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Hopefully relevant and correct, but likely not at the same time

L. Lyons, reporting on the Durham meeting

a specified range. Instead, a frequentist would be prepared to use
probabilities only for obtaining different experimental results, for any
particular value of the parameter of interest. The frequentist restricts
himself to the probability of data, given the value of the parameter,
while the Bayesian also discusses the probability of parameter val-
ues, given the data. Arguments about the relative merits of the two
approaches tend to be vigorous.



P(A|B) # P(B|A)

Remind Lab or University media contact person that:

Prob[data, given HO] is very small
does not imply that
Prob[HO, given data] is also very small.

e.g. Prob{data | speed of v < c}= very small
does not imply
Prob{speed of v<c | data} = very small
or Prob{speed of v>c | data} ~ 1

Everyday situation:
p(eat bread|murderer) ~ 99%
p(murderer|eat bread) ~ 10

From Louis’ intro talk on Wednesday

13
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And Self

Remind Lab“or University media contact person that:

Prob[data, given HO] is very small
does not imply that
Prob[HO, given data] is also very small.

e.g. Prob{data | speed of v < c}= very small
does not imply
Prob{speed of v<c | data} = very small
or Prob{speed of v>c | data} ~ 1

Everyday situation:
p(eat bread|murderer) ~ 99%
p(murderer|eat bread) ~ 10

From Louis’ intro talk on Wednesday
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P(A|B) # P(B|A)
sz physik

www.ann-phys.org

del, which  commonly used in low-energy experimental tests of fundamenta

physms an event S probablhty is defined by the frequency of 1ts

. ' er of trials. The high-energyt
communlty, however, has largely moved away from frequentls
statistics when deriving upper limits and uses methods known
as CL; or Power Constraint Limit (PCL)***’] instead.

5 the el&e In the context of our measurement, suppose there is a
dark pHOTOI™GIeoTy = preaicuig ™ rarae=iort C
magnetic-moment anomaly u = éa, 4, while we observe another

(10) value i = da, ,s, Where da, s < 8a, 4. Under the frequentist
paradigm, we can calculate a p-value p,, for the theory to be com-
patible with the experiment (assuming a normal distribution of
the data)
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- Our primary product sets us up for misinterpretation
* 90% of people seeing our talks assume that models above the lines are
excluded
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The idealized case

- To say something about particle physics and

guide what we do next

Where are the WIMPSs?

So fFar we have not observed any
conclusive evidence for WIMPs in direct,
indirect or collider experiments

Dunkle Materie
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N
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WIMP-nucleon og; [cm?]
=)
|

Wo sind die Wimps?

Sranffurter Allgemeine

wivemass [Geve  Dark IMatter Is Dead

ot . The "WIMP Miracle' Hope For

SCIENTIFIC
AMERICAN.

In the Dark about Dark Matter

Recent disappointments have physicists looking beyond WIMPs for dark matter particles

F. Kahlhoefer



The idealized case

- To say something about particle physics and
guide what we do next

- We need an appropriate statistical treatment to
do this properly - P(A|B) is not P(B|A)

Scalar Higgs portals

* Higgs portal coupling is dimensionless - model Fully renormalisable

« Scalar Higgs portal models remain valid and perturbative up to the Planck scale (at
least in some regions of parameter space)

GAMBIT 1.2.0

* The scalar DM particle prevents the

. . . .

e Higgs self-coupling from running to
- - negative values and thus stabilises
g g the electroweak vacuum
= g
® a S

:

-

* Small remaining parameter region
where scalar singlets can be all of
. DM, evade all experimental
Ap > 10% GeV : constraints and stabilise the
Prof. likelihood - '
vacuum

loglo (U

Stable vacuum only

1117/7

F. Kahlhoefer

logo(ms/GeV)



The idealized case

- To say something about particle physics and
guide what we do next

* We need to appropriately account for stuff going
on in the background of our standard plot

Full set of coherent contributions
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The idealized case

- To say something about particle physics and
guide what we do next

* We need to appropriately account for stuff going
on in the background of our standard plot

Local escape speed

Sausage component

Higher
rotation speed ™\

Nucleon cross section

New local density C. McCabe




The realist case

- We need to be able to compare experiments

- Particularly important in the absence of discovery

- Competition is fierce
* Funding is limited

- Professional prestige/success on the line

My experiment is better than yours!



SI WIMP-nucleon cross section [cm?]
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Statistical treatments

- Experiments are “fixed” - once it is built, there are

limited opportunities for upgrading

- Statistical methods can provide a way to get every last

piece of information out of the data
* This is a good thing!

