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Numerical methods for
multi-) loop calculations

The program pySecDec

|

Some applications

In collaboration with
S.Borowka, N.Greiner, S.Jahn, S.P. Jones,
M.Kerner, G.Luisoni, J.Schlenk, T.Zirke
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TIMELINE BEYOND RUN?2 @\ INFN

Istitute Naziarale & Fisica Nucleare

Credits: A. David @ GRC 2017
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| |m
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TIMELINE BEYOND RUN?2 @\ INFN

Istitute Naziarale & Fisica Nucleare

Credits: A. David @ GRC 2017

P.Meridiani; . EPS 2017 150fb"!

Pb-Pb Pb-Pb

l “ ﬁ'
Pb-Pb
HL- I.HC >5E34cms!

>300 fb I/yec1r plle-JE >

-300fb"!

: _ ATLAS Simulation Prelminary
= oy, hsZZ 4l hWW Ssivly
N h—tt, h=bb, h—uu, h->Zy
| [z % % % X5 5] )
Run A = BR,=0 =
\ : b...-".. o
10° 3 I; \s=14TeV =
: ot [ Lt = 300
107 n . — [ Ldt = 3000 fb*
we need to be sure about the systematic = 12 | E
uncertainties to claim something like this R e S ? { -------------------------- -5
5 09- t -
T o08F 1 =




. ~ The precision frontier

fixed order calculations
NLO @cbp+Ew), NNLO, ...

ro--"
v,

resummation

FTEARL
.........

e PR

guark mass effects

parametric uncertainties
(e.g. couplings, masses)
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non-perturbative effects

(hadronisation, MPI, pile-up, ...




status of higher (fixed) order predictions involving H

! tot d!
gg! H NA3LO NNLO
VBF NA3LO NNLO
(DIS approx.)
WH/ZH NNLO NNLO
teH NLO NLO
H + single top NLO NLO
H +jets 1j: NNLO 1j: NNLO
HH NNLO NNLO
black: M¢ !~ (HEFT) blue: imqy dependence

bonus

NA3LL threshold resum.
NLO EW, mixed QCD/EW

NLO EW

NLO EW
gg to ZH mt dep. approx.

NNLL threshold resum.
NLO EW

NLO up to 3jets
H+1jet NLO: mb dependence,

high energy limit,
real radiation up to 2 jets,
NNLL resum.

NLO

NLL resum.



status of higher (fixed) order predictions involving H

: tot d! bonus
NA3LL threshold resum.
gg! H NA3LO NNLO (+NNLL) Bizon, Monni, Re, Rottoli, Torrielli 17
: Anastasiou et al '13-"15 De Florian, Grazzini, Tommasini '11,'172  NLO EW, mixed QCD/EW

Dulat, Mistlberger, Pelloni 17  Degrassi, Maltoni '04; Actis, Passarino;
Sturm, Uccirati '08; Anastasiou et al ‘08§

VBF b NNLO NLO EW -
Bolzoni, Maltoni, Moch, Zaro "10;  Cacciari, Dreyer, Karlberg, Ciccoinl B o ‘07
Dreyer. Karlberg ‘16 S ha iccolini, Denner, Dittmaier G
NLO EW
WH /ZH NNLO NNLO Denner, Dittmaier, Kallweit, Miick 12'}
Brein, Djouadi, Harlander ’03; Ferrera, Grazzini, gg to ZH 1/mt
Brein, Harlander, Wiesemann, Zirke '11  Tramontano '11,’14 Altenkamp et al ‘12

NNLL threshold resum.

