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PMSSM Fits: Theory Persective(s)

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)

virtual only, 12/2020

1. Introduction
2. Which constraints? Why? When?
3. Some MasterCode experiences

4. Conclusions
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1. Introduction

PMSSM scan: what do we want?

— full coverage

— no relevant phenomenology should remain uncovered . ..
...at the LHC Run 3, HL-LHC, ete™ colliders, . ..

— constrain, but not overconstrain the parameter space

PMSSM scan: what are (some of) the problems?

— parameter dependences from theory calculations
(e.g. 3rd gen. slepton masses vs. 2nd gen. slepton masses)

— often now theory uncertainties available - but they can be crucial

— best evaluation vs. fast evaluation

— how to take the corresponding uncertainties into account?

— are theory predictions reliable for all corners of the parameter space?
Simple and (nearly) always valid answer: No!
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2. Which constraints? Why? When?

— what data do we have?

— can we theoretically take all of that into account?
— what data do we want to take into account?

— theoretical prejudice?

— experimental prejudice?

= some (hopefully) interesting examples
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EXxisting data:

— Higgs boson mass/couplings/. .. (LHC) = FeynHiggs
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EXxisting data:

— Higgs boson mass/couplings/. .. (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals? = talk by Jonas
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EXxisting data:

— Higgs boson mass/couplings/. .. (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals? = talk by Jonas

— Higgs boson exclusion bounds (LHC, Tevatron, LEP)
= HiggsBounds? = talk by Jonas
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EXxisting data:

— Higgs boson mass/couplings/...(LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals? = talk by Jonas

— Higgs boson exclusion bounds (LHC, Tevatron, LEP)
= HiggsBounds? = talk by Jonas

— SUSY searches (LHC) = you are the experts! :-)
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EXxisting data:

— Higgs boson mass/couplings/...(LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals? = talk by Jonas

— Higgs boson exclusion bounds (LHC, Tevatron, LEP)
= HiggsBounds? = talk by Jonas

— SUSY searches (LHC) = you are the experts! :-)

To be discussed:

— electroweak precision data, incl. (¢ —2), = do you want this? How?
— flavor data = do you want this? How?

— astrophysical data (DM properties) = do you want this? How?
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(Some) Electroweak precision observables:

1. My, (LEP/Tevatron)
2. Al g (SLD) = sweff

3. Alg (LEP) = sin? O
4. Aty (LEP)

5. ALy

6. Ap, Ac

7. Ry, Re

8. Ugad

= largest impact: (1), (2), (3)
Problem: no public code exists, except for My, = FeynHiggs
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Example MSSM scenario (I): effects beyond
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Example MSSM scenario (I): effects beyond Ap: EW particles
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Effects of stops: [S.H., G. Weiglein, L. Zeune '13]
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Effects of stops: [S.H., G. Weiglein, L. Zeune '13]
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Effects of stops: [S.H., G. Weiglein, L. Zeune '13]
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Effects of stops: [S.H., G. Weiglein, L. Zeune '13]
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(Some) flavor physics observables:

1. BR(b — sv) (MSSM/SM)
2. BR(Bs — utTpu™)

3. AMs

4. R(AMs/AM,)

5. BR(By — tv7) (MSSM/SM)
6. BR(B — X 01¢7)

7. BR(K — ¢v) (MSSM/SM)
8. BR(AMg) (MSSM/SM)

= largest impact: (1) and (2)

= public codes exist: Superlso, ...
= but no improvement for flavor anomalies! Ignore?
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My favorite: (¢ —2), (theoretical prejudice?)

The anomalous magnetic moment of the muon: a;, = (g — 2),/2

Overview about the current experimental and SM (theory) result:

—F & T T ¢ % F * 7 &% & T 7 T
_I
DHMZ10 e
JS11 ]
HLMNT11 R o .
FJ17 e
DHMZ17 |
KNT18 =
BNL
3.7¢
BNL (x4 accuracy) ——
7.06
1 1 1 1 1 L 1 L

160 170 180 190 200 210 220
(a“SM x 10'%-11659000

aSP — q'*9°M ~ (28.02 4 7.37) x 10710 : 3.80
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The (g — 2),, experiment:
LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field

axis like tops. and travel in a circle. After ?ach_clrclg,
/ muon's spin axis

changes by 12°,
yet it keeps on traveling

" the same direction.

