

● heavy H
⇾ additional structures appear at large MA, where top,bottom and stop contributions tend to cancel
    increasing the sensitivity to higher orders

● the renormalization scale variation yields the largest contribution to the uncertainty
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Neutral Higgs production in the MSSM: uncertainties of the total cross section

● sources of uncertainty under discussion
‣ scale variations
‣ PDF + α_s
‣ inclusion of NNLO stop contributions
‣ determination of the bottom Yukawa coupling

E.Bagnaschi, R.Harlander, S.Liebler, H.Mantler, P.Slavich, AV,  arXiv:1404.0327

● PDF + α_s   uncertainty read from the SM results, for any given Higgs mass:
   the probed range of x and the associated PDF uncertainty is dictated by kinematics (i.e. by Mh)

● inclusion of NNLO stop contributions
   ‣ good quality of the mass expansion, uncertainty of O(5%),

   with the exception of the region where accidental cancelations occur at NLO
‣ missing 3-loop corrections in the stop sector are estimated to be at the 1% level
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Neutral Higgs production in the MSSM: uncertainties of the total cross section

● sources of uncertainty under discussion
‣ scale variations
‣ PDF + α_s
‣ inclusion of NNLO stop contributions
‣ determination of the bottom Yukawa coupling

E.Bagnaschi, R.Harlander, S.Liebler, H.Mantler, P.Slavich, AV,  arXiv:1404.0327

● determination of the bottom Yukawa coupling
    ‣ choice of renormalization scheme and scale that define the bottom mass of the Yukawa coupling
    ‣ higher-order tanβ-enhanced Δb terms that can be resummed in the effective Higgs-bottom coupling
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● the choice of different values 
   for the mass of the bottom Yukawa 
   yields sizeable differences for the ggH xsec
   when bottom diagrams dominate

● the largest differences occur where
   Higgs production is dominated 
   by bbar annihilation

● the resummation of the large logs of the
   renormalization scale would stabilize
   the ggH results   (cfr H→γγ)

● the tanβ-enhanced terms induce
   O(10-25%) uncertainties
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Neutral Higgs production in the MSSM: uncertainties of the total cross section

● sources of uncertainty under discussion
‣ scale variations
‣ PDF + α_s
‣ inclusion of NNLO stop contributions
‣ determination of the bottom Yukawa coupling

E.Bagnaschi, R.Harlander, S.Liebler, H.Mantler, P.Slavich, AV,  arXiv:1404.0327

● determination of the bottom Yukawa coupling
    ‣ choice of renormalization scheme and scale that define the bottom mass of the Yukawa coupling
    ‣ higher-order tanβ-enhanced Δb  terms that can be resummed in the effective Higgs-bottom coupling

● the choice of different values 
   for the mass of the bottom Yukawa 
   yields sizeable differences for the ggH xsec
   when bottom diagrams dominate

● the largest differences occur where
   Higgs production is dominated 
   by bbar annihilation

● the resummation of the large logs of the
   renormalization scale would stabilize
   the ggH results   (cfr H→γγ)

● the tanβ-enhanced terms induce
   O(10%) uncertainties

J
H
E
P
0
6
(
2
0
1
4
)
1
6
7

for the Higgs coupling to gluons, there is no obvious reason to favor one choice of renor-

malization scheme (and scale) for the bottom Yukawa coupling over the others. In our

study we choose to relate the coupling to the pole mass Mb, and we consider the difference

between the results obtained using Mb and those obtained using mb(mφ/2) as a measure

of the uncertainty associated with the uncomputed higher-order QCD corrections. For

the production of a SM-like Higgs with mass around 125.5GeV, this procedure — also

advocated by the LHC-HXSWG in ref. [3] — results in an uncertainty of 1–2% in the

gluon-fusion cross section. On the other hand, as we show in figures 12 and 13 for scalar

and pseudoscalar production in the light-stop scenario, the cross section could be reduced

by more than 60% in the regions of the mA–tanβ plane where the gluon-fusion process is

dominated by the bottom-quark contribution. It is however worth recalling that, as shown

in figures 3 and 4, in such regions the total cross section for Higgs production is dominated

by bottom-quark annihilation. In the 5FS, the cross section for the latter process is known

at the NNLO in QCD [72–74], and it is free of large logarithms of the ratio m2
φ/m

2
b when

Y φ
b is related to mb(mφ). The theoretical uncertainty of the cross section for bottom-quark

annihilation associated to reasonable variations around this scale choice is already included

in the uncertainty bands shown in figures 10 and 11 in the previous section.

3.2.2 Resummation of tanβ-enhanced corrections

It is well known that, in the MSSM, loop diagrams involving superparticles induce tanβ-

enhanced corrections to the couplings of the Higgs bosons to bottom quarks [143, 144]. If

all superparticles are considerably heavier than the Higgs bosons they can be integrated

out of the MSSM Lagrangian, leaving behind a two-Higgs-doublet model with effective

Higgs-bottom couplings

Ỹb
h
=

Y h
b

1 +∆b

(
1−∆b

cotα

tanβ

)
,

Ỹb
H
=

Y H
b

1 +∆b

(
1 +∆b

tanα

tanβ

)
,

Ỹb
A
=

Y A
b

1 +∆b
(1−∆b cot

2 β) , (3.9)

where Y φ
b are the tree-level Higgs-bottom couplings defined in eq. (3.3), and, retaining only

the O(αs) contribution from diagrams with sbottoms and gluinos, the tanβ-enhanced term

∆b reads

∆b =
2αs

3π

mg̃ µ tanβ

m2
b̃1
−m2

b̃2

(
m2

b̃1

m2
b̃1
−m2

g̃

ln
m2

b̃1

m2
g̃

−
m2

b̃2

m2
b̃2
−m2

g̃

ln
m2

b̃2

m2
g̃

)
. (3.10)

In the limit mA " mZ , where cotα ≈ − tanβ, the superparticle contributions encoded

in ∆b decouple from the coupling of the lightest scalar, while the couplings of the heaviest

scalar and of the pseudoscalar are both rescaled by a factor (1−∆b cot2 β)/(1 +∆b).

In refs. [65, 66] it was shown that, in the calculation of processes that involve the

Higgs-bottom couplings, the tanβ-enhanced corrections can be resummed to all orders in

– 23 –

● these effective couplings can be computed
    in the limit of heavy superparticles
● depending on the parameter point
    the perturbative regime becomes questionable

● the precise evaluation of the factor Δb and 
    its matching with the fixed order results
    can help to stabilize the predictions
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Neutral Higgs production in the MSSM: uncertainties of the total cross section

● sources of uncertainty under discussion
‣ scale variations                                                   ± (8-30) %
‣ PDF + α_s                                                         ± (7-10) %
‣ inclusion of NNLO stop contributions                 ± (5-20) %
‣ bottom Yukawa coupling: missing terms in Δb        ± 10     %
                                        Yb renormalization         - (0-80) %

E.Bagnaschi, R.Harlander, S.Liebler, H.Mantler, P.Slavich, AV,  arXiv:1404.0327

● the qualitative features of the total cross section depend crucially 
      ‣ on the top-bottom interplay
      ‣ on the point chosen in parameter space

● the largest uncertainty comes from the definition of the bottom Yukawa coupling
      and could be stabilized with the resummation of the large log(Mh/mb)
   ‣ this problem occurs in a region where the gluon fusion is subleading compared to bbar annihilation
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Differential cross sections
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Higgs ptH distribution: a tool to discriminate models

