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Higgs pair production channels

J. Baglio, A. Djouadi, R. Grober, M. Mdhlleitner,
J. Quevillon, M. Spira ‘12



sensitivity to Higgs self coupling

two types ot contributions: “triangle ()" and “box”

Slawinska,
van den Wollenberg,
van Eijk, Bentvelsen ‘14

(LO)

—k

do(PP=HH) 1o Gevy
dis




heavy top limit |

My — OO limit poor beyond threshold

need full M+ dependence need 2-loop box integrals with 710+, 110 1



LO (1 loop): (full heavy quark mass dependence)

NLO in m: — oo limit (EFT):

NLO (712+ — 0O ) supplemented with 1/, expansion:

NNLO in my — o0 limit:

NNLO + all matching coefficients ( 770, — ©O)

Maltoni, Vryonidou, Zaro '14

Dawson, Furlan, Lewis 12; Goertz, Papaefstathiou, Yang, Zurita "14;
Dawson, Ismail, Low 15; Grober, Mihlleitner, Spira, Streicher ’15, ...

Shao, Li, Li, Wang 13

+ lots of phenomenological studies

Baglio, Barr, Dolan, Englert, Ferreira de Lima, Goncalves-Netto, Greiner,
Grober, Krauss, Maierhofer, Maltoni, Muhlleitner, Papaefstathiou,
Spannowsky, Spira, Thompson, Vryonidou, Zaro, Zurita, ... '12,'13,'14,'15
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LO (1 loop): (full heavy quark mass dependence)

NLO in m: — oo limit (EFT):

NLO (712+ — 0O ) supplemented with 1/, expansion:

NNLO in my — o0 limit:

NNLO + all matching coefficients ( 770, — ©O)

: Maltoni, Vryonidou, Zaro '14
-10%

Dawson, Furlan, Lewis 12; Goertz, Papaefstathiou, Yang, Zurita "14;
Dawson, Ismail, Low 15; Grober, Mihlleitner, Spira, Streicher ’15, ...
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erminology

Born improved HEF T (Higgs Effective Field Theory) at NLO QCD

_ do{irt, (my — o0)

virt virt - virt, HEF'T
donLo & doro (my) =: do NLO

do ¥t (my — 00)

real real
doNio = donNTo(my — o)

Maltoni, Vryonidou, Zaro Grigo, Hoff, Melnikov, Steinhauser

-10% +10%



erminology

Born improved HEF T (Higgs Effective Field Theory) at NLO QCD

virt

do_virt ~ dONLO (mt — OO)
. do "5t (my — 00)

virt . virt, HEF'T
doro (my) =: do N1

real real
doNio = donNTo(my — o)

Maltoni, Vryonidou, Zaro Grigo, Hoff, Melnikov, Steinhauser

-10% +10%

full mass dependence needed!



[00IS development

GoSam

N. Greiner, GH, G. Luisoni, S.Jones, M.Kerner, G.Ossola, P. Mastrolia,
J. Schlenk, J.F. von Soden-Fraunhofen, T. Zirke

S. Borowka, GH, S. Jones, M. Kerner, J. Schlenk, A. Stoyanov, T. Zirke

new analytic techniques
P. Mastrolia, T. Peraro, U. Schubert, S. di Vita, V. Yundin



build on GoSam (one loop)
arXiv:1404.7096

\fuser input file process. in]

GoSam { GoSam }

gosam.py process.in

http://gosam.hepforge.org

QGraf | FORM | Spinney

[dz’agram drawing and code genemtz’on:}

AN

[reductz’on: Ninja | Golem95C | Samurai | ]
example input file for / ' '

-

[z’ntegral libraries: OneLOop | Golem95C | QCDLoop | ]

process_path=eett
in= e+, e-

out=
order=

t,
g5,

£~
0,

2

virtual one-loop amplitude



http://gosam.hepforge.org

.
use projectors on tensor structures

rather than helicity amplitudes e i

process.in, integral families, projectors

run
gosam.py process.in

diagram drawing and code generation:
QGRAF | neato | FORM

TN

reduction ("outsourced"): Reduze | LiteRed | FIRE

integrals: analytic | SecDec
virtual two-loop amplitude




f,u(Ph n1)€,(pe, ng) MH*

Aq(s,t, m%,, m?, D) T1" + As(s, t, m%{, m?, D) 13"

{mipi ph — 2 (p1 - ps) P b — 2 (D2 ps) P i +2 (b1 - p2) P 15 }

p7 (p1 - p2)




form factors/reduction

construct projectors  P; such that

v 2 2 |
P M Ar(s,t,my.m;., D)

w , 2 2 |
5 «"MW As(s, t,my,m;, D)

projectors as input to GoSam-2L

algebra done automatically by Gosam-2L (FORM)
interface to Reduze to identify integral symmetries

reduction: interface to Reduze, LiteRed, FIRE



loop diagrams: # diagrams

real radiation: .
# diagrams
doubly unresolved
0
(tree) y
S hh singly unresolvead
iy 0 (1-100D) 54 + 3 x 8

gq — hhq
QC.Z — hh @ 1o NNLO-type subtraction needed!
qq — hhg use GoSam (1-loop) + dipole subtraction



some loop diagrams (drawn by GoSam-2L)

Boxes & Triangles
Yukawa only (< 4-point) Self-coupling (3-point)

Hky) k1)
\

‘q( !
\ ’,!./ ‘
/’H_ ‘\?\&
glky)

Hk Hkf (k) Hks)

6 Diagrams 2 Diagrams

101 Diagrams 21 Diagrams

thanks: Stephen Jones




some types of 2-loop diagrams

H(k3)

Non-planar

H(k3)

thanks: Stephen Jones




2-loop Iintegrals

¢ define add propagators such that all numerators can
be expressed in terms of inverse propagators

input for

master integrals:
tfriangle type: partly known analytically

Bonciani, Mastrolia, Remiddi; Harlander et al; Anastasiou, Beerli et al

box type:

note: Secbec can also do integrals with numerators



e Home
¢ Subversion

 Tracker | _ 3 . )
o Wiki ,. | él!!ﬁb UnI.VEI;iIty of
e za Zurich

SecDec

Sophia Borowka, Gudrun Heinrich, Stephen Jones, Matthias Kerner, Johannes Schlenk, Tom Zirke
A program to evaluate dimensionally regulated parameter integrals numerically

home download program user manual faq changelog

NEW: Version 3.0 of the program can be downloaded as SecDec-3.0.5.tar.gz.

arXiv:1502.06595
S.Borowka, GH, S.Jones, M.Kerner, J.Schlenk, T.Zirke



http://secdec/hepforge.org

new features (version 3.0):

- implementation of two new decompositions strategies based on a
geometric algorithm (guaranteed to stop!)

 improved user interface

» linear propagators can be treated

- option to use numerical integrators from Mathematica (and Cquad)




new features (version 3.0):

- implementation of two new decompositions strategies based on a
geometric algorithm (guaranteed to stop!)

 improved user interface

» linear propagators can be treated

- option to use numerical integrators from Mathematica (and Cquad)

efficient tool, make it part of GoSam-2Loop



master integrals: examples

Re( HHPla)  +




master integrals: examples

HHNP2b, Re(P,)  +

(b) HHNP2B




master integrals: examples

HHNP2a,Re(P,)  +




Conclusions/Outlook

e NLO with full top mass dependence for
HH in gluon fusion well underway

e GoSam-2Loop setup quite generic, can be
applied to other processes



extra slides

HHNP2a,Re(P)  +




