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Gaussian processes in resonance searches
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ATLAS dimuon search with a polynomial GP mean

Ninth-degree polynomial prior mean from
simulation

RBF covariance models the residual structure
Hyperparameters selected on reweighted simulation

Spurious-signal and injected-yield tests
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https://arxiv.org/abs/2601.21361v3

Signal Modeling in HPS
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Selected probability / MeV
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Matthew showed that signal MC shapes have MC peak displacement
improved, though offsets remain. c(m) = m — 3.2243308693 — 2.2139928114 In(m,/150)
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Signal Modeling in HPS

Calibrated signal in the Poisson mean
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Background modeling in new hybrid analysis
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Fit the sidebands Test a signal yield Profile 6 Build the profile
Learn §3; predict b, — A=by+ L6 +al —» | Minimize Poisson NLL | —» Repeat at each a
C=LLT Hold by, Land T fixed +%676 Form q(a) and CLs

Local Poisson mean

X(a) 6) = bo + L@ + aT

bo =bg, + 95 correlated background T=RS

sideband reference + offset Gaussian constraint signal response x template

Constrained local likelihood

L(a, 0) = [ILi Pois(ni | Ai)] exp(—¥2 67 0)



HPS-GPR Hybrid Analysis
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To calibrate meaningfully using a functional form, it should be FYRRID MGDEL
. . . . Polynomia_l mean + GP
imbedded into the gaussian process. Have already been using residual
this in X17 and phi—K+K- analyses. |

1 Fita polynomial reference as GP mean LEARN THE CORRECTION

X 500 paired toys per mass and
Fit the broad spectrum; freeze _ exposure
Estimate offset § and

the source and model settings. response K

2 Calibrate and confirm v

For each mass, injected toys determine ¢ and R; FREEZE 5 AND R

fresh toys check fitted errors. ’ |

3 Fit the sidebands, profile bkg, extract

VALIDATE APPLY TO OPEN 10% DATA
Reﬁt the polynomial mean at each mass; 1,000 fresh toys Reprofile the corrected
o . . Check bias, response, pull Iil.(elhihood
condition the GP. Predict across the blind widths and coverage Upper limits and local
. . L. p-values
window; extract corrected yields and limits.
Fitted yield — & Fitted
Corrected yield = el i Corrected error = %




HPS-GPR Hybrid Analysis

To calibrate meaningfully using a functional form, it should be

imbedded into the gaussian process.

1 Fit a polynomial reference as GP mean
Fit the broad spectrum; freeze

the source and model settings.

4 —— Degree-15 source
(\ —— Rise/fall source

o\ at MDA N\

NV o=

Mean GP minus oracle yield / sref
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HPS-GPR Hybrid Analysis
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To calibrate meaningfully using a functional form, it should be
hybrid drastically improves offset, not signal absorption.

imbedded into the gaussian process. ) _ iy : -0
direct GP bias degrades significantly with more statistics
1 Fit a polynomial reference as GP mean 1x exposure 10x exposure
Fit the broad spectrum; freeze 157 ~~~ Direct GP
104 —— Hybrid 24 0
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HPS-GPR Hybrid Analysis
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To calibrate meaningfully using a functional form, it should be
imbedded into the gaussian process. f (CC ) = P15 (33; 5) +g (33 )
1 Fit a polynomial reference as GP mean g~GP(0,k), x=log(m/GeV)
Fit the broad spectrum; freeze k(SU, m/) _ CeXp [_(33 - 327/)2 }
the source and model settings. 2¢
1 . Test-mass
“ i D e-15 source
f ! {\ —_— Riige;?all soj?cec I'CgiOl‘l C {)’
$ 2 6080 MeV
y \ AN 105.877 0.280784
S LU at MDA A\ (rising)
| O
E ] 81-240 MeV 100.994 0.273196
5 \} (falling)
i |
Frozen hyperparameters using separate calibration toys

75 100 125 150 175 200 225 ..
Dielactron mass [MaV] from each statistical sample. 11



HPS-GPR Hybrid Analysis

N

To calibrate meaningfully using a functional form, it should be Calibration Procedure

imbedded into the gaussian process.