- And In some cases, being smarter can let you win



PRL 100, 021303 (2008) PHYSICAL REVIEW LETTERS

Region Of Interest

First Results from the XENON10 Dark Matter Experiment
at the Gran Sasso National Laboratory

J. Angle,"* E. Aprile,”* E. Ameodo,* L. Baudis,” A. Bernstein,” A. Bolozdynya.® P. Brusov.” L.C.!
C.E. DahL®® L. DeViveiros.” A.D. Ferella,”* L. M. P. Fernandes,’ S. Fiorucci,” R.J. Gaitskell,” K.

R. Gomez,'’ R. Hasty,"' L. Kastens,"' J. Kwong.®® J. A.M. Lopes,” N. Madden,” A. Manalaysay,'” .
D.N. McKinsey,'' M. E. Monzani,” K. Ni,'" U. Oberlack,'’ J. Orboeck,” G. Plante,” R. Santorelli,” J.M
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‘However, the uncertainty of the estimated number of leakage events for each
energy bin in the analysis of the WIMP search data is currently limited by
available calibration statistics. Based on the analysis of multiple scatter events,
no neutron induced recoil event is expected in the single scatter WIMP-search
data set. To set conservative limits on WIMP-nucleon spin-independent cross
section, we consider all ten observed events, with no background subtraction.
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PHYSTAT-DM 2019, Stockholm Hagar Landsman
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Statistical treatments

- Experiments are “fixed” - once it is built, there are

limited opportunities for upgrading

- Statistical methods can provide a way to get every last

piece of information out of the data
* This is a good thing!
- And In some cases, being smarter can let you win

- But statistically speaking, you’re only smarter until you

publish, at which point everyone copies you



Statistical treatments - the dangers

- Lots of choices to make (NB: not just statistical)

What have some recent experiments done*

LUX: 2017 combined WS2013+WS2014-16 limit, PLR with CLs+b,
two-sided (not stated in paper), power constrained at -l o level,
nuisance parameters as gaussian constraints [arxiv/1608.07648]

PandaX-Il: 2017 54 tonne.day limit, PLR with standard TS (not clear if
one/two-sided), considered power constraint but not applied as close to -1

O, gaussian nuisance params [arxiv.org/1708.06917]

XENONIT: 2019 | tonne.year limit, + signal-like “safeguard” term, report

only upper limit if < 3o, discovery, blinding+salting [arxiv.org/1902.11297]

DEAP-3600: 2019 231-day exposure limit, 90% CL upper limit using
Highland-Cousins method [arxiv.org/1902.04048]

CRESST-IlII: 2019 limit, used Yellin optimum interval algorithm, no

background subtraction [arxiv.org/1904.00498]

* my understanding based on writeups 2



Statistical treatments - the dangers

- Lots of choices to make (NB: not just statistical)

What have some recent experiments done®

o SuperCDMS: sensitivity projection using an optimum interval calculation
[arxiv.org/1610.00006]

e DarkSide-20k: sensitivity projections, not clear what was used
[arxiv.org/1707.08145]

o XENONNT: sensitivity projections, PLR with one-sided TS, CLs,
gaussian nuisance params [arxiv.org/1512.07501]

e LZ: sensitivity projections, PLR with one-sided TS, CLs+b, power
constraint at - | o, gaussian nuisance params [arxiv.org/1802.06039]

e Plus others that I've probably missed...

* my understanding based on writeups



Statistical treatments - the dangers

- Lots of choices to make (NB: not just statistical)

« Some case studies



Case 1: Panda X SD
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@ Convention for SD scattering goes back at least t0 Engel, Pittel, Vogel 1992

— axial-vector—axial-vector current Yv"~sx gv.v5q (motivated by SUSY)

@ In QCD
(N(R")|Gvuv57aIN(P)) = (N(P') 7" 75Ga(7) ™" + s 27; Gr(q")T°IN(p))
2
Ga(0) = gn  Ga(d) = 5 Gr(") = O(M)

@ Induced pseudoscalar G-(g°) neglected in v1, “improving” the LUX limits

— need to use consistent conventions for meaningful comparison!
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Case 2: LUX, Run 3 + 4
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ground trials. We apply a power constraint [37] at the
median so as not to exclude cross sections for which sensi-
tivity is low through chance background fluctuation. We



WIMP-nucleon cross section [zb]
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Case 2: LUX, Run 3 + 4
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exception of the Lindhard k£ parameter. We conserva-
tively apply a power constraint [49] at the —1o extent
of the projected sensitivity in order to avoid excluding
cross sections for which the sensitivity is unreasonably



