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Introduction

Experimental results force us to consider less constrained
SUSY scenarios.

Analysis of high dimensionality models is a computationally
intensive task.

Can we attempt to falsify a model such as the pMSSM?

o O O

More sophisticated methods than traditional scanning

v/ Bayesian inference techniques: Multinest
F. Feroz & M. P. Hobson, 2007

v Genetic Algorithms in the CMSSM
Y. Akrami, P. Scott, J. Edsjd, J. Conrad & L. Bergstrém, 2010
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@ Genetic Algorithms (GAs), heuristic search technique.
J. Holland, 1975

@ Inspired by biological evolution through natural selection to
solve precisely complex optimisation problems in computer
science.

@ Well suited to probe high-dimensional spaces.

Designed to search for the region of parameter space that
contains the global minimum.

©@ GAs can find a best fit point orders of magnitude more quickly.
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Genetic Algorithms in a nutshell

N. individuals
Ngen = 0 Initial Population Pop
Random guesses

Reproduction
Loop [Véen

£

Best fit
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Npop individuals

1
Reproduction - X
Loop l

Ngen

fams



Aim

Maximise the fithess function: %
X

Mpikaia
P. Charbonneau, 1995
T. S. Metcalfe & P. Charbonneau, 2003
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Individual Initial parameters ©, :> Phenotype
M- M- Ms; At
1208.5 2150.2 3104.5 -5971.4| GeV
Observables x> (6;)

!
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Selection

(@) NpOp breeding pairs

@ Select individuals based on their fitness

Fitter individuals selected more often

Parent 1 6|5|8[1]19|8|1|2|5|6|0|7|9]|6|4]1[2]|3|4]|0

Parent 2 9 5 4 7 2 8 01 3 1 9 05 4 2 7 0 3 4 6
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Phenotype Initial parameters ©; Individual
3908.5 2150.2 1104.0 9987.0| GeV

A e |

Encode phenotype
Mj M- Ms; At

112131410 4161931 710[3]14]6 70346,—\

Genotype/Chromosome

1|2|3|4|0|4|6|9|3|1|7|0|3|4|6|7|0|3]|4]|6
4 p
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Breeding/Crossover

Parent 1

Parent 2

Crossover point
randomly selected

v

Child 1 HEAEEENRCERER 0 1 3 1 9 0 5 4 2 7 0 3 4 6

Child 2 I AN 1| 2|5|6]|10(7]19|6|4]|1]12|3]4]0
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Mutation

Child 1 HEAEEENREEEREN 0 1 3 1190 5 4 2 7 0 3 4 6

!

Child 1 6(5[8|1]9 0 1 3 1610 5 4 2 7 0 3 4 6
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Child 1 AN 0 1 3 16 0 5 4 2 7 0 3 4 6

M M- Ms; At

6(518]1]9 8(0[1]3]1 6({0[5]14]2 710|346

Decode genotype

! 1 1

M- M- Ms; At

1208.5 2150.2 3104.5 -5971.4| GeV

Phenotype
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Npop individuals

1

\ < !
-

Ngen

fams
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Application to the pMSSM

4 SM nuisance parameters == 19 pMSSM (GUT scale) parameters

Parameter Range Parameter
[aEM(mz)M—S}_l [127.882, 128.018] My, Ma, M3(GeV) 50,10000]
as(mz)™S | [0.1161, 0.1209] ma,,mH,(GeV) 50,10000.
my(GeV) 4.54. 5.02] mea, ,» Mo, (GeV) 1 [50,10000
my(GeV) [170.1, 175.5] mg, ,» Mg, (GeV) 50,10000]
mp, ,.Mp, (GeV) | [50,10000

mg, ,»mi. (GeV) ' [50,10000
)

| 50,10000
Ay, Ap, A-(TeV) [-10,10]
tan 3 [2,62]

15
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Joint likelihood

b

> Electroweak Precision Observables (EWPOs)

In ,CEWPQ — In »CMW -+ In L . 291eth + In »CI‘Z + In ,CFiva

S11

%> Flavour observables from B physics

lnEB — hlLBR(B—)XS’y) + lnﬁBR(Bo_)WLM_) -+ InC BR(Bqy—TV)
S BR(By—TV)3SM

? Constraints from Higgs physics

In Lyiges = In Ly, o + In Ly FeynHiggs
Higgs M0 Higgs sector HiggsBounds

HiggsSignals
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Joint likelihood

