Rare photo from Stonehenge:
Workers move the stones by one hour to accomodate daylight saving time:
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SUSY Tools

General Overview @ some (personal) examples
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1. Introduction

What do we mean with SUSY here? = MSSM, NMSSM, ...

Superpartners for Standard Model particles
Standard particles SUSY particles

o Force parlicles Squarks W) Sleptons -,} SUSY force
particies
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Why do we need codes?

Many observables are measured (LHC, low-energy experiments, ...)
(SUSY) predictions are complicated once a certain precision is required
We can re-invent the wheel or ...

... use existing calculations for the known stuff
and have time to concentrate on the new one

Use existing calculations = Code

Caution: (particulary for students)

Do not let the black box be too black!

Always try to undertand what the code is doing
and check whether it makes sense

Side remark: A dedicated code is (nearly) always better than a code that
does “everything”.
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Types of codes: = focus on PUBLIC tools

1. Spectrum generators
— SUSY spectrum
— Higgs spectrum

2. Production and Decay codes
— SUSY particle production and/or decay
— Higgs production and decay, di-Higgs, ...

3. Single Number predictors
— (9 — 2),u
— My
— DM relic density
— DM DD cross section

4. Testing SUSY predictions vs. “‘complicated” exp. data
— SUSY production/decay at the LHC
— SUSY Higgs production at the LHC/Tevatron/LEP/. ..
— h1o5 measurements at the LHC

5. Global SUSY interpretations
— testing a model against “everything”
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2. Spectrum generators

T he classic ones: (I will only give the names of the codes)

— Isajet

— Suspect
— Spheno

— S0ftSUSY

= high-scale input
assuming a certain soft SUSY-breaking scenario

running to low energies (my, My, ...) with RGEs
— spectrum at low-energies & other observables
— SUSY BRs

— mixing angles

— low-scale input (not all of them)
= spectrum, mixing angles, BRs, ...
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T he generator generators

— FlexibleSUSY (using Sarah)
— Sarah/Spheno = main author left the field

Input:

— gauge group(s)

— field content (and mixings)

— superpotential

— soft SUSY-breaking terms

— boundary conditions (at high/low scales)

From this the code obtains:
— RGEs

— mass matrices

— self-energies and tadpoles
— EWSB conditions

Output: Fortran/C++4/...code for your preferred SUSY
(or even BSM) realization: masses, BRs, . ..
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Higgs spectrum generators

Difference w.r.t. SUSY codes: at least one Higgs has been discovered

Needed for LHC/HL-LHC/.. . physics:

Precise and consistent prediction of
e Higgs boson masses
e Higgs boson mixings
e Higgs boson couplings
e Higgs boson production cross sections
e Higgs boson decay widths/branching ratios

= best — or approximated — in Higgs spectrum generatos

Sven Heinemeyer — SUSY23, Southampton, 21.07.2023



Working group on M; predictions: sites.google.com/site/kutsmh

Katharsis of Ultimate Theory Sta

g
Precise Calculat of

A

(N)MOESM |

. - Organized by:

' Iggs BOSO“ maSS M. Carena, H. Haber

R. Harlander, S. Heinemeyer

Local organizers: T. Hahn, W, Hollik . Hollik, P. Slavich, G. Weiglein

= latest meeting: 2023 at CERN (now with broadened focus
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MSSM Codes on the market: Review: [KUTS report, P. Slavich, S.H. (eds.) '20]

1.) MSSM fixed order codes: good for all scales low
— SuSpect

— SPheno/SARAH

— SoftSUSY/FlexibleSUSY

— H3m

2.) MSSM EFT codes: good for all scales high

— SusyHD = main author left the field
— MhEFT

— HSSUSY

3.) MSSM hybrid codes: good always?!
— FeynHiggs

— FlexibleEFTHiggs

— SPheno/SARAH

Obviously: quality depends on the details implemented
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Codes for other models: Review: [KUTS report, P. Slavich, S.H. (eds.) '20]

4.) NMSSM fixed order codes: good for all scales low

— NMSSMTools
— NMSSMCalc = see excellent talk by Maggie yesterday!