⇒ the shape of the distribution is sensitive to the BSM content running in the ggH loop
        E.Bagnaschi, G.Degrassi, P.Slavich, AV,     arXiv:1111.2854

● the interplay between an enhanced bottom and other heavy particles might be non trivial

● the HQEFT is a good approximation of the full theory, for heavy particles in the loop,
   only for a light Higgs;
   in the case of heavy Higgs searches, the mass effects in the full theory are important
   over the whole ptH range

● the Higgs transverse momentum is due to its recoil against QCD radiation
Ht, b

g

g

Ht, b

g

g

mtop

80%

● in the full theory (SM or BSM) gluon emissions occur also from internal lines of the loop

Alessandro Vicini - University of Milano                                                                                                                                                     Torino, October 2nd 2014
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Higgs ptH distribution: relevance of an exact description
E.Bagnaschi, G.Degrassi, P.Slavich, AV,     arXiv:1111.2854
R.Harlander, A.Tripathi, M.Wiesemann,  arXiv:1403.7196
R.Harlander, H.Mantler, M.Wiesemann,  arXiv:1409.0531

● MSSM study in different still allowed scenarios

Figure 7: Exact top and bottom mass dependence of the transverse momentum
distribution at NLO+NLL. In the dashed curve, bottom quark e↵ects are set to
zero. The normalization of these curves is to the respective LO total cross section
times the NLO+NLL result in the heavy top limit.
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Figure 8: Resummed pT distributions in the various scenarios normalized to the
SM distritbution: (a) ratio R(S) as defined in Eq. (15) and (b) N(S) as defined
in Eq. (16).
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Figure 12: The ratio N(S), defined in Eq. (16), of the resummed pT shapes in
Fig. 9 for (a) the heavy Higgs and (b) the pseudo-scalar Higgs.

normalization is for a SM Higgs of mass 800GeV. For the heavy Higgs in Fig. 12 (a), we
observe generally small deviations between the curves. While the biggest di↵erence occurs
at large transverse momenta, the similarity in shape at small pT is remarkable. Their
deviation for the SM curve is quite large though, reaching up to 60%, and clearly showing
the dominance of the pure-b term by the significantly softer spectrum, see Fig. 5. For most
scenarios, however, the softness decreases with increasing tan�, with the exception of the
⌧ -phobic scenarios. This is again the impact of the negative int-b term. The softening of
the spectrum due to an enhanced b-contribution is in agreement with the observations of
Ref. [46, 62].

Considering the pseudo-scalar Higgs in Fig. 12 (b), the spread of the curves is significantly
larger both at small and high transverse momenta, leading to a more enhanced di↵erence
in shape of the resummed pT distributions in the various scenarios. Since the interference
contributions are strictly positive in this case, the corrections for all scenarios, including
⌧ -phobic, decrease with increasing tan�. We also note that the mmod+

h and mmod�
h curves

are practically indistinguishable in this case.

As a final study, we compare the transverse momentum distributions at di↵erent Higgs
masses. Fig. 13 shows the ratio of the shapes for the heavy scalar in the mmax

h (300,6.5)
and in the mmax

h (800,6.5) scenario. For comparison, the same ratio is shown at fixed order
(blue, dashed). In addition, the ratio of the pT -shape of a SM Higgs at 125.6GeV and the
heavy Higgs in the mmax

h (800,6.5) scenario (green, dotted) is given. The spectra at low
Higgs masses are significantly softer due to increased soft radiation. This observation is
consistent with the behavior of Figs. 6 and 9 (a), which di↵er by an order of magnitude

26

h H A

● the shape of the ptH distributions is compared to the SM prediction (same Higgs mass)

● for heavy scalars, distortions of O(30-40%) are possible
   impact on the determination of the acceptances
                         identification of the BSM signal

● the HQET approximation can not be applied to heavy scalar production
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The Higgs transverse momentum distribution: general issues

● a sensible description of the Higgs ptH distribution requires
    the matching between fixed-order result and all-order resummation of multiple gluon emissions

● the resummation is based on the factorization of the amplitude in the collinear limit

● in the analytical formulation  there is a resummation scale Q
   necessary to factorize the universal terms describing multiple partons emissions
                                    from the process dependent part of the xsec

● in the Shower MC language there are different parameters that play an analogous role
    the scale h of the damping factor in POWHEG
    the scale at which the shower starts in MC@NLO

● the total cross section is independent of all these scale  (unitarity constraint)

● the unitarity constraint implies an anti-correlation between low-ptH and high-ptH regions
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● in presence of exact quark loops, the description of the Higgs ptH distribution is a multiscale problem
   MH, ptH, mq M. Grazzini, H.Sargsyan,  arXiv:1306.4581

   which can be treated by introducing more than one resummation scale

● when does the radiation 1) resolve the loop and  2) break the factorization hypothesis ?
   which is the appropriate resummation scale for every heavy quark ?

● in the SM the bottom effects are a correction ( of O(5%) )  to the leading top-quark contribution

● in BSM scenarios the bottom role might be enhanced
    the description of its contribution requires a discussion

● the choice of the resummation scale has been discussed with different approaches
   for the top, the bottom and the top-bottom interference contributions
    ‣ at parton level with a study of the collinear behavior of top and of bottom diagrams
         E.Bagnaschi, G.Degrassi,AV

 ‣ at hadron level, imposing the positivity at large ptH and the recovery of fixed order
         R.Harlander, H.Mantler, M.Wiesemann,  arXiv:1409.0531

    with a general quantitative agreement

● the scale choice may have an important impact 
     ‣ on the acceptance estimates

  ‣ to disentangle a new physics signal from the QCD uncertainty band

The Higgs transverse momentum distribution in gluon fusion
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Choice of the resummation scale: analysis of the partonic matrix elements

● the deviation of  0.1 ~ αs represents the typical size of a subleading term in the log expansion

● when C(ptH)  deviates from 1 by more than 0.1,   we question the validity of factorization

● for MH=125 GeV,     Q(t)= 55 GeV,   Q(b)=20 GeV,  Q(t+b, SM)=105 GeV
   for MH=500 GeV,     Q(t)=110 GeV,  Q(b)=65 GeV,  Q(t+b, SM)=110 GeV

● the analysis for the only-top and only-bottom cases is model independent
   in the top+bottom case the relative strength of the couplings plays a crucial role

C(pH? ) =
|Mexact(pH? )|2

|Mdiv(pH? )/pH? |2
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Resummation scale choices in gluon fusion : 2HDM, heavy CP-even production
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● in a type II 2HDM, the choice α=β-π/2 is called a decoupling limit because
   it makes the light CP-even scalar h SM-like,   i.e. the couplings to the fermions are like in the SM

   the coupling to the bottom of the heavy CP-even scalar H  are enhanced by tanβ

● partonic analysis →    ht(MH=500)=125 GeV,   hb(MH=500)=60 GeV for the two h scales  (red)
                                    in the large ptH tail the NLO result is recovered

● setting ht=hb=  60 GeV      still ok   (the bottom dominates)
              ht=hb=125 GeV      deviations (-25 , +30 %) w.r.t. “best” choice
              ht=hb=MH/2           the large ptH tail deviates from the “best” by O(50%)

● the resummation scale uncertainty represents an important source of ambiguity
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The Higgs effective field theory lagrangian

valid up to a scale Λ
renormalizable order by order in the (√s / Λ ) expansion
it makes explicit the actual d.o.f. : e.g.  SM + one scalar field
                                                 heavier states are integrated out and appear in the Wilson coefficients
it allows the systematic inclusion in the Wilson coefficients of QCD/EW radiative corrections
it can be extended by adding higher-dimension operators 

it does not include, by definition, new heavy states→ good framework for characterization of the light h

