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1. BSM global fits
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How can we extract the most physics from our data?
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Easy! Construct a physics model, test it against data,
repeat as needed...

- But what is a model?

- And how to test it against data?
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But what is a model?
A joint probability distribution for the data

flx)=ax+b+e, €~ N(0,0)

p(ylvy%"' |Q71,£C2,...,&,b,0') — N(f(ﬂ?l;&,b),()') N(f(fl?z;a,b),()')
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How to compare your model against data?
The likelihood is key

p(Dobs 9) — L(H)

Bayesian frequentist

p(e‘Dobs) — p(DObS|0) p(H) p(Dobs‘H)
p(Dobs) . . .
+ assumpthns/smulatlons
7.(O) (O of hypothetical data
p(e‘Dobs) — ( )Z ( )
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Global fits

Many observables

One theory
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The basic steps of a BSM global fit

- Choose your BSM theory and parameterisation

+ Construct the joint likelihood function including observables from
collider physics, dark matter, flavor physics, +++

L = Lcollider»CDM»CﬂavorﬁEWPO RN

- Use sophisticated scanning techniques to explore the likelihood
function across the parameter space of the theory

- From likelihood samples, carry out frequentist or Bayesian inference
(parameter estimation, model comparison, ...)
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Explore the model parameter space (61, 62, 63, ...)

At every point 0: compute all predictions(0) — evaluate likelihood L(0)

Region of highest L(D):
the model’s highest predicted joint probability for the observed data
(but not necessarily a good fit to the data, or the most probable 0...)
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2. What we can learn

Anders Kvellestad

12



Example: LHC global fits

Anders Kvellestad 13



Anders Kvellestad

Understanding the full implications of [experimental] searches
requires the interpretation of the experimental results in the context
of many more theoretical models than are currently explored at the
time of publication.

HEP Software Foundation [arxiv:1712.06982]

See also:

+ Publishing statistical models: Getting the most out of particle physics experiments
[arxiv:2109.04981]

* Reinterpretation of LHC Results for New Physics: Status and Recommendations after Run 2
[arxiv:2003.07868]

 Simple and statistically sound strategies for analysing physical theories
[arxiv:2012.09874]
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The many interpretations of «reinterpretation»

- Analysis preservation and reuse internally in an experiment
- High accuracy (full access to analysis details, full detector simulation, ...)
- High computational cost per model point

- Simulation-based reinterpretation by outside groups
- Medium accuracy
- Medium-to-high computational cost per model point

- Simulation-less reinterpretation by outside groups
- Medium accuracy
- Often reduced exclusion sensitivity for a given model point
- Low computational cost per model point

- Wildly optimistic / very incomplete reinterpretations

- E.g. just checking model points from some many-parameter theory
against a couple of 2D exclusion contours
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All the hard-won event counts with background estimates from the LHC
experiments hold a lot of information about BSM theory space.
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Impossible to
reinterpret

Possible to
reinterpret
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What we have learned at
time of publication

M,
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Learning more #1:
We can probe much more of BSM theory space
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Learning more #1:

We can probe much more of BSM theory space
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Learning more #2:
We can identify best-fit scenarios
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Learning more #3:
We can learn how to plug «holes» In theory space

Studied benchmark points that survived 36 fb-
searches. Example:
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Replace «simplified model cut» Njets = 0
with a «less simplified» cut Hr < X ?
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Learning more #3:
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In short:

Results like these are very interesting and useful...
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...but this is the real gold! :

TPV —SWZHE! winoibino (+) m(s. 6] = (125, 85) Gev
a b ¢ d [ rt n gl 22 a through g2
Common cuts
Lxo 1394866 1304866
L% xBF 45634 45634
£ x o x BE il eff. 16811 16811
3 isolated leplon selection 2.66e403 2.66e+03
b-veto 2.55¢403 2.55e+03
Trigger selection 1.81es03 1.8les03
e mlt [GeV) [< 7S 1.79¢+03 1.79e+03
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m |GeV) : € 12,40]] 170403 |e [40.75]) 146 171e+03
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Z+jets 25+ 2.9 O.QOiO_OO 0.00+¢ 50 20+1.6 O.OQJ_rO_OO 0.00+4 49 0.00+5 40 T s o = o oo s o . o
Higgs 5706  0.69+0.07 020+0.03 3.12+0.31 0.26+0.05 1 (<50 018 | 160l s | [<on) 0560 | 1> o | r<6 o | 1=o0 0 97
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Serv 11 184 2 2 Insplre. ID: 1803608 [< 500 429 L=< 60] 65.7 L< 60] 141 [> 90 0 L= 60] 0 > 90] 0 124
Qb erved 3 8 8 > 8 ita't:s. VALIDATED (< 10] 365 [< 1.0] 599 [<12] L3 | (<12 0 [<12] 0 [<1.2) 0 11
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Observed 51 5 37 7 4 * pp ->Z [-> ee and mumu] + jets production at 13 TeV [£[20.30]) 661 l€ [30,40]) 746 l€ [40.60]] 145 [£[60.75]]  0.148 1.79¢+03
Fitted SM 46 + 7 98+1.6 43 + 7 126 +1.7 1.8+404 Differential cross-section measurements are presented for the electroweak production of two jets in association t (I.-‘“l (:(q]: : ;-Tu ::f : ,f.T:I l:i : (I.D' %HS l;f“m
with a ZZ boson. These measurements are sensitive to the vector-boson fusion production gaachanic and - — _ __ _ — — —
Wz 189+£22 39+£0.8 35+6 9.8+1.6 1.44 £0.32 O provide a fundamental test of the gauge structure of the Standard Model. The analysis is pe
s 0.01 proton-proton collision data collected by ATLAS at /s = 13 TeV and with an integrated lum
tt 18+ 6 32+1.3 1.00+0.34 033+£0.17  0.00+4
0.12 0.12 0.12 0.12 012 The differential cross-sections are measured in the Z — £7£~ decay channel (£ = e, u) as|

observables: the dijet invariant mass, the rapidity interval spanned by the two jets, the signe:

. — between the two jets, and the transverse momentum of the dilepton pair. The data are corre(
A 4 GitLab = Menu detector inefficiency and resolution and are sufficiently precise to distinguish between differe]
theoretical predictions calculated using Powheg+Pythia8, Herwig7+Vbfnlo and Sherpa 2.2.