Harlander, Kulesza, Theeuwes, Zirke'14

teH NLO NLO NLO EW

Beenakker et al ’'01; Dawson, Reina '02; Frederix et al ‘14 Frixione et al ’14; (on-shell)
Denner, Lang, Pellen, Uccirati '16

; NNLL threshold resum.
H + single top NLO NLO Kulesza et al ‘15
Demartin, Maltoni, Mawatari, Zaro ’15 NLO up to 3jets
Cullen et al ’13
H+1jet NLO: mb dependence

H +jets 1j: NNLO 1j: NNLO | | pencen
Boughezal, Caola et al ’15; Boughezal et al ’15; Lindert, Melnikov, Tancredl s
Chen et al '15 NLO
HH NNLO NNLO Borowka, Greiner, GH, Jones, Kerner,
De Florian, Mazzitelli '15; 4 Pl L Schlenk, Schubert, Zirke ‘1§
NLL resum. Ferrera, Pires 16

Steinhauser et al ‘15



measure of complexity

#loops + #legs + #scales (masses, off-shellness)

|OOpS6 -
-

) —> P . :
m scales is limit for analytic loop integrals

legs

(refers to physical results, not individual integrals)



‘bottlenecks:

IR subtraction
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two-loop integrals



QCD corrections: building blocks
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ottlenecks: IR subtraction two-loop integrals

harder with more massless particles
(intricate IR singularity structure)



| bottlenecks: IR subtraction

harder with more massless particles
(intricate IR singularity structure)
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two-loop integrals

harder with more massive/off-shell particles
(more scales = more complicated
analytic structure)



typical procedure and corresponding tools

1.automated amplitude generation

public tools e.g. QGRAF [P.Nogueira], FeynArts [T.Hahn et al.]

saturation of Lorentz/spin indices: helicity amplitudes or
projectors to form factors

..:’ T
.-t.:

2. reduction of the loop amplitudes to coefficients ® master mtegrals

reduction highly non-trivial; no unique master integral basis beyond one loop

multi-purpose t00ls e.g. Reduze [C.Studerus, A.v.Manteuffel], FIRE [A.V.Smirnov],
LiteRed [R.N.Lee], Kira [Maierhofer, Usovitsch, Uwer ’17]

J .
based on integration by parts (IBP) relations / d” ‘(), SV (kpi) = 0

new: reduce complexity by construction of algebraic identities from numerical samples
(“finite fields”) A.v.Manteuffel, R.Schabinger '14, Peraro ‘16

two-loop Iintegrand reduction:
very interesting new developments, but not ready for automation yet (?)

Mastrolia, Ossola '11; Badger, Frellesvig, Zhang ’12; Kosower, Larsen 12,
Mastrolia, Mirabella, Ossola, Peraro ’12; Feng, Huang ’12;

Papadopoulos et al.’12; Ita ’15; Larsen, Zhang ’16; Mastrolia, Peraro, Primo ’16,
Peraro ’16; Larsen, Rietkerk ‘17 ...

Max-Planck-Institut filr Physik
MAX-PLANCK-GESELLSCHAFT ot



typical procedure

3. calculation of the master integrals
analytically?  may not always be possible
numerically? may not always be accurate/fast enough

4. subtraction of IR divergent real radiation

lots of interesting recent NNLO developments (see later)

5. stable and fast Monte Carlo program

(or if not fast: how to make results available in a flexible format)

Max-Planck-Institut filr Physik



NNLO real radiation subtraction methods

e antenna subtraction analytically integrated subtraction terms
[Gehrmann-DeRidder, Gehrmann, Glpver O05

2 qt “subtraction” S”Cing, (colourless final states)
[Catani, Grazzini]O07

* N-jettiness slicing
[Gaunt, Stahlhofen, Tackmann, Walsh 015
[Boughezal, Focke, Liu, Petridllo O15

® sector-improved residue subtraction numerically integrated

[Czakon, Heymes, Mitov O28kon, Heymes]OBbughezal et al.] O1subtraction terms
» nested subtraction [Caola, Melnikov, Réntsch O17

e projection to Born/ structure function approach only special kinematics
[Goa, Li, Zhu DIRrucherseifer, Caola, Melnikdv[Cdetiari, Dreyer, Karlberg, Salam, Zanderig

« colorful only final state colour so far
[Del Duca, Somogyi, Trocsaiyi O05



Chen, Cruz-Martinez, Gehrmann, Glover, Jaguier 014,016
Gehrmann-DeRidder, Gehrmann, Glover, Huss, Mojgan O1 5

[Currie, Gehrmann-DeRidder, Gehrmann, Glover, Pires |

Grazzini, Tramontano

, De Florian, Ferrera, Gl’a]'z}zk'.

