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Searching for Physics Beyond the
Standard Model

A huge number of searches for BSM physics has been performed
by CMS and ATLAS:

Summary of CMS SUSY Results* in SMS framework
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Searching for Physics Beyond the
Standard Model

A huge number of searches for BSM physics has been performed
by CMS and ATLAS:

ATLAS SUSY Searches* - 95% CL Lower Limits
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Status: July 2015 Vs=7,8TeV
Model 6Ty Jets EL™ [raqn™) Mass limit Vs=7TeV V5 =8TeV Reference
T T T — T T T T —
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1507.05525
34, §—qt) 0 26jets  Yes 203 |[@ 850 GeV 1405.7875
& §—q¥) (compressed) mono-jet  1-3jets  Yes 20.3 i 100-440 GeV 1507.05525
5 ,;_n,g[{py/w));‘,' 2e,p(off-Z) 2jets Yes 203 |§ 780 GeV 1503.03290
= 2-qat) 0 26jets  Yes 203 |& 1.33 TeV 1405.7875
8 3—qq¥i —qgWR] Olep  26jets  Yes 20 |z 1.26 TeV 1507.06525
o 3% goaq(ll/tv/w) 2ep  0Bjets - 20 |z 132 TeV 1501.03555
> GMSB (I NLSP) 12740-1¢ O2jets Yes 203 |2 1407.0603
3 GGM (bino NLSP) 2y - Yes 203 |& 1.29 TeV cr(NLSP)<0.1 mm 1507.05493
E GGM (higgsino-bino NLSP) 7 1b Yes 20.3 z 1.3 TeV m(¥1)<900 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
=  GGM (higgsino-bino NLSP) Y 2jets Yes 203 |Z 1.25 TeV m(¥))<850 GeV, ct(NLSP)<0.1 mm, >0 1507.05493
GGM (higgsino NLSP) 2e,u(2) 2jets Yes 20.3 = 850 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8x 107 eV, m(z)=m(g)=1.5TeV 1502.01518
S5 —bbY, 0 3b Yes 201 |% 1.25 TeV m(¥})<400 GeV 1407.0600
S o _),D‘(E 0 7-10jets  Yes 203 |& 1.1 TeV m(?) <350 GeV 1308.1841
3 E 1| O-1ep 3b Yes 201 z 1.34 TeV m(¥})<400 GeV 1407.0600
% a5 3 sbiX| 0-1e.p 3b Yes 201 |& 1.3 TeV m(¥})<300GeV 1407.0600
9§ biby, bi—bl) 2b Yes 201 by 100-620 GeV m(¥))<90 GeV 1308.2631
8 g bib, bi—th 2e,u(SS)  03b Yes 203 B 275-440 GeV m(F7)=2 m(¥}) 1404.2500
%% fif, fi—bXT 1-2ep 1-2b  Yes 47/203 | #[iH0-167.GeV 230-460 GeV m(EE) = 2m(EY), m(¥?)=55 GeV 1209.2102, 1407.0583
- g i, ﬂ—»w{;‘)?(,) or ¥} 02ey 02jets1-2b Yes 203 |7  90-191 GeV 210-700 GeV m(E))=1 GeV 1506.08616
& 5 Oi,h St 0 mono-jet/c-tag Yes 20.3 i 90-240 GeV m(7)-m(¥})<85 GeV 1407.0608
< © §ifj(natural GMSB) 2e,u(2) 1b Yes 203 A 150-580 GeV m(t})>150 GeV 14085222
OB b, hoh +Z 3epu(2) 1b Yes 203 |# 290-600 GeV m(¥})<200 GeV 1403.5222