. ) sections are used to search for anomalous weak-boson self-interactions using a dimension-:
S Simple Analysis theory. The measurement of the signed azimuthal angle between the two jets is found to be
" y y y : ; to the interference between the Standard Model and dimension-six scattering amplitudes an
X . . C~ ANA-SUSY-2017-03_3LRJ.cxx Include all public codes in rg test of charge-conjugation and parity invariance in the weak-boson self-interactions. Note th
@ Project information point is for the inclusive Z+2jet selections. For the EW-only measurement use the option TY!
Co+ ANA-SUSY-2018-04.cxx Include all public codes in rd both cases, electron and muon channels are to be summed.
B Repository Source code: ATLAS_2020_I1803608. cc . . . . .
— C-+ ANA-SUSY-2018-06.cxx Include all public codes in rg Repository for publication-related High-Energy Physics data
1// =k= Ct++ =%=
c ) 2 #include "Rivet/Analysis.hh"
ommits .. _ _ _ : : 3 #include “"Rivet/Projections/FinalState.hh"
G+ ANA-SUSY-2018-09.cxx Include all DUb“c codes in re 4 #include "Rivet/Projections/PromptFinalState.hh"
Branches 5 #include "Rivet/Projections/DressedLeptons.hh"
. . 6 #include "Ri Projecti FastJets.hh"
C++ ANA-SUSY-2018-12.cxx Include all public codes in rd S fvat/Projectons/Festiats
Tags 8 namespace Rivet {
9
N C+ ANA-SUSY-2018-16.cxx Include all public codes in rg 10
Contributors 11 /// VBFZ in pp at 13 TeV
12 class ATLAS_2020_I1803608 : public Analysis {
Graph C+ ANA-SUSY-2018-16_VBF.cxx Include all public codes in rd 13 public:
14
c 15 /// Constructor
ompare C+ ANA-SUSY-2018-22_BDT.cxx Include all public codesinrd | 16  RIVETDEFAULTANALYSIS_CTOR(ATLAS_2020_I1803608);
Locked Files as
. . . 19 / 1 d
G+ ANA-SUSY-2018-22_Discovery... Include all public codes in rg 20 :x g?amp S
O Issues 0 21
.. R ) 22 /// Book histograms and initialise projections before the run
I Mee e aiests 0 C+ ANA-SUSY-2018-22_MultiBin.c... Include all public codes in rd 23 void init() { Advanced
g q 24 FinalState fs(Cuts::abseta < 5.0);
25
g CI/CD C+ ANA-SUSY-2018-23.cxx Include all public codes in rqg 26 PromptFinalState photons(Cuts::abspid == PID::PHOTON); ) . ) )
27 PromptFinalState electrons(Cuts::abspid == PID::ELECTRON); onPP--> LQ ]_Q X, title has "photon collisions". ation is LHCf or
@ Deployments 28 PromptFinalState muons(Cuts::abspid == PID::MUON); - - -
ploy C+ ANA-SUSY-2018-31.cxx Include all public codes in rd 29
30 Cut cuts_el = (Cuts::pT > 25xGeV) && ( Cuts::abseta < 1.37 || (Cuts::ab
@ Monitor 31 Cut cuts_mu = (Cuts::pT > 25%GeV) && (Cuts::abseta < 2.4);
. . 32
N C+ ANA-SUSY-2018-32.0xx Include all pUb|IC codes in rg 33 DressedLeptons dressed_electrons(photons, electrons, 0.1, cuts_el);
o Packages & Registries 34 declare(dressed_electrons, "DressedElectrons");
X . 35
LI' Analytics C+ ANA-SUSY-2019-08.cxx Include all publlc codes in r 36 DressedLeptons dressed_muons(photons, muons, ©.1, cuts_mu);
37 declare(dressed_muons, "DressedMuons");
&« Collapse sidebar
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As a community we can learn far more physics from an
experimental result that is reinterpretable compared to
one that is not.
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3. Why it’s difficult
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Is enough information public?

SRR WL winoibino (+)

& Gitlab =

S Simple Analysis

@ Project information
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Files
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Branches
Tags
Contributors
Graph
Compare
Locked Files
D Issues [
1Y Merge requests (]

4 Cl/CD

Deployments

@

G2 Monitor
® Packages & Registries
L

Analytics

A

Collapse sidebar

C++ ANA-SUSY-2017-03_3LRJ.cxx
C ANA-SUSY-2018-04.cxx

G+ ANA-SUSY-2018-06.cxx

C+ ANA-SUSY-2018-09.cxx

C++ ANA-SUSY-2018-12.cxx

C+ ANA-SUSY-2018-16.cxx

C++ ANA-SUSY-2018-16_VBF.cxx

C++ ANA-SUSY-2018-22_BDT.cxx

C+ ANA-SUSY-2018-22_Discovery...
C++ ANA-SUSY-2018-22_MultiBin.c...
G+ ANA-SUSY-2018-23.cxx