5.) uvSSM hybrid codes: good always?!
— munuSSM (using FeynHiggs)

6.) Other models: (fixed order) good for all scales low

= generator generators:
— FlexibleSUSY (using SARAH)
— Spheno/SARAH = main author left the field

Obviously: quality depends on the details implemented

Side remark: A dedicated code is (nearly) always better than a code that
does “everything”.
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Improved predictions for MSSM scenarios

Are these improved calculations relevant?
Are they relevant in any ‘‘realistic” scenario?

Example for: — CMSSM with stop co-annihiliation
— large gluino masses

Comparison of hybrid codes:

FeynHiggs 2.10.0 (first hybrid code in 2013)
— log-resummation with Mg

— 2L RGEs, 1L thresholds

— mM>S at NLO

FeynHiggs 2.14.1 (state-of-the-art 2018)
— log-resummation with Mg

— Inclusion of EWino mass scale in RGE's

— Inclusion of gluino mass scale in RGE's

— 3L RGEs, 2L thresholds

— mMS at NNLO

— Inclusion of EW effects in RGE's and mz'}/'—s
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Stop-coannihilation in the CMSSM: [E. Bagnaschi et al. '18]

Ap=3mg, tanp=5, sgn(u)>0 Ap=3mg, tanf=5, sgn(u)<0
20

20

15

15

10 10

mg TeV

2 4 6 8 10 12 14
ml,'z TeV

= Clear impact of improved M;, calculation
= O (atz) non-degenerate threshold corr. cruciall
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Large gluino mass:
[H. Bahl, S.H., W. Hollik, G. Weiglein '19] [H. Bahl, I. Sobolev, G. Weiglein '19]

130 tanﬁl = }O, MS[IJSYI = 1500 GIGV

125

- —— X°/Mgysy =0 .

=
e}
O, 190 —— X°/Msysy = 2 i
o
=

—_— XtOS/MSUSY =2 (EFT : MDR)

115

110 ] ] ]

| I I
2+ 10° A « 1P
= only latest FeynHiggs version gives accurate results

= note the small uncertainty band (green)!

| ]
103
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Crucial for M;, calculations: theory uncertainty [H. Bahl et al. '19]

= estimate in several benchmark scenarios with FeynHiggs2.16.0
55 tan 0 = 10, M 4 = 1000 GeV, MSUsy/Mg = 3/5

S V7 —

- — M*(7) single-scale

AMh [GGV}

MSUSY [GGV]

= AM; ~ 2 GeV — but point-by-point evaluation crucial!
= every code should provide predictions with uncertainty estimates
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3. Production

and Decay codes

SUSY production at the LHC:

— Prospino
— Resummino

Example for SUSY production:

103

10 2

10

| IIIIIII| 17 IIIIII|

VS = 14 TeV

NLO
---- LO

m [GeV ]+

100 150 200 250 300 350 400 450 500

As in QCD: NLO corrections are crucial!
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SUSY production at NLO QCD: [Prospino collaboration]

LPCC SUSY ¢ WG

10

NLO(-NLL) 6(pp— SUSY) [pbl

—_ — —
= - s
[@%) = (&g

[T
-
[3%]

#events in 20 fb ! 8TeV LHC data

—
<

Tl 4 | | | | | | |
10" =500 100

| | | | | | | | | | - | [ | | | ol
600 800 1000 1200 1400 1600
SUSY sparticle mass [GeV]

— uncertainties crucial — and provided! :-)
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MSSM Higgs production at the LHC:

— some spectrum generators contain approximations
— SusHi

MSSM di-Higgs production at the LHC:
— HPATIR (exists also for other BSM Higgs sectors)

MSSM Higgs production at ete™ colliders:

— FeynHiggsXS (outdated and with known bugs, update w.i.p.)

Beyond MSSM Higgs production at ete™ colliders:

— most physicists are happy with a rescaling of the VV hy coupling ;-)
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MSSM Higgs decays

— all the Higgs spectrum generators do that
— HDECAY NMSSM: = see excellent talk by Maggie yesterday!