2 Calibrate and confirm
For each mass, injected toys determine 6 and R;

fresh toys check fitted errors.

use 500 paired calibration toys (0 and 3s o to
determine offset and signal response

verify that applying correction to 1000
independently drawn toys extracts appropriate
signal yields is not significantly offset, and has
appropriate pull widths

offset signal response
§={(A,)  p= u_4)
B Ainj
corrections applied
~ A __ 04
4 — AR ) O, = =

I»
)
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HPS-GPR Hybrid Analysis
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To calibrate meaningfully using a functional form, it should be

imbedded into the gaussian process.

2 Calibrate and confirm

For each mass, injected toys determine 6 and R;

fresh toys check fitted errors.

Signal Response Improvement (10% Statistics)

Mean paired signal response

Declared 3% screen
—— 35, injection
—=- 55, injection

Mean paired signal response

362 / 362 response cells pass
1,000 independent pairs per mass
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HPS-GPR Hybrid Analysis
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To calibrate meaningfully using a functional form, it should be

imbedded into the gaussian process.

3 Fit the sidebands, profile bkg, extract

Refit the polynomial mean at each mass;
condition the GP. Predict across the blind
window; extract corrected yields and limits.

Fixed sideband reference

by = bsg + 05

Coherent background change
6 profiled for each signal yield

Calibrated signal component

aRS

Difference from baseline

Events / MeV [103]

[103 events / MeV]

1860 -

[ = = =

© © © 0

N w S o

o o o o
1 1 1 1
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- Sideband baseline = Total fit
== Profiled background ¢ Data

2021 10% - test mass 80 MeV

74 76 78 80 82
Dielectron invariant mass [MeV] 14



2021 10% signal yield upper limit result

o1 AL
o e W

90% CLs upper limit on selected yield

104 7

95.45% expected band —-—-~- Expected median
[ 68.27% expected band —— Observed
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2021 10% hybrid coupling result

90% CLs limit on &2

Excess upper tail

95.45% expected band [ 68.27% expected band ---- Expected median —— Observed

o \/
Local ~3.2
1072+ _
Global ~1.5
—— Local Gaussian reference —— Global resolution approximation
75 100 125 150 175 200 225

Dielectron invariant mass [MeV]



2021 10% extraction examples
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67 MeV: excess, r = +3.23

—— Sideband prediction
—— Profiled background
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73 MeV: deficit, r = -2.80
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Shaded region: £3-width blind window. Dashed tails show the full MC template beyond the fit window.
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Full statistics expectation
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Upper limit on kinetic mixing, €2

HPS / BaBar

1073

10°°

100

HPS / PROMPT DARK PHOTON

2021 at full statistics

Nominal background-only projections | HPS 90% CLs vs BaBar observed 90% CL

BaBar observed === 2021 median +10 expected +20 expected

60 80 100 120 140 160 180

Dark-photon mass, mar [MeV]

Below 1: stronger projected reach

tn

Median based on 10% *10
toy ensemble

L Babar (mid)

200 220 240
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All HPS* Reach
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Simultaneous reach improves.

Compared to Babar, at 78
MeV, projected ¢ limits are 1.9
x lower for 2021 and

2.7x lower combined .

— Sensitivity to true signal and
simultaneous fits is powerful
with individual datasets.

Upper limit on kinetic mixing, &2

HPS / BaBar

1074

1073

10°°

1077

100
30
10

0:5

tn

HPS / PROMPT DARK PHOTON

Four HPS datasets at full statistics

Nominal background-only projections | HPS 90% CLs vs BaBar observed 90% CL

BaBar observed 2016 nominal — 2021
— 2015 = == 2019 proxy = = Approx. combination
== Approx. combination —— 2021 alone
< ~ VYA Jv\,‘\‘A’
Below 1: stronger projected reach
20 40 60 80 100 120 140 160 180 200 220 240

Dark-photon mass, my [MeV] 19



HPS, APEX and X17 projected reach (2-3ish year plan)
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Have joined X17 and APEX

_a —— HPS four runs - archived full-exposure planning
. . 1074 —— X17 step 4 - 10 mC expected projection
Worklng Wlth these analysts -+ APEX - application planning reference
. == APEX accidentals - full-statistics proxy
WIH help pUSh GP toa — Updated joint planning estimate
standard and accepted form. g 10
g
Will perform joint searches 1= 6
. . @ 10”
with HPS and APEX at high g8
)
mass, and X17 at low mass.
10—7 ol

10 25 50 100 150 200 250 275
Mediator mass [MeV]
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APEX accidental pairs as a background proof of principle
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Accidentals: unrelated electron and positron tracks reconstructed as a coincidence.

Events / MeV/c?