WIMP-nucleon cross section [zb]
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Case 3: XENON1T, SRO
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included. The likelihood ratio distribution is approxi-
mated by its asymptotic distribution [25]|; preliminary



Number of events

Case 3: XENON1T, SRO

J. Aalbers Thesis: “It is not clear that the asymptotic
distribution assumption is accurate
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Spin—dependent proton cross—section (cm2)
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Case 4: COUPP4, 2012

PRD, 90, 079902 Erratum
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| had combined results from three different runs incorrectly

- | did not intentionally do this - but the fact that we were better than
SIMPLE would possibly have led me not to cross check as thoroughly
as If it had been reversed

- This does not address the “band” that was an attempt (incorrect as it
turns out) to represent uncertainty on our efficiency



Bias Mitigation

- Two good talks from M. E. Monzani and B. Loer on bias mitigation in
analysis

- Maybe we could “blind” what statistical choices we make...

- “Upon unblinding, we discovered that we had used the CLs statistic
with an alpha of 0.05”



Bias Mitigation

- Two good talks from M. E. Monzani and B. Loer on bias mitigation In
analysis
- Maybe we could “blind” what statistical choices we make...

- “Upon unblinding, we discovered that we had used the CLs statistic
with an alpha of 0.05”

But seriously, how to mitigate?

- Limit the number of choices to be made -> white paper?

- Discuss our methods as much as possible

- Publish likelihood, publish tests, publish nuisance parameters
(possible recommendation of white paper?)

- New developments are immediately treated with suspicion - “are
they going to do better with a trick?”

- Discussion of the “safeguard term” here was great



Discovery

* The goal is to discover dark matter, not set limits

- Statistical techniques help make absolutely sure we don’t miss
something

* In a likely case where you need to build another detector to verify/
Increase significance, they help provide the motivation

Comparisons - Significance

CMS-PAS-HIG-11-032
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Discovery

- How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?

M. Agostino

Ov[3 decay is a portal to new physics and
experiments aim to be background-free
> claim a discovery based on a single event

Search for a peak with background still poses

challenges in the “Deep Poisson” regime:

> popular asymptotic methods are not valid

> test statistic distributions might depend on
nuisance parameters

> data set definition not trivial

Important to shift focus towards a discovery
analysis and define in advance how to deal with
the background modeling systematics

M. Agostini (TU Munich)



Discovery

- How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?

Statistical uncertainty can affect the result Background modeling is troublesome in case of
by a factor 2 or 3 a discovery based on 1 single event:

Systematic uncertainties typically affect the >  (Gas/Liquid detectors
result by <10% > complicated background modeling
> all components considered?

Accounted by nuisance parameters and e o
>  shapes correct within uncertainties?

pull terms (auxiliary data) or priors
> Solid state detectors
> granular design -> many pixels

Sources:
> background modeling )
) > is background homogenous?
>  energy scale and resolution
> signal detection efficiency (active

volume & analysis cuts)

> how to create data sets?

>

M. Agostini (TU Munich)




Discovery

« How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?
- Similar issues in the presence of backgrounds
- Need background (and signal) model that you trust

FROM CONTINUOUS TO QUANTIZED
SPECTRUM

500 MeV DM scattering off electron (F,, = 1).
x 10°

8 x 106

T 25
-1 Calculated with QEdark. |
JHEP 1605 (2016) 046
i 20
6
fé 57 S5 15
e 4_ IEI
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T 3| T 10 1
X 3 Y |
21 ol
s| || |
1} l}
o Ll — oL ULA ..
0 10 20 30 40 50 0 5 10 15
Deposited Energy [eV] Number of e'h* Pairs n_,
\P(nehlEdep)/r e

Belina von Krosigk 12



Discovery

« How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?
- Similar issues in the presence of backgrounds
- Need background (and signal) model that you trust

The issue of modelling ionization

At high energies, it is valid to fold ionization fluctuations in with resolution effects (i.e.
baseline noise), to give an overall model with an effective F

e )=1
b Primary ionization must be
modelled directly when ~1

lonization is expected

1.00

075
e

A 0.50 . . . .
We need a discrete distribution:

P(X|p=(#e ), F)

0.25

0.00

D. Durnford



Discovery

- How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?
- Similar issues in the presence of backgrounds

- Need background (and signal) model that you trust

The backgrounds in the detector are usually not mono-
energetic, so build a sum over the contributions from all

energies to a given TotalPE slice.
R(f; No) = Zg T(E) - Ne(N¢) - N¢ -Pe'(f; Ny)

Or use an 'effective model'
For approximately flat spectra and monotonic resolution function:

R(f; Ni) = Fully correlated Hinkley function (with arbitrary 'width' parameters)

= Gamma distribution ® Gaussian
T. Pollman



Future of backgrounds in one word

Howdo =
= ’*
signal?