H ; [Ferrera, Grazzini, Tramontaho
W ! [Grazzini, Kallweit, Rathlgy
77 [Casci_olli, T.Gehr_mann, Grazzini, Kallwett, Maierhsfer, Manteuffel, Pozzorini, Tanc
Grazzini, Kallweit, Rathldv O15
W W [T.Gehrmann, Grazzini, Kallweit, Maierhsfer, Manteuffel, Pozzorini, Rathlgv.

Grazzini, Kallweit, Pozzorini, Rathlev, Wiesdmann O16
W/~Z [Grazzini, Kallweit, Rathlev, Wiesemann |

H H (mt —> OO) [De Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhsfer, Mazzitelll



I ‘Campbell, Ellis, Li, Williams O16]
~v -+ jet  [Campbell, Ellis, Wiliams 017)

® projection to Born (“structure function approach”)
HJ|] (VBF) [Cacciari, Dreyer, Karlberg, Salam, Zanderighi ©15]
single top  [Brucherseifer, Caola, Melnikpv [Bdrjer, Gao, Yuan, Zhp 16
e colourful subtraction
e" e | 3jets [Del Duca, Duhr, Kardos, Somogyi, Szor, Trocsanyi, Tulipant O16



_ NNLO

® antenna -
%
t
“' cq HH (nnt'—% C(O
WW  Hw, HZ

8 -

® N-jettiness

@ projection to Born LL W +J€t
@ colorful Zy W! Z S
ep ! 2]etS"

dil W/zZ pp! Zjei8

ol Yy Z + jet

W H H + et e

I+ jel (i

Lot WH L tot Hjj (VBF)
! ot H e e — 3jets
| ot WIZ e"e | eventshape

+

e e | 3Jjets
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multi-loop integrals

processes not (yet) known precisely enough typically involve
e several mass scales (EW corrections, quark masses, BSM particles)

* more than one loop

analytic results for multi-scale two-loop integrals are sparse

numerical evaluation:

« often considered as “poor man’s solution”
as long as analytic results are not available

* pbut easier extendible to many mass scales

2\

o \
[/ /-’/ { 27A |\
I' “ e )= '
0%\ 5 = S J

\ LA AL J
\\rgﬁ—‘?‘ _L/
oromrl Max-Planck-Institut filr Physik
MAX-PLANCK-GESELLSCHAFT g-bastint




pro’s and con’s

analytic numerical

pole cancellation exact with numerical uncertainty
fast evaluation [ (mostly) depends
control of integrable wl co.ntrol ?f difficult
singularities analytic regions
R o difficult less difficult
automation difficult less difficult

>
i P \
ln lt '.ln."zj g~ '
\ LA AL /
N/
~— Max-Planck-Institut fiir Physik
MAX-PLANCK-GESELLSCHART g-bastint




some (semi-) numerical methods for loop integrals

* numerical solution of differential equations
[Caffo, Czyz, Laporta, Remiddi O98; Czakon, Jlitov O07 E

» dispersion relations [Bauberger et al 094, Bauberger Freifas

 use Bernstein-Sato-Tkachov theorem [Passarino, Uccirati et al Q02

- numerical evaluation of Mellin-Barnes representations
[Czakon O05; E Dubovyk, Freitas, Gluza, Riemann, Usovitsch O16

* hnumerical extrapolation [De Doncker, Yuasa, Kato, Fujimoto, Kurihara, Ishikawa, Olaghje

- direct numerical integration in momentum space
[Soper ©99; Gong, Soper, Nagy O09; Weinzierl, Reusch]e et al. 010- E

* loop-tree duality (4-dim) [Rodrigo, Buchta, Chachamis, Sborlini, Driencourt-Mangin gt a