ﬁ LEP bounds on chargino and slepton masses 95% CL

InLygp=InLl,, , +In EméR + In £mﬁR + In Emﬂ +1InL,,

%) LHC results on SUSY searches 1n L1 ¢

SModelS

»> Dark matter relic abundance InLq_, p2

micrOMEGAS
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GA control parameters

@ Npop = 100

Q 3 wx 10* evaluations of the
@ Ngen = 300 — fitness function

@ Full generational replacement
©@ Elitism, keep the best individual

@ Mutation rate adjustable, based on fithess

Mpikaia
P. Charbonneau, 1995
T. S. Metcalfe & P. Charbonneau, 2003
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Results

Muon anomalous magnetic moment

n LJoim = In EEWPO +In LB + In ﬁHiggS + In CLEP + In CLHC + In EQDMhQ uwl
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Muon anomalous magnetic moment

10° T T T T T T T T
I — Run'1 — Run 6 _
- — Run 2 — Run 7 -
\ — Run 3 — Run 8 -
i — Run 4 — Run 9 1

— Run 10 -

X

101 | | IIIIIII | | IIIIIII | | | I I I I I |
10° 101 10° 103

N, gen



Falsifying the pMSSM with GAs Sandra Robles (Melbourne U.) SUSY 2018 Barcelona

Mass spectrum

105 All runs 300

270

e
L L L1

90
60
30

Heavy coloured sector

T e m gy W ) m— ——
4 fr— — p— T — — — EE — = e =
107¢ !‘:_5_= —_—_===E=S====== =7 240
==SEE=_=S=_"=T====E="_=—=—1 B>
103 !:=£§E“!& = ! — = - 180
o~ E !~0 _=E S— - - - — E— 2 E
% :5 — X4 — = i b Y Ur dp dp T2 — B . 3
O -g )22 -)2.-,:*: E— ! €L éR §L ER p— é~R T :?- 1502tIIJ
T - — -y e Hr ! g T "
1072 — fir s 120
X9

Nyen = 300
N — Best fit

L | lllllll

~

11 lllllll

—
-~
[

RO

3
— H-
2
DO
S
<

mgl ~ 2 —31TeV

i
>




Falsifying the pMSSM with GAs Sandra Robles (Melbourne U.) SUSY 2018 Barcelona

DM relic abundance
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Lightest neutralino composition

1012 1 L L llll L lRlljrr 131lll 1 L L lll' 1012 LI | llll"l L | llll"l IRILll':]llS"I LI ll'llll LI llIllll 300
Y o A ‘s
100 y is = 200 4 100 270
W e 240
6 - -
10 10 210
10% NI 10% - 150
1 10° AETEP I B () Ny
" 100 ZETIREEE B IECRRTI ] =
_ AL AT ) 120
10 2 [ . % . £ — 10 2 —
10-4F B 4 10tk 0
107+ p e N 107" - Nyen = 300 o
105 o : 4 10k . Bestfit 2
10—10 1 L 1 a1l * 1 L 1 el 1 L1 1 el 10—10 L vl L 1 1l L 1 el L 1 sl 0
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Ng Ny
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Direct Detection

Spin Independent Spin Dependent
]-()—.3 Ll 1 LA I IAII lrulr‘Sl LI I ) ] LI L ) 10—3 ] L I IAII rurlsl UL l 300
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_ | e O 10 270
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.| ~ Bestfit . U R 0 240
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= -k i 2007 Mol
;:':; . S~ Z - . o L . Ngen -_ O . o X k .: — Z
& 1013 Cree TR g P . B Ngen = 300 . X . : B 120
; ' L » Best fit 90
1077 7
— " ot . ’:. — 60
10-17 ALY 30
s Neutrino Coherent Scattering i ‘*', * ino Coherent Scattering : h
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Indirect Detection

