FLEXIBLEDECAY:

An automated computation of scalar
decays

Corfu 2021

Peter Athron, Adam Biichner, Dylan Harries,
Wojciech Kotlarski, Dominik Stockinger, Alexander Voigt
based on arXiv:2106.05038

TECHNISCHE e INSTITUTE OF
UNIVERSITAT ,:-.ymw:é,: NUCLEAR AND
DRESDEN =" PARTICLE PHYSICS

1/22


https://arxiv.org/abs/2106.05038

Motivation

[] Many BSM models predict ATLAS +—— Total - Stat. == Syst. 1" SM
. . (s=13TeV,245-79.8fb"
existence of new scalars. Their m, - 12508 GeV, [y, <25
. Py = %
decay patterns are important for rom S Syt
. (= 096 =014 (+o011 , 002
COlllder SearCheS ggF YZ'YZ* |-:.-| 1.04 318 (xo1s , zo006)
. . . ww* == 1.08 =+o19 ( +011 , +015)
B Realistic models must also contain e 0% B (4% "%
. . comb. ] 1.04 +o09 ( xo007 ,73_3;)
a SM-like Higgs boson [, S N T Tt
. zz ——— 288 ‘055 (loa - los)
B In lack of direct BSM signatures  |gr |"* 0% e
Higgs boson became our window LN e S R e )
S DR & comb. P 120 Toze (Cav s Toss)
to BSM physics [ el B B &
VH T e ke
- 125 GeV Higgs turned out tobe | | comb. ;E_'_j_t_'_f_t_ij_t_ij_t_'_j_t_';_?ﬁsi_jffééééj_a_i_ii‘fs_;it?‘féé_i‘_if)_
. e 110 705 (9% L Toad)
very SM-like W e e N6
ttH+tH 2% —— 138 i3 (0% . Io%)
. = 079 1080 (io29 , zos2
— strong constraints on BSM R Y ST
models e
—2 0 2 4 6 8
— require accurate prediction of 6 x BR normalized to SM
Higgs branching ratios in BSM
models

2/22



If there was to be one message to get from

this talk...

Imagine you have your fovourite BSM, the
one you feel very strongly obout...

What if you could ¢et all the bronching
ratios for it’ s Hi¢9gs sector with
precision sufficient to compare them with
today and future experiments?*

* You can also get decays of other scalar though the precision
there is lower.
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FLEXIBLEDECAY overview

B Fully automated scalar decays evaluation in an almost arbitrary BSM
model (see this page for a list of current limitations). Tested on SM, real

singlet extended SM, type II THDM, MSSM/CMSSM, MRSSM and many
more.
B Works as an add-on to FLEXIBLESUSY spectrum-generator generator

(internally FLEXIBLESUSY utilises SARAH). Almost no extra
configuration needed by a user.

FSCalculateDecays = True; turning on dQCO)’S for
DecayParticles = {hh, Ah, Hpm, Su, Sd, Se, Sv}; the MSSM

You run FS as before.
B Generic decays are handled at the leading order (both tree-level and loop-

induced processes are handled)
B Special treatment of scalar and pseudoscalar Higgs decays

— higher order SM corrections from literature

— precision comparable with state of the art codes like HDECAY
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Tree-level decays

B Automatically generated 1—2 amplitudes

B All final state types (and their combinations) are handled: scalar, fermion,
vector (both massive and massless)

B Most colour representation are handled
B MS/DR vertices with pole masses on external lines
B Example application of generic routines:

— stermion decays in SUSY
- Higgs decays to non-SM particles

B Special treatment of Higgs decays into SM particles, including hand-coded
single and double off-shell partial width for h—VV
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Loop-induced decays a %% N
B 10 1-loop topologies 55“ : ] 2 TS: T44 .
SRl

B Generic Analytical expression at the level of particle types like S, F, V, etc...
created with FEYNARTS/FORMCALC (4000+ lines of generated code)

B Strategy:

— generate appropriate insertions at classes level during MATHEMATICA
stage

— map them to amplitudes at the C++ level

— introduce colour factors using modified version of COLORMATH
package from Malin Sjodahl
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Renormalization scheme

B Need for a dedicated renormalization scheme since BSM is (probably)
heavy

— On-shell scheme most natural but it’s not how spectrum generators
work

- MS/DR features non-decoupling effects

B Dedicated scheme with explicit decoupling properties
- BSM equivalents of SM parameters are set to SM MS values by
definition
- actual BSM parameters are defined in the MS/DR scheme

B Decay module is agnostic of the scheme. It can be selected at run time
though higher order corrections are not applicable if one is not using the
decoupling scheme.