● JHU  (framework to test spin and parity hypothesis of the new resonance)
     S.Bolognesi, Y.Gao, A.Gritsan, K.Melnikov, M.Schulze, N.V.Tran, A.Whitbeck, arXiv:1208.4018

● eHDECAY (evaluation of decay width and BRs in an EFT approach)
     R.Contino, M.Ghezzi, C.Grojean, M.Mühlleitner, M.Spira, arXiv:1303.3876

● FeynRules + Madgraph_aMC@NLO
     P. Artoisenet, P. de Aquino, F. Demartin, R. Frederix, S. Frixione, F. Maltoni, M. K. Mandal, P. Mathews, K. Mawatari, V. Ravindran, S. Seth, P. Torrielli, M. Zaro, arXiv:1306.6464

● specialization to the Higgs effective lagrangian, also in presence of radiative corrections
     G. F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, hep- ph/0703164
     G.Passarino, arXiv:1209.5538
     R.Contino, M.Ghezzi, C.Grojean, M.Mühlleitner, M.Spira, arXiv:1303.3876

     P. Artoisenet, P. de Aquino, F. Demartin, R. Frederix, S. Frixione, F. Maltoni, M. K. Mandal, P. Mathews, K. Mawatari, V. Ravindran, S. Seth, P. Torrielli, M. Zaro, arXiv:1306.6464
     ...

● general classification of SU(2)xU(1) gauge invariant dimension 6 operators
     C. J. C. Burges and H. J. Schnitzer, Nucl. Phys. B 228 (1983) 464;
     C. N. Leung, S. T. Love and S. Rao, Z. Phys. C 31 (1986) 433;
     W. Buchmuller and D. Wyler, Nucl. Phys. B 268 (1986) 621;
     B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, arXiv:1008.4884 

L = LSM +
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The Higgs EFT lagrangian: the FeynRules + Madgraph_aMC@NLO  chain

● FeynRules:  A.Alloul, B.Fuks, V.Sanz, arXiv:1310.1921,  arXiv:1310.5150 

                    in input takes the Lagrangian provided by the user
                    in output provides the Feynman rules of all the interaction vertices
                                  in a standard format (UFO)

● Madgraph_aMC@NLO: they use the Feynman rules to generate any tree-level process
                                               compute the NLO-QCD corrections and all the counterterms
                                               match the results with a QCD PS
                                    caveat: loop-induced processes (in LO) require a dedicated handling
                                               of the counterterm generation

●  any additional set of higher-dimension operators can be added to define an extended model
    e.g. the HiggsCharacterization model includes only operators that modify the Higgs 3-point coupling
          the development of the Lagrangian with the full set of d=6 operators is in progress

● the inclusion of the NLO-QCD corrections is the critical point in the implementation
   because specific model dependent couterterms can not (yet) be automatically computed
   and have to be provided by hand by the user

● the “standard” QCD ambiguities set a limit on the sensitivity that EFT can reach
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scenario HC parameter choice
0+(SM) SM = 1 (c↵ = 1)
0+(HD) HZZ,HWW = 1 (c↵ = 1)
0+(HDder) H@Z,H@W = 1 (c↵ = 1)
0+(SM+HD) SM,HZZ,HWW = 1 (c↵ = 1, ⇤ = v)
0�(HD) AZZ,AWW = 1 (c↵ = 0)
0±(HD) HZZ,AZZ,HWW,AWW = 1 (c↵ = 1/

p
2)

Table 3. Benchmark scenarios.

higher dimensional operators corresponding to HZZ,HWW

in a custodial invariant way for VBF. The third scenario,
0+ (HDder), includes the so-called derivative operators
which, via the equations of motions, can be linked to con-
tact operators of the type HV ff 0. The fourth scenario,
0+(SM+HD), features the interference, which scales as
1/⇤ in the physical observables, between the SM and the
HD operators. The fifth scenario, 0�(HD), is the analo-
gous of the second one, but for a pseudoscalar. Finally, the
sixth scenario, 0±(HD), is representative of a CP -mixed
case, where the scalar is a scalar/pseudoscalar state in
equal proportion.

2.2 NLO corrections including parton-shower e↵ects

The MadGraph5 aMC@NLO framework is designed to
automatically perform the computation of tree-level and
NLO cross sections, possibly including their matching to
parton showers and the merging of samples with di↵er-
ent parton multiplicities. Currently, the full automation is
available in a unique and self-contained framework based
on MadGraph5 [41] for SM processes with NLO QCD
corrections. User intervention is limited to the input of
physics quantities, and after event generation, to the choice
of observables to be analysed. In ref. [37] results for gluon
fusion have been presented and compared to predictions
coming fromME+PS (MLM-kT merging [50–52]) and NLO
+PS. Distributions were found compatible between the
two predictions. In this work we limit ourselves to NLO+PS
results as typical observables are inclusive in terms of extra
radiation and such calculations do also provide a reliable
normalisation.

aMC@NLO implements matching of any NLO QCD
computation with parton showers following the MC@NLO
approach [53]. Two independent and modular parts are de-
voted to the computation of specific contributions to an
NLO-matched computation: MadFKS [42] takes care of
the Born, the real-emission amplitudes, and it also per-
forms the subtraction of the infrared singularities and the
generation of the Monte Carlo subtraction terms, accord-
ing to the FKS prescription [54,55]; MadLoop [43] com-
putes the one-loop amplitudes, using the CutTools [56] im-
plementation of the OPP integrand-reduction method [57].
The OpenLoops method [58] is also used for better per-
formance. Once the process of interest is specified by the
user, the generation of the code is fully automated. Basic
information, however, must be available about the model
and the interactions of its particles with QCD partons. For
MadFKS this amounts to the ordinary Feynman rules.

For MadLoop, on the other hand, the Feynman rules,
UV counterterms, and special tree-level rules, so-called
R2, necessary to (and defined by) the OPP method, should
be provided. While Feynman rules are automatically com-
puted from a given lagrangian (via FeynRules [39, 40]),
this is not yet possible for UV counterterms and R2 rules.
At this moment this limitation hampers the automatic
computation of NLO QCD corrections for arbitrary pro-
cesses in generic BSM models, including the HC model.
The processes considered in this paper, VBF and VH, are,
however, a notable exception as QCD corrections can be
computed automatically and in full generality. This is be-
cause the corresponding one-loop amplitudes only include
SM particles and do not need any UV counterterms and
R2 information from the HC lagrangian. In the case of
VBF, this assumes that only vertex loop-corrections can
be computed, i.e., the pentagon diagrams are discarded
as the contributions only a↵ect interferences between the
diagrams, which are negligible already at LO.