- Claimdi §
« Similai
* Need bc¢

R. Calkins




Discovery
-

In the background problem...

We can exploit the skew-G density model and write

f(x) = 8b(x) d(Gs(x); Gp, Fp) (6)
v \/_/ \ ~ ~y
true postulated comparison
(unknown) bkg bkg density
S
S | (x) - true bkg ]
©| ?b((x))_poswlated kg #t  We then obtain the LP skew density
| fp(X) — estimated bk A : o :
© ’ ) _// estimator fy(x) of fy(x) as discussed
2 i in the previous slide.
(7p)] O N —lél
C - /.
i) A
0 f .
/ =Q1 (Modelling) v
O. ] /; ]
o v
o e— L
O. | I I I I |
0 10 20 30 40 50

Energy
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Discovery

- How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?

- Similar issues in the presence of backgrounds

- Need background (and signal) model that you trust

Highlights importance of calibration!



Discovery

« How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?
- Similar issues in the presence of backgrounds

- Need background (and signal) model that you trust

- How significant is a result? What significance do you need?
- Nuisance parameters

THE DANGERS OF NUISANCE PARAMETERS

@ When the number of nuisance parameters is appreciable (relative to
the number of independent observations), profile maximum likelihood

typically produces severely biased estimators of interest parameters
(Bartlett, 1937)°.

@ There are comparable difficulties with Bayesian inference based on
high-dimensional flat priors.

H. Battey



Discovery

- How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?

- Similar issues in the presence of backgrounds

- Need background (and signal) model that you trust

- How significant is a result? What significance do you need?
- Nuisance parameters

- Asymptotic approximations

LARGE-SAMPLE THEORY
(asymptotic approximation)

|

A. Braszale  SMALL-SAMPLE THEORY

l. Volobouev (higher order asymptotics)



Discovery

- How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?

- Similar issues in the presence of backgrounds

- Need background (and signal) model that you trust

- How significant is a result? What significance do you need?
- Nuisance parameters

- Asymptotic approximations (we will MC as long as we can)

LARGE-SAMPLE THEORY
(asymptotic approximation)

|

A. Braszale  SMALL-SAMPLE THEORY

l. Volobouev (higher order asymptotics)



Discovery

- How do we convince ourselves and others that we have seen a real
signal?

- Claim discovery based on single event?
- Similar issues in the presence of backgrounds

- Need background (and signal) model that you trust

- How significant is a result? What significance do you need?
- Nuisance parameters

The physics problem
* AsymptOtlc apprOXima1 We would like to detect the signal of a new particle/astronomical J

source/astrophysical phenomenon BUT we do not known its location.

 Look elsewhere effect

Density
00 02 04 06 08 10 12

<- do we have a signal here?
<— what about here?

1 2 3 4 5 6 7 8 9 10
Search Area

S. Algeri
PHYSTAT-DM, 2019 2/21



Discovery

How many c’s for discovery?

M

Medium Very high Medium 5
No Low No No 3
Yes Very high Very large Yes 7
Medium/Low Medium Am No 4
W Medium High sin’29, Am? No 4
No Low/Medium No Medium 3
Yes High/V. high M, decay Medium 7
mode

Yes High No Yes 4
m Yes High No Medium 5
4th genq, |, v Yes High M, mode No 6
Yes Very high Strength Yes 5
m No High Enormous Yes 8
Suggestions to provoke discussion, rather than ‘delivered on Mt. Sinai’/

How would you rate ‘Dark Matter’? 7
Bob Cousins: “2 independent expts each with 3.5¢0 better than one expt with 56”



Final thoughts

* This is fun (in doses)

 I’'ve enjoyed debating power constraints, Bayes v. Frequentist,
background modeling techniques, etc at all the breaks

- 50 years from now, no one will remember who had the best limit

* There's an opportunity right now to re-standardize to try to remove
some of the unnecessary variation

- LZ and XENONA1T are on board (at least those of us in the room)
- Low mass searches are still new, but not starting from scratch
 Already facing background difficulties, intense competition

- Could lead to future combinations to increase sensitivity



Many thanks

Constanze
Hasterok

Olaf |
Behnke k \i



Many thanks

- Heather Battey, Imperial College
- Sara Algeri, University of Minnesota

- Alessandra Brazzale, University of Padua

Before re-inventing the wheel, try to see if Statisticians have already found
a solution to your statistics analysis problem.

Don’t use your square wheel if a circular one already exists.

“Good luck”



Many thanks

Cristian
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