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Introduction



The Minimal Supersymmetric Standard Model

Chiral supermultiplets

Name Symbol spin 0 spin 1/2 (SU3)¢, SU(2), U(L)y)
squarks,quarks Q (@, dy) (u,dp) (3,2, %)
(x3 families) u ?’,‘? u:r,r? 31 yi%)
d di d (3.1.3)
sleptons,leptons L (7,8 (v, eL) (1,2, —%)
(x3 families) E & ek (1,1,1)
(Hy H)  (Hi HY) (1,2,3)
("'27 H;) (I-'g? H;) (1727_%)
Gauge supermultiplets
Name spin 1/2 spin 1 (SU(3)¢, SU2), U(1)y)
gluino,gluon g g (8,1,0)
winos, W bosons wE W wE we (1,3,0)
bino, B boson B° B° (1,1,0)
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Physical motivations

Global fits

= In the unconstrained MSSM 105 new free parameters (masses, mixing angles
and phases). Impossible/uninteresting to probe.

= Define a simplified model based on reasonable assumptions and a minor number
of free parameters.

= Use of the available collider data, electro-weak precision observables and DM
constraint to fit the best value and the likelihood profile of the model
parameters.

= Effectively implement interplay between different searches (e.g. collider vs

direct detection for DM).
Experimental constraints
MasterCode

Fregu-entlst Allowed parameter range
fitting

framework
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The scenario



The pMSSM11

Phenomenological
scenario

Do not impose a specific structure
at the high scale, very large number
of parameters.

Consider “reasonable” assumptions
based on current measurements.

No new sources of CP-violation, no
new sources of FCNC, first and
second generation universality.
phenomenological MSSMn
(pPMSSMn) where n is the number
of parameters [hep-ph/9901246,
hep-ph/0211331].
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pMSSM11

My, Mz, M3

Ma, 2> Ma

ITI]L27IT7.;‘-
A
Ma, tan B3, u

= Phenomenological model with 11
low-energy input parameters.

= We assume all left and right
soft-SUSY mass breaking terms to
be equal.

= All the trilinear coupling are the
same.

[1710.11091]
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The framework



The framework

= Frequentist fitting framework COdeS
written in Python/Cython and
C++. Spectrum generation
= The Multinest algorithm is used to SoftSUSY

sample the parameter space.
Higgs sector and (g — 2),

dock | d for depl t.
T ) s e S FeynHiggs, HiggsSignals, HiggsBounds

B-Physics
Parameter Range Number of SuFla, SuperISO
segments

My (4, 4)TeV 6 .

Mo (0,4)Tev > EW precision observables
M3 (-4 ,4) Tev 4 Feynwz

mg (0,4)Tev 2

Mg (0. 4)Tev 2 Dark matter

m (0,2) Tev 1

msz (0,2) Tev 1 MicrOMEGAs, SSARD
Ma (0,4)Tev 2

A (-5,5) TeV 1

H (-5.5) Tev 1 = Sampled a total of 2 x 10° points.
tan 3 (1,60) 1

= We thank DESY for the resources provided by
the NAF2/BIRD cluster.

w
=]
'Sy

Total number of boxes ‘ ‘
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Docker and udocker

= As suggested by the name, udocker uses
docker containers.

= Docker: software framework to automatize
the deployment of application inside Linux
containers.

Host OS
= Other options, such as LXC, are available to —

use the Linux container infrastructure.

= Middleware suite developed

in the context of the
INDIGO data-cloud
project to run docker
containers in userspace,

INDIGO - DataCloud without requiring root

privileges (

[Gomes at al., 1711.01758, submitted to CPC]
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The constraints



Non-LHC constraints

Dark matter

= Relic density constraints from

Planck. Flavor observables
= Direct detection constraints on crg’ = We include BRg, x., BRk— 1\
from LUX, XENON1T and PANDAX. BRg_xvs BRE x4y, BRE
= Direct detection constraints on crgD BRBs,d—w*u‘ AMg,
from PICO60. AMg, /AMpg,, €.

EWPOs

= Z-pole observables from LEP.

= My (80.379 £ 0.012 £ 0.010),
combination with the latest ATLAS
results from HEPfit.

&

<

<
i

IS

S

1

‘WIMP-nucleon cross section [zb]

= (g—2)u, whose impact has been

>
&
‘WIMP-nucleon cross section [cm?]

investigated in detail.