» sector decomposition  [Hepp O66; Denner, Roth 96; Binoth, GH O00; E



S sector decomposition |

1 1 —
I = [Cox [ dyxtaux+aey) Ok - y)+ O —x)
(1) (2)
subst. (1) y=xz  (2) x=yz to remap to unit cube

1 1
| = / dxx_l_‘s/ dz (ay + ap z) 1
0 0

1 1
+ / dy y= 17 ] dzz 17 ¢ (a1 z + ap) ™!
0 0




Feynman parameter repres

L: number of loops

entation of multi-loop integrals

N, = 1y sum of propagator powers

J
Z/{(X) polynomial of degree L (L |OOpS) (first Symanzik polynomial)

F (X1 Sij ) polynomial of degree L+1 (second Symanzik polynomial)

example 2-loop planar box with p4 off-shell 2 5

U = Xi93X567 + X4X 123567

P4 P4

1 4 7

p2 p3

F = (! S12)(X2X3X4567 + X5X6X1234 + X2X4X6 + X3X4X5)

= (' 823)X1X4X7 o= (I pﬁ)X7(X2X4 7

- X5X1234) ! il

Xijk... = Xj & Xj 1 X



sector decomposition

after iterated decomposition:
In each subsector

1 | b !“p Uk(k)expoU(!)

0 v
Gy = dX] Xj Fk(k’ Sij)expoF(!)

/

singularity structure (a < 0) factored out

Ue(k) =1+ u(k)

Fk(k, Sij) = const. + f (k, Sz’j)



produce Laurent series in the regulator

subtract (“plus distribution”) then expand in epsilon

i | ,
dxx' ¥ Pg(x) = | b_llg(0)+ : a0 g(x) X g(0)

e o

0

! I .
result: G = Cj (k, Sjj )

j=1 2L - |
| \flnlte parameter integrals

to be integrated numerically

so far only endpoint singularities (UV/IR) have been treated.
If the integral also has singularities of threshold type
(F(k,Sij ) =0 with X; =) )

! contour deformation (in Feynman parameter space)
[Soper '99; Binoth et al ‘'05; Nagy, Soper '06; Anastasiou, Beerli, Daleo '07; Borowka, Carter, GH ‘12]



loop integral p—>——

2

Feynman integral

sector
1b decomposition
parameter >
integral
multiscale?
1O y ves
6 D 4
expansion subtraction ) contour
in e of poles deformation
7 8 9
I, result
code numerical n .
optimization integration 2 ] LC m€
m=—
uses FORM uses CUBA library [T.Hahn]

[Vermaseren, Ruijl,Ueda]




The program SecDec

~ A LRt N N e
'_..\..-‘.Q}_ RO

Latest release ’

pySecDec 1.2.1
D v1.2.1
o 43429d8 B jPhy released this 24 days ago - 14 commits to master since this release

fix release 1.2

Downloads

@ pySecDec-1.2.1.tar.gz 7.99 MB

%) source code (zip)

D) source code (tar.gz)

e — e
) \’—\)'_‘_‘.J\.‘,, A W
e _ b

algorithm:  T. Binoth, GH ‘00
version 1.0: J. Carter, GH ‘10

version 2.0: S.Borowka, J. Carter, GH ‘12

version 3.0: S.Borowka, GH, S.JAones, M.Kerner,
J.Schlenk, T.Zirke O15

pySecDec: S.Borowka, GH, S.Jahn, S.Jongs,
M.Kerner, J.Schlenk, T.Zirke O17


https://github.com/mppmu/secdec/releases
http://secdec.hepforge.org

e FORM implementation of
Fujimoto, Kaneko and Ueda 08,10
(not public)
uses a decomposition algorithm based on computational geometry,
guaranteed to stop

ApDyztt

Max-Planck-Institut fir Physik
MAX-PLANCK-GESELLSCHAFT (Wetrs-Hetanberg-lasting)




878 pySecDec new features =
\,/\/’ \

» algebraic part in form of python modules
» optimised C++ code generated with FORM [Vermaseren, Ruijl, Ueda]