~About 80% of full APEX statistics.

7]
107y APEX equivalent-statistics proxy (=80%)

1 —— HPS 2021 - 10% data

{ —— HPS 2016 - full data /’_\

106 -
10° -

104 "

CAUTION:

unofficial and not necessarily correct inv
mass for APEX spectrum (mom shift)

7

1034

50 100 150 200 250
Dielectron invariant mass me. [MeV/c?]
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APEX + HPS available-statistics limits (high mass complement)
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APEX projection scales event counts by 1.25.



X17 bump-hunt studies
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Alternative candidate selections and reconstructed MC signal response
—— Full selected primary-pair MC
. i —— Fitted Gaussian core
vy selection - step 4 Three-cluster selection - step 4 ,
165 1e5 Reconstructed signal response
2.5
1.0 1 0.8
2
S 201 5, o3 5 l
g z 2061
~ 1.5 ~ 3
8 § 061 i
o o © 0.4
el il
5 1.0 T 0.4- =
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0.5
CAUTION:
. . . v
00 2 unofficial and not necessarily correct inv mass for X17 spectrum s 0 =

Pair iiuoo Linie vy R LT TUR

+ wn Mass [MeV]
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X17 + HPS 2015, expected joint reach (low mass complement)
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Common—coupling projection

2
e

----- HPS 2015 alone
—— Joint + X17 0.73 mC
— Joint + X17 7 mC
=== Joint + X17 10 mC

10-54 \

6x10°5]

4 x107°

Expected 90% upper limit on &

20 25 30 35 40 4I5 50 55
Assumed signal mass [MeV]
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Observed X17 only: local p-values

10—1_

10—2_

Local asymptotic p-value

—— Step 4
—— Step 5

10~3_

ARBITRARY MASS

Protophobic: g, =29, + ga =0
Dark photon: charge coupling

Plotted ¢* assumes this case.
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Conclusions

Atlas may have published first, but this approach remains novel

- different formulation of alpha

- length scale in log Mass

- alternative regularization technique

- tested on many more unique datasets with different shapes

For 2021 Analysis:

We have successtully calibrated our modeling technique. Pulls mean and widths are just about
optimal. Signal extraction approaches unity across full search region.

Will have draft PRD by Nov 10th if unblinding next week. Rapid publication of 2021 is possible, at
least 1 more HPS publication when combined with other experiments (with or without 2019).
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Spare slides

el AL

L.
IL.
I11.
IV.
V.
VL

GPR Supplemental Information

Signal Morphing

Using same parameters for 2016 10% worked to fit 100%
Direct GP bias

Slightly more info on fixing hyperparameters

Last two presentations in full

e NS

26



Hybrid background: polynomial mean + GP residuals
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D N
 Residual smoothness in log mass
f(x) =pi5(z; B) + g(x) C Residual covar by
esiqual covariance amplitude
g~GP(0,k), z=log(m/GeV) P
(2 — 2)? a;=1/n; (n;>0) Counting noise
k(z,z") = Cexp| ——~ Refit B; keep C and € fixed by regi
YE efit 3; keep C an xed by region.
Length scale: correlation range Constant: covariance amplitude a: bin noise and influence
1.0 2.0 — s 1.0
—_—C=1 o
) . (4]
= 0.6 S 0.6
:~ X 1.0 n
< 0.44 ~ S 0.4
1]
0.2 0.5 &) 0.2 C/(C+a)
00 T T T 00 T T T OO T T T T
0 2 4 0 2 4 i1 1g—< 10¢ 10!
Separation in log-mass (arbitrary units) Separation in log-mass (arbitrary units) Bin-noise variance a (fixed C=1)

lustrative kernel response. The production C and € follow a frozen regional rule. 27