! ! ! !
10! 102 10% 10* 10°

WIMP Mass [GeV/c?]
[1608.07648]
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Non-LHC constraints

Dark

matter

= Relic density constraints from
Planck.

= Direct detection constraints on oy

St

from LUX, and PANDAX.

= Direct detection constraints on oy

SD

from PICO60.

10743

10-45

WIMP-nucleon o [em?]

10-47

10-44 L

10-46 |

L L 1
10t 102 103 104
WIMP mass [GeV/c?]

[1705.06655]
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Flavor observables

We include BRg_; x,,BRk— 1,
BRg_rvi, BRB—>X5~/1 BRg— -0
BRg, js it =AM,

AMp, [AMp,, €.

EWPOs

Z-pole observables from LEP.

My (80.379 £ 0.012 £ 0.010),
combination with the latest ATLAS
results from HEPfit.

(g — 2)u, whose impact has been
investigated in detail.

Emanuele A. Bagnaschi (DESY) 6/19



Non-LHC constraints

Dark matter

= Relic density constraints from

Planck. Flavor observables
= Direct detection constraints on 0'3’ = We include BRg_, x./, BRk— 1,
from LUX, XENON1T and . BRB—rvi: BRB Xy, BRBS -0
= Direct detection constraints on crgD BRBs,d"H+#7 YAMBS,

from PICO60. AMpg,/AMg,, .

10°4

EWPOs

= Z-pole observables from LEP.

= My (80.379 & 0.012 + 0.010),
combination with the latest ATLAS
results from HEPfit.

107"

—— This wor

— Lux

WIMP-nucleon cross section (cm?)

o = (g—2)u, whose impact has been

ol . q n :
10 — P01 investigated in detail.

1 1 |
10

[1708.06917]

10 10° 10*
WIMP mass (GeV/c?)
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LHC13 colored sparticle constraints

Likelihood modelling

Colored sparticle production D LS eI

=  Production cross-sections computed 2 Ogg BRgﬂSM 2
at NLO+NLL with NLL-Fast, point Xzosmzgo = 299 [ R )
5 mg, M-o
by point. uL & X
= Decays from SDECAY. o B 2
Y 5 T34 BR&g—)SM)Z? 2
X2 arpeo = 5.99- [ ]
q3— X1 q3 —>Sl\/IX1( )
msz , mM-o
UL t1 X
[ Topology Analysis ‘ Ref. ‘
g8 — [qax 1%, [bb%0 2 0 leptons + jets with £r | [CMS-SUS-16-036, 1705.04650]
gg — [0 ) 1 lepton + jets with £ | [CMS-SUS-16-037, 1705.04673]
33 — [q%0 1[ax? 0 leptons + jets with F1 | [CMS-SUS-16-036, 1705.04650]
bb — [bx1 5% ?] 0 leptons + jets with £ [CMS-SUS-16-036, 1705.04650]
ft — [0[RI [exd ek ] 0 leptons + jets with £1 | [CMS-SUS-16-036, 1705.04650]
#11 — [bR] 1[b%; 1 — [BW XI[BW~ %] | 0 leptons + jets with £+ | [CMS-SUS-16-036, 1705.04650]
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LHC13 EWKinos constraints

EWKino production

= Production cross-sections computed

at NLO with EWK-fast, point by Likelihood modelling
point. = Fastlim approach.
= New code from Bagnaschi, Papucci,
Sakurai, Weiler and Zeune, soon to 24 o o -
be released. R SRR = SN
BR BR
.69 [leixg xliaswbzg >22—>SM)"((1)]2
’ (xF —sMx9)(x9 —»sMx0)
o
UL
a(pp — XiX;)
= E Ta(U)F5 (m;(,., my;, m;,)
a
Topology Analysis Ref.
gligg — [veERL[ et e 0] (via £F) multileptons with £7 | [CMS-SUS-16-039, 1709.05406]
70 = [vrELQ) 77 %] (via #F) | multileptons with £ | [CMS-SUS-16-039, 1709.05406]
Xlixg — W1 Z59] multileptons with £7 | [CMS-SUS-16-039, 1709.05406]
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Results