B Side remark: using MS/DR scheme for BSM parameters allows for an easy
connection between Higgs branching ratios and observables like vacuum
stability

7122



Decoupling scheme in action

decoupl ing scheme ‘'interpolotes’” between o BSM ond the SM

msusy / TeV
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—— h—bb (MSSM dec.)
1|==== h—bb (SM)
-------- h — bb (MSSM non-dec.)
—— h— 77 (MSSM dec.)
--== h =71 (SM)
-------- h — 71 (MSSM non-dec.)
(
(

h — gg (MSSM dec.)

=== h—gg (SM)

........ h — gg (MSSM non-dec.)
—— h— WW (MSSM dec.)
- b WW (SM)

........ h — WW (MSSM non-dec.)
—— h— ZZ (MSSM dec.)
---- h—= ZZ (SM)

-------- h — ZZ (MSSM non-dec.)
—— h — vy (MSSM dec.)

“=== h =y (SM)

........ h — vy (MSSM non-dec.)
—— h— Zv (MSSM dec.)
---- h— Zv (SM)

........ h — Z~ (MSSM non-dec.)
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SM higher order corrections

B Current and expected precision in measurement of Higgs (effective)

couplings
30-co | ’ed LHC Run1 ATLAS Run2 CMS Run2 HL-LHC (expected)
K -fromework Ky 087101 1054009 1.071010+0.09 1.8%
fw 0871043 1054009 —1.13F015+0.06 1.7%
Kz —0.9840.10 1.11+0.08 1.00705 000 1.5%
ke 0787013 099401l 1 18 +0-10+0.12 2.5% ‘\
e LA0TR3T L09TGRY 098 TGER TN 3.4% :
Ry 0491027 1034019 1971018020 3.7% few % accuracy
fr 0841043 1057018 0.80 F5-38 007 1.9% Eg%nree 01n%
: : 810 nd LO of
least in the
B SM decay modes require special treatment SM part

— single/double off-shell decays into gauge bosons
- 2,3 and 4-loop SM QCD corrections to top triangle in h—gg

— 2-loop corrections to fermion and scalar loops to h—yy

= 4-loop QCD, 1-loop QED corrections to h—qq (HDECAY approach)
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I Ward Identity

B Generic form of the h—yy amplitude
Assvivy = €] 483, (F n" + Fupipl + Fiap\p5 + Faip{ph + Faopsyps + Fee” mﬁpl,amﬁ)

B For physical photons, because of €;-p;=0,

F, = —pip2 F3y
As a technical consequence this also ensures that [Asviv,|° is positive.

B In gauges other than unitary and non-onshell renormalization schemes the above
relation is broken by higher order effects

B 3 sets of diagrams
— pure gauge boson loop (WI always fulfilled)

— pure Goldstone boson loop (WI always fulfilled)
— mixed one (WI broken)

B For example in the SM the mixed set has a single diagram dependent on hG*'G
coupling containing A=ms?/v and WI hangs on whether py*=my?.
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FlexibleSUSY in a nutshell

B FLEXIBLESUSY is a  spectrum-
generator generator. But what does it
mean?

B There are codes like 2HDMC,
SPHENO, SOFTSUSY or SUSPECT

that calculate mass spectra and various
observables for a predefined model

(THDM in case of 2HDMC and
MSSM/NMSSM in remaining cases).

B FLexXiBLESUSY  creates a  code

analogue to such programs but for an
arbitrary BSM model.

B Use known results for a generic QFT.
Don’t recalculate what you don’t have to
from the ground.