2.3 Simulation parameters

In our simulations we generate events at the LHC with
a center-of-mass energy

p
s = 8 TeV and set the res-

onance mass to mX0 = 125 GeV. Parton distributions
functions (PDFs) are evaluated by using the MSTW2008
(LO/NLO) parametrisation [59], and jets are reconstructed
via the anti-kT (�R = 0.4) algorithm [60] as implemented
in FastJet [61]. Central values for the renormalisation
and factorisation scales µR,F are set to µ0 = mW and
mV H for VBF and VH production, respectively, where
mV H is the invariant mass of the VH system. We note
here that scale (and PDF) uncertainties can be evaluated
automatically in the code via a reweighting technique [62],
the user only deciding the range of variation. In addition,
such information is available on an event-by-event basis
and therefore uncertainty bands can be plotted for any
observable of interest. In this work, however, to simplify
the presentation that focuses on the di↵erences between
the various scenarios, we give this information only for to-
tal cross sections and refrain from showing them in the
di↵erential distributions. For parton shower and hadro-
nisation we employ HERWIG6 [63] in this paper, while
HERWIG++ [64], (virtuality ordered) Pythia6 [65] and
Pythia8 [66] are available to use in aMC@NLO, and the
comparison among the above di↵erent shower schemes was
done for the SM Higgs boson in VBF in ref. [67].

3 Vector boson fusion

Predictions for Higgs production via VBF in the SM are
known up to NNLO accuracy for the total cross section [68–
70], at the NLO QCD [71–76] + EW [77,78] level in a dif-
ferential way and at NLO in QCD plus parton shower both
in the POWHEG BOX [79] and in aMC@NLO [67].
NLO QCD predictions that include anomalous couplings
between the Higgs and a pair of vector bosons are avail-
able in VBFNLO [80, 81]. Our implementation provides
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scenario �LO (fb) �NLO (fb) K

0+(SM) 1509(1) +4.7%
�4.4% 1633(2) +2.0%

�1.5% 1.08

0+(HD) 69.66(6) +7.5%
�6.6% 67.08(13) +2.2%

�2.3% 0.96

0+(HDder) 721.9(6) +11.0%
�9.0% 684.9(1.5) +2.3%

�2.8% 0.95

0+(SM+HD) 3065(2) +5.6%
�5.1% 3144(5) +1.6%

�1.1% 1.03

0�(HD) 57.10(4) +7.7%
�6.7% 55.24(11) +2.1%

�2.5% 0.97

0±(HD) 63.46(5) +7.6%
�6.7% 61.07(13) +2.3%

�2.0% 0.96

Table 4. VBF total cross sections with scale uncertainties and
corresponding K-factors at LHC 8TeV for various scenarios.

the first predictions for EFT interactions including NLO
corrections in QCD interfaced with a parton shower. Many
phenomenological studies on Higgs spin, parity and cou-
plings are available in the literature [47, 48, 82–88], which
could now be upgraded to NLO+PS accuracy.

In our framework the code and events for VBF can
be automatically generated by issuing the following com-
mands (note the $$ sign to forbid diagrams with W± or
Z bosons in the s-channel which are included in VH pro-
duction):

> import model HC
> generate p p > x0 j j $$ w+ w- z QCD=0 [QCD]
> launch

As a result all processes featuring a V V 0 ! X0 vertex,
with V = W,Z, � are generated, therefore including �� !
X0 and Z� ! X0. We do not investigate their e↵ects
in our illustrative studies below (i.e., we set the corre-
sponding i to zero in the simulation), as we focus on
SM-like VBF observables. As mentioned above, since our
interest is geared towards QCD e↵ects on production dis-
tributions, we do not include Higgs decays in our studies
either. We stress, however, that decays (as predicted in
the HC model) can be e�ciently included at the partonic
event level (before passing the event to a shower program)
via MadSpin [89].

In table 4, we first collect results for total cross sec-
tions at LO and NLO accuracy together with scale uncer-
tainties and corresponding K-factors for the six scenarios
defined in table 3. We do not impose any cuts here, and
hence the cross sections are identical with and without
parton shower. The cross sections for the HD hypotheses
are calculated with the corresponding i set to one and the
cuto↵ scale ⇤ = 1 TeV except for the 0+(SM+HD) sce-
nario, where we set ⇤ = v = 246 GeV. We do this to allow
for visible e↵ects of the interference between the SM and
HD terms. Equivalently, we could have kept ⇤ = 1 TeV
and chosen a larger value for i, as only the ratio i/⇤
is physical. The figures in parentheses give the numerical
integration uncertainties in the last digit(s). The other un-
certainties correspond to the envelope obtained by vary-
ing independently the renormalisation and factorisation
scales around the central value 1/2 < µR,F /µ0 < 2 with
µ0 = mW . NLO QCD corrections contribute construc-
tively for the SM case, while destructively for the HD
cases, although the global K-factors are rather mild. The
uncertainty in the HD scenarios, especially for the deriva-
tive operator (HDder), are larger than that in the SM case.
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Fig. 1. Distribution for the invariant mass of the two leading
jets in VBF production with the acceptance cuts. The his-
tograms in the main plot are normalized to unity.

Manifestly, the uncertainties are significantly reduced go-
ing from LO to NLO.

For the studies on the distributions, we require the
presence of at least two reconstructed jets with

pjT > 25 GeV , |⌘j | < 4.5 . (5)

In addition, we simulate a dedicated VBF selection by
imposing an invariant mass cut on the two leading jets,

m(j1, j2) > 500 GeV . (6)

As well known such a cut has the scope to minimise the
contributions from gluon fusion and allow to extract VBF
couplings. We note that we do not put the rapidity sep-
aration cut, although this is the common VBF cut, since
�⌘(j1, j2) itself is a powerful observable to determine the
HV V structure in VBF production [48,85].

We start by showing the invariant mass distribution of
the two leading jets in fig. 1 for the six scenarios of table 3,
where the minimal detector cuts in eq. (5) are applied.
With the exception of the scenario featuring the derivative
operator (HDder), the distributions are all very similar.
This means that the invariant mass cut in eq. (6), which
is imposed in typical VBF selections, acts in a similar way
on all scenarios.

The lowest inset in fig. 1 is the ratio of NLO+PS to LO
results, while the middle one shows the ratio of NLO+PS
to pure NLO. NLO+PS corrections modify in consistent
way LO parton-level predictions with major e↵ects at high
invariant mass, i.e., the QCD corrections tend to make the
tagging jets softer. In addition, parton shower a↵ects both
the lower and higher invariant mass regions.

Figures 2 and 3 collect key plots for the X0 and the
hardest jet distributions, as well as the rapidity and az-
imuthal separation of the two leading jets. In fig. 2 only
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Fig. 2. Distributions for pXT , ⌘X , pj1T , ⌘j1 ,�⌘(j1, j2), and��(j1, j2) in VBF with the acceptance cuts for the jets. The histograms
in the main plots are normalized to unity.

shapes

parameters. The SM is obtained when c↵ = 1 and Hff = 1. The pseudoscalar state of a

type-II CP -conserving 2HDM or SUSY is obtained by setting s↵ = 1 and Aff = cot� or

Aff = tan� for up or down components of the SU(2) fermion doublet, respectively. The

parametrisation of CP mixing is entirely realised in terms of the angle ↵, i.e. independently

of the parameters i, so that many interesting cases, such as again CP -violation in generic

2HDM, can be covered.