From 2015 to

2017 (

mg[GeV]
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# —— PMSSM11 w/o LHG13 : best fit, 1o, 20, 30
*—— — — MSSMIL w/ LHCIS: best At Lo 20 30 o
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ma%re
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3500 g
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]
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\
}
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%
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0
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o k) -
700+ MasTeR, n;,‘ N
600
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oo
« b
0
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pMSSM11 best fit point

5 4400 F _
] A0 aL Parameter Best-fit
~ 40001 g H* Ik —'—
é 3600 |- ¢ / M 250 GeV
3200 |- / M, 250 GeV
My 3.86 TeV
2800 [~
my 4 TeV
Heer Mg, 1.7 TeV
2000 5 m, 350 GeV
1600 [ - l—ﬁ m; 460 GeV
1200 |- h My 4 TeV
8oo |- A 2.8 TeV
TER
Jool- @ " 1.33 TeV
1o tan 8 36
0

= Heavy Higgses, squarks, gluinos are relatively unconstrained.
= Left-handed fermion decay chains evolve via )”d[ and )28.

= Sleptons are at less than 1 TeV.
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pMSSM11 best fit point w/o (g —2),

% 3200
©) yu o
~ HO H
®
= 2800 -
=
2400
- ot
bl % i
2000 s - ﬁ%
no=—— 8 H
A . 1
1600 [~ ey
T .
— Vr XU ~a
1200 - B N
G g
;%6 =g 7(_1:»__‘7 s ——
8oo - !
1o
s}

= Neutralino is Higgsino-like, at around 1 TeV.

Parameter Best-fit
M -1.3 TeV
M, 2.3 TeV
Ms 1.9 TeV
mg 0.9 Tev
Mg, 2.0 TeV
my 1.9 TeV
m; 1.3 TeV
My 3.0 TeV
A -3.4 TeV
i -0.95 TeV

tan j3 33

= Heavier spectrum, with first two generation squarks around 1 TeV.
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pMSSM11 mass spectrum

pMSSM1lw/ (g — 2),

4000 [ |
3000

3

o

g

< 2000

4 1

; L || || —_

=W
1000

My, My MaMgs MR MRTMEMTVITRE Mg, Mg Mg, My M, M, Mg, Mg, M, Mgy Mg, M, M, My, My,

= Poor determination of the mass of colored sparticles (only lower bound from
LHC searches).

= Larger freedom allow to fulfill the (g — 2),, constraint without being in tension
with the LHC searches.

= Improved fit with respect to the GUT models.
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Particle Masses [GeV]

pMSSM11 mass spectrum w/o (g — 2),

pMSSM11 w/o (g — 2),

4000

3000 s

2000 =
1000 —— - |

My, Mg MM 08T TSRS e, e T Mg M, My, M, Mg, Mg, My Mg, M, My, 5, T, my;

= Poor determination of the mass of colored sparticles (only lower bound from
LHC searches).

= Reduced parameter range at 68% CL because of slightly improved fit of flavor
observables.
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The (g — 2),, constraint

i — e N 2 2 robabil
T odel x?/naot  X° probability
7 e CMSSM
6 CMSSM 32.8/24 11 %
};z NUHM1 31.1/23 12 %
) NUHM2 30.3/22 11 %
2 pMSSM10 20.5/18 31 %
1 pMSSM11 22.21/20 33 %
e 2 o pMSSM11 20.88/19 34 %
ey - B e W87 D

= ~ 3.5 g discrepancy between the
SM (g — 2), value and the
measured one.

= In the GUT scenarios there is a
tension between the (g — 2), and
LHC constraint.

= In the pMSSM it is possible to fit

(8= 2.
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Physical mass planes for the colored sparticles

* — — — pMSSMII w/(g—2),: bestfit, 1o, 20, 30
1200
1000
— s
3
o
600
®
S
400
200
D 500 100D 150D 2000 2500  30OD 350D 400D
mg [Ge
* — — — pMSSMI w/ (5 —2),: bestft, 1o, 20,30

[J 500 100D 1sDD 200D 2500  30DD 350D 4DOD
™y

B ¥%{ coann. slep coann.
. A/H funnel D stau coann.
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* — — — PMSSMII w/(5—2),: bestfit, 10,20, B0

1200

1000

500

g [GeV)

v w0 om0 ww im0 s 1m0 2o
e [Gev]

* — — — PMSSMII w/(5—2),: bestfit, 10,2, B0

1200 o)
MmasTERumos)