frlig, -8 2e,u 0 Yes 203 |7 90-325 GeV 14035294
XIXT,XT =Tv(Ls) 2eqn 0 Yes 203 i} 140-465 GeV (2, 7)=0.5(m(¥} )+m(¥))) 1403.5294
— XX, X o) 27 — Yes 203 |¥ 100-350 GeV ., )=0.5(m(¥} )+m(¥))) 1407.0350
28 )'(")?g—;ZLviL((W)‘ L) 3eu 0 Yes 203 [, P 700 GeV. mE)=m(E3), m(E})=0, m(Z, 7)=0.5(m(¥; )+m(¥}) 1402.7029
ws w Hwiiz)’(“,') 23eu  O2jets  Yes 203 | Fuiy 420 GeV m(¥, sleptons decoupled | 1403.5294, 1402.7029
x;}“;’ﬂx/)?. WY, hobb/WW/tt/yy & HY 0-2b Yes 203 XK o 250 GeV' m(¥5)=m(¥3), m(¥})=0, sleptons decoupled 1501.07110
Koy, Koy =0l 4epn 0 Yes 203 |EES 620 GeV m(E3)=m(¥3), m(¥})=0, m(Z, #)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. leu+y = Yes 20.3 \ 4 124-361 GeV cr<imm 1507.05493
Direct ¥1.¥1 prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |&f 270 GeV m(EE)-m(¥3)~160 MeV, 7(¥§)=0.2 ns 1310.3675
- Direct ¥1 ¥} prod., long-lived ¥7  dE/dx trk - Yes 184 | X 482 GeV m(¥;)-m(E})~160 MeV, 7(¥})<15 ns 1506.05332
Q §| Stable, stopped g R-hadron 0 15jets  Yes 279 |& 832 GeV m(¥1)=100 GeV, 10 us<r()<1000 s 13106584
=G Stable g R-hadron trk & & 19.1 g 1.27 TeV 1411.6795
2T GMSB, stable 7, ¥/ -#@ py+r(e.p) 124 = = 19.1 xx 537 GeV 10<tang<50 1411.6795
S S GMSB, ¥/—yG, long-lived ¥} 2y 7 Yes 208 [f 435 GeV 2<7(7)<3 ns, SPS8 model 1409.5542
38, X >ee ((W/W., displ. ee/eufpp - - 20.3 )"(a 1.0 TeV 7 <cr(¥))< 740 mm, m(z)=1.3TeV 1504.05162
GGM g3, ¥1-2G displ. vtx +jets - = 203 | 1.0 TeV 6 <cr(¥')< 480 mm, m(g)=1.1 TeV/ 1504.05162
LFV pp—¥r + X, Vr—epfet/ut epLeTUT B i 20.3 Ve 1.7TeV  4,=0.11, di32133/23:=0.07 1503.04430
Bilinear RPV CMSSM 2e,u(SS)  03b Yes 20.3 q.2 1.35 TeV m(g)=m(g), crrsp<1 mm 1404.2500
TR, XWX —eew,, euve dep - Yes 203 | ¥ 750 GeV. ME)>0.2xm(¥5), 121 %0 1405.5086
S L oWl W orrv, etr,  Ben+T 7 Yes 203 | X 450 GeV m(E)>0.2xm(F1), d133#0 1405.5086
Q 23,3-4q9q 0 67 jets = 203 |& 917 GeV BR()=BR(b)=BR(c)=0% 1502.05686
i R B 0 6-7jets - 203 |& 870 GeV m(F)=600 GeV 150205686
38,111, 1>bs 2e,u(SS) 036 Yes 203 |& 850 GeV. 1404.250
fi, fi—obs 0 2jets+2b e 20.3 i 100-308 GeV ATLAS-CONF-2015-026
fiii, bt 2e.pn 2b = 20.3 h 0.4-1.0 TeV BR(f) —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, é—ct} 0 2c Yes 203 490 GeV m(E})<200 GeV 1501.01325
L s L e ] L s i
107! 1 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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Searching for Physics Beyond the
Standard Model