The e↵ective lagrangian for the interaction of scalar and pseudoscalar states with vector

bosons can be written as follows:

LV
0 =

⇢

c↵SM
⇥1

2
gHZZ ZµZ

µ + gHWW W+
µ W�µ

⇤

� 1

4

⇥

c↵H��gH�� Aµ⌫A
µ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1

2

⇥

c↵HZ�gHZ� Zµ⌫A
µ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1

4

⇥

c↵HgggHgg G
a
µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫

eGa,µ⌫
⇤

� 1

4

1

⇤

⇥

c↵HZZ Zµ⌫Z
µ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1

2

1

⇤

⇥

c↵HWW W+
µ⌫W

�µ⌫ + s↵AWW W+
µ⌫
fW�µ⌫

⇤

� 1

⇤
c↵
⇥

H@� Z⌫@µA
µ⌫ + H@Z Z⌫@µZ

µ⌫ +
�

H@W W+
⌫ @µW

�µ⌫ + h.c.
�⇤

�

X0 , (2.4)

where the (reduced) field strength tensors are defined as follows:

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2.5)

Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (2.6)

and the dual tensor is:

eVµ⌫ =
1

2
✏µ⌫⇢�V

⇢� . (2.7)

The parametrisation of the couplings to vectors follows the same principles as that of the

couplings to fermions. In particular, the mixing angle ↵ allows for a completely general

description of CP -mixed states. We stress here that while in general in a given model CP

violation depends on the whole set of possible interactions among the physical states and

cannot be established by looking only at a sub sector [40], in our parametrisation ↵ 6= 0 or

↵ 6= ⇡/2 (and non-vanishing Hff ,Aff ,HV V ,AV V ) implies CP violation. This can be

easily understood by first noting that in eq. (2.2) ↵ 6= 0 or ↵ 6= ⇡/2 always leads to CP

violation and that the corresponding terms in eq. (2.4) are generated via a fermion loop by

the X0ff interaction. The CP -odd analogues of the operators in the last line of eq. (2.4)

do vanish.

In our implementation, the parameters listed in table 1 can be directly set by the

user. The dimensionful couplings gXyy0 shown in table 2 are set so as to reproduce a SM

Higgs and a pseudoscalar one in a 2HDM with tan� = 1. Note that in this case we have

– 5 –

the k_i coefficients will be fit to the data, 

different operators can contribute simultaneously
(weighted by the corresponding xsecs)

a full set of observables is needed to (possibly)
disentangle the different contributions

The Higgs EFT lagrangian: VBF in aMC@NLO
F.Maltoni, K,Mawatari, M.Zaro, arXiv:1311.1829
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● the embedding of the EFT partonic subprocesses in the hadron collider environment
   introduces a “competition” between 
   the effects of higher-dimension operators and the ambiguities of the QCD predictions

● the precise shape of many observables depends on the details of the QCD PS:
    ggH+bbar  observables  are more sensitive,      VBF is less sensitive to these details

● the QCD PS (PYTHIA, HERWIG,SHERPA) are tuned on the data in the SM assumption, 
   i.e. they reabsorbs whatever is not described by the SM matrix elements,
   potentially also BSM effects

● the QCD PS affects the description of the low-pt regions
   but
   observables like the Higgs ptH have a correlation between low-ptH and high-ptH (unitarity constraint)
   so that the QCD PS might affect also the “signal region”, where a BSM deviation is expected
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Conclusions

● Higgs masses: their accurate evaluation of  in the Real MSSM is still a challenging task
   in the allowed region of the MSSM parameter space

● total cross sections (2HDM, MSSM):  
   ‣ it is crucial to account exactly for the relative strength of the top- and bottom-quark contributions
   ‣ the uncertainties of the MSSM total cross section for gluon fusion + bbar annihilation
            have a strong element of uncertainty in the definition of the bottom Yukawa coupling
            (other sources are better understood or under control)

● differential distributions 
   ‣ available in various production channels (gg, bbar, VBF) with (NLO+PS)-QCD accuracy 
       in the MSSM and more recently in EFT approaches
   ‣ the sensitivity of the Higgs ptH distribution to new physics via the gluon fusion channel
      requires the use of appropriate resummation scales for the top and for the bottom contributions

● EFT
   ‣ promising approach for the Higgs characterization and for 
                                      a less biased parameterization of new physics effects
   ‣ major step is the systematic inclusion of NLO-QCD/EW corrections (in progress in public codes)
   ‣ limiting factors are standard QCD issues, which will benefit from the progress of the SM calculations
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back-up slides
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Neutral Higgs production in the MSSM: uncertainties of the total cross section
● the choice of renormalization scheme and scale can have a huge impact on the gluon fusion xsec

● the largest effects are where the total Higgs production xsec is dominated by bbar annihilation

impact of the Yb renormalization
on the gluon fusion cross section

relative contribution
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Choice of the resummation scale: positivity requirement 
R.Harlander, H.Mantler, M.Wiesemann,  arXiv:1409.0531

● constraint derived from the hadron level cross section
● separately, fixed order (for ptH>0) and resummed expression (for ptH≥0) are positive definite
   after the matching, the expression might become negative, as a consequence of the unitarity constraint

● a maximal value for the resummation scale is thus allowed, 
                  in order to preserve the positivity of the distribution in the whole ptH range
                  in order to remain close to the fixed order prediction up to a factor 2

● analysis done separately for top squared, bottom squared and top-bottom interference
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Figure 2: Large pT -behavior of the cross section for a CP-even Higgs boson
with mh = 125.6GeV. The di↵erent lines correspond to various choices of the
resummation scale. (a) Pure top quark, (b) pure bottom quark, and (c) top-
bottom interference contribution. The vertical line marks the value of the Higgs
mass.
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Figure 5. The transverse momentum pXT , pseudorapidity ⌘X , and jet rates of the new boson
X(JP ) = 0+, 0�, 1+, 1�, 2+ as obtained from aMC@NLO. The lower inset shows the bin-by-bin
ratio of the same distribution obtained via ME+PS merging and that of aMC@NLO.
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where the first term on the r.h.s. describes the SM degrees of freedom except for the Higgs,

and LJ contains the kinetic and interaction terms (with SM particles) of the new bosonic

state.

2.1 Spin 0

The construction of the e↵ective lagrangian for the spin-0 state is obtained by requiring

that the parametrisation: i) allows one to recover the SM case easily; ii) has the possibility

to include all possible interactions that are generated by gauge-invariant dimension-six

operators above the EW scale; iii) includes 0� state couplings typical of SUSY or of generic

two-Higgs-doublet models (2HDM); and iv) allows CP -mixing between 0+ and 0� states

(which we parametrise in terms of an angle ↵). Let us comment on the second requirement,

which is an important one. Our aim is that of using a formulation which is general enough to

include all e↵ects coming from dimension-six operators invariant under SU(2)L ⇥ U(1)Y ,

i.e. above the EW scale. This results in a limited subset of all possible dimension-six

operators [33, 34] that govern Higgs interactions. In addition, as a first step, we limit

ourselves to include the operators that modify the three-point Higgs interactions. For the

fermions, there is only one operator that modifies the Yukawa interaction, e.g. for the top

quark, Ldim=6
Y = (�†�)QL�̃tR, where QL is the SU(2)L doublet (tL, bL). As far as the

interactions to vector bosons are concerned, a larger number of dimension-six operators

can be written down; the framework we adopt is general enough to account for them all,

even though for practical reasons at this stage the implementation includes only those

a↵ecting all possible three-point interactions with exactly one Higgs field. We point out

that, for a CP -even state, this parametrisation is in one-to-one correspondence with those

of refs. [13, 32] (see e.g. eq. (3.46) of ref. [32]) not including the terms in LF1 and LF2

which modify four-point interactions, and equivalent to eq. (3) of ref. [26]. For a CP -odd

state this is equivalent to eq. (A.98) of ref. [32].