B Streamlining study of BSM
phenomenology, reducing time needed to
study a new model from years to weeks.
No hand written code, less place for
errors. 11/ 22
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Program flow

SARAH (F. STAUB) B Analytic calculation: particle content +
Lagrangian = tadpole equations, self-

l energies, mass matrices, RGEs, vertices etc.
FLEXIBLESUSY B Creates code for numerical evaluation of
various observables
— 1-loop pole masses and mixing matrices
(in specific models higher corrections
C+-+ CODE .
are available)
solve BVP l — observables: muon (g-2),, lepton’s EDMs,

1—I'y, b—sy, scalar decays

calculate my, mw, BSM
masses, (g-2),, EDMs, — soon: 1 — I’ conversion in nuclei, | — 31
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Getting started

B Prerequisites:

— development versions of eigen, boost and gsl (e.g. development version of gls
is called 1ibgsl-dev in Debian and its derivatives)

— Mathematica/Wolfram Engine (version > 11)

— SARAH (version > 4.11.0)

- C++14 (g++ > 5.0.0 or clang++ > 3.8.1 or icpc > 17.0.0) and Fortran compilers

— there are also some optional dependencies which you might need if you want to
do something fancy — e.g. for decays one needs a dedicate loop library, either
LoopTools or Collier

— in a pinch most dependencies can be installed via conan

B You can get FLEXIBLESUSY from here (current stable version is 2.6.1)

B FLEXIBLESUSY works on Linux/Unix (including macOS) and Windows (through
Cygwin)
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https://github.com/FlexibleSUSY/FlexibleSUSY#installation-of-required-optional-libraries
https://github.com/FlexibleSUSY/FlexibleSUSY/releases
https://github.com/FlexibleSUSY/FlexibleSUSY/releases

Example: creating THDMII spectrum
generator

B create model

./createmodel --name=THDMII

B configure (minimal example)

./configure --with-models=THDMII

type ./configure --help to see extra options

B compile
make [-jN]

B run

models/THDMII/run_THDMII.x \
—-slha-input-file=model_files/THDMII/LesHouches.in.THDMII

The output is written to the screen in an SLHA format.
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What you get

Block DCINFO
FlexibleSUSY

DECAY

DECAY

1
2
5
9

N N =~ NN DN OO O N O

2.6.1
SSMMhInput
4.14.3

25

.82089643E-01
.10479150E-01
.56684916E-02
.19432803E-02
.87673651E-02
.67950080E-02
.29059815E-03
.48172847E-03
.64726402E-04
.19292886E-04

35

3.20846016E-03

8.

2

2
2
2
2
2
2
2
2
2
5

-5
-24
21
-15
-4
23
22
22
-3
-13
6617420E-01

SLHA format, o lot of stuff
before those blocks

# hh(1) decays

5
24
21
15

4
23
22
23

3
13

#

H OH OH O H O H OH OH OH

#

BR(hh (1)
BR(hh (1)
BR(hh (1)
BR(hh (1)
BR(hh(1)
BR(hh (1)
BR(hh (1)
BR(hh(1)
BR(hh (1)
BR(hh (1)

# hh(2) decays

barFd(3) Fd(3))
conjVWp VWp)

VG VG)

barFe(3) Fe(3))
barFu(2) Fu(2))
VZ VZ)

VP VP)

VP VZ)

barFd(2) Fd(2))
barFe(2) Fe(2))
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SM Higgs BR

100

h — bb
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h— gg
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h— 27
h — vy
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10~ 1E

BR(h — zy)
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Example: Higgs decays in the CMSSM

lorge difference because

of strict 1-loop on-shel| overall ¢ood agreement between
ggg}%gp?&g? /'g% hos on SUSY-HIT (SDECAY), SARAH+SPheno
(DECAY) and RS

channel SUSY-HIT FTSUSY SARéiéi;;eno SAgﬁ;iiiijno FlexibleSUSY
h — bb 2.662 3.843 2.403 1.541 2.348
h— WHWw— || 8.342-10"Y 6.751-10"!  5.887-10"! — 8.141 - 10!
h— 77 2.595-10~t 2.726-10"t  2.778 107! 2.355- 1071 2.499 . 101
h— cc 1.183-10~1 2.235-10~!  1.031-10~1 1.073 - 101 1.160 - 101
h— 27 1.060- 10~ 7.606-10"2  5.882-10~2 — 1.032 - 101
h — gg 2.731-10-Y 2.760-10"1'  2.993-10~" 9.555 - 10~2 3.434 . 1071
h — vy 9.439-10~3 1.052-10"2  8.580-103 1.024 - 102 9.940 - 103
h— Z 6.316-10"3  6.779-1073 — 4.303 -10~1 6.098 - 103
total width 1272 5.386 3741 — \ 3.993