1000

500

s [GeV)

00

b w0 om0 ww im0 s 1m0 2o
m;, [GeV]

gluino coann. stop coann.

squark coann. [ sbot coann.
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Physical mass planes for the colored sparticles

® — — — pMSSMII w/o(g—2), : best ft, 10,20, 30

% — — — pMSSMI1 w/o(g—2),: bestfit, o, 20, 3o
1200 1200
1000 1000
. 80 a0
= =
9 9
600 600
= %
8 8
am a0
2 20
=
b 500 000 100 W00 200 a0 w00 4000 bz s m0 0w 1250 15w 170 2000
my [Ge mg [GeV]
% — — — pMSSMI1 w/o(g—2),: best fit, 1o, 20, 30 % — — — pMSSMI1 w/o(g—2),: bestfit, o, 20, 3o
1220 mas e
3500 R
1000
3000
— 2500 — 800
3 2
5 <
SRS 4 o
S %
i £
400
1000
200
500
D 500 000 100 00 200 a0 5500 4000 vz S0 T0 w1250 15w 170 2000
o T m; [Gev]
i \
i 1 lui to
Xl coann. SI€p coann. glumo coann. Stop coann.

[ A/H funnel [] stau coann. squark coann. [ sbot coann.
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Higgs physics

SSMOTT K P, —— LHCI3, wi (g —2), LHC13, wio (g — 2),
o % — — — pMSSMI1 w/ (g - 2}, best fit, 10, 20, 30 PMSSMIL ___ 1nos w(p-2), . LEOSwo (s 2),

0 1000 2000 3000 4000 ?20 122 124 126 128 130
Ma[GeV] My[GeV]
. .
Xi coann. slep coann. gluino coann. stop coann.
A/H funnel [ stau coann. squark coann. [ sbot coann.

pMSSM11 likelihood close to the experimental one smeared by theoretical
uncertainty that we assume (Gaussian, oge, = 1.5 GeV)

Slightly different contours when relieving the (g — 2), constraint.

Different DM mechanisms in the two cases.
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Spin-independent scattering cross-section

% — — — pMSSMI1 w/ (g - 2}, best fit, 10, 20, 30 L0 === PMSSMIT w/o (g - 2), * best fit, 10, 20, 30
107
107
10-¢
ji 1074
e
10-%
10
1072
B %i coamn. slep coann. gluino coann. stop coann.
[ A/H funnel [l stau coann. squark coann. [ sbot coann.

= Complementarity of collider searches vs direct-detection searches.

= Relieving (g — 2), allows for light higgs funnel/Z funnel/t-channel-stau regions
to appear at the 20 and 3o level.
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Conclusions




Conclusions

= We performed what is the first global likelihood analysis of the pMSSM11 using
a frequentist approach including all the relevant 36 fb~?! constraints.

= The new results from LHC @ 13 TeV and from direct-dection DM experiments
exerts a significant impact on the allowed parameter range.

= We studied in depth the interplay between (g — 2), and flavor constraints.
Significant change in the phenomenology when relieving (g — 2),..

= Recently we also published a study of the subGUT-CMSSM, see [1711.00458] if
you are interested.

= Looking forward to improve our constraint sets and to study new SUSY and
non-SUSY scenarios.

MasSTeRcope
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Uncertainty in the Higgs mass prediction

My, vs Xy, tan § = 20, Mg = 2.0 TeV
M, vs Ms, tan § = 20, A, = 0

3 - - MBSSM FlexibleSUSY

- MSSM FlexibleSUSY (Qewss = my) 105
105 — High-scale FlexibleSUSY
— High-scale SUSYHD 100
100 -3 -2 -1 0 1 2 3
12 3 4 5 6 7 8 9 1 X/Ms
Ms [TeV]
—- MSSM FlexibleSUSY — High-scale FlexibleSUSY
- MSSM FlexibleSUSY (Qrwse =m,) — High-scale SUSYHD

= Different region of applicability for the two approaches (low SUSY vs large
SUSY masses).

= Uncertainty estimation in the intermediate, phenomenologically interesting
region, not trivial.