C++ ANA-SUSY-2018-31.cxx

C++ ANA-SUSY-2018-32.cxx

C++ ANA-SUSY-2019-08.cxx

Include all public codes in rg

Include all public codes in rq

Include all public codes in rq

Include all public codes in rg

Include all public codes in r¢

Include all public codes in rg

Include all public codes in rg

Include all public codes in r¢

Include all public codes in r¢

Include all public codes in rg

Include all public codes in rg

Include all public codes in rg

Include all public codes in rg

Include all public codes in rg

observables: the dijet invariant mass, the rapidity interval spanned by the two jets, the signe|
between the two jets, and the transverse momentum of the dilepton pair. The data are corre
detector inefficiency and resolution and are sufficiently precise to distinguish between differd
theoretical predictions calculated using Powheg+Pythia8, Herwig7+Vbfnio and Sherpa 2.2.
sections are used to search for anomalous weak-b I usi

theory. The measurement of the signed azimuthal angle between the two jets is found to be
to the interference between the Standard Model and dimension-six scattering amplitudes an|
test of charge-conjugation and parity invariance in the weak-boson seff-interactions. Note th
point is for the inclusive Z+2jet selections. For the EW-only measurement use the option TY|
both cases, electron and muon channels are to be summed.

Source code: ATLAS_2020_11803608. cc

1// =% C++ 4=
2 #include "Rivet/Analysis.hh"

3 #include "Rivet/Projections/FinalState.hh"
4 #include
5 #include "
6 #include
7

8 nanespace Rivet {

1

11 /// VBFZ in pp at 13 Tev

12 class ATLAS_2020_T1803608 : public Analysis {
13 public:

1

Repository for publication-related High-Energy Physics data

e.g. reaction P P ->LQLQX, title ha

Search on 9506 publications and 100479 data tables.

Q Search for a paper, author, experiment, reaction

L
S

photon collisions", collaboration is LHCf or DO.

Search Advanced

. . i @ i 2 T
| Common cuts £ e
Lxa ousis o406
i o s
LB . e
> sl e seion 266003 26000
Toggerseton s e
et (68%) 1150
|Common cuts SRS
" € [12.40])  L70es03 1= [40.75° 146 171e+03
lepton pi™ [GeV 1> 10] 1 4e+03 1> 15] 774 1450+
. h h Wh h Wi ton cleaning (conversions) Do) 2 1264
Regions  SReros-1 SRifos-3  SRizes SRSos-5 SRgros~7 e o P o
Observed 152 8 47 6 19 sl 40 | sns20n e le[0W) 406 le020) 452 |60 592 clo0rsl o0 g
_ = [<115] 194 1< 120) 747 1= 130] 314 452 2 ] 926
Fited SM__ 136 + 13 33+09  50+5 33+0.7 160+ 2.1 io w4 | e me | e = 0 e
WZ 10712 38208 324 27+06 123+1.6 10817 o SREZE 05
- o = 0) 122 = 0] 195 = 0] 186 = 0] 21 = 0) 18 = 0) 0 s
i 103225 16206 013£002 7719 0742034 35%10 25207 e SR o Ao S [T e e
Z+jets 2529 000202 000502 20+1.6  0.00+50s  0.00£0%  0.00+0% B i Lol B N B [ - i
Higgs 57£06 0.69+0.07 020£0.03 3.12£031 026+0.05 | s o | ke | e ako| b o o |bw o o
Triboson  1.9£0.5 0222007 007002 14+04 028+009 (| Rivetanalyses reference S R ] T R R -
Others 86+1.9 084011 008005 40+05 0234024 2 arias 2020 11803608
o o 161 i 264 o o 04
Regions SRifs-8  SRip-9  SRiL-10  SRE-11  SRE-12 Electroweak 2 a3 Ty, L [ e b
— Inspire ID: 1803608 0 657 6 L 24
Observed 113 184 28 5 82 Status: VALIDATED R [ ol et o |t o | i . o
FitedSM 108+ 13 180+ 17 3l+4 6609 9011 1| Authors: . . .
wz 54+6 127+ 13 53+08 47+ 6 « Stephen Weber
i 206 33410 07405  28+8  Dag Gillerg eman | e s Clnen S o e
Z+jets 19410  23+19  1.0+13 0104021 21+3.1 References: o | e e @ -
=0] 239 =01 M 1=01 .8 = 0] 0148 19
Higgs 191£0.19 3.63+0.35 0.67+006 0.15+002 2.98+0.25 o 2008 15458 S ms | b e Lo o
Triboson 079024 14+04 041£0.13 0.12£005 1.6+05 « Eur. Phys. . C 81 (2021) 163 PR e b s | e ows s 0 v
Others 1L1£22  122£22  18+04 022005 9.0+1.1 Beams: pe e o | e | e . . .
Beam engmles: (6500.0, 6500.0) GeV
Regions SRM-15  SRM-16  SRIM-17  SR™-18  SRiR-19 Run details: ei03 179003
Observed 51 35 37 7 4 « pp > Z > ee and mumu] + jets production at 13 TeV [ 0) el [ 0,200 76 el s conrs)  ous 1796203
Fitted SM_ 46 + 7 98+ 1.6 43+7 126+1.7 18404 Diferena e re presented for the production of two jets in association P s AT . Lo
74 18922 39:08  35:6 9816 1442032 (| poviestomtaments ot o o socae srcire of ins Siandare Vool The natyass o oo
1 18+ 6 32413 1.00+0.34 033+0.17 0. 001“'"' proton-proton collision data collected by ATLAS at VG = 13 TeV and with an integrated lui
S o Y s 1] The differential cross-sections are measured in the Z — £~£~ decay channel (£ = e, ) a