The best of both worlds: combination of FeynHiggs and HDECAY

“Official” calculation of MSSM BR's: [LHCH(XS)WG '11 - '23]
FH/P4f FH/P4f
Mo =Tg 0 + 50+ '_(,HW@)W(*) + 63217

+ I_HDbb + r¢—>tt + rggcc + r¢—>gg + rqﬁ—wv + r¢—>Z’Y

M = TAPHT = ) + TP HE = o) + TP HT — )
+ PP — os) 4 T (HE — AW) 4+ T (HE - HW) + ..

= BRs calculated accordingly
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MSSM particle decays

— most spectrum calculators do that (tree-level, some NLO QCD)
— SDECAY (NLO QCD) NMSSM: = see excellent talk by Maggie yesterday!

Embarrasing situation: EVW corrections:

I‘(Xg — )Zgh]_)I dependence on ¢M1 [A. Bharucha, S.H., F. v.d. Pahlen, C. Schappacher '12]

0.14 70 . - T
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Q

60 F ’ i
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0.04 20 K

0.02 10 }

1 1 1 0 1 1
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. P ¥ My
— EW one-loop corrections can be large "

= never put into a code = shame on the authors!
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Some comments on higher-order calculations in the chargino/neutralino sector:

Higher-order calculations require a renormalization of the sector

442 masses, but only 3 free parameters: My, Mo, u
= OS renormalization for 3 masses:

CCN1: (_Rezi_(p)]ii X; (p)) P2, =0 (1=1,2),
X
(_Rezio(p)} 11 X1(p)) p2=m%o =0
X1

— Scheme can easily be extended to other variants, e.g.
CCN: (1 =1,2,3,4) or CNNijk (:=1,2;7,k=1,2,3,4)

— Scheme requires a shift of three (neutralino) masses to their OS value:

1 _ _ _ _

Am - =——Re{m~ (Z{’ m% Z@ m% ) Z‘SL m% ijR m% }

w2 w0 =go(mie) + 250(mio) ) 4 250 (mo) + 250 (m3o)
oS _ A
Mo Mo+ Amgo
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Example: eTe™ — ¥9%9:

o/th ete” = X%
2-5 1 L 1 1
CCNI1]: My = p/2 tree
My = p/2 full - - -
5 My = 450 full
- CNNJ[L,1,3]: M = 450 full y
CNN[2,1,3]: M, = 450 full - - -
1.5 F i
\
\
(B i
0.5 F J
0 L L L L L
200 400 600 800 1000 1200 1400
L

= CCN1 breaks down for u = M> = 450 GeV
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Generic problems for BSM l|loop calculations:

Problem # 1:
we do not know the values of the BSM parameters

= “normal” in the investigation of BSM models: parameter scans
or at least predictions as a function of the relevant parameters

Problem # 2:
External (BSM) particles should be on-shell particles
= OS renormalization of BSM model required

= known cases that no “good” renormalization scheme exists
for the “full” parameter space

= point-by-point decision on RS?!

All automated SUSY codes face this problem!

Solution: [S.H., F. v.d. Pahlen '23]
= new method proposed to decide on the RS before the calculation
Method is based on the matrix that connects mass and parameter CTs
— see talk by S.H. on Wednesday :-)
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NGevl]

. ~+ ~ ; DR 0
Example: T'(¥5 — X{W*) with PR varied
[S.H., F. v.d. Pahlen '23]
loOp correction
X5 = xX3W™*, benchmark B ua
2 1 ’
0.08 —T ——t 0.8
-—- loop CNN113 Iy P ;o X
0.06 1 ——- loop CNN212 TR /o
|
0.04 ~ === |oop CNN213 :'. : ‘\\ / : :.
/-~ loop CNN223 A LN / b
. S—
0.02 1 roa loop ,.1—‘r‘*, R
I /~\ === 1 |_+_——’/r 1 1
0.00 '—I-'—Il—“-,ﬂ\:_ﬁ-—-‘;ﬂﬂi:T"ﬁl—:"n i : :: S
T ——— St R g
- b AW | 1,7 [ 9
-0.024 | |/ e N .t =
Y -~ Voo ey Pl ~0.21
-0.044 1/ R AT L
ks }'I' / \ /E ! N : I —0.4 -
—0.06 Sx L7 O B '
A i 1
” ni ! : 1y —0.6 -
—0.08 - 1\ N :
1 v 1 1 1
—o.1o~——v—v—i——h‘-‘!