All runs
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Higgs mass

Run 3
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Higgs mass

Run 3

105 L L I | l LI B | l LI B | I LI B l LI B I | I L L 105 I 1 L] 1 I llll ] Ll ] 1 L

n

w
2
2

- = — 3
101 & . - 104 g - 270
10° & - 103 - 240
107 & . - 102 . - 210
10 T 3 10'E 1 M0
«F 100 J~F 100k ; 150 2"”
1071 - 1071 & - 120
1072 - 102 . - 90
- * N~. — 0 i " . N'x - O i
1 _3 :_ g(.n —: 1 _.3 :_ g(.ll _:
! - x N, gen — 300 3 ! - N, gen — 300 x - %0
—4 [ ’ -4 ’
107 « Bestfit 3 0F « Bestfit 1 W3
10_5 [~ 1 1 1 1 I I I 1 I I 1 1 I 1 I | 1 1 | l 1 1 1 1 I 1 1 1 1 i 10_5 B | 1 | 1 I 1 1L I | 1 1 1 1 || l- 0
~15 —10 -5 0 5 10 15 10" 10! 102
A (TeV) tan



Falsifying the pMSSM with GAs Sandra Robles (Melbourne U.) SUSY 2018 Barcelona

EWPOs
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B physics
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Muon anomalous magnetic moment

Run 3 Run 3
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Muon anomalous magnetic moment

Run 3 Run 3
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The Galactic Center Excess

In Lyoint = In Lrwro + I Lp + In Liiges + In Lrrp + In Lruc + In Loy pe + In Laon “

dN dN dN dN
2\ = § | 0) — > —(0) — —
XGCE (dEi( ) dE) iJ dEj( ) dE,

¥

F. Calore et al., 2014
A. Achterberg et al., 2017
M. Ackermann et al., Fermi-LAT collaboration, 2017
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The Galactic Center Excess
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Summary and conclusions

@@ We have used GAs to study the compatibility of the pMSSM,
featuring parameters defined at the GUT scale with
experimental constraints

© GAs require only ~10000 likelihood evaluations to find a best
fit solution

@) Main drivers of the GA evolution: DM relic abundance and
the Higgs mass

© Best fits:

M0 2TeV wino-like
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@ Heavy coloured sector

2 —3TeV

mg, ~
mg 2 5 'TeV

@ Not clear prediction for the slepton sector
mz, ~ 2.3 — 8TeV

@ GAs can deal with potential signals of new physics, e.g. g-2
and the GC excess

2
X5,5Usy ~ 12
o

XGee ~ 155




GAs are able to of interesting
models, and assess their consistency exceedingly
quickly.




Thanks!

iGracias!



Backup
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Experimental constraints implemented as Gaussian PDFs

Observable Mean value Standard deviation
experimental | theoretical
My (GeV) 80.385 0.015 0.01
sin? 0102’ ¢ 0.23153 (0.000 16 0.0001
I'z(GeV) 2.4952 0.0023 0.001
' (GeV) 0.499 0.0015 0.001
mpo (GeV) 125.09 0.24 2.0
BR(B - X,v) x 10* 3.43 (.22 0.24
BR(B? - pu*p~) x 10% 2.9 0.7 0.29
BBy 7v) 1.04 0.34 i
BR(B,—7v)sm
6a55Y x 1010 26.8 6.3 4.3
Qpnmh?® 0.1186 0.0010 0.012
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Codes used to calculate observables

Observable Code
myy SOFTSUSY 4.1.0
sin” Hljﬁpt FeynHiggs 2.13.0
', Zfitter 6.42, micrOMEGAs 4.3.2
I Zfitter 6.42, micrOMEGASs 4.3.2
daj,”>Y micrOMEGAS 4.3.2
B physics micrOMEGASs 4.3.2
Higgs sector FeynHiggs 2.13.0
SUSY spectrum SOFTSUSY 4.1.0
Sparticle decays SOFTSUSY 4.1.0
DM observables micrOMEGAs 4.3.2
Cross sections micrOMEGAs 4.3.2 (LO), PYTHIA 8.2 &
NLL-fast (NLO+NLL)
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Muon anomalous magnetic moment

