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Higgs Discovery at the LHC
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Single Higgs boson Cross Section

NLO cross section
Dawson ('91), Djouadi, Spira, Zerwas ('91), Graudenz, Spira, Zerwas ('93) ,
Spira, Djouadi, Graudenz, Zerwas ('95)

NNLO cross section

Harlander ('00), Catani, de Florian, Grazzini ('0l), Harlander, Kilgore ('0l) Harlander,
Kilgore ('02), Anastasiou, Melnikov (’02), Ravindran, Smith,Van Neerven (‘03)

Resummation of soft gluons improves fixed order result.
Catani, de Florian, Grazzini, Nason ('03

Leading soft contribution at NF\!NLO
Moch, Vogt ('05), Laenen, Magnea ('06), Idilbi, -d. i, -P. Ma, Yuan ('06) , Ravindran ('06)
NNNLO production cross section via gluon fusion !
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Ikizlerli, Studerus (’10) Anastasiou, Duhr, Dulat, Mistlberger (’|3) Anastasiou, Duhr, Dulat,
Herzog, Mistlberger (’13) Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog,
Mistlberger (’14),Anastasiou, Duhr, Dulat, Herzog, Mistlberger (’15)

Differential cross section carry more information:

Bozzi, Catani, de Florian, Grazzini ('08), Bozzi, Catani, Ferrera, de Florian, Grazzini ('09) Catani,
Grazini ('l 1), Catani, Grazini, Torre (’|3), Grazzini, Kallweit, Rathlev, Wiesemann (’15),Monni,
Re, Torrielli ('16), Ebert, Tackman (’17), Ferrera, Pires ('17)
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In BSM scenarios

\H Modified self
couplings

Modified Higgs couplings
to SM particle

® Non-Resonant production

e Resonant production:

Heavy scalars in Two Higgs doublet models,
Spin-2 resonances from Randal Sundrum Model



Production Cross section

Glover,van der Bij
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Dominant Production

® Dominant channel at LO: g+ g — hh
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Relative contributions at NLO

¢ Di-Higgs boson at NLO in QCD

1 1 I I |
HH production at 14 TeV LHC at (N)LO in QCD
M,=125 GeV, MSTW2008 (N)LO pdf (68%¢cl)
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MadGraph5 aMCENLO



Beyond LO from gluon fusion
Effective Field theory
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At NNLO (approx) from gluon fusion
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® Corrections of the
order of a 12%

® Uncertainties are small

® Better convergence




Bottom quark annihilation

Dawson et al.
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Our Goal is to go beyond NLO



b+b— hh

Di-Higgs at NNLO in QCD



b+B->h+h beyond NLO

e Hadron Cross section Variable 5 Flavour scheme
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NNLO from Class-A
e (lass-A

b

S

Off-shell

Production of Higgs Decay

of f-shell Higgs boson |
Dy(Q?) = 2Qrf" (@) [Pu(Q*)[°



Single Off-Shell Higgs production
o Off_she” nggs X'SeCtion Harlander, Kilgore, VR, Prakash Mathews, Majhi
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Known to three loops






NLO for Class-B

L. Dawson et al.
® Phase Space Slicing
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NNLOsv from Class-B

® Two Loop Virtual b ————o——1----H
(Exact result) |
i E E _____ -

® Real Emissions

(Soft gluons only)

® New result:

Exact Virtual + Soft emissions = NNLOsv



Two loop Virtual corrections

e Class-B diagrams b(p1) +0(p2) — h(ps) + 1(pa)
b > . | b— > . | b >——r——r>——----H
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Two loop Virtual corrections

® Class-B Virtual: E 1 EE
Evaluation: 2 + 10 + 153 diagrams:
e Feynman Diagrams: Qgraf Nogueira
nteuffel, uderu
e Momentum shifts: REDUZE-2 Manteutfel, Studerus

® In’regr'aﬁon by PGI"TS Chetyrkin, Tkachov,
' Geh , Remiddi
Lorentz Invariance ehrmann, Remiddi

Lee, Laporta

e Identities LiteRed

® Master Integral 10 1-loop + 149 2-loops Gehrmann et.al
see Prakash and Pulak talks



Infrared Structure

Catani; Becher,Neubert; Gardi,Magnea

e Catani’s Iterative IR Structure In dimensional '"e%iularizaion
— €

Amplitudes can be expanded in terms of
Universal IR operators : Iéz)

Iél) and 122)
Contain poles in €

c(e) = (),
eV (e) = 22V ()l (e) + SV (e),
P (e) = 4% (e)C (€) + 2211 (e)CV (€) + €™ ().

In the Limit € — ()

C:Jin(¢) and C2)/"(¢) — Finite



Soft plus Virtual at NNLO

) . Ajjath, P. Mukherjee, VR
e UV finite cross section

(2. Q% €)= 5 [ o) VT({wi). (K}, Q. )

® Mass Factorisation
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® Factor outVirtual

M ({pi}, {ki}, Q. o)1 = [MY ({ki}. Q, 1D (ps, ki, Q. €) 2

Pure Virtual
Real Emissions
Known up to Two loops



Factorization of real emissions

Ajjath, P. Mukherijee, VR
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e Soft emissions Factorise:

: —V
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Soft emissions
Hard emissions

® Phase Space Factorise:

1iInsoft d¢(k2) — d¢soft X d¢hard



Factorization of real emissions

Ajjath, P. Mukherjee, VR

e All order factorization Soft

A°Y =TT 0"V c° ¢ @T

Virtual Hard Mass Fact.
® Exponentiation: . In(1 — 2)
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Soft + Virtual (SV)

Ajjath,P.Mukherjee,A.Charkroborty, VR
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Scale Variations
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Scale Variations

(L5, LE) LO[fb]x10~* | NLO[fb]x10~! || NNLO|fb]x10~*

(2,2) 0.3587 0.3416 0.3119
(2,1) 0.2951 0.3191 0.3098
(1,2) 0.3994 0.3384 0.2976
(1,1) 0.3286 0.3250 0.3020
(1,1/2) 0.2502 0.3032 0.3031
(1/2,1) 0.3704 0.3246 0.2879
(1/2,1/2) 0.2821 0.3169 0.2970

Table 1. 7-point scale variation for central scale at m; = 125GeV, k=1

G LO[fb]x10™* | NLO[fb]x10™! || NNLO[fb]x10~*

(2,2) 0.3765 0.3617 0.3256
(2,1) 0.3254 0.3384 0.3210
(1,2) 0.4150 0.3594 0.3110
(1,1) 0.3587 0.3416 0.3119
(1,1/2) 0.2951 0.3191 0.3098
(1/2,1) 0.3994 0.3384 0.2976
(1/2,1/2) 0.3286 0.3250 0.3020

Table 2. 7-point scale variation for central scale at m; = 125GeV,

K =2



Scale Variations

Central

S:;er((;ev) LO[fb]x10~! | NLO[fb]x10~! || NNLO[fb]x 10~
+21.546% +5.108% || 0.302073-278%

125 0.3286 53 7g50% | 03200 ¢ 705% ~4.669%
+15.696% +5.210% || 0.311974-392%

250 0.35871 777319 | 0-3416 g 5g7% —4.585%

Table 3. % scale uncertainty at LO, NLO and NNLO




Conclusions

- Production of Pair of Higgs bosons is one of most
important observables at the LHC

- Two classes Class-A and Class-B contribute

- Class-A is related to Single off-shell Higgs boson
production

- Real emissions in Class-B is difficult fo compute,
hence Soft+Virtual

- Reduces the scale uncertainties

Thank you