Target.

Protons Pions, weighing Pions decay

from AGS. 1/6 proton, to muons.
are created.

One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.

Coupling of muon to magnetic field : u — pu — v coupling

a@) |V FUe?) + 5 o () | u@) Ay F2(0) = ay
W
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SUSY can easily explain the deviation in ay:

Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange
— Diagrams with neutralino/smuon exchange

. 2
Enhancement factor as compared to SM: SM. EW 1L % ]\77;_5
~0 ~ . MSSM, 1L: & £ % tan
p—X9 —fa : ~my tanp ™ M2 b
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SUSY corrections at 1L:

2

100 GeV

a; 951k ~ 13 x 10710 ( ) tan 8 sign(u)
Msysy

Msysy (= mp = mp = mg): generic SUSY mass scale

a; =7t = (-100...+ 100) x 10710
a®P — alf®oSM ~ (28 +7.4) x 10710

= SUSY could easily explain the *‘discrepancy”

= ay Can provide upper limits on the EW masses
(by requiering agreement at the 95% C.L.)

Sven Heinemeyer — Snowmass 21: pMSSM meeting, virtual only, 12/09/2020

13



SUSY corrections at 1L:

y

100 GeV

ar >Vt~ 13 x 10710 ( ) tan 8 sign(w)
Msuysy

Msysy (= mp = mp = mg): generic SUSY mass scale

a; =7t = (-100...+ 100) x 10710
a®P — alf®oSM ~ (28 +7.4) x 10710

= SUSY could easily explain the “discrepancy”

= ay Can provide upper limits on the EW masses
(by requiering agreement at the 95% C.L.)

If SUSY exists, it should fix (g —2), !
= there must be light EW SUSY particles!

Sven Heinemeyer — Snowmass 21: pMSSM meeting, virtual only, 12/09/2020
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(g — 2), constraint: (GM2Calc)

Aay, = (28.0247.37) x 10710

Possible situation in the near future:
Inclusion of anticipated MUON G-2 Run 1 data

Aa)'t = (28.02 +£5.2) x 10710

Sven Heinemeyer — Snowmass 21: pMSSM meeting, virtual only, 12/09/2020
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(g — 2), constraint: (GM2Calc)

Aay, = (28.0247.37) x 10710

Possible situation in the near future:
Inclusion of anticipated MUON G-2 Run 1 data

Aa)'t = (28.02 +£5.2) x 10710

— do you want to ignore it when over 507
— if this region does not receive a dedicated scan, you will not find it!
— interplay with other EWPO (Myy, ...)

— EW searches are crucial

= important prospects for HL-LHC, etTe colliders

Sven Heinemeyer — Snowmass 21: pMSSM meeting, virtual only, 12/09/2020

14



Example results/impact:
[M. Chakraborti, S.H., I. Saha '20]

Parameter scan: (just one example out of a larger analysis)

100 GeV < M7 <1 TeV,
My < My < 1.1Mq,
1.1M71 < u < 10M7,

5<tanpg <60,

100 GeV <mjz <1 TeV,

(latter condition only to make the analysis simpler, no relevant effect)

Sven Heinemeyer — Snowmass 21: pMSSM meeting, virtual only, 12/09/2020
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Results in the ML0-M ot plane:

1 X1
1000
800+
—~ 4;..
% 600 y
s
400~
® z-2,
A (g-2),+ Oh?
200 4# # (g-2),+ Oh’ + DD
* (g-2),+ Oh’ + DD+ LHC
| | |

200 400 600 800 1000
m)}o (GE:V)
1

= compressed spectrum as expected
= clear upper limits, M(N)LSP < 600 GeV
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Comparison with the compressed spectra searches:
700

600;

500-

400+

—

m-= (GeV)

300+ Ty

Ly i———= ATLAS LIMIT
- ,-'-',’

P

e s

20w,
.