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10
X?z _oh? 0.0067 0,004 0.0174 0.0002 0.0045 0.0035 0.0096 0.0021 0.0000 0.0020
Xy
xflmssm 1.2950 1.2983 1.1452 1.2899 1.2902 1.2914 L.157 12811 1.2804 1.2995
xﬁ,ho 0.1125 0.2174 0.0005 0.0021 0.0879 0.0782 0.3911 0.0656 0.L475 0.1331
X2Mw 0.1190 0.0350 0.000% 0. 1006 ().2500 0.0223 00004 0.1642 .1205 ().2239
XQ. 1 0. 1538 0.1463 0.1569 0.1575 0.1552 0.1665 0.1639 0.1601 0.1367 0.1470
sin? 0:‘}*
x?\z 0.0332 0.0121 0.0001L 0.0602 0.038% 0.L175 0.0102 0.0451 0.0362 0.0561
x?.g,, 2.3054 2.3027 2.2842 2.3056 2.3045 2.3089 2.249958 2.3028 2.3003 2.3024
xQB R(B—X.7) 0.0664 0.0741 0.0596 0.0911 0.0689 0.1050 0.1664 .0929 0.0717 0.0761
x% R{BO—u*pu~) 0.1647 (). 1818 (). 144X 0. 1707 0.1617 0.1623 0.1733 (). 1888 0.1715 ().1593
2 : ) 13 ; ; p -
X oy 0.0140 0.0143 0.0142 0.0143 0.0L41 0.0140 0.0142 0.0L54 0.0143 0.0L140
RO
xﬁEI. 0.0000 0.0000 (.0000 0.000 0.0000 0.0000 0.0000) 0.0000 0.0000 0.0000
X%,HC 0.0000 0.0000 ().000¢) 0. 000X 0.0000 (0.0000 (.0000) .0000 ().0000 (0.0000
12.2691 | 12.0273 | 11.9275  12.2113 | 12,2873 | 12.2926 11.8926 | 11.9721 | 12.1162 12.1683
16.5398 | 16.3138  15.75G2  16.4935 | 1G.6G31 | 16.5621 16.2793 | 16.2904 | 1G.4152 16.5816
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Muon anomalous magnetic moment

Observable Runl1l | Run2 | Rmm3 Rund | Hun 5 | Run 6 Run 7 | Run 8 RKRun 9 Run 10
mpo (GeV) 124.42 124.15 125.13 124.48 124.49 124.53 123.83 124,57 124.32 124.36
Mw (GeV) 80.379 | R0O.382 | 8038  80.379 R(0.376 | 80.382 R0.385 | 80,378  R0.379 80.377
sin® 9:;}“ 0.23146 | 0.23146 | 0.23146  0.23146 | 0.23146 | 0.23145 023145 | 0.23146  0.23146  0.23146
I'z(GeV) 24047 | 24949 | 24952 2.4946 2.4947 | 2.4943 24950 [ 24947  2.4047 2.4946
I"}“’(GeV) 0.5017 | 0.50L7 | 05017  0.5017 0.5017 | 05017  0.50L7 | 05017  0.5017 0.5017
BR(B — X,v) % 101 3.35 s 3.30 3.33 3.94 3.32 3.30 3.93 3.34 3.4
HR(H? — putp~) x 10° 3.21 3.22 3.19 3.21 3.20 3.21 3.22 3.23 3.21 3.20
T 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Q,—cnh2 01178 | 021180 | 01204 0.1190 0.1180 | 0.1195 0.1200 | 0.1194 0.1188 (0.1193
0.4958 0.2497
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SUSY spectrum
Run7 Run 8 Run 10
2.1016 2.2701 1.9043 | 2.0891

3.3381  2.6099
L r 6.7304 | 4.9071 | 2.6147 | 6.8046  8.2574 | 6.5645  3.0447 44649 | 5.3003 8.3863

2.0702
mg, 6.2486 | 5.0756 | B.1006 | 7.6622  7.9175 | 6.8952  3.2181  5.7306 | 6.2510 8.2790
mg, 02788 | 3.4830 | 5.2605 | 7.6589 6.9380 | H.1184  2.2860  3.388% | 4.4942 6.4300
g, 6.2432 | 5.0657 | 8.0991 | R.7702  7.9142 | 6.8912 24021  5.7239 | G.2467 8.2761
ms, 2.0846 [ 4.9582 | 3.6410 | 2.3003  2.65804 | 5.5212 7.5905  6.6731 | 7.7304 2.7379
Mz, 7.0835 | 9.1210 | 4.2356 | 9.2520 74738 | 9.9211 8.8642 6.8868 | 7.8166 8.5809
me, 7.9354 | 2.6358 | 2.2153 | 5.1338  9.0696 | B.8432  2.1177 31214 | 2.9146 4.0030
Mz, 9.9813 | 3.4901 | 3.7335 | 8.1401  9.6424 | 10.4569  3.0946  5.9648 | T7.4653 6.0597
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PMSSM GUT scale input parameters for the best fit points