» automatic creation of a static and a dynamic library

* can act on (almost) any polynomial, not only loop integrals

* any number of regulators is possible
(e.g. !, needed in SCET analytic regularisation)

 treatment of numerators much more flexible
(Lorentz tensors, inverse propagators)

- symmetry finder can detect isomorphisms between sectors

» procedure to detect and remap spurious singularities where
contour deformation vanishes

- diagrams can be drawn



pySecDec timing examples

(algebraic part, numerical part)

pySECDEC time (s)

SECDEC 3 time (s)

FIESTA 4.1 time (s)

triangle2L

triangle3L

elliptic2Ll_euclidean

elliptic2L _physical
box2L_invprop

(40.5, 9.6)
(110.1, 0.5)
(8.2, 0.2)
(21.5, 1.8)
(345.7, 2.8)

(56.9, 28.5)
(131.6, 1.5)
(4.2, 0.1)
(26.9, 4.5)
(150.4, 6.3)

(211.4, 10.8)
(48.9, 2.5)
(4.9, 0.04)
(115.3, 4.4)
(21.5, 8.8)

with default settings of pySecDec (epsrel=0.01)
[four-core Intel(R) Core(TM) i7-4770 CPU @ 3.40GHZ]




pySecDec

»download:
https://github.com/mppmu/secdec/releases

e Installation:
tar -xzvf pySecDec-<version>.tar.gz

cd pySecDec-<version>
make
documentation: https://secdec.readthedocs.io

*Included in distribution:
FORM [Kuipers, Ueda, Ruijl, Vermaseicatch [https://github.com/philsquared/C

Cuba [T. Hahh nauty [McKay, PipeindGSL [Galassi et hl.

 not included In distribution: (needed for geometric decomposition method)
normaliz [https://www.normaliz.uni-osnabrdeck.de



https://secdec.readthedocs.io
https://github.com/mppmu/secdec/releases
https://www.normaliz.uni-osnabrueck.de

BE] pysecDec —pySecDec 12¢ x4+

& (O secdec.readthedocs.io/en/stable/ c Q > &l

# pySecDec

Docs » pySecDec O Edit on GitHub

pySecDec

1. Installation

2. Getting Started pySecDec [PSD17] is a toolbox for the calculation of dimensionally regulated parameter integrals
3. Overview using the sector decomposition approach [BHOO]; see also [Hei08], [BHJ+15].

4. SecDecUtl
e 1. Installation

3. Reference Guide © 1.1. Download the Program and Install
6. References o 1.2. The Geomethod and Normaliz
o 1.3. Drawing Feynman Diagrams with neato
o 1.4. Additional Dependencies for Generated c++ Packages
ﬁ e 2. Getting Started
o 2.1. A Simple Example

é o 2.2. Evaluating a Loop Integral

s 2.2.1. Defining a Loop Integral

s 2.2.2. Building the C++ Library

s 2.2.3. Python Interface (basic)

s 2.2.4. C++ Interface (advanced)
o 2.3. List of Examples

Try Datadog free.

e 3. Overview
o 3.1. The Algebra Module
s 3.1.1. Polynomials
s 3.1.2. General Expressions
o 3.2. Feynman Parametrization of Loop Integrals
s 3.2.1. One Loop Bubble
s 3.2.2. Two Loop Planar Box with Numerator

& Read the Docs o 3.3. Sector Decomposition
n R4 Suhtrartinn
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D= OO 00~I O\ U LD =

pySecDec usage

1

1
/dx/dy(x +y) Tt = % + (1 —log(2)) + O(e) =~ % + 0.306853 + O(¢)
0 0

Step 1: write input files

generate_easy.py integrate_easy.py

from pySecDec import make_package from pySecDec.integral_interface \

] t Int 1Lib
make_package ( import IntegralLibrary

# load c++ library
easy_integral = \
IntegralLibrary(’easy/easy_pylink.so’)

name = ’easy’,
integration_variables = [’x’,’y’],
regulators = [’eps’],

# integrate

requested_orders = [0], _, _, result = easy_integral()

polynomials_to_decompose = [’ (x+y)~(-2+eps)’],
# print result
) print (’Numerical Result:’)

print(result)