A huge number of searches for BSM physics has been performed
by CMS and ATLAS:
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Searching for Physics Beyond the
Standard Model

A huge number of searches for BSM physics has been performed

by CMS and ATLAS:
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Searching for Physics Beyond the

Standard Model

A huge number of searches for BSM physics has been performed

by CMS and ATLAS:
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Searching for Physics Beyond the
Standard Model

A huge number of searches for BSM physics has been performed

by CMS and ATLAS:
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Searching for Physics Beyond the
Standard Model

In addition we have the 750 GeV puzzle:
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Slide taken from S. Kulkarni



Where do we go from here?

Can we systematically build up a Next Standard
Model from this treasure trove of results?

Can we automate (parts of) the task?

Can we solve the Inverse Problem
algorithmically? (After all, we are at a
computing conference)



Where do we go from here?

Can we systematically build up a Next Standard
Model from this treasure trove of results?

Can we automate (parts of) the task?

Can we solve the Inverse Problem
algorithmically?

In this talk, | will not answer these questions.

| will give one answer to a smaller question:



| will give one answer to a smaller question:

Can we systematically apply the null results to a
given model and see If it Is compatible with them?



Can we systematically apply the null results to a given model and
see if it is compatible with them?

One way:

— a Tool for Making Systematic Use of
Simplified Models (Null Results)



Step #1: we built up a database
with the CMS/ATLAS Simplified
Models results

Almost all SUSY searches and many exotica searches have
been interpreted by the experimental collaborations in the
context of simplified models spectra (SMS)
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Step #1: we built up a database
with the CMS/ATLAS Simplified
Models results

Almost all SUSY searches and many exotica searches have
been interpreted by the experimental collaborations in the
context of simplified models spectra (SMS)
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Step #1: we built up a database
with the CMS/ATLAS Simplified
Models results

Almost all SUSY searches and many exotica searches have
been interpreted by the experimental collaborations in the
context of simplified models spectra (SMS)
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Step #1: we built up a database
with the CMS/ATLAS Simplified
Models results

ID short description I.  Ref. Txnames

ATLAS-SUSY-2013-02 0 leptons + 2-6 jets + E7 203 [16] TI,T2

ATLAS-SUSY-2013-04 0 leptons + =7-10 jets + E7 203 [17] Tl

ATLAS-SUSY-2013-05 0 leptons + 2 b-jets + Er 20.1 [18] T2bb

ATLAS-SUSY-2013-11 2 leptons (e, 1) + £1 203 [19] TChiWZ, TSlepSlep

ATLAS-SUSY-2013-12 3 leptons (e, i, T) + Er 20.3 [20] TChiWH, TChiWZ(off)

ATLAS-SUSY-2013-14 2 taus + E7 203 [21] TStauStau

ATLAS-SUSY-2013-15 1 lepton + 4(1 b-)jets + Et 203 [22] T2tt, T2bbWW

ATLAS-SUSY-2013-19 2 leptons + (b)jets + Er 203 [23] T2tt, T2bbWW,

T6bbWW

ATLAS-CONF-2012-105 2 SS leptons + >4 jets + Er 57 [24]  Tluttt

ATLAS-CONF-2013-007 2SS leptons + 0-3 b-jets + Er  20.7 [25] Tluttt

ATLAS-CONF-2013-024 0 lepton + 6 (2 b-)jets + Er 205 [26] T2t

ATLAS-CONF-2013-061 0-1 leptons + >3 b-jets + Ey 20.1 [27] Tlbbbb, T1tttt

ATLAS-CONF-2013-065 2 leptons + (b)jets + Et 203 [28] T2t
ID short description Ref. Tx names
CMS-SUS-12-024 0 leptons + >3(1 b-)jets + £t 19.4 [29] Tlbbbb, T1tttt(off), TStttt
CMS-SUS-12-028 jets + Er, ar 11.7 [30] TI, Tlbbbb, Tltttt, T2, T2bb
CMS-SUS-13-002 >3 leptons (+ets) + Er 19.5 [31] Tl
CMS-SUS-13-006 EW productions with 19.5 [32] TChiWZ(off), TSlepSlep,

decays to leptons, W, Z, TChiChipmSlepL,
and Higgs TChiChipmSlepStau
CMS-SUS-13-007 1 lepton + >2 b-jets + E7 19.3 [33] Tltttt(off)
CMS-SUS-13-011 1 lepton + >4(1 b-)jets + £t 19.5 [34] T2tt, TobbWW
CMS-SUS-13-012 jet multiplicity + Hy 19.5 [35] TI1, Tlutt(off), T2
CMS-SUS-13-013 2 SS leptons + (b-)jets + Er 19.5 [30] Tlutt(off),
CMS-PAS-SUS-13-008 3 leptons + (b)jets + Er 19.5 [37] TO6ttWW, Tttt
CMS-PAS-SUS-13-016 2 OS leptons + >4(2b-)jets + Er 19.7 [38] Tltttt(off)
CMS-PAS-SUS-13-018  1-2 bjets + E7, Mcr 19.4 [39] T2bb
CMS-PAS-SUS-13-019 hadronic Mt2 19.5 [40] TI1, Tlbbbb, TItttt(off),
T2, T2tt, T2bb

CMS_PASKSTITS 14011 ma7zor with heiets 103 141117 Ti1hhbh Tl1ttttiaffy T2t

- Only validated resuts in
database

- Some results we could
not validate

- State of late 2014, want
to release updated version
soon

- Will include SMS results
that come from outside
experimental
collaborations (i.e. re-
Interpretations performed
by phenomenologists)



Step #2: we devised a formal language to
describe SMSes model-independently

® Simplified Model Topology:

=[]0, [1*7] (+ o x BR)
([M1,M2,M3],[m1,ms]])

We explicitly ignore the
nature of the BSM particles —
We assume that e.g. the spin
® FEach topology is described by: can be ignored in a first

: approximation!
» topology shape + final states

= B5M masses
= Weight (o x BR)
Taken from A. Lessa



Step #3: we wrote a program that decomposes a
full model into its Simplified Models Spectrum

.
ﬁf,ﬁ’
AP >
- M
SLHA or K »
. —p| Model ) T i
LHE input / 1 X BR
;, £
\
"«.\l'\ .___.I'
\Z Qe
H'--.
e
-
1 X BR

Decompose



Step #3: we wrote a program that decomposes a
full model into its Simplified Models Spectrum

XBR
.
0
AP >
.-'-"_—".\_\‘:"'-f R""\-\.
SLHA or { racdat § ® /|
LHE input \ f’ 1 X BR
'\-\.___.-'.'."
-'.'\..\..'.. .-.-..
\ \1/;“
‘@;;A& .
~
e
1 X BR “a,

Decompose

- Works with any BSM
model (currently it needs a
Z, symmetry)



Step #3: we wrote a program that decomposes a
full model into its Simplified Models Spectrum

-
F@Eﬂ - >
.-'-"_—".\_\{"'-f R""\-\.
T
SLHA or . )
}| _]-;.g | 1 e
LHE input A% f‘ 1 X BR ™
»
\ \1/;“
‘@aﬁ& .
~
.
1 X BR “,

Decompose

- Works with any BSM
model (currently it needs a
Z2 symmetry)

- Compressed spectra can
be mapped to simpler
topologies

M; M;—e M; —
\P* Pi I\(:’“ \T""*_-} ;‘”" (3




Step #3: we wrote code that decomposes a full
model into its Simplified Models Spectrum

"___'." o
.
AD. 5
.-'-"_—".\_\{"'-f R""\-\.
! .\.‘
SLHA or » [ Model ) ~
LHE input . P, 1 X BR g
.
AN \1/;“
‘@aﬁ& -
e
-
) X BR “a,
Decompose

- Works with any BSM
model (currently it needs a
Z2 symmetry)

- Compressed spectra can
be mapped to simpler
topologies

M; M;—e M; —
\f.:f ”,'-b(nﬁ"] \TJ._:{__} '| pf_ lll:.}_,l'r:{

- Invisible final states can
be grouped as effective
LSPs

P, VH_E / ’ ,ur-Jri/nr »
& L

.ﬂlf,'H .'1f;|2 —3 ﬂJrH_l



Step #4: we describe what parts of a full model an
experimental result “constrains” (and what
conditions need to be met), using our formalism

CMS rreiiminary 2.2 fo! (13 TeV) ]

1800 =
pp =33, g ebbif NLO+NLL exclusion ; a
1600) = Opserved- 1 O i o 0
= 400 25 Expectedtio, .. § Jq,q — bbx
1200 ol 7
g (@)
B —10' ©
1000 e c
(@)
800 il = L
= constraint:
6001 o 3
100 § [[b,b]],[[b,b]]
400— =l _,
- O
200_— = 0\0
- , o)
835001000 1200 1400 1600 1800 10"

m. [GeV]



Step #5: we “match” the decomposed model with
the experimental results and check if the result
excludes the model

Saa,

Experimental
Analyses

Decomposed model

» * -

Sum Weights Compare

with
Upper Limits



Step #5: we “match” the decomposed model with
the experimental results and check if the result

Decomposed model

faug

srsnnssssssansasnnne o)

excludes the model

-) If an experimental results
excludes the sum of several
basic topologies, the cross
sections of the individual results
are added up for the theory

Experimental ..
prediction

Analyses

Sum Weights

Compare el € o S s | [
= .—‘—.‘l ; .—‘—.‘I \ !
Wlth - cr? t f‘
s T o 9
—_— Y G (75 e
Upper Limits A Fhok 7 P
\'\ \'\-.. ’ ‘
‘Il—ﬁ I| \ ‘ ‘
\ \ | | ' 4 j= *»
€\ v uy (B o



Step #5: we “match” the decomposed model with

Decomposed model

the experimental results and check if the result
excludes the model

faug

Experimental
Analyses

I Ultimately, we compare the cross
' section predicted by the theory against
[} R the upper limit on the cross section
o o T reported by the experiment.