10000200 300 200 500 600
m;(t) (GE:V)
1

= compressed spectrum avoids current bounds!
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Results in the m-o-my plane:
X1 1

1000

800

200

® (g-2),

A (g-2),+ On’

¢ (g-2),+ Oh? + DD
* (g —2),+ Oh® + DD+ LHC||

o

400

600 800 1000
1

= important: [-pair production searches (10)
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Results in the m-o-my plane:
X1 1

1000 s
8000

600§

+ (GeV)

1

IATLAS 13 TeV LIMIT|

.. .
-+ &
400 ¢
o4
4

® (g-2),

A (g-2),+ on’

¢ (g-2),+ Oh® + DD

* (g-2),+ Oh’ + DD+ LHC ||
200 400 600 800 1000

m, o (GeV)

= important: [-pair production searches (10)
= naive application of LHC bounds fails
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Future searches: available ONLY for higgsino LSP
= naive inclusion of our points into the plot:

500" —— HL-LHC 3/ab 14 TeV (Soft Lepton A) [ FCC—bh monojet |
" ——— HL-LHC 3/ab 14 TeV (Soft Lepton B) i
[ mm—— HE-LHC 15/ab 27 TeV (Soft Lepton B)
| FCC-hh (HE-LHC approx. rescaling)
—— ILCs500 0.5 /ab
ILCio0p 1/ab

100 | memem- - CLICasp /FCC — eeasp . e 4

[ -~ CLIC1500 2.5 /ab * Chargino Co—annihilation ]

===~ CLIC3000 5/ab*

A m(NLSP,LSP) (GeV)

1o i : _:

200 400 600 800 1000 1200 1400

— scaling with cross section? m(NLSP)

— possible problems?
— experimental projections for bino/wino/higgsino LSP?!
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3. Some MasterCode experiences

[2017]
Parameter Range # of segments
My (-4 ,4) TeV 6
Mo> (0,4) TeV 2
M3 (-4, 4) TeV 4
mg (0,4) TeV 2
Mg, (0,4) TeV 2
my (0,2) TeV 1
mz (0,2) TeV 1
M » (0,4) TeV 2
A (-5,5) TeV 1
L4 (-5,5) TeV 1
tan g (1, 60) 1

= I doubt that (many) more dimensions can reliably(!) be sampled
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PMSSM11: Going from 8 TeV to 13 TeV (and adding latest DM limits)
[2017]
¥ == == == pMSSMI11 w/o LHC13: best fit, 1o, 20, 3¢
* pMSSM11 w/ LHC13: best fit, 1o, 20, 35*
4000 . . . . . x
mda
3500 F
3000
_2500f
=
O
O 2000f
E.
1500 F
:; ‘.\‘_ “-“‘\-‘. T —— _— e —
1000} g g & - ﬁ 5230 e T
"1._. ‘?_-.— 2, IR %y % >
h-—----=-v-- = ~ B \_’
500k .‘h-""'::::===-=-’_=--ﬂ--=-==.==ﬁ‘
U | 1 1 1 1 | 1
0 500 1000 1500 2000 2500 3000 3500 4000
m@[GeV]
= notice the “nose”! Do you have it?
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PMSSM11: mgl—m%? plane [2017]
* pMSSM11 w/ (g — 2), : best fit, 10, 20, 3¢
1000+
_800f
P
o}
2,
— 600}
B
S
400F ﬁ
| \1
200 Yy e
D L L L 1 1 1 1
0 250 500 750 1000 1250 1500 1750 2000
mgl[GeV]
[ + L]
- Y% i coann. slep coann. " gluino coann. stop coann.

o A/H funnel . staucoann. | squark coann.

= notice the compressed region! Do you have it?