——
W00 =0 O 0OSION U1 L0 DO =

Step 2: run pySEcCDEC

$ python generate_easy.py && make -C easy && python integrate_easy.py

<skipped some output>

Numerical Result:

+ (1.00015897181235158e+00 +/- 4.03392522752491021e-03)*eps™-1 + (3.06903035514056399e-01 +/-
— 2.82319349818329918e-03) + 0O(eps)

Stephan Jahn



pySecDec examples

| Nt [Bonciani, Del Duca, Frell
| ;.-.:,.,;;_, Integrals Moriello, V.A. Smirnc
fit = (—s /m )2 110111100 [see also Tancredi,
1 B / AP ket dP 2 DS—aB D—aQ
| mz inz [D1]*[Ds]*2[Ds]*s [D4]"’“ [ Ds |5 [Dg| ¢ [ D7)

Dy = k% —m?, Dy = (k1 +p1 + pg) —m?, Dy = kg —m?,
Dy = (k2 +p1 + p2)2 —m?, Dy = (k1 + PI)Q —m*, Dg = (k1 — k2)2:
D~ (]”2 —])3) —m?®, Dy = (Ko 'l*])l)2 Dy = (k —1)3) .
It (Euclldean) at s- —43t- i p43"
 fésanayic = 0.247074199140732131068(

pySecDec with epsrel =10' >, maxeval =10
- =0 247074360% 6.9692! 10 ° [time: ~3.5 5]

B point s=90,t=! 25 p;=16m =1
[ [time: ~1m40s,

g . 2 : :
- fA =1 0.04428874 +i0.01606818 + (2.456 + i 2.662)" 10' %)  epsrel=1e-4]



pySecDec exampl

.v'h' P $ ¢ .
ki A
|i;

[yatis 6

‘(“.‘

tude (1-oop)

shey
L3 .

1 #! /usr/bin/env python

2 import pySecDec as psd 30 ]_oop_package(

3 from pySecDec.loop_integral import loop_package 31

4 ' *m?
5# 4-photon amplitude Mi+-- : - 32name = yyyy-boxeDim®,
6 #Ampdy_ppmm=-8*( 1 + (t**2+u**2)/s *Box6dim(t,u) + (t-u)/s*( BubbleD(u)-BubbleD(t) ) ); | 33

7 ~ 34 loop_integral = 11,
811 = psd.loop_integral.LoopIntegralFromGraph( 35

9 internal_lines = [['@',[1,2]],(9,(2,3]], (9, (3,4]], (@, [4,1]]],

10 external_lines = [['p1',1],['p2",21.['p3",3),['pé",41], 36 real_parameters = Mandelstam_symbols + mass_symbols,

37
i; replacement_rules = [ 38 # the highest order of the final epsilon expansion
" 13 C'p1*pl’, @), 39 # {change this value to whatever you think is appropriate})
14 (‘p2*p2’, @), 40 requested_order = 0,
15 ('p3*p3*, 0), 41
16 ("pa*ps’, 0), - . .
17 C'p3*p2’, 'w/2'), 42 # the optimization level to use in FORM (can be 0, 1, 2, 3)
18 C'pl*p2’, 't/2"), 43 form_optimization_level = 2,
19 C'pl*ps’, 'w2'), 44
;g g:pzl’:gi:. -52-55;. 45 # the WorkSpace parameter for FORM
. (,:3. e ez ’ :(?5 form_work_space = '100M',
:i dimensionality= -5_22;,,5- 48 # the method to be used for the sector decomposition
25D 49 # valid values are "“iterative ™  and " “geometric’’
26 50 decomposition_method = 'iterative’,
27 Mandelstam_symbols = ['t',"u") 51

28 mass_symbols = [] 52)