Parameter Runl Run 2 Rund Run4 | Rund | Runé  Run7 | Run8 | Run 9 | RRun 10

M ([ TeV) 95703 97113 | 39085 | T.OLIR | L7486 | 8.6224 | T.4272 | T.R098 | 9.2195 6.2369
2.5067

Miy(TeV) 32780 | 2.2500 11040 | 3.2561 4.0505 | 31197 13771 21184 | 247583 40718

iy, ( TeV) 1.666T 1.3093 | 41690 @ 58189 | 5.0071 22366 | 03387 | 68716 | 0.9580 6.3635

g, [ TeV) TA708 | 52775 | 52714 | 11057 | 63784 | 80392 | 69334 | L6TU8 | 3.1204 72671

mg, (TeV) 47038 49000 | 90737 | T.O8IX | 58858 | 39333 | 22149 | 6.0585 | 3.8636 6.6930
TG, (TeV) 53936 | T.6163 0 3.6165 | 5.0554 | 4.6425 | 9.7422 | 48321 | 1.0549 | 7.1252 9.5621
m (TeV) 0.1784 1 39389 | 6.6280 | 2.1353 19408 | 3.0753 | 4.0231 44181 3. 1066 0.6947
me, (TeV) L4621 | 22405 | 80701 | 42783 | 65618 | 7.0730 | 1L.6677 | 1.5040 | 6.505Y9 6.8387
s, (TeV) 0.7708 | 0.428] 54714 | T.2877 14363 | 03643 | 0.1945 | 0.05882 |.8254 0.7754
7?1!:,1.2('116 V) 0.1395 41474 | 7.2501 @ 04960 | 3.9536 | 3.1839 | 0.7612 | 0.9395 | 1.3482 2.1211
mj (TeV) 6.7797 | B.986% | 4R607 | B.TOTY | T.6243 | 98535 | T.6822 | 6.3356 | T.6277 R.J3706
mi, ., (TeV) 75105 0 0.8366 | 2.6651 41286 | 9.0621 8.6661 1.0870 1.7923 |.6668 3.3159
my, (TeV) 1.3255 | 46784 | 31272 | 33281 | 07113 | 45917 | R9473 | 6.9846 | 7.7331 3.03049
mi  (TeV) 9.4672 1.2755 8426 | 33371 9.0375 | 98130 11521 2.6990 | 6.78G9 2.9095
-0.8184 | -D.6588 | -D.9%T0 | -9.98TR | -9.7382 | -T.3302 | -9.3542 | -ORT16 | -9.6402

Ay[TeV) 77118 -6.1808 | %5946 | 03908 | 94784 | -6.1000 | -1.2494 | -2.1864 | 23702 | -1.1100
A-(TeV) 8.6830 62710 | -6.5096 | -0.0063 | -9.9068 | -0.9948 | K.6904 | Z9710 | -9.2448 | -1.9952

226238 | 293282 | 284906 | 21.5324 | 194162 | 18.4574 | 26.7140 24.8102 | 20.9054
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Lightest neutralino and chargino

Run 3
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Input parameters (GUT scale)

Run 3
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1\12(GeV)

Sandra Robles (Melbourne U.)

Gaugino masses (GUT scale)

Run 3
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The Galactic Center Excess

SUSY 2018 Barcelona

Run 1 Run 2 Run 3 Run 4 Run 5
"?',zg pa 0.0040 0.0163 0.0015 0.0003 0.0472
XriggsSignals 1.2913 1.2812 1.2896 1.2938 1.2879
Xm0 0.1411 0.1630 0.2316 0.5483 0.2214
X1, 0.2283 0.1652 0.3996 0.0999 0.2341
X2 giere 0.1500 0.1459 (.1266 0.1527 0.1416
X?, 0.1208 0.0668 (.1584 0.0076 0.0425
X pinv 2.3020 2.2054 2.2874 2.2985 2.2955
z
XBR(B—X.m) 0.1087 0.1283 0.1563 0.1016 0.0951
XBR(BOpt ) 0.1575 0.1534 0.1508 0.1577 0.1547
2 ;
X e 0.0140 0.0140 0.0142 0.0141 0.0140
BR(Bw Sl
Xinp 0.0000 0.0000 0.0000 0.0000 0.0000
Xine 0.0000 0.0000 0.0000 0.0000 0.0000
XocR 155.3494 155.3459 | 155.3588 | 155.3656 | 155.3490
XZot 159.8680 159.7755 | 160.1747 | 160.0401 | 159.8832