15 /// Constructor

16 RIVET_DEFAULT_ANALYSIS_CTOR(ATLAS_2020_11803608);

17

18

19 /// @name Analysis methods

2 /el

2n

22 71/ Book histograns and initialise projections before the run
23 void init() {

2 Finalstate fs(Cuts::abseta < 5.0);

25

26 PromptFinalstate photons(Cuts: :abspid = ):

27 PromptFinalState electrons(Cuts: :abspid == PID: :ELECTRON) ;
28 PromptFinalstate muons(Cuts::abspid == PID: :MUON);

29

30 Cut cuts_el = (Cuts::pT > 25+Gev) 6& ( Cuts::abseta < 137 || (Cut
B Cut cuts_mu = (Cuts::pT > 25¢GeV) && (Cuts::abseta < 2.4);
32

33 DressedLeptons dressed_electrons(photons, electrons, 0.1, cuts_el);
34 declare(dressed_electrons, "DressedElectrons");

35

36 DressedLeptons dressed_muons(photons, muons, 0.1, cuts_nu);
37 declare(dressed_nuons, "Dressediuons”);
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Digitise a graph in Figure 73 c
in Appendix B of some PhD
thesis from 10 years ago...



Is enough information public?

& Gitlab =

S

detector inefficiency and resolution and are sufficiently precise to distinguish between differd
theoretical predictions calculated using Powheg+Pythia8, Herwig7+Vbfnio and Sherpa 2.2
i i sections are used to search for anomalous weak-b I
Simple Analysis theory. The measurement of the signed azimuthal angle between the two jets is found to be
o AU ST i | to the interference between the Standard Model and dimension-six scattering amplitudes anj
G+ ANA-SUSY-2017-03_3LRJ.cxx Include all public codes in g {5 o charge-conjugation and parity invariance in the weak-boson self-intoractions. Noto th

n
Project information point is for the inclusive Z+2jet selections. For the EW-only measurement use the option TY]
) G ANA-SUSY-2018-04.cxx Include all public codes in rd 2ot cases. electron and muon channeis are to be summed.
REDOSI‘OT)’ Source code: ATLAS_2020_I1803608. cc . . . . . . - .
Files G ANA-SUSY-2018-06.cx¢ Include al public codes in Repository for publication-related High-Energy Physics data

AP —WZIEE) winoibino (+)
. v . 7 . i i A a Siironigd
Lxe 1394866 1394866
i ot Csen
Lxo xBFxfilt. eff, 16811 16811
s frivios
mmon cuts KT
efizan 1eves [y s 1 exs
b s [ i
Regions  SRGs-l  SReus~2  SRGos~3  SRijos-d SRS SRios6  SRGes7 Wi o e B s
Observed 152 14 8 47 6 15 19 len2asl a0 | jens2o) 1y [= (0] 406 le020)] 452 |60 592 cnIsl o 1 03est3
[<115] 194 1< 120) 747 1< 130) 374 452 592 0 926
FitedSM 13613 13517 4309 505 43+07 20221 16021 Cus o4 | e me | e = e
WZ 10712 102%17 38%08 324 37+06 12316 108=17
i 103£25  1.6+06 013+0.12 7719 0744034 35+10 25+07 o wa |t se | s R 2@ v o
Z+jets 2529 000202 000502 20+1.6  0.00+50s  0.00£0%  0.00+0% s L e L o - i
Higgs 57£06 0.69+0.07 020£0.03 3.12£031 026+0.05 | <50 | <o T I »
Triboson  1.9+0.5 0.22+0.07 0.07+002 14x04 028+009 (| Rivetanalyses reference o T T R -
Others 86+1.9 084011 008005 40+05 0234024 2 arias 2020 11803608
- - (>0 1o 1>0] 101 1> 0 264 0 0
. Wh Wh Wh W Wh 1l 0] 2 200, 150 < 200 2. 0
Regions SR -8 SR -9  SR™ -10 SR™ 11 SR -12 rl«:vorsakagggémg) P e e )
" 1 1803601 ) 2. 6 65.7 0] 1 90) ] 90]
Observed 113 184 28 5 82 Status: VALIDATED o bt R I ol et o |t o | o
FitedSM 10813 18017 3lx4 6609 9011 1| Authors: . . .
WZ S4x6 12713 193%23 53:08 476 « Stephen Weber
g o s 17estd
i 206 33410 82+23  07+05  28+8  Dag Gilberg o e s e S o e - - - x x
Zijets 1910 23+19  10£13 010£021 21431 References: v | o sw ST 10tess
=0] 239 = 0] M 1=01 .8 = 0] 0148 19
Higgs 191£0.19 363035 067006 0.15+002 2.98+0.25 i 200515458 om s |pwm  ow [ .
Triboson  0.79£024 14:04 041+0.13 0.12£005 1.6%0.5 « Eur Phys. J. C 81 (2021) 163 O o e
Others 1122 122422 18404 0224005 90+1.1 Beams: pe pe e . . .
Beam energies: (6500.0, 6500.0) GeV/
Regions SRM-15  SRM-16  SRIM-17  SR™-18  SRiR-19 Run details: 4531 e e
Observed 51 5 37 7 4 * pp ->Z [-> ee and mumu] + jets production at 13 TeV (& [20.30]) 66 le[30.40]] 746 I [4060]] 145 & [60, ‘\HK 0148 1.79¢+03
Fitted SM 46 + 7 98+ 1.6 43+7 126+1.7 18404 Difirential 1 presented for the production of two jets in association = TS . Lo u u
Wz 18922 39£08 3546 08 1.6 1445032 (| provde s ondaments omtof o aacae shucire o e Sindard adal The andas o po LSS
i 1846 32413 1.00+034 033+0.17 0 001"'"' proton-proton collision data collected by ATLAS at /s = 13 TeV and with an integrated Iu
. on o o Y s 1] The differential cross-sections are measured in the Z —» £-£~ decay channel (£ = e, ) a
. ) observables: the dijet invariant mass, the rapidity interval spanned by the two jets, the signe|
between the two jets, and the transverse momentum of the dilepton pair. The data are corre