Signal Morphing (1/2)
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For a tested mass m between simulated masses my, and mpg, set t = (m —mp)/(mgr —my). Interpolate the
core center and width,
em = (1 —t)er, + ter, Sm = (1 —t)sp + tsg.
For each anchor, define its complete aligned cumulative distribution C(u) = Pj[(mrec — ¢;)/s; < u). The
prediction is
T—cC T—c
Fo.lx)=(1- t)CL(—m) + tCR(—m) .
Sm Sm
Bin probabilities are differences of this cumulative distribution at bin edges. The weights are nonnegative
and sum to one, so the construction preserves probability and moves both the core and the tails. The
—— 80 MeV signal MC —= 100 MeV signal MC === 90 MeV: neighboring-anchor prediction
2021 v16 TC signal MC; 90 MeV prediction: c=87.895 MeV, s=1.745 MeV
ﬁ Core: align each anchor before interpolation E Tails: retain their measured probability
g !
= 10.25 1 2 10-1
3] ()]
£ 0.20 o
S 0.15 1 g I
"8 _g 10_3 ] b ey A
£.0.10 1 8
- o
[<5] Q
5 0.05 £ 107 5
2 2
3] (]
2 0.00 ] T T T T T T T 1 2 10_5 T T T T T T T
it -4 -3 -2 -1 0 1 2 3 4 £ -10 -5 0 5 10 15 20 28

Core-aligned coordinate u = (M. — C)/s Core-aligned coordinate u = (myec — C)/s



Signal Morphing (2/2)

tn

Gaussian approximation
inadequate for 2021
- Although a common
template could be made,
it isn’t the best option.
- using MC “neighbors
best”

Full selected probability / u

Full selected probability / u

10~

105

—— Signal MC at omitted mass

-=-- Two neighboring anchors

Common shape from other anchors

2021 v16 TC: predict an existing mass after excluding its entire signal-MC sample

100 MeV predicted from 80/120 MeV 220 MeV predicted from 200/240 MeV

-10 =5 0 b 10
u = (Mpec — Cmc)/smc

160 MeV predicted from 140/180 MeV

1073

0.25 4

0.20 A

0.15 4

0.10 +

0.05 A

0.00 +

107t

1072

10_5 T T T T T T
-10 -5 0 5 10

U = (Mrec — Cmc)/smc

10_5 T T T T T T
-10 -5 0 5 10

U= (Myec — Cmc)/smc
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Calibration can extend to full statistics
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2016 spectrum: scaled vs. observed 2016 nominal-source confirmation
5 10% x 10
10°5 10% statistics (100% equivalent)
0.5 1 1
2 :
Z 105' ()
—_ £ 00 _%ﬂv&v%é‘ _%%&_Ugi
E =
5 . 03- — OSref — 3Sref
|-|>J 10 E _0 5 i - 15ref S 5Sl'ef i
—— 10% observed ' T T T T T T
--- 10 x fitted 10% source 1.2 1 1
1034 — 100% observed =
o S A
] +20% A 2 1.0 .V vAI’\V/\\'/\ I‘\WA AV\A/AVAWV._W
S = W N L MV N
A o TV =
5 —20% . . : : , . 0.8 1 . : — : ; :
40 60 80 100 120 140 160 40 80 120 160 40 80 120 160
Dielectron mass [MeV] Mass [MeV] Mass [MeV]

® 2016 used fixed, campaign-specific residual-GP hyperparameters.
e  Nominal-source pull checks passed at 10% and 10% x 10.

® The 10% x 10 calibration values (9, R) were also used for the actual 100% analysis.
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Bias and closure at tenfold synthetic exposure
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Archived direct-GP comparator

Frozen response R

Frozen offset 6/ser
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—e— Nominal degree 15
—e— Matched rise/fall diagnostic

-10 1

1.00

0.95 A
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0.80
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T T T T T T T T T T T T T
60 64 65 76 79 80 81 83 90 120 180 210 240
Tested mass [MeV]

T T T T T T T T T T T T T
60 64 65 76 79 80 81 83 90 120 180 210 240
Tested mass [MeV]

Current hybrid, x10

Pull means
—0.155 to +0.123
Pull widths
0.888-1.033
Paired response

0.998-1.002

No Holm rejection in the joint
retention family. Six proﬁle-CLs
pointwise deficits remain.

g
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Fixing hyperparameters

Residual GP settings are frozen by mass region.

The same values enter calibration, confirmation and data.

Test-mass region C
60-80 MeV (rising) 105.877
81-240 MeV (falling) 100.994

Selected on regional training toys; held fixed for independent confirmation.

The polynomial coefficients are refit from each sample’s sidebands.

0.280784

0.273196
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List of updates to address feedback

L.
IL.

I11.

IV.

VI

better geometric acceptance plotting
Change ref matching to have separate “background truth” on

which to calibrate

A.  Used 100 toys to create “truth” in GP Mean, and functional form
B.  Used separate 100 toys to test extraction — looks fine

Target Constrained MC for new signal template
A. 2021 TC and 2016 TC differ substantively

Extraction displays using new templates

Finalized Global Pvalue Procedure
Made website

33



Acceptance Improvements: 2015/2016 — 2021

A

Reassuring!