12 #include "yyyy_bubble/yyyy_bubble.hpp"
13 #include "yyyy_box6Dim/yyyy_box6Dim.hpp"

75 /*

76 * numerical amplitude using pySecDec Master Integrals

77 */

| 78 secdecutil::Series<secdecutil::UncorrelatedDeviation<std: :complex<double>>> yyyy_numerical(double s, double t, double u)
1 79 {

80 return -8.*(C 1. + (t*t + u*u)/s * box6Dim(t,u) + (t-u)/s*( bubble(u)-bubble(t) ) );

81}
22

ApDy=tt
Max-Planck-Institut fir Physik
(Warras Hecentery lestist)

MAX-PLANCK-GESELLSCHAFT



“real life” application: Higgs boson pair production in gluon fusion

NLO calculation with full top quark mass dependence
'\_‘._{;Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubg®, Zirke

ndependent scales s12, s23, mH, mt : < «
-fé_nalytic results for master integrals MR
g

mostly unknown

~ + all integrals calculated numerically with
SecDec raphics by S.Jones ’ ’

- total number of integrals:

before reduction: ~10000, after reduction ~330,
after sector decomposition 11244 (3086 non-planar)

ApByztt

Max-Planck-Institut filr Physik
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Higgs boson pair invariant mass

0.20 T T L LA B L L L L T T N B B
I LO — LO
—_ I 1 4 TeV B-i. NLOHEFT —_ - 1 OO TeV — B-i.NLOHEFT 1
% 0.15 N NLO FTapprox % == — NLO FTapprox
O LObasic HEFT | O 4r —  LObasicHEFT -
=2, 010! NLO basic HEFT - =, I —  NLObasicHEFT |
£ 0L | NLO | = 3 — NLO p
- -
o [ go) u . .
= 0.05_— N - = 3 |_l ]
0,00%}::::}::::}::} " ————— }_E}il_
S 2.0k i B :
"6 EFi=|_'_. ] "6
& 15 — 8 _—
v 1.0¢ 4 :
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for large invariant masses:

Born-improved NLO HEFT overestimates by about 50%, FTapprox by about 40%
(at 14 TeV, worse at 100 TeV)

top quark loops resolved = HEFT has wrong scaling behaviour at high energies

QpDyztt

Max-Planck-Institut filr Physik
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scaling behaviour

10° 5

1 1 E
e
— LO o
— B-i. NLOHEFT

— NLO FTapprox
— LObasicHEFT
— NLObasicHEFT
— NLO

Mnn [GeV]

e ITETRY e

e - g G ';-"r,'i.:»‘i--; i
m.~ i e. partonlc Cross sectlon scales as @ e
dmhh db

HEFT approximation: l my, i.e. D! 8§
dmhh

similar for H+jets: Greiner, Hoche, Luisoni, Schonherr, Winter ‘16
see also Marzani et al. ’08; Caola, Forte, Marzani, Muselli, Vita '16

d fdp2, | (P2, $20




combination with parton showers

GH, S.Jones, M.Kerner, G.Luisoni, E.Vryonidou ‘17

» avoid evaluation of two-loop amplitude for each phase space point

. two-loop amplitude depends only on 8§, £ (m¢, my Pxed
== construct 2-dim grid

e variable transformation to achieve more uniform distribution

A E 9oy 2
s + 2t QmH

x = f(B(8)). cp=|cosl| = _
FBE). e =eost] = |

1(8)= 1! 4m2 /8§

combination with POWHEG and MadGraph5 aMC@NLO
POWHEG-BOX-V2: User-Process-V2/ggHH

and Sherpa ’! S. Jones, S. Kuttimalai ‘17



POWHEG hdamp = oo

B-i. HEFT NLO+PYS8
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dependence on shower parameters

POWHEG hdamp = oo

Full SM NLO =
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05 4 = Sherpa, Dire Shower
....... Sherpa, CS Shower

— MadGraph5 + Pythia
.............. Powheg-BOX + Pythia

10 20 30 40 50 60 70 80
Ratio to fixed-order

.:f'*.ef"’“ W hdamp 250 iR

i S - -1 s b

“not within Hp s variation band; 10 _,{ ________ [ e i T
vary hdamp to obtain Powheg 0 200 0o . 200 2000
uncertainty band 2.5




* The LHC entered the phase of precision measurements,
requiring precision calculations

* numerical methods for 2-loop integrals can prove useful
INn cases where many mass scales are present

* new SecDec version pySecDec:

* interface to reduction programs and SECT integrals
facilitated (inverse propagators, multiple regulators, ...)