final result

4 S0+
X2 2w,

benchmark B ua

-== tree
------ loop x 10
—_— full

e
.
. .
‘e
Yt

= new method selects a good scheme and yields a smooth result!

Sven Heinemeyer — SUSY23, Southampton, 21.07.2023

23



4. Single Number Predictors

= mostly MSSM

= partially in the generator generators (with limited success)

Anomalous magnetic moment of the muon:

— GM2Calc

W-boson mass:

— included in FeynHiggs
— included in FlexibleSUSY

DM relic density:

— micrOMEGAs
— DarkSUSY
— SSARD (not fully public)

DM direct detection cross sections:

— micrOMEGAs
— DarkSUSY
— SSARD (not fully public)

(= other EWPQO: sad story ...)
= partially also sin? f¢f
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Consistent combination of all these single number predictors:

T T | I | I ]
= e [ coann. case-L -
80.41F e [ coann. case-R E
F| o YT coann. (B-W) ;
80.40F ©  X* coann. (W) =
E e YT coann. (FI) é
= O
~ 80.39F E
= | ]
o - =
O 80.38F E
= !
= 80.37F =
80.36 3
80.35 F =
| | | | | |

0.0 0.5 1.0 1.5 2.0 2.5

—4
ApMSSM x 10

= precise prediction of My crucial (beyond Ap)
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5. SUSY predictions vs. experimental data

SUSY production/decay at the LHC [taken from S. Kraml, SUSY 23]
MethOdS and tOOlS Review in Section Il of 2003.07868
Reproduce Reuse
experimental analysis simplified model results
in a Monte Carlo simulation (005, signal Axg)
“recasting” Assumes that Axe doesn’t change

too much w.r.t. original model

Talk by T. Gonzalo

yesterday pm
TREBIREGNM AN
cansggprse MRS o
- Test of &els o
RIVET %‘tﬂk @ BSM hypothesis ~)
Contur ik ColliderBit
(+ATLAS SimpleAnalysis)
Sabine Kraml SUSY 2023, Southampton, UK 5

= check Sabine's excellent talk!
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Relevance of recast (I): )’Zf-coannihilation: mo-my, plane: CheckMATE
1

[M. Chakraborti, S.H., I. Saha '21] (new (g —2)u)

1000 e

8000

® (g-2),

A (g-2),+0n?

+ (g-2),+Qh%+DD

* (g-2),+Qh%+DD+LHC

200 80"

200 400 600 800 1000
m’i«fﬂ (GCV)
1

— important: [-pair prod. searches = see talk by M. Chakraborti yesterday
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Relevance of recast (I): )’Zf-coannihilation: mo-my, plane: CheckMATE
1

[M. Chakraborti, S.H., I. Saha '21] (old (g —2)u)

1000 e
8000

600§

+ (GeV)

1

4000 i ATLAS 13 TeV LIMIT)

® (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 prod. searches
= naive application of LHC bounds fails
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Relevance of recast (II): [-coannihilation: M0-M it plane: CheckMATE
1 1

[M. Chakraborti, S.H., I. Saha '21] (new (g —2)u)
3500

3000

2500¢

2000¢

+ (GeV)

—

=" 1500¢

m

1000 4

e
&

100

200 300 400 500 600 700 800
m;fﬂ (GE:V)
I

= important: 52%558 production searches = see talk by M. Chakraborti yesterday
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Relevance of recast (II): [-coannihilation: Moot plane: CheckMATE
1