[SusyHD 1504.05200] [FlexibleSUSY Bagnaschi, Weiglein, Voigt 1806.yyyyy]
[FeynHiggs 1312.4937]



Spin-dependent scattering cross-section

% — — — pMSSMI1 w/ (g -2}, best fit, 10, 20, 3¢ % — — — pMSSMI1 w/o{g -2}, bestfit, 10, 20, 3¢
10 10-7
mas,TEﬁwiu‘é,‘

10-® 1075
«E 100 E 10-1
s 5
SRR SRR

10-% 10-¢

L [ 10 T

mso [GeV]
=y .

B %i coamn. slep coann. gluino coann. | stop coann.
[ A/H funnel [ stau coann. squark coann. [ sbot coann.

= PICO-60 results touch the 3o contours.

= We cross-checked for a selection of points that IC constraints are relevant only
for a minority of points in our sample.



Higgs physics

—— LHEW, W (g-2), LHE13, who (g —2),
——— LHCS,w/(g—2), —--- LHCS who(g—2),

% — — — pMSSMI1 wjo {g -2}, : best fit, 10,20, 30 PMSSMI11

masTeR oo

00 1000 2000 3000 4000 ?20 122 124 126 128 130
Ma[GeV] My[GeV]

Xif coann. slep coann. gluino coann. stop coann.

A/H funnel [ stau coann. squark coann. [ sbot coann.

pMSSM11 likelihood close to the experimental one smeared by theoretical
uncertainty that we assume (Gaussian, ogeo = 1.5 GeV)

Slightly different contours when relieving the (g — 2),, constraint.

Different DM mechanisms in the two cases.



Sleptons planes

# — — — pMSSMI1 w/ (g—2), : bestfit, 1o, 20, 30 % — — — pMSSMIT wjolg—2),: best fit, o, 20,30
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EWKino plane

* — — — pMSSMI1 w/ (g2}, : best fit, 10, 20, 30

% — — — pMSSMI1 w/o(g-2)u: bestfit, 10, 20,30
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%Y composition

pMSSM11w/ (g —2), x? composition pMSSM11 w/o (g —2), x? composition

£° Pure higgsino

mas(y'réﬁm: )
N

— L , i

Pure bino
Pure bino
oupm amg

oupm amg

= Bi-component/pure neutralinos always preferred.

= (g— 2), implies preference for Bino, Bino-Higgsino.



Nose regions

Gr—— g Gr—— =g
2000 L g
i 4 lal 1100
i .
1500 it ia "l
- i - N .
% K bes % 1050
9o 9
2 1000 W 2 "
z » ¥ g £ 1000 ) Rl
S b qr——
: g o’ d
il
500 . ,
? 09 =t i 30 N 950 e ag b vt e R0
MasTERcooe) 1 -0
¢ o Xl
0 900

= Loss of search sensitivity when
Gr — &+ g, the g jet is soft, and
& — qq —+ X* compared to a high
sensitivity for gg — qf((l) in the

= Heavy neutralino allows for more
compressed spectra, which reduced
the efficiency of experimental

searches.
mg > my case.



Higgs decays

 LHC13,w/(g-2), — LHCI3,wh(y—2),  1HC13,w/(g-2), — LHCI3, wo(g—-2),
PMSSMIL ___ | 1HGS wi(g—2), ———- LHCS, wio(g—2), PMSSMIL | 1HOS wi(g—2), —-—- LHCS, wio(g—2),
! . L
i !

8 8

6 6
3 3 . 3
Do 3 Af = i i
<y y’\ <y ¥

H

2 2

Q Q

0.0 0.5 1.0 1.5 2.0 0.0 0.5 Mls.SOM/SM 1.5 2.0

MSSM/SM
BRSO BR," 77

= At 68%CL no significant deviation from the SM, as expected.



Flavor constraints

 LHCI,W(g-2), - LHC13,wh(y—2), _ IHC13,W(g-2), — LHCI3,wo(g—2),
PMSSMIL ___ rmes wi(g-2), —--. LHCSwho(z—2), PMSSMIL | 1Hes wi(y-2), —-—- LHES,wio(y—2),
8 mESTf‘?%;;,‘ 3 i
H
H
i
H
i
H
i
6 6 i
i
B e i
<4 <y i
2 2
Q Q
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
MSSM/SM MSSM/SM
I8 Bya—tutu” BRB}HXH
N

Removing the (g — 2), allows for an improved fit of Bs g —» pu™p™



Long lived staus and charginos
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