Conditional accepted fraction [%]

2021 gain [percentage points]
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B W
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Fixed Ea/Epeam = 0.8; run-specific field maps and selected-hit criteria

Compare at the same mass

= 2015 (1.056 GeV)
== 2016 (2.3 GeV)
= 2021 (3.74 GeV)

—— 2021 - 2015
== 2021 -2016

0
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True A’ mass [MeV]

Conditional accepted fraction [%]

2021 gain [percentage points]
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Compare at the same normalized mass

= 2015 (1.056 GeV)
== 2016 (2.3 GeV)
= 2021 (3.74 GeV)

0
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0

- 2021 - 2015
- = 2021 -2016

0.00 0.02 004 006 0.08 0.10 0.12
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Mass Resolution / Signal Shape in 2016 TC MC

g
)

tn

Slight discrepancy noticed with resolution curve, need to
double check but could be due to not ﬁtting with strict
Tails differing from gaussing indicate need to

gaussian (better fit comes from affine + gaussian) . . .
use signal MC in fitting

Core width and analysis width are distinct The tails are heavier than Gaussian
8 ]
- Existing 2016 analysis resolution 52 7 —e— Below core - 2 core widths
== Half of central 68% interval & —=— Above core + 2 core widths
7 ¢ Fitted core width + | 6 - « Gaussian: 2.28% on each side
=
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=
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> ©
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2016 TC MC Signal Location

tn
%

Looks like we need to shift search position in determining upper limits
- much less of an effect in 2016 vs 2021

very different displacement compared to 2021

2016: the center depends on its definition The same sign, a much smaller displacement
_ O‘O e B R S B S G S S e S e e Soaiiaaiisy
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3 =z i
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£ S
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2 S
c °
8 —— Median @ —3.01

-1.2 1 ) =

—— Binned mean i —$— 2016 core
¢ Fitted core; MC resampling SD —3.5 { —#— Saved 2021 core
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h 0.25 Widths increase with generated mass Scaling by the existing analysis width
20 1 6 MC S ape ' ++++ Centered Gaussian SN
R 160
0.20 £ 107!
.2 140 <
B ]
as 5 =
G . . h % 0151 & 120y
aussian appr oximates muc : 2107 £
z g ®
§ 0.10 g 100 %
Q Q
better than 2021, but ; g o
81073 2
0.05 a
60
common shape better fit
0.00 - - — 1074 - : 40
-15 -10 -5 0 5 10 15 -6 0
- thus) SearCh nOW uses Reconstructed minus generated mass (MeV) (Mee — M)/0rer
. Cores aligned by fitted center and width Full tails remain in the normalization
1 n 0.5
signal MC shape -
< 160
S
~ 0.44 g
Y g 140 <
3 =3
3 1 s
803 3 120 5
% @ 100 8
S 0.2 2 o
S = <
a =
o g 60
= = Equal-mass common shape a
=+ Standard Gaussian
40

.0 T T T T T T T
-20 -15 -1.0 -05 0.0 0.5 1.0 1:5 2.0
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Visual Comparison — 2016 vs 2021 Signal MC

ol A
L= | 7 gu \ V3
60 MeV samples 100 MeV samples 160 MeV samples
10-1 _
> > >
[} ) [}
= = (=
() [ [
© 3 © =]
T 107 ® ®
- - B
|9} O 9}
A o 2
[ [ Q
0 0 0
= -3 ] = =
c 10 b it
——/3016:'91.6% inside [u] <2 — f016:92.9% inside u| <2 - —— 2D16:192.1% inside |u| <2
2021;'32.4% inside |u| < 2 2021:'68.1% inside |u| < 2 021;:70.7% inside |u| < 2
--Hl Standard Gaussian n -+t Standard Gaussian A +++ Standard Gaussian
10_4 T T - T 10--4 T T T 10--4 T T = T
-5 0 5 10 -5 0 5 10 -5 0 5 10
U= (Mee — Ccore)/Ocore U= (Mee — Ccore)/Ocore U= (Mee — Ccore)/Tcore
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2021 MC Shape

large amounts of signal outside the core

problematic if true to signal in data

- lots of leakage

Full-normalized density (MeV~1)