- flexible usage (library of master integrals)

- applications: numerical evaluation of multi-scale two-loop
integrals (e.g. elliptic integrals, HH 2-loop amplitude)

- method extendible to other processes/more scales

Max-Planck-Institut filr Physik
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combination with Sherpa

= 1072 HEFT approximation
(3 " pp - HH
3 1073 4 e V5 =14TeV lati
(= ’ B HEFT ® //ps cancellation
£I
T 107 between S- and H-events
E 10—5 . -
SHERPA e PS uncertainties reduced
10-64 T Fixed-Order .
MC@NLO, CS shower e Recover fixed-order in tail
107 T ——— |
o (B-B)xP<R
g 2 2
& B(¢8)A(1ps, t)P(h1)O(pps — t) dpp do1
; S-events
§1.5 -
308 I T [R(én) - B(08)P(é1)0 (ks — 1) dex
“~ e e 7 7ie H-events

S. Kuttimalai, Higgs Couplings 2017



do/dp'H [pb/GeV]

combination with Sherpa

102 Full SM

P pp - HH
107 1 = /5 =14TeV
0ty Ty Fullom e much larger uncertainties
10-5 -
1076 - e PS effects extend into tail

SHERPA

107 : :
O ;"(‘:“;\?L’gezs h e large 1uips = don't recover fixed order
10-° —— —
} (B-B)xP~R
2 |
2 = 2 2
z B(¢s)A(pps, t)P(01)O(1ps — t) dog doy
; S-events
§ 54
£ 00 J [R(qu) — B(ég)P(61)0(ds — t)] dor
o 10 - ¢ H-events

S. Kuttimalai, Higgs Couplings 2017



SR comparison to analytic resummation S

0.4 -

0.3

do/dptH [fb/GeV]

0.2

0.1 -

SHERPA+HHGRID+OPENLOOPS
o NLO+NLL [Ferrera, Pires, 2017]

MC@NLO, Dire shower

m=m==== MC@NLO, CS shower

pp - HH
Vs = 14TeV
Full SM

0.0

1.3 -

Ratio to NLO+NLL

S. Jones, S. Kuttimalai ‘17




top mass effects

ross sections at 14 TeV. po = muyn 21

J1,0 [fb]

onvo |fb]

onNLo |fD]

HEFT
B-1. HEFT

FTapprox

full m; dep.

30.9%
17°07J—r22.2%
27.6%
19.85 50 2or
27 6%
19.85“:2(7).5%

19.85750 5%

6%
31.933;3%
1%
38.32f}i§%
7%
34.265‘;;%

+13.6%
32.917 567

2%
375212

PDFA4LHC15 nlo_30_pdfas

my=125GeV, m;=173 GeV
uncertainties: ppp € [fo/2,2 pp] (7-point variation)

MAX-PLANCK-GESELLSCHAFT

HXSWG: ONNLL = ONNLL

5t O']I-\}%F(‘)T — 3964+

o g5 4

Max-Planck-Institut filr Physik
(Watrae Hecunbery-bastiat)



NLO-improved NNLO HEFT

NNLO HEFT:
De Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhofer, Mazzitelli, Rathlev 1606.09519

“NLO-improved NNLO HEFT”: [Borowka, Greiner, GH, Jones, Kerner, Schlenk, Zirke 1608.04798]

NLO ! i.NNLO HEFT HEFT

dmhh dmhh - d! I';”_EST /dm hh
bin-by-bin rescaling at observable level by NNLO HEFT K-factor
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