! ‘ l Since we always only compare with a
Sum Weights  Compare certain subset of all decay chains,

we always end up with
conservative results.

with
Upper Limits



Recap: how SModelS works

SLHA file i '+ P S
i — e 7}

cross-section : Tl

calculator e 4 kg

k]

A
|

Decompose

Combine Compare
Topologies with
Upper Limits

Experimental
Analyses



Validation

For validating our database, we define:
Full model := simplified model

And check If we can reproduce the official exclusion curves:

§d.4— 0% | == SModelS i 1E
SUS5-13-008, & TaV, MLL = SUS-13-011, 8 Ta¥, MLL
| e Oificial Exclusion

== EhlodelS

10

m— (Jfficial Exclusion

= =
- B =
-
S 7 ® 10* S
2 E C E
= = o
¥ = W =
E & E . E
o] w S
: - ' 10
B0 650 700 750 800 850 900 950 1000 1050 1100 00 300 400 500 GO0 700 RO
m; {GeV) m- (GeV)
L WZiy = = SModelS | =g — = SModelS
ATLAS-COMNF-2013-035, B TeV, LO"1.2 o . | ATLAS-COMF-2013-049, 8 TeV, LO*1.2 '
el LR Ly — Official Exclusion Iy
= 2w ml 0 =2
= < s 200F =
o] v B D C ' £
T i i - =
L g 3 . w3
B B E oo S
L w
50
I 10

{I][i{l 1500 20 250 300 350 Bl

M. (GeV)

200 250 300 150
m; (GeV)




Applications

SModelS has been used to:

-) quickly identify regions of model parameter space that have been
excluded by analyses

-) identify topologies and regions of parameter space that CMS and ATLAS
are blind to.

450 : : . not excluded
. [L1e]. L pet]].[[t]. Liet.jex]]] (830) —)
> W (b5 - Wi B+ {h — 188 = 258D . ¥ . i
400 TSSO TS 111, e, e [[1], Vet Je]]
bl it 1 ol (50
3501 § o
10— BN W e X
it jet] ] [[b]. D=t e : i *
= o USRI t Wiad/ Zhad
= 250/ o) el 0 e (420 é "
'A.D =+ DLy — WXy !
i X1
T2 200 (et [ it geel] {8013
£ e 1N .
(F = /i — Wi, T3 + (7 = el = Zoai))
150 :
[[Ihll-[[b]hl,iﬁt-i?tlll (394): %
100 - : & ::ﬁ -+ 23450 /X2 :E?
(11 et ) (342): %
i ¥ oz o
D 1"‘F"'F.Ftrt rbHIZJ'md

0 200 460 600 BE]G? VIIUDD 12|[]'U 1400 IEIDU
SModelS applied to a low-fine tuning SUSY model scan, identifying the most important

topologies (master's thesis, Veronika Magerl, TU Wien, 2015)



Applications

SModelS has been used to:

-) quickly identify regions of model parameter space that have been
excluded by analyses

-) identify topologies and regions of parameter space that CMS and ATLAS
are blind to.

Missing topologies

: s®2s Other topolgies
by (e®e [[[jetjet]],[[l,null]

eoe [[[bLIWILItLIZII]

gl | #®= [[[t]].[[b].[jetjet]]]

eos [[[jetjet]].[[jet.jet] [jet.jet]]]
[[[bLIWILItI]

e®e [[[DLIWI]L[[t].[higgs]]]
[[[bl.ljet]].([b].[jetl]]

Displaced vertex

i!".—l B E 1
200 30 400 500 600 700
m;l [GEV]

Missing topologies identified with SModelS in an NMSSM scan (presented at PASCOS 2014)



Availability

SModelS is written entirely in python and is available
here:

http://smodels.hephy.at

It uses pythia and nllfast for the computation of the cross sections.


http://smodels.hephy.at/

Future

We intend to extend the functionality of SmodelS In
several ways:

Extend to non-Z, / non-MET topologies

Extend to long-lived particles (HCSP scenarios)

Make use of signal efficiency maps created by people
Inside and outside the experimental collaborations

Make use of likelihoods

Make use of positive results



Summary

SModelS can be used to quickly:

|ldentify the most constraining topologies and analyses for a given model
|dentify the topologies missed by CMS and ATLAS

Limitations:
It is tied to the simplified models results, it is overly conservative
No simplified models results available for long decay chains

It is only as good as its database of results



Thanks!
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