Let us start with the interaction lagrangian relevant to fermions which, while being

extremely simple, illustrates our philosophy well. Such a lagrangian is:

Lf
0 = �

X

f=t,b,⌧

 ̄f

�

c↵HffgHff + is↵AffgAff �5
�

 fX0 , (2.2)

where we use the notation:

c↵ ⌘ cos↵ , s↵ ⌘ sin↵ , (2.3)

and denote by gHff = mf/v (gAff = mf/v) the strength of the scalar (pseudoscalar)

coupling in the SM (in a 2HDM with tan� = 1). We point out that the constants i can be

taken real without any loss of generality, except H@W in eq. (2.4). For simplicity, we have

assumed that only the third-generation of fermions couple to the scalar state; extensions

to the other families and flavour-changing structures are trivial to implement, which can

be directly done by users of FeynRules. As mentioned above, the interaction of eq. (2.2)

can also parametrise the e↵ects of a Ldim=6
Y = (�†�)QL�̃tR operator. Note also that all

requirements listed above are satisfied at the price of a small redundancy in the number of
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parameters. The SM is obtained when c↵ = 1 and Hff = 1. The pseudoscalar state of a

type-II CP -conserving 2HDM or SUSY is obtained by setting s↵ = 1 and Aff = cot� or

Aff = tan� for up or down components of the SU(2) fermion doublet, respectively. The

parametrisation of CP mixing is entirely realised in terms of the angle ↵, i.e. independently

of the parameters i, so that many interesting cases, such as again CP -violation in generic

2HDM, can be covered.

The e↵ective lagrangian for the interaction of scalar and pseudoscalar states with vector

bosons can be written as follows:

LV
0 =

⇢

c↵SM
⇥1

2
gHZZ ZµZ

µ + gHWW W+
µ W�µ

⇤

� 1

4

⇥

c↵H��gH�� Aµ⌫A
µ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1

2

⇥

c↵HZ�gHZ� Zµ⌫A
µ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1

4

⇥

c↵HgggHgg G
a
µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫

eGa,µ⌫
⇤

� 1

4

1

⇤

⇥

c↵HZZ Zµ⌫Z
µ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1

2

1

⇤

⇥

c↵HWW W+
µ⌫W

�µ⌫ + s↵AWW W+
µ⌫
fW�µ⌫

⇤

� 1

⇤
c↵
⇥

H@� Z⌫@µA
µ⌫ + H@Z Z⌫@µZ

µ⌫ +
�

H@W W+
⌫ @µW

�µ⌫ + h.c.
�⇤

�

X0 , (2.4)

where the (reduced) field strength tensors are defined as follows:

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2.5)

Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (2.6)

and the dual tensor is:

eVµ⌫ =
1

2
✏µ⌫⇢�V

⇢� . (2.7)

The parametrisation of the couplings to vectors follows the same principles as that of the

couplings to fermions. In particular, the mixing angle ↵ allows for a completely general

description of CP -mixed states. We stress here that while in general in a given model CP

violation depends on the whole set of possible interactions among the physical states and

cannot be established by looking only at a sub sector [40], in our parametrisation ↵ 6= 0 or

↵ 6= ⇡/2 (and non-vanishing Hff ,Aff ,HV V ,AV V ) implies CP violation. This can be

easily understood by first noting that in eq. (2.2) ↵ 6= 0 or ↵ 6= ⇡/2 always leads to CP

violation and that the corresponding terms in eq. (2.4) are generated via a fermion loop by

the X0ff interaction. The CP -odd analogues of the operators in the last line of eq. (2.4)

do vanish.

In our implementation, the parameters listed in table 1 can be directly set by the

user. The dimensionful couplings gXyy0 shown in table 2 are set so as to reproduce a SM

Higgs and a pseudoscalar one in a 2HDM with tan� = 1. Note that in this case we have
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parameter reference value description

⇤ [GeV] 103 cuto↵ scale

c↵(⌘ cos↵) 1 mixing between 0+ and 0�

i 0 , 1 dimensionless coupling parameter

Table 1. Model parameters.

gXyy0 ⇥ v ff ZZ/WW �� Z� gg

H mf 2m2
Z/W 47↵EM/18⇡ C(94 cos2 ✓W � 13)/9⇡ �↵s/3⇡

A mf 0 4↵EM/3⇡ 2C(8 cos2 ✓W � 5)/3⇡ ↵s/2⇡

Table 2. Values in units of v taken by the couplings gXyy0 . C =
q

↵EMGFm2
Z

8
p
2⇡

.

chosen v as a reference scale instead of ⇤. The main reason is simply that such operators

appear at one-loop in the SM and therefore their values are non-zero even in absence of

new physics. More precisely, the forms of the gXV V 0 couplings given in table 2 are the

same as those which are loop-induced in the SM, when computed by retaining only the

top-quark and the W boson contributions to the loops, and in the limit where their masses

tend to infinity. These settings are adopted essentially because of their extremely simple

analytic expressions (which, in fact, turn out to be excellent approximations for all the true

loop-induced form factors, except for gHZ� one, which underestimates the correct value of

the full loop computation by a factor slightly larger than two). It is obvious that any

generic value of these couplings, and in particular those induced by mass or higher-order

corrections and by new-physics deviations from the SM predictions, can be accounted for

by setting i 6= 1.2

2.2 Spin 1

We now discuss how to build the most general interactions of a spin-1 resonance with

SM particles. One way to proceed would be that of assigning SU(2)L ⇥ U(1)Y quantum

numbers to the new vector, of writing all possible operators up to dimension six with SM

fields, and then of re-expressing them in terms of the physical states below the EW scale,

following exactly the same procedure as was used for the scalars above. To be fully general,

however, one should consider di↵erent SU(2)L⇥U(1)Y gauge representations and mixings

with the SM gauge bosons. A simpler approach is that of just writing the most general

interactions at the weak scale, and of considering only those with the lowest canonical

dimension. For simplicity we follow the latter approach.

The interaction lagrangian for the spin-1 boson with fermions is written as follows:

Lf
1 =

X

f=q,`

 ̄f�µ(faaf � fbbf�5) fX
µ
1 . (2.8)

2Note, however, that for the sake of simplicity and to normalize our results to the SM, we use gNLO
Hgg =

�↵s
3⇡

�
1 + 11

4
↵S
⇡

�
in our simulations at NLO in QCD (while no finite renormalisation is needed for the

pseudoscalar, gNLO
Agg = gLO

Hgg).
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The af and bf are the SM vector and axial-vector couplings, i.e. for the quarks:

au =
g

2 cos ✓W

⇣1

2
� 4

3
sin2 ✓W

⌘

, bu =
g

2 cos ✓W

1

2
, (2.9)

ad =
g

2 cos ✓W

⇣

� 1

2
+

2

3
sin2 ✓W

⌘

, bd = � g

2 cos ✓W

1

2
, (2.10)

and similarly for the leptons. The most general X1WW interaction at the lowest dimension

can be written as follows (see ref. [41]):

LW
1 = iW1

gWWZ(W
+
µ⌫W

�µ �W�
µ⌫W

+µ)X⌫
1 + iW2

gWWZW
+
µ W�

⌫ Xµ⌫
1

� W3
W+

µ W�
⌫ (@µX⌫

1 + @⌫Xµ
1 )

+ iW4
W+

µ W�
⌫

eXµ⌫
1 � W5

✏µ⌫⇢�[W
+µ

(@⇢W�⌫
)� (@⇢W+µ

)W�⌫
]X�

1 , (2.11)

where gWWZ = �e cot ✓W . Note, once again, that our e↵ective field theory description lives

at energy scales where EW symmetry SU(2)L⇥U(1)Y is broken to U(1)EM . This approach

does not require to specify the transformation properties of X1 with respect to the EW

symmetry. The parametrisation above could also be used for describing X1Z� interactions

which, however, have not been implemented. In the case of ZZ, Bose symmetry implies a

reduction of the possible terms and the interaction lagrangian reduces to [41, 42]:

LZ
1 = �Z1

Zµ⌫Z
µX⌫

1 � Z3
Xµ

1 (@
⌫Zµ)Z⌫ � Z5

✏µ⌫⇢�X
µ
1Z

⌫(@⇢Z�) . (2.12)

The first term can be rewritten in terms of the second one plus a term that vanishes if

@µX
µ
1 = 0, which we do not assume (for example in the SM @µZµ 6= 0 for non-vanishing

fermion masses). No e↵ective lagrangian L�
1 is introduced. Due to the Landau-Yang

theorem [43, 44] no transition can occur between an on-shell vector and two massless

identical vectors. However, for completeness, we discuss the possibility of an o↵-shell spin-

1 state contributing to the gg ! �� amplitude in appendix A. Parity conservation implies

that for X1 = 1�

fb
= V4

= V5
= 0 , (2.13)

while for X1 = 1+

fa = V1
= V2

= V3
= 0 . (2.14)

Note that the conditions on V2
and V4

are trivial when V = Z (see eq. (2.12)).

2.3 Spin 2

The interaction lagrangian for the spin-2 boson proceeds via the energy-momentum (E-

M) tensor of the SM fields and starts at dimension five [45, 46]. For a colour, weak and

electromagnetic singlet spin-2 resonance such an interaction is unique. For the fermions

we have

Lf
2 = � 1

⇤

X

f=q,`

f T
f
µ⌫X

µ⌫
2 , (2.15)
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which, however, have not been implemented. In the case of ZZ, Bose symmetry implies a
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The first term can be rewritten in terms of the second one plus a term that vanishes if

@µX
µ
1 = 0, which we do not assume (for example in the SM @µZµ 6= 0 for non-vanishing

fermion masses). No e↵ective lagrangian L�
1 is introduced. Due to the Landau-Yang

theorem [43, 44] no transition can occur between an on-shell vector and two massless

identical vectors. However, for completeness, we discuss the possibility of an o↵-shell spin-

1 state contributing to the gg ! �� amplitude in appendix A. Parity conservation implies
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= 0 , (2.13)

while for X1 = 1+
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= 0 . (2.14)

Note that the conditions on V2
and V4

are trivial when V = Z (see eq. (2.12)).
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The interaction lagrangian for the spin-2 boson proceeds via the energy-momentum (E-

M) tensor of the SM fields and starts at dimension five [45, 46]. For a colour, weak and
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symmetry. The parametrisation above could also be used for describing X1Z� interactions

which, however, have not been implemented. In the case of ZZ, Bose symmetry implies a
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1 = 0, which we do not assume (for example in the SM @µZµ 6= 0 for non-vanishing

fermion masses). No e↵ective lagrangian L�
1 is introduced. Due to the Landau-Yang

theorem [43, 44] no transition can occur between an on-shell vector and two massless

identical vectors. However, for completeness, we discuss the possibility of an o↵-shell spin-
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and analogously for the vector bosons

LV
2 = � 1

⇤

X

V=Z,W,�,g

V T V
µ⌫X

µ⌫
2 . (2.16)

The coupling parameters f and V are introduced [37, 47] in full analogy with what

has been done in the spin-0 and -1 cases. All of the E-M tensors T f,V
µ⌫ are given e.g. in

refs. [46, 48]. For the sake of later discussion, we explicitly present the E-M tensor for

QED:

T f
µ⌫ =� gµ⌫

h

 ̄f (i�
⇢D⇢ �mf ) f � 1

2
@⇢( ̄f i�⇢ f )

i

+
h1

2
 ̄f i�µD⌫ f � 1

4
@µ( ̄f i�⌫ f ) + (µ $ ⌫)

i

, (2.17)

T �
µ⌫ =� gµ⌫

h

� 1

4
A⇢�A⇢� + @⇢@�A�A⇢ +

1

2
(@⇢A⇢)

2
i

�A ⇢
µ A⌫⇢ + @µ@

⇢A⇢A⌫ + @⌫@
⇢A⇢Aµ , (2.18)

where Dµ = @µ � ieQfAµ and Aµ⌫ = @µA⌫ � @⌫Aµ. For X2 = 2+ in the minimal RS-like

graviton scenario [49], i.e. the universal coupling strength to the matter and gauge fields,

the parameters should be chosen as follows:

f = V 8 f, V . (2.19)

3 Validation and comparisons

The implementation of the lagrangian LHC,J in FeynRules [36] allows the automated

generation of the corresponding Feynman rules which can in turn be exported to the Mad-

Graph 5 [50] framework via the UFO model file [38, 51]. This opens the possibility of

automatically creating event-generator codes for any production and decay channel (in-

cluding interferences between such two mechanisms) at the tree level, which can then be

used standalone (i.e., at the parton level) or interfaced with parton-shower MCs (ME+PS).

The same automated generation can be achieved to NLO accuracy (where the matching

with showers is done according to the MC@NLO formalism [52]), with the present excep-

tion: for a user-defined lagrangian, as is the case here, one-loop corrections in some cases

have to be provided externally – we shall give more details on this point in sect. 3.2.

3.1 Leading-order parton-level results

We start by considering the most elementary type of predictions our approach is capable of

giving, namely those at the Born level without parton showers (i.e., processes that do not

feature any final-state particle either di↵erent fromX(JP ), or not resulting from theX(JP )

decay). Thus, this only involves the FeynRules – UFO – MadGraph 5 chain, which by

now has been applied to hundreds of processes and is therefore extremely well tested. Still,
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decay). Thus, this only involves the FeynRules – UFO – MadGraph 5 chain, which by

now has been applied to hundreds of processes and is therefore extremely well tested. Still,

it is appropriate to check the results of the Higgs Characterisation model, in particular in

view of other implementations available in the literature that aim at describing the same

leading-order physics, and specifically that of JHU [10].
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Scenario MS [GeV] Xt [GeV] µ [GeV] M2 [GeV]

mmax
h 1000 2000 200 200

mmod+
h 1000 1500 200 200

mmod−
h 1000 −1900 200 200

light stop 500 1000 400 400

light stau 1000 1600 500 200

tau-phobic 1500 3675 2000 200

Table 1. Choices of MSSM parameters for the benchmark scenarios proposed in ref. [90].

In all scenarios the Higgs-sbottom-sbottom coupling Ab is set equal to At, the left-right

mixing of the first-two-generation squarks is neglected and the bino mass M1 is obtained

from the GUT relation M1/M2 = (5/3)(m2
Z/m

2
W − 1), with the exception of the fourth

scenario where we set M1 = 340GeV.3 Finally, the choices of ref. [90] for the soft SUSY-

breaking parameters in the slepton sector have a very small impact on the predictions for

the Higgs masses and production cross sections, therefore we do not report them here.

The fourth scenario in table 1, denoted as light stop, deserves a special discussion. In

this scenario the two stop masses are 324GeV and 672GeV; the sbottom masses depend

on tanβ, but the lightest sbottom is always heavier than 450GeV, while the heaviest

one is always lighter than 550GeV. With such relatively low masses, loops involving

squarks can give a sizable contribution to the cross section for Higgs production, but

we have to worry about the exclusion bounds from the LHC. Indeed, the ATLAS and

CMS collaborations have presented preliminary results for the searches of direct stop- and

sbottom-pair production, based on the full 8-TeV data sample, considering the decay chains

t̃1 → tχ0
1 → bWχ0

1 [125–127] , t̃1 → bχ±
1 → bWχ0

1 [125–127] , t̃1 → cχ0
1 [128, 129] ,

b̃1 → bχ0
1 [118, 130] , b̃1 → tχ±

1 → tWχ0
1 [112, 119–121] .