[M. Chakraborti, S.H., I. Saha '21] (old (g —2)u)
3000

3 w—m#' ﬂ :

2500

2000-

" 1500;

m,+ (GeV)

1000 =22

= Important: 521—%28 production searches
= naive application of LHC bounds fails

Sven Heinemeyer — SUSY23, Southampton, 21.07.2023



SUSY Higgs searches = BSM Higgs searches

— HiggsBounds

Most important BSM Higgs searches for (N)MSSM:

pp — H/A — T

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

Narrow resonance (¢) toy model in three dimensions: Mgy, Tagdr Thbe

= full —=21In L result for many BSM models in HiggsBounds
via simple algorithm [P, Bechtie, S.H., O. Stal, T. Stefaniak, G. Weiglein '15]

= re-interpretation in the (N)MSSM possible
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Experimental data [ATLAS '20]

fo) m, = 200 GeV] m, = 250 GeV] m,=350Gev] O m, = 200 GeV 'm, = 250 GeV m, = 300 GeV] m, = 350 GeV
= ] o=, 200 . i
—~ — B
t b ta
N o 100 3
ASY 200 400 600 100 200 300 50 100 150 50 100 AsY 100 200 300 50 100 150 200 100 200 50 100
- SN
QJ m, = 400 GeV ] my = 500 GeV m, = 600 GeV_ m, = 700 GeV UJ 100 m, =400 GeV =500 GeV 1 m, = 600 GeV- m, =700 GeV]
X E ] X
8 8
© ©
20 40 6 10 20 30 5 10 2 4 6
'm, = 800 GeV m, = 1000 GeV] 5 = 1500 GeV
0.5 E
05 1 15 2
Expected Observed
W es% CL W ss% cL
OJoes% cL Oes% cL
o Best fit o Best fit
ATLAS ATLAS
Vs =13 TeV, 139 &' fs = 13 TeV, 139 &'
04 %X B(¢ — 77) [f0] Ogq X B¢ — 77) [fb]

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

H/A-t* 1t~ expected exclusion H/A-T" 1T~ observed exclusion
; 7 o s

60

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 — 77717) can reliably be used in the MSSM
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h35eY properties

— HiggsSignals (= including all relevant Run 2 data already)

— Lilith

Example: 2HDM type II (my = my = mpy+ = mlg/\/sinﬁ cosg = 800 GeV)

Ax?
0 1 2 3 4 5 6 7 8
N s sARRRRRRAL ]
10 e —— e —
0 F HiggsBounds+HiggsSignals (e)
—— HS 68% HS BFP | (f)
8E == HS 05% HB 5%
7 (g)
B ()
5 .
+— 5
(d)
4
1
3 (b) ¢
IS
I
2 ITh
2HDM Type Il} — Hfi (b) (%)
10.4 —0.2 0.0 0.2 0.4
cos(ff — «)
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6. Global SUSY interpretations

— MasterCode
— Gambit

Combine:

— SUSY searches (LHC)

— Higgs searches (LHC/Tevatron/LEP)
— h1o5 properties

— DM relic abundance and DD limits

— flavor observables (SuperlIso)

— (g9 — 2)u

— electroweak precision observables

Investigated models: (mostly MasterCode)
= CMSSM, NUHM1, NUHM2 mAMSB, sub-GUT, mSUGRA, SU(5),. ..
= pMSSM7/10/11, ...

= one result in the pMSSM11
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m(x3. X3) [GeV]