[l =)

1// =% C++ 4=
2 #include "Rivet/Analysis.hh”

Commits C-+ ANA-SUSY-2018-09.cxx Include all public codes in rd 3 #include * ions/FinalState.hh"
4 #include ions/PronptFinaistate.
B 5 include * Lons/DressedLeptons.
C++ ANA-SUSY-2018-12.cxx Include all public codes in rd § pinclude 1n e
Tags & nanespace Rivet {
o
C++ ANA-SUSY-2018-16.cxx Include all public codes in rg o

X 1
Contributors 11 /// VBFZ in pp at 13 Te

o
12 class ATLAS_2020_T1803608 : public Analysis {

Graph C+ ANA-SUSY-2018-16_VBF.cxx Include all public codes inrd | 13 public:
14
15 1/ Constructor

Compare » . . n i 16 RIVET_DEFAULT_ANALYSIS_CTOR(ATLAS_2020_I1803608); H '
C ANA-SUSY-2018-22_BDT.cxx Include all public codes inrd | ¢ Search on 950 publlcatlons and 100479 data tables.
Locked Files :: /1 @name Analysis methods
C ANA-SUSY-2018-22_Discovery... Include all public codesintd | 34 7, ar Y

O Issues 0 21 Q
22 /// Book histograns and initialise projections before the run Searc ha ment, reaction

M - ANA-SUSY-2018-22_MultiBin.c... Include all public codes in r¢ 23 vold dntt0) ¢ earch for a paper, author, experiment, reactior Search Advanced

S[geliequesls C 2 Finalstate fs(Cuts::abseta < 5.0);

25

4 Cl/CD G+ ANA-SUSY-2018-23.cxx Include all public codes in r 2 PronptFinalstate photons(Cut 5p1d = PID: :PHOTON) ; . . G o o Y]
27 PromptFinalstate electrons(Cuts: :abspid == PID: :ELECTRON); e.g. reaction PP --> LQ LQ X, title has "photon collisions", collaboration is LHCf or DO.

) Depluymems 28 PronptFinalState muons(Cuts::abspid == PID::MUON);

© C+ ANA-SUSY-2018-31.0xx Include all public codesinrd | 20
30 Cut cuts_el = (Cuts::pT > 254GeV) 66 ( Cuts: :abseta < 1.37 || (Cuts::ab)

it 31 Cut cuts_mu = (Cuts::pT > 25+GeV) && (Cuts::abseta < 2.4);
& Monitor s
- ©+ ANA-SUSY-2018-32.cxx Include all public codesinrq | 35 DressedLeptons dressed_electrons (photons, electrons, 0.1, cuts_el);

® Packages & Registries 34 declare(dressed_electrons, "DressedElectrons”);
35

! G+ ANA-SUSY-2019-08.cxx Include all public codes in rg 36 DressedLeptons dressed_nuons (photons, muons, 8.1, cuts_mu);

L+ Analytics 37 declare(dressed_nuons, "Dressediuons”) ;

« Collapse sidebar

And can the information be used?

Les Houches guide to reusable ML models in LHC analyses

Jack Y. Araz!, Andy Buckleyz, Gregor Kasieczka®, Jan Kieseler*, Sabine Kraml®, Anders Kvellestad®,
Andre Lessa’, Tomasz Procter®, Are Raklev®, Humberto Reyes-Gonzalez®'0, Krzysztof Rolbiecki'!,
Sezen Sekmen'?, Gokhan Unel3

[2312.14575]

Anders Kvellestad 29



Will the scan take forever?

- First, BSM parameter spaces are high-dimensional

...and theorists have limited CPU resources

-+ Second, in global fits we seek statistically rigorous

conclusions about regions of BSM parameter spaces

Need properly converged explorations of the
likelihood function / posterior distribution

Must use adaptive sampling algorithms, that
focus on higher-likelihood regions

So the problem is not trivially parallelisable
(we can’t just sample first, simulate later)

Anders Kvellestad
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Computational challenges:

- Need smart exploration of parameter space
- Need fast theory calculations
- Need fast simulations of experiments (e.g. LHC)
- Need sufficiently detailed likelihoods or
full statistical models

Some code infrastructure challenges:

Search for electroweak production of charginos and
neutralinos in multilepton final states in proton-proton
collisions at /s = 13 TeV

s, |

% - Need different parameter scanning algorithms

The CMS collaboration

ABSTR

- Need model-agnostic core framework

- Need to interface many external physics codes

- Need massive parallelisation...

(preselection && nSignallLeptons==2 && nSignalTaus==0 && met>60 && conversion_veto)

(signallLeptons.at(@)->pid()*signallLeptons.at(1)->pid()>0) {
((signalLeptons.at(@)->abspid()==11 & signallLeptons.at(d)—>pT()>25) || (signal

Bpewss - ...which implies a need for diskless interfacing

(num_ISRjets==0) {

e - ...which implies a need to stop external codes from

(mT < 100 && pT_11 < & met >= && met < ) && mm) _numSR["SS@3"]++;

(mT < & pT_11 < & met >= && met < ) _numSR["SS04" ]++; ] ]
Gim e am calling STOP and kill your 10,000-CPU scan... :
(mT < & pT_11 > 50 && met < 100) _numSR["SS06"]++; , P ] n
(mT < && pT_11 > & met >= && met < && pp) _numSR["SS@O7"]++;