note difference in the treotment h—=Zr in

of h—=\\V between codes SARAH+SPheno

seems buggy
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Example: Higgs decays in the MRSSM

only 2 codes are capoble of computing Higgs decays
in & ‘'"non-stondard” model |ike the MRSSM

channel SAR(ADHE/ CSAP%eno SA&AEHC/ AS;) ihLe)no FlexibleSUSY
h — bb 2.460 2.079 2.433
h— WTWw- 7.234 - 1071 — 7.856 - 101
h— 71T 2.851 - 101 2.601 - 101 2.587 - 101
h — cc 1.046 - 1071 1.273-1071 1.158 - 1071
h— 27 7.686 - 102 — 9.987 - 102
h — gg 3.186 - 1071 1.353-10°1 3.462 - 1071
h — vy 8.402 - 1073 1.007 - 1072 9.140 - 1073
h—~Z — 1.671-10" '+ 5.588-107°
total width 3.979 — \ 4.056
N e R NAET I coone

ond FS buggy
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Example: squark decays in the CMSSM

SDECAY contains some
higher order SoPFSUSY, old SARAH+SPheno and FS work on

corrections which we  tree-level
monual Iy disable |
|

channel SUSY-HIT | SOFTSUSY SARéiéiigeno FlexibleSUSY
b1 — Xy t 26.931 26.569 27.061 26.380
bi — Xa't 26.690 | 33.160 25.931 26.371
by — LW~ 23.434 | 23.906 23.903 23.635
b1 — X9b 13.389 | 13.318 13.419 13.239
@1 — x7b 7.617-107" | 7.635-107"  6.807-107" 7.650 - 1071
by — X4b 3.420-107" | 4.308-10""  3.927-107" 3.575-107!
b1 — X3b 3.078-10"" 1 4.010-10""  3.404-10"" 3.311-101
total width 91.856 | 98.548 91.728 91.079

overal | good agreement
between codes
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Current limitations

B Decays of fermions and vector bosons currently not supported

B Decays of colour octets into pair of colour octets are broken. Other
combinations, like for example 8 — 3 ® 3 or 3 — 8 ® 3 work correctly.

B Decays containing vertices which cannot be decomposed into a single
product of Lorentz and colour structure, e.g. quartic-gluon vertex

B Only 1 — 2 decays are possible. The exception is decay of scalar Higgses
to ZZ and W*W" pairs where we include single and double off-shell decays
assuming SM decays of W and Z bosons.
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FLEXIBLESUSY development and support

B The code is written exploiting relatively modern features of C++ (C++14) with use of

template metaprograming to reduce runtime overhead
Languages
]
Mathematica 59.4%  ® C++ 35.4%
® Fortran 2.7% Shell 1.5%

® Makefile 0.6% ® CO0.4%

B Development is done in public on github
v 4a96beb 5 hoursago ) 11,636 commits

B Large collection of unit tests, triggered by every commit to the main repository

release v2.6.1 tests 'passing

B In case of any problems, please file an issue. We'll be happy to assist you.
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https://github.com/FlexibleSUSY/FlexibleSUSY
https://github.com/FlexibleSUSY/FlexibleSUSY/issues
https://github.com/FlexibleSUSY/FlexibleSUSY

Conclusions and outlook

B FlexibleDecay is a powerful tool capable of computing decays of scalars in
user defined models

B Higgs decays are treated in special way, bringing in that case precision of
FlexibleDecay close to state of the art codes like HDECAY.

B You can get it today, just visit FlexibleSUSY github page (current version is
2.6.1). Send me a message if you have any problems.

B Future plans:

— finish implementation of decays of fermions and vectors

— 1-loop corrections to tree-level decays

Hope you’ Il use and |ike FlexibleDecay. Writing ¢4eneriCc code is
hard. We can only hope to squash oll bugs if we have oactual
users with real world probleq1\A93 }F you do, I’ m here to help.

anks!
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