A

Remeber the ATLAS and CMS excess of SUSY237

o CMS  Preliminary 137 o' (13 TeV)
Ty " | LI I T B T TR A %J ppe%?%zeWZi?%? |
50 === Expected limit (+17e) J O, ol == 0bserved = 1 O eory NLO+NLL excl.
i Observed limit (i1ﬂlheory) ’-ERX'— so=
LEP Y, excluded & = JIs 10°
ATLAS 13 TeV 36 fb ' excluded | = . 50 —
ATLAS 8 TeV excluded £ ke - i
10 |- - E :_ I
C ] < %0 B 1 4
5L ATLAS ] E .
Vs=13TeV, 139 fo 1 30 - |
ee/ i, my; shape fit E ]
All limits at 95% CL o0l 5 —1 —10°
pp — X3X7 (Wino) B J -
1F Xg = Z X047 - W = C \ * m
r m(x3) x m(x3) > 0 ) 10 AL o =
0-5 i ! : ! . : : ! ! ! : ! ! ! l ! ' ! 3 l : . ! 3 I : ! ! : :1 T I e e _.»'_‘ Y - = :::::T_ s e |:d§
100 150 200 250 300 350 400 100 150 200 250 300 350 400
m(x3) = m(Y7) [GeV] i = GER])
= m_-+ ~ 250 GeV, m-g ~ 220 GeV
X1 X1
= what does an MSSM fit to all data say to this?
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PMSSM11l: m-+—m-o plane [2017]
X1 X1
* pMSSM11 w/ (g — 2), : best fit, 10, 20, 30
1000 +
__ 800F
=
o8]
o
. 600F
&
100
200}
0 1 1 1 | 1 | 1
0 250 500 750 1000 1250 1500 1750 2000
m)“(i [GQV]
1
[ + L]
[ ] X{ coann. slep coann. gluino coann. stop coann.
" A/H funnel stau coann. " squark coann. B sbot coann.

= best-fit point exactly where ATLAS and CMS see the excess! :-)
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7. Conclusinos

e SUSY appears to be close to discovery! :-)

e We need precision SUSY predictions for (HL-)LHC, ete™

precision observables, . ..

e Many predictions for SUSY and SUSY-Higgses are
available in public codes/tools
— sometimes with sufficient precission
— sometimes with (very) insufficient precission

= use them!!
(but not as a black black box!)

= concentrate on the new, umexplored phenomenology

e ...and do not forget to give proper citation!

colliders,

Sven Heinemeyer — SUSY23, Southampton, 21.07.2023
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Example I (%3 — ¥¢W*) with uPR varied: |det A,

det A, benchmark B ua

1.0
,-'Ha
~ BT
P ‘.‘-:._::-::.:s 'o"I/ ‘.°‘1
0'8 ™ ,0“‘ ..'o\ o"// ."‘/’
\ /./.‘ 0.'\\ ." ..’,,
“ | -t -—— ’o.\ .‘. .o. 7’
[ N LA RS D i S .
‘ ‘ II I : /7 o n.. ..\ R , ’0
K, ‘ II l.olt' / .o 0.. o.\ I‘ ’0 , .o /
0'6 7 ‘- ‘ II . I! ,I.'. .}.\ .o} IVI '.' V4 Ry ,/
< “ “l :' Ij, :» o‘} o.{ L.O Il K I
‘c ‘ IQ : o} 1) , ..o I
@ YOM % 1""}\ -/
-O .1 ::: .Q , 0. :
L O ) l- A v ! /
X / . 1
AN > |
1 1
I
I

det best
DetOS

DetDR

CNN223
CNN212
CNN213
CNN113
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Example I: T(§3 — ¥9W*) with PR varied: tree

X5 = X3W™*, benchmark B_ua

Nk
-== tree CNN113 : i'|
——- tree CNN212 I
—-—=- tree CNN213 1!
=== tree CNN223 AN
tree J o : H
i\
< ! 'I I : l‘
8 |: ,/\l Ihl”’
.I:. || V4 ”Il
I 7 #° b
I 7 h
I |// ,,} ||
1y 9 I
s //,/é I
S vy h
’, I/"I /
\\ ‘p¢”’ ’
~o “‘7
200 300 400 500 600 700
ulGeV]
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Example I: T(X2 — x¢W=) with uPR varied: loop

‘ IIIIIII .—III IIIIIIIIIIIIII
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Example I: T(X2 — x¢W*) with uPR varied: full
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Example I (%3 — ¥9W*) with PR varied: best

X5 2 X.wWt, benchmark B ua
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