(mT < & pT_11 > & met >= && met < && mm) _numSR["SS@8"]++;

(mT < 1 & pT_11 > && met >= ) & met < )) _numSR["SS09" ] ++;

(mT < && pT_11 > && met > 200) _numSR["SS10"]++;
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4. GAMBIT
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GAMBIT: The Global And Modular BSM Inference Tool

gambit.hepforge.org github.com/GambitBSM EPIC 77 (2017) 784 arXiv:1705.07908

* Extensive model database, beyond SUSY §

* Fast definition of new datasets, theories

e Extensive observable/data libraries

* Plug&play scanning/physics/likelihood
packages _—

e Various statistical options
(frequentist /Bayesian)

* Fast LHC likelihood calculator

* Massively parallel

* Fully open-source

Members of: ATLAS, Belle-Il, CLiC, CMS, :
CTA, Fermi-LAT, DARWIN, IceCube, LHCb, SHiP, XENON

Authors of: BubbleProfiler, Capt'n General, Contur,
DarkAges, DarkSUSY, DDCalc, DirectDM, Diver,
EasyScanHEP, ExoCLASS, FlexibleSUSY, gamLike, GM2Calc,

HEPLike, IsaTools, MARTY, nulLike, PhaseTracer, PolyChord,

Rivet, SOFTSUSY, Superlso, SUSY-AI, xsec, Vevacious,
WIMPSIim

:’
1

Recent collaborators: V Ananyev, P Athron, N Avis-Kozar, C
Balazs, A Beniwal, S Bloor, LL Braseth, T Bringmann, A Buckley, J
Butterworth, J-E Camargo-Molina, C Chang, M Chrzaszcz, J
Conrad, J Cornell, M Danninger, J Edsjo, T Emken, A Fowlie, T
Gonzalo, W Handley, J Harz, S Hoof, F Kahlhoefer, A Kvellestad,
M Lecroq, P Jackson, D Jacob, C Lin, FN Mahmoudi, G Martinez,
H Pacey, MT Prim, T Procter, F Rajec, A Rakley, JJ Renk, R Ruiz, A
Scaffidi, P Scott, N Serra, P Stocker, W. Su, J Van den Abeele, A
Vincent, C Weniger, A Woodcock, M White, Y Zhang ++

80+ participants in many experiments and numerous major theory codes

33




Anders Kvellestad

GAMBIT: The Global And I\/Iodug‘" Elﬁl\/l Inference Tool

gambit.hepforge.org github.com/GambitBSM E il - B 705 ()7908

* Extensive model database, beyond SUSY

* Fast definition of new datasets, theories i W st

e Extensive observable/data libraries - J -+ a8

* Plug&play scanning/physics/likelihood W B B
packages

e Various statistical options
(frequentist /Bayesian)

e Fast LHC likelihood calculator

* Massively parallel

* Fully open-source

......

.....

Recent collaborators: V Ananyev, P Athron, N : vus.\ozar, C
Members of: ATLAS, Belle-Il, CLiC, CMS, Balazs, A Beniwal, S Bloor, LL Braseth, T Bringmann, A Buckley, J
CTA, Fermi-LAT, DARWIN, IceCube, LHCb, SHiP, XENON Butterworth, J-E Camargo-Molina, C Chang, M Chrzaszcz, J

Authors of: BubbleProfiler, Capt'n General, Contur, Conrad, J Cornell, M Danninger, J Edsj6, T Emken, A Fowlie, T
DarkAges, DarkSUSY, DDCalc, DirectDM, Diver Gonzalo, W Handley, J Harz, S Hoof, F Kahlhoefer, A Kvellestad,

EasyScanHEP, ExoCLASS, FlexibleSUSY, gamLike, GM2Calc, M Lecroq, P Jackson, D Jacob, C Lin, FN Mahmoudi, G Martinez,

: : H Pacey, MT Prim, T Procter, F Rajec, A Rakley, JJ Renk, R Ruiz, A
HEPLike, IsaTools, MARTY, nuLike, PhaseTracer, PolyChord, Scaffidi, P Scott, N Serra, P Stocker, W. Su, J Van den Abeele, A

Rivet, SOFTSUSY, Superlso, SUSY-AI, xsec, Vevacious, Vincent, C Weniger, A Woodcock, M White, Y Zhang ++
WIMPSim ’ ’ ’ ’

80+ participants in many experiments and numerous major theory codes
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Physics modules

SpecBit DecayBit PrecisionBit
ColliderBit DarkBit FlavBit

NeutrinoBit CosmoBit

Backends

CaptnGeneral, DarkSUSY, DDCalc, FeynHiggs,
FlexibleSUSY, gamLike, gm2calc, HEPLIike,
HiggsBounds, HiggsSignals, MicrOmegas, nulike,
Pythia, SPheno, SUSYHD, SUSYHIT, Superlso,
Vevacious, MontePython, CLASS, AlterBBN, ...

ScannerBit

Scanners

Diver, PolyChord, MultiNest,
TWalk, Minuit, jswarm, emcee,
ultranest, scipy.optimize, ...




Technical features

Collection of state-of-the-art sampling algorithms as
plug-ins (e.g. evolutionary algorithms, nested sampling, ...)