. sbot coann.
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PMSSM11l: m-+—m-o plane [2017]

X1 X1
* pMSSM11 w/ (g — 2), : best fit, 10, 20, 30
1200 ma@
1000
__800f
=
b
o
. 600f
3
100+
200}
T e Ao ap S
0 1 1 1 | 1 | 1
0 250 500 750 1000 1250 1500 1750 2000
m)“(i [GQV]
1
. X 1": coann. slep coann. gluino coann. stop coann.
" A/H funnel stau coann. " squark coann. B sbot coann.
= chargino co-annihilation — My ~ M- Do you have it?
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PMSSM11: best-fit point phenomenology

4400 [

4000 |- A e FiE

Mass / GeV

3600 -

3200 [

2800

2400 |
2000

1600 -

1200 |- X3

800

400 |-

e

hY
0

= heavy colored, light uncolored spectrum

= effect of (g —2),

[2017]
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PMSSM11: full fit spectrum [2017]

4000

3000¢

b
=
o
e

Particle Masses [GeV]

1000}

My, My M Mg+ T M8 g Mg MigtMigs gy e M Mg Mz, Mgy Mg, Mp, M. Mg, Mgy T, ™y, T, M, my.

ILC: /s =500 GeV ILC: /s =1000 GeV  CLIC: /s = 3000 GeV

LHC Run 3 reach?
HL-LHC reach?
How to evaluate?
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4. Conclusinos

PMSSM scan: THEO sees other problems/opportunities than EXP
Higgs data: clarified / will be discussed later = talk by Jonas

Electroweak precision observables: (FeynHiggs)

— can be important for squarks, but also EWkinos
— no public code, except for My,

Flavor observables: (Superlso, ...)

— can be important for Higgs and/or SUSY partners
— public codes exist / no improvement for the flavor anomalies

The anomalous magnetic moment of the muon: (GM2Calc)

— can set upper bounds on the EWKkino mass scale
— may be at 5o in the near future
— is fighting against (experimental) prejudice

MasterCode results for the pMSSM11:

— compressed spectra play a crucial role
(squarks/LSP, stop/LSP, EWkinos/LSP)

— clear effect of (g —2)u

— relatively easy: ete™ collider prospects

— more complicted (how much?): HL-LHC prospects
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5. LHC rate measurements and BSM Higgs limits

HiggsBounds and HiggsSignals

Team: P. Bechtle, SH, T. Klingl, T. Stefaniak, G. Weiglein, J. Wittbrodt

HiggsBounds HiggsSignals
Confronts BSM Higgs sectors with Confronts BSM Higgs sectors
exclusion limits from LEP, Tevatron with LHC Higgs signal rate
and LHC Higgs searches. and mass measurements.

= excluded/allowed at 95% C.L. (x2- ...) = x* (sep. for rates and mass)

- : NN CMS Supplementary | 391" (13TeV)
B o ] AR R e e
= 10; %Tﬁgmv, 361" 3 _ Mg B combined 68% CL ]
ﬂ,; C N 5 D R ] % ﬂ;‘:jg::? :0';; P 8 Por category 6% CL
e 1 i2¢ = & Untagged 2 71.10:‘:: e 7
& E b S Expected (95% CL) 3 3 Untagged3 | 163 ]
% —— 2015 result il 0 VBFTag0 | 0730 - - 1187 ]
= dl _ < VBFTag1 [ 123 Heombinea = 1+1° 014 7
L 107 E Iy VBFTag2 [ 123 o

- F 3 o ttH Hadronic | 1.5 % M P n
1] B e g ttH Leptonic [ 2777 7
102k - 5 WH Leptonic [~ 2837 B
© E 3 2 ZHlLeptonic [ 0037 B
= F B o VHLeplLoose | 263 7
-‘é’ ol 5 ; { { R ETE ; VH Hadronic B 243 ]
5107 00 200 300 1000 2000 VHMET 7 053 ]

m, [GeV] | | |

= o
[=]

Codes available at GitLab & hepforge.
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Most important BSM Higgs searches for pMSSM scan:

pp — H/A — =

ATLAS and CMS published —21In L values for 13 TeV
— ATLAS with full Run 2 data
— CMS (so far) for 36 fb—1

Narrow resonance (¢) toy model in three dimensions: mg, o444, Tppg

= full =2 1In L result for many BSM models in HiggsBounds
via simple algorithm [~ Becntle, S.H., O. Stal, T. Stefaniak, G. Weiglein '15]

= re-interpretation in the MSSM possible

= preferred over just a hard cut at 95% CL

Sven Heinemeyer — Snowmass 21: pMSSM meeting, virtual only, 12/09/2020
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Validation:
H/A-T* 1t~ expected exclusion

H/IA-Tt* T~ observed exclusion

60 $ B

un
o
1

tanB — ATLAS
S
o

b4 95% C.L. excl.
== official

— Ax?<5.99
CLs > 0.05

500 1000 1500 2000 2500 500 1000 1500 2000 2500
My [GeV] M, [GeV]

= x?(H/A — 7T717) can reliably be used in the MSSM
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HiggsSignals:
Is the hio5 in agreement with the LHC rate measurements?