The allowed values of the stop and sbottom masses depend on the chargino and neu-

tralino masses, as well as on the branching ratios for the different squark decays. With

the choice of parameters in table 1, M2 = µ = 400GeV, together with M1 = 340GeV, the

masses for the lightest chargino and neutralino have a mild dependence on tanβ, but they

stay within the ranges mχ±
1
≈ 341–346GeV and mχ0

1
≈ 316–320GeV for tanβ > 10. In

this case the lightest stop decays almost entirely through the loop-induced, flavor-violating

channel t̃1 → cχ0
1. This channel has been investigated by ATLAS [128] and CMS [129], but

the resulting bounds only reach to values of mt̃1 around 250GeV. For the lightest sbottom,

the two-body decays b̃1 → t̃1W and b̃1 → bχ0
j (with j up to 3 or 4) are kinematically open.

The direct decay of b̃1 to the lightest neutralino would be constrained by the searches in

refs. [118, 130], but i) that channel is never dominant in the considered range of parameters

and ii) the experimental bounds only reach to values of mχ0
1
below 280GeV. Finally, the

heaviest stop and sbottom can decay through a multitude of channels, and their direct

decays to χ0
1 or χ±

1 are significantly suppressed.

3The choice M1 = 350 originally proposed in ref. [90] would result in a stop LSP for tanβ ! 20.
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● in the light stop scenario mt̃1 = 324GeV mt̃2 = 672GeV

Parameters of the study on the uncertainties of the total xsec in the MSSM

R.V. Harlander et al. / Computer Physics Communications 184 (2013) 1605–1617 1611

Fig. 2. Example Feynman diagrams contributing to ã�,(1)
q : gluon–squark contribution (left), gluino–quark–squark contribution (middle) and gluino–quark–squark

contribution (right). The latter is partially resummed by the usage of �b from Eq. (17).

sin2 ✓W = 0.22295, mZ = 91.1876 GeV, �Z = 2.4952 GeV [95]);
the input values to SusHi for these parameters are ignored in
the evaluation of the electro-weak corrections. The electro-weak
correction factor due to light quarks �lf

EW multiplies the NLOMSSM
cross section, while the NNLO QCD effects are simply added as in
Eq. (29):

�MSSM
gg� = �MSSM

gg�,NLO(1 + �lf
EW) + � t

gg�,NNLO � � t
gg�,NLO. (37)

SusHi leaves it up to the user to decide whether to use Eq. (31)
or Eq. (37) in order to include the electro-weak corrections. For a
SM-like Higgs andm� < 2mt , both approaches lead to comparable
NLO results. The EW corrections for a CP-odd Higgs are not known
and thus not included.

4. Cross section for bottom-quark annihilation

In supersymmetric theories, where the Higgs coupling to
bottom-quarks can be enhanced by tan� , associated production
(bb)� + X can be similarly or even more important than gluon
fusion. Two theoretical approaches have been pursued for the
theoretical description of this process: In the four-flavor scheme
(4FS), the relevant production processes at lowest order QCD are
gg ! (bb)� (see Fig. 3(a)) and quark–antiquark annihilation qq !
(bb)� [96–98]. However, when integrating over all final-state
bottom-quarkmomenta, potentially large logarithms lnmb/m� oc-
cur. They can be resummed by the introduction of bottom-quark
PDFs, which defines the five-flavor scheme (5FS) [99,100]. The LO
process in this latter scheme is bottom-quark annihilation bb ! �
for which the lowest-order Feynman diagram is shown in Fig. 3(b).

SusHi implements results for associated bb̄�-production in
the 5FS. For the inclusive cross section, it links the program
bbh@nnlo [49] in order to obtain the NNLO QCD prediction � SM

bbH

using mMS
b (µR) for the bottom Yukawa coupling. This is then

re-weighted by the corresponding resummed SUSY coupling g̃h
b

[58,101] as follows

�MSSM
bb� = � SM

bbH · (g̃�
b )2 with (38)

g̃h
b = gh

b

1 + �b

✓

1 � �b
cot↵
tan�

◆

,

g̃H
b = gH

b

1 + �b

✓

1 + �b
tan↵

tan�

◆

,

g̃A
b = gA

b

1 + �b

✓

1 � �b
1

tan2 �

◆

,

(39)

where the g�
b are given in Eq. (1) and�b is determined as described

in Section 2.3.
For differential cross sections due to bottom-quark annihilation,

SusHi includes the NLO virtual corrections for bb̄ ! � and
combines themwith the LO real-radiation processes bb̄ ! g� and

bg ! b� using dipole subtraction.5 Similar to the fully inclusive
case, we multiply with the resummed SUSY couplings to obtain
MSSM cross sections.

5. Differential cross sections

Apart from the total inclusive cross sections due to gluon fusion
and bottom-quark annihilation, SusHi also allows for the compu-
tation of differential cross sections in these processes. In particular,
one may apply upper and lower cuts on the Higgs transverse mo-
mentum pT , its rapidity y or its pseudo-rapidity ⌘, where

⌘ = � ln
✓

tan
✓

2

◆

= 1
2

✓ |Ep| + pL
|Ep| � pL

◆

, y = 1
2

✓

E + pL
E � pL

◆

. (40)

Here, Ep = EpT + EpL is the 3-momentum of the Higgs bo-
son, pL the longitudinal component, E the Higgs boson’s energy,
and ✓ the scattering angle (all in the hadronic reference frame).
For gluon fusion, SusHi also provides the differential quantities
d�/dpT , d�/dy, and d2�/(dpT dy) (or, alternatively, d⌘ instead of
dy). We add that, since the distribution in y and ⌘ is symmetric,
minimal and maximal values for y are understood as 0  ymin 
|y|  ymax (and similarly for ⌘). In order to get reliable results, the
precision for the numerical integration in SusHi should be set to a
higher value for differential quantities than for inclusive cross sec-
tions.

Note that at LO, i.e., O(↵2
s ) for gluon fusion and O(↵0

s ) for
bottom-quark annihilation, the Higgs transverse momentum is
always pT = 0.SusHiprovides results for non-inclusive quantities
through NLO, i.e., O(↵3

s ) for gluon fusion and O(↵s) for bottom-
quark annihilation. Let us also add that pT -cuts or pT -distributions
should not be too low (pT/m� & 0.1), since otherwise potentially
large logarithms may spoil the perturbative convergence of the
fixed-order results implemented in SusHi. For the resummation
of such terms in Higgs production, see Refs. [104,105], for example.

6. The program SusHi

This section describes the most important technical details of
the program SusHi, including its installation and usage.

6.1. Workflow

The workflow of SusHi is depicted in Fig. 4. The input is
controlled by a single input file whose format is SLHA-inspired
[106,107]. In case of the MSSM, the user specifies whether the
Higgs mass is calculated by FeynHiggs or provided by the user
himself. After the initialization of internal parameters which are

5 We are grateful to M.Wiesemann for providing us with the corresponding
Fortran routines which entered the studies presented in Refs. [102,103].

● inclusion of NLO-EW corrections
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