Model-agnostic core framework

Run configuration through YAML input file
Many highly detailed experiment likelihoods

- Fast parallel Monte Carlo simulations of

experiments (e.g. LHC)

- Dynamic dependency resolution: order of
computations not hard-coded, decided at run time

Anders Kvellestad
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Technical features

- Two-level parallelisation:
- MPI for parameter sampling algorithm
- OpenMP for per-point model computations

- Diskless interface to external (physics) codes. C, C++, Fortran,
Python and Mathematica codes as runtime plug-ins

- Printer system to store results in different formats, with buffering
and resume abillity for aborted scans

-+ Logging system for information and debugging

- GAMBIT Universal Model machine (GUM): code auto-generation
for new physics models

Anders Kvellestad 37
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Dependency resolution

Basic building blocks: module functions

A physics module: a collection of module
functions related to the same physics topic

Each module function has a single capability
(what it calculates)

A module function can have dependencies on
the results of other module functions

A module function can declare which models it
can work with

GAMBIT determines which module functions
should be run in which order for a given scan
(dependency resolution)

38

vold function_name(double &result)

{

result = ... // something useful

}

// Observable: BR(B -> tau nu)
#define CAPABILITY Btaunu
START_CAPABILITY
#define FUNCTION SI_Btaunu
START_FUNCTION(double)
DEPENDENCY(SuperIso_modelinfo, parameters)
BACKEND_REQ(Btaunu, (libsuperiso), double, (const parameters*))
BACKEND_OPTIONC (SuperIso, 3.6), (libsuperiso) )
#fundef FUNCTION
#undef CAPABILITY

/// Br B->tau nu_tau decays
void SI_Btaunu(double &result)

{

using namespace Pipes::SI_Btaunu;

parameters const& param = *Dep::SuperIso_modelinfo;
result = BEreq: :Btaunu(&param);

}
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Dependency resolution

eventLoopManagement
Type: void
Function: eventLoopManager
Module: ExampleBit_A

event
Type: float

Function: exampleEventGen
Module: ExampleBit_A

xsection

event

Type: double
Function: test_sigma
Module: ExampleBit_A

Type: int

Function: exampleCut
Module: ExampleBit_A

\ 4
eventAccumulation
Type: int
Function: eventAccumulator

Module: ExampleBit_A

nevents
Type: double

Function: nevents_pred
Module: ExampleBit_A

LibFortran_1 0O _init
Type: void

Function: LibFortran_1_0_init

Module: BackendlniBit

functlon _pointer
Type: fptr

Function: function pOlIltCI' retriever

Module: ExampleBlt A

VY

Example_InLL_A

Type: double
Function: nevents_like
Module: ExampleBit_A

nevents_postcuts
Type: int

Function: predicted_events

Module: ExampleBit_B

l

Example_InL._B

Type: double
Function: example_InL
Module: ExampleBit_B

nevents
Type: int

Module: ExampleBit_A

Function: nevents_pred_rounded

'

LibFirst 1 1 1init
Type: void
Function: LibFirst_1 1 _init
Module: BackendIniBit

particle_id
Type: std::string
Function: particle_identity
Module: ExampleBit_B

CMSSM_parameters

Type: ModelParameters
Function: primary_parameters
Module: CMSSM

test_vector

Type: std::vector<double>
Function: exampleVec
Module: ExampleBit_B

v
test_ BE_Array
Type: double

Function: Backend_array_test

Module: ExampleBit_A

ptr_arr_tests
Type: int
Function: ptrArrTester
Module: ExampleBit_B
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Dependency resolution

CMSSM:

o W o O - W ——
—— e e e ——————————— 5
s T e e ———— _%.\\\\
I 1) \‘__l_:_l— _l_) C_JL_)
— T —4 L L o 1 Y|

Red: Model parameter translations

Blue: Precision calculations

Green: LEP rates+likelihoods

Purple: Decays

Orange: LHC observables and likelihoods
Grey: DM direct, indirect and relic density
Pink: Flavour physics
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Simulation-based EWIino fits with GAMBIT
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Question:

What are the 13 TeV collider constraints on the
chargino/neutralino sector of the MSSM?
(MSSM = simplified model)

Method:

— Scan 4D EWino parameter space w/ adaptive sampler
— At every point: Run MC simulations of 13 TeV searches

— Calculate joint likelihood function for all searches
— Produce profile likelihood plots

— Computatior

— Reproduce ATLAS/CMS searcr

44
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ColliderBit

For each parameter point in a scan: Cross-section calculation

Veto point if small
Default: Pythia8

Run Pythia simulations of all relevant SUSY processes

Pass events through fast detector simulation

Compute a combined likelihood for the parameter point

Event analyses Event analyses

We combine as many analyses and SRs as we

: . : | MC event : : MC event :

(fOur_VeCtor Smea”ng + eﬁICIenCIeS) E generation i N cores E generation E
_ i | Default: Pythia8 | (OpenMP) | Default: Pythia8 |

Pass events through our implementations of ATLAS -\ ; J -\ ; )
and CMS SearCheS | Detector | : Detector :
_ o i simulation i E simulation i

— Slgnal pred|Ct|0nS fOr a” SRS i | Default: BuckFast ) : i | Default: BuckFast ) i

| | I I | |

reasonably can, given available info S A - L
“ _
Plus an analogous pipeline for measurements, using ‘ T \
Rivet + Contur Statistical routines
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Two models: EWMSSM and G-EWMSSM

EWMSSM G-EWMSSM
- MSSM w/ neutralinos and charginos - EWMSSM + near-massless gravitino
within LHC reach (1eV gravitino, for prompt decays)
- 6 SUSY particles below 1.5 TeV.: - 7 SUSY particles below 1.5 TeV.:
4 neutralinos, 2 charginos 4 neutralinos, 2 charginos, 1 gravitino
- 4D theory parameter space: - Same 4D parameter space, quite
M1, M2, mu, tan beta different collider pheno
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[1809.02097]
- 12 ATLAS/CMS searches
- LEP cross-section limits