Included:

— 7, 8, 13 TeV data

— u values

— STXS measurements

— correlations (where available)

= overall X2 to all available channels

Validation:

— 1-dim (u, STXS)

— 2-dim k-plots or p-plots

— effect of correlations crucial

= x2(h125) can reliably be used in the MSSM

Sven Heinemeyer — Snowmass 21: pMSSM meeting, virtual only, 12/09/2020
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Experimental data

expected

m, = 200 GeV]

200 400 600

100 200 300

50 100 150
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50 100
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20 40

m, = 500 GeV ]

10 20 30
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m, = 700 GeV

'm, = 800 GeV

m, = 1000 GeV]

1
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W es% CL
5% cL
o Best fit

ATLAS
/s =13 TeV, 139 i

2

G gg X B¢ — 77) [fb]
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200

100
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m, = 200 GeV

100 200 300
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50 100 150 200

100

m¢l= 300 deV'

200

50 100

100

'm, = 400 GeV

30

— 500 GeV ]

5

'm, - 600 GeV

10 15 20

m, = 700 GeV]

= note the nice excess at ~ 400 GeV :-)

0.5

m, = 1200 GeV

0.5

05 1 18 2
Observed
W ss% cL
[Jos% CL
o Best fit
ATLAS
Ys = 13 TeV, 139 f5'

G4y % B¢ — 77) [fo]

[ATLAS '20]
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Experimental constraints for (g — 2),

L HC searches:

Decay via sleptons (31)

XX — (Fv)TT1) — 31+ Fr
TR = (FED)(ATI7) = 31+ Fr (5)

Decay via sleptons (21)

XTx7 = T v) = 20+ Pr
XTXT = (o)D) = 20+ Pr (6)

Decay via gauge bosons

%3 - wiD(zxy) = 31+ Fr (7a)
i3 = WD Zx)) = 20+ jets+ B, (7b)
TRy — WEHW D) = 204 Br (8)
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Decay via Higgs bosons

3178 = WD (R — 14 bb + By (9)

l-pair production (21)

T — ATDARD) — 20+ pr (10)

Compressed spectra

TR — WD(Z*R) — 20+ Fr +ISR,  (11)
T = DY) = 204+ pp +ISR (12)

Searches involving Staus

= all newly included into CheckMate
Exception: compressed spectra = direct application
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LHC exclusion bounds (I)
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Fig. 14(c)-Ref. [49]
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= crucial to take latest bounds into account
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LHC exclusion bounds (II)
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Results in the mio-tanﬂ plane:
1
60 g

50

4000

Q.

20 A

° &-2y
A (g-2),+ On’
i (g-2),+ ah* + DD
- * (g-2),+ Oh° + DD + LHC :
200 400 600 800 1000
min (GGV)
1

black contour: (simplified) application of H/A — 77~
= A-pole annihilation effectively excluded
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PMSSM11: best-fit point parameters

[2017]
Parameter || With LHC 13 TeV and (g — 2),
Best fit ‘Nose’ region
M, 0.25 TeV - 0.39 TeV
Mo 0.25 TeV 1.2 TeV
M; - 3.86 TeV - 1.7 TeV
mg 4.0 TeV 2.00 TeV
Mg, 1.7 TeV 4.1 TeV
m; 0.35 TeV 0.36 TeV
ms 0.46 TeV 1.4 TeV
M4 4.0 TeV 4.2 TeV
A 2.8 TeV 54 TeV
[ 1.33 TeV - 5.7 TeV
tan 3 36 19
x2/d.o.f. 22.1/20 24.46 /20
p-value 0.33 0.22
Y2 (HS) 68.01 67.97
= excellent p value! = Much better than in GUT based models!
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