Conditional core density

Centered, unit area; physical widths retained

—— 60 MeV
—— 80 MeV
—— 100 MeV
—— 120 MeV
—— 140 MeV

—— 160 MeV
~—— 180 MeV
200 MeV
220 MeV
240 MeV

0.14
0.12 4
0.10 4
0.08
0.06 -
0.04 -

0.02

=15 =10 =5 0 5 10 15 20
Mee — € (MeV)
Core only: unit area on |u| <2

-1.5 -1.0 -05 0.0 05 10 15 20

Full-normalized density

Full-normalized density

Centered and width-scaled

4 == Equal-mass common shape

U =(Mee — C)/Ocore
Tails retain their original weights

-
o
i

—-
<
N
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2021 MC Location

Density (MeV~1) Density (Mev~1) Density (Mev~1)

Density (MeV~1)

107 o
1072 L !
1 3 3
= =
107 4 2 2
@ @
g §
107 4 (=] =)
107 107 u T T y T T T
60 70 80 90 100 80 90 100 110 120 130
Reconstructed m,, (MeV) Reconstructed m,, (MeV) Reconstructed m,, (MeV)
Generated mass 120 MeV Generated mass 140 MeV Generated mass 160 MeV/
107 4 1071
< 1 T 2
1072 4 3 30
= =
107 4 2 2 107 !
@ @ !
e c :
10 4 & & 10 7
/
i
10-5 105 ¢

107

1072

103

2021 target-constrained signal MC: Gaussian models and reconstructed distributions

Generated mass 60 MeV/

Generated mass 80 MeV

Generated mass 100 MeV/

100 110 120 130 140
Reconstructed me. (MeV)

Generated mass 180 MeV

150

130 140 150 160 170
Reconstructed me. (MeV)
Generated mass 200 MeV/

180

140 160 180
Reconstructed me. (MeV)
Generated mass 220 MeV/

200

Density (MeV~?)

Density (MeV~1)
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160
Reconstructed mee (MeV)
Generated mass 240 MeV

180 200 220

160

180 200 220 240
Reconstructed me. (MeV)
Generated mass 260 MeV — shape only
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Density (MeV-1)

220 240 260 280 300
Reconstructed mee (MeV)

200 320

225 250 275 300 325
Reconstructed mee (MeV)

200 350

200 220 240 260
Reconstructed mee (MeV)

280

Signal MC

Central mass Gaussian
Shifted Gaussian
Signal MC divides by ALL selected
events, including overflow.

Gaussians use their full integral.
Local views are not renormalized.

Both Gaussians use the analysis
resolution width, not the narrower
fitted signal-MC core width.

Shift relation used only on
its 60-240 MeV fitted domain.

Hrit — Mar [MeV]

Moving signal shape
c(m) = m — 3.2243308693 — 2.2139928114 In(m/150)

-5

I —$— ap_signal_prompt_smeared
| - ap_signal_prompt_dis_smeared
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From M. Gignac, mostly agrees with
my determined displacement

2

50

40



Calibrating away bias’

(ad B ¥~
Tl NS
Procedure: Background-only fluctuation scale
- training ensemble 100 toys ” 100
- - Vi i € 0.75 N il
(learn background-only fitted-yield bias — 0) 2 07 . ——,
- measure response at each mass L e / . —
) ) i 3025 &
- Use response and bias at each mass to calibrate different set 200
of background toys (verify it works) 60 120 180 240
- apply response and bias to observations to correct for them Signal mass (MeV)
2021 10% - shifted Gaussian extraction
simpliﬁcation for purpose ofpresentation 8 1.401>C|w["c correction After correction
B3
— £ 105 ’\4\,/0\‘/0——\’_/
A—9 E
S 0.70
A= s
(5]
= 035
R
= 0.00
60 120 180 240

Signal mass (MeV)
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GP Mean Bias Removal

2021 10% | Signal-MC injections on the GP mean background source | 100 independent evaluation toys
—#— Central mass Gaussian —$— Shifted Gaussian
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Functional Form Bias Removal

~

~

Calibrated: (A — 6)/(RA) Signal-induced change / A

2021 10% | Signal-MC injections on the functional form background source | 100 independent evaluation toys

—$— Central mass Gaussian = —$— Shifted Gaussian

60 120 180 240

Generated mass [MeV]
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< O
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20
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Different Signal Hypotheses

Probability density per selected event [1/MeV]

0.175 -

0.150 -

0.125 A

0.100 -

0.075 A
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0.025 -

=
=3
S
S
L

— =+ (Gaussian: peak at tested mass —-- 2016 shape: peak at tested mass
—— 2021 MC shape: peak at tested mass  ----- 2016 shape: 2021 MC shift
= 2021 MC shape: measured shift

m = 80 MeV

[=2]
o

Reconstructed mass [MeV]

0.16 A
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m = 100 MeV
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Reconstructed mass [MeV]
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Local Significances across the different hypotheses

Local excess p
(asymptotic) (asymptotic)

Local excess p

Local excess p
(asymptotic)

10!