Back in 2019: EWMSSM

400 1.0 400 L 7 1.0 EWMSSM. 10 and 20 CL regions. GAMBIT 1.2.0
y W o0 P’ 1.0
300 "o E 300 1°% & ‘ 7 :;U
%\ 0.6 EE % 1 0.6 :%% 7 %
% 200 | %: Si 200 :0.4 i: 400 - 0.8 CZ
g > g > _ N
[ [ 9‘
100 02% 100 0.2§ — '5.
2 § — _ 8
% 300 —0.6 ~
S 1 =
~— = 3
2 1, , =
2000 ] 1 ] EX 200 0.4 |
1500 = 1 = o
% :%E 1 0.6 % 09 U\
= o | 100 .
éx 5T 0.4 ‘l% g
500 § 0_2§ ; 5
0 500 10?(()} V)1500 2000 O 100 200 300 400 500
h 77”L>aL (GGV)
|dentified a possible explanation for a Comparing to SM rather than to the best-fit point:
pattern of (at the time interesting) excesses Found that no point in the chargino-neutralino
across multiple ATLAS searches mass plane was conclusively ruled out at that time

M|B/T
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2023: G-EWMSSM

1000 G-EWMSSM. 1o and 20 CL regions. GAMBIT 2.4.0
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Scenario with light higgsinos = Z/H + gravitino
could partly fit small excesses in searches for
leptons + MET and b-jets + MET

Anders Kvellestad

[2303.09082]

- 27 ATLAS/CMS searches

- Many «SM measurements»
- LEP cross-section limits

1000 G-EWMSSM. 1o and 20 CL regions. GAMBIT 2.%.'0 o
"r’, /‘ —
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2

Comparing to SM rather than to the best-fit point:
Strong constraints, but several scenarios survive
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[2303.09082]
- S/CMS h
2023: G-EWMSSM Miany <SM measuremonte»

- LEP cross-section limits

1 OOO G-EWMSSM. GAMBIT 2.4.0 1 O OO G-EWMSSM. GAMBIT 2.4.0 1 OO O G-EWMSSM. GAMBIT 2.4.0
%) Higgsino fraction X1 wino fraction %} bino fraction

800 800
> 600 600
S
§>¥‘ 400 400

200 200

0 200 400 600 &800 1000 0 200 400 600 &800 1000 0 200 400 o600 &00 1000
M50 (GGV) myo (GeV) m0 (GGV)
2 2 2

Profile likelihoods can be complicated.
Neighbouring points in e.g. a mass plane can
belong to very different theoretical scenarios

M/B|I
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ATLAS Preliminary

Vs =13TeV, 140fb~1, EWKino scan, ATLAS exclusion fraction 1000 G-EWMSSM. 1o and 20 CL regions. GAMBIT 2.4.0
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Ongoing work: EWMSSM and G-EWMSSM after Run 2
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G-EWMSSM: Preliminary

Compared to 2023 G-EWMSSM study:

1000 R 1060

H
All searches and measurements .

0 200 400 600 800 1000

[2303.09082]
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- How can we maximise the scientific impact of experimental results?
- Reinterpret experimental results in terms of many (realistic) theories
- Combine constraints from many experiments in a statistically sound way

- — Do global fits!
- GAMBIT is an open-source tool for large-scale BSM global fits
+ Most recent GAMBIT results:

- Here: LHC impact on SUSY w/ light gravitino [2303.09082]

- Sub-GeV dark matter [2405.17548]
- More results In the pipeline

- Neutrinos, DM, SUSY after LHC Run 2, THDMs, ...

-+ Got a neat idea for a global fit study? Got a new, shiny code for computing some
theory prediction or likelihood? Do get in touch :)

- gambitbsm.org
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http://gambitbsm.org

Soon public: GAMBIT-light

m amdl Core
} !

ScannerBit

A single interface module :
Diver, PolyChord, MultiNest,

TWalk, Minuit, jswarm, emcee,
ultranest, scipy.optimize, ...

Simple C, C++, Fortran, Python
Interface libraries

Your objective function here
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G-EWMSSM: Preliminary

G-EWMSSM. GAMBIT 2.4
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Lowest-mass non-excluded higgsino scenarios violate the common
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- 34 ATLAS/CMS searches
- LEP cross-section limits

- TODO: SM measurements

G-EWMSSM. GAMBIT 2.4

PRELIMINARY

BR(}) — hG)

500 1000

simplified model assumption that N2/C1 always decay to N1 + soft stuff
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- 34 ATLAS/CMS searches

G_ EWMSSM: Prel i minary - LEP cross-section limits

- TODO: SM measurements

G-EWMSSM. GAMBIT 2.4
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...and these scenarions are higgino-bino mixture scenarios (M1 ~ mu)
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Reminder:

Theory space iIs a strange, implausible place

«Everyone» would assign negligible prior belief to almost

all points in the low-scale MSSM parameter space

MSSM expresses our ignorance of SUSY breaking

Any «elegant»/«economic»/«reasonable» high-scale model

maps to some tiny subspace of the low-scale MSSM

And any simplified model plane maps to some strange
hypersurface through low-scale MSSM

A «large» exclusion in simplified model space:

Maybe large, maybe small impact on MSSM
A «large» exclusion in low-scale MSSM

Maybe decisive, maybe negligible impact on the
space of plausible high-scale models

Anders Kvellestad
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Parameter space M, M, i tanp

Neutralinos
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Typical result:
Parameter estimation, presented as profile likelihood and/or posterior density plots

GAMBIT v1.2.0 GAMBIT v1.2.0
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[arxiv:1808.10465]
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B Interpretation: For every point in the mass plane, there is at least one point in the
MSSM parameter space that fits the data as well as (or better than) the SM expectation.

4

This does not tell us anything about the size of the viable parameter space... I,
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