1072

1073

1071
102

1073

101

102

Observed local p-values in all three campaigns

MC shape refers to the year shown in each panel
== Gaussian: peak at tested mass ==+ 2016 shape: peak at tested mass
——— MC shape: peak at tested mass 2016 shape: 2021 MC shift
= MC shape: measured shift

(a) 2015 (full archived data)
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(c) 2021 (10% data)
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Combined search: one shared coupling

=+ All campaigns Gaussian
== 2021: Gaussian: peak at tested mass
—— 2021: MC shape: peak at tested mass

60-100: 2015+2016+2021

~—— 2021: MC shape: measured shift

1
B

=+ 2021: 2016 shape: peak at tested mass

+ 2021: 2016 shape: 2021 MC shift

101-175: 201642021  176-240: 2021
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Different extractions

g
)

Observed / fitted counts per bin

Residual / V(GP mean + Vi)

- -
- =
> (=2}
1 L

1.12 A

1.10 A

1.08 A
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2021, m = 77 MeV — Peak at tested mass: largest excess

 Gaussian: peak at tested mass o 4
——— 2021 MC shape: peak at tested mass
= 2021 MC shape: measured shift

2016 shape: peak at tested mass
2016 shape: 2021 MC shift

1e6

— GP mean before signal fit
GP marginal +10
t Observed counts

76 78
Reconstructed mass [MeV]

80
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Using toys to compute Global Signifcances

(ad B ¥ ~d
Loy g\
c . —— Complete B scans; 95% interval =~ —-- Resolution count: Sidak
ApproaCheS bonferelll/ Sldak ——- Independent-mass control e Resolution count: linear
approximation! ,
2016 Combined
- great, so we can use it in our 5 1077 .
=
Q
final result g
2
8,
© ]
2 ]
S ]
o 17 ]
10I‘3 10I‘2 1(2;‘1 10"3 10I‘2 10I‘1 1073 10I‘2 10I‘1
Local-rank threshold Local-rank threshold Local-rank threshold

47



Global Significances

Dataset Considerations:
- 2016: vast majority of signal in shifted MC
core
- 2021 asymmetric blind window used, v16

template used
- 2015 Gaussian Used

— — Raw-statistic maximum: pooled 2,048
= Local-first minimum: independent B, 1,024 ----

Probability after accounting for the mass search

2016
Global p

Global Z

T T T T
80 100 120 140 160

2021
Global p

Global Z

Combined
Global p

Global Z

i v
T T T
100 150 200
\'4 NV
]} T T
100 150 200

Generated signal mass [MeV]

- Sidak: constant effective count from A
Sidak: independent mass-grid reference

The same probabilities in Gaussian units

1.5 9

1.0

0.5 4

o e 7 Wt

0.0

1.00 A
0.75 A
0.50 +

0.25 1

0.00

1.5

1.0 A

0.5 1

0.0
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Signal Morphing

(ad B ¥ ~d
o e 7 W
For a tested mass m between simulated masses my, and mpg, set t = (m —mp)/(mgr —my). Interpolate the
core center and width,
em = (1 —t)er, + ter, Sm = (1 —t)sp + tsg.
For each anchor, define its complete aligned cumulative distribution C(u) = Pj[(mrec — ¢;)/s; < u). The
prediction is
T—cC T—c
Fo.lx)=(1- t)CL(—m) + tCR(—m) .
Sm Sm
Bin probabilities are differences of this cumulative distribution at bin edges. The weights are nonnegative
and sum to one, so the construction preserves probability and moves both the core and the tails. The
—— 80 MeV signal MC —= 100 MeV signal MC === 90 MeV: neighboring-anchor prediction
2021 v16 TC signal MC; 90 MeV prediction: c=87.895 MeV, s=1.745 MeV
ﬁ Core: align each anchor before interpolation E Tails: retain their measured probability
g !
= 10.25 1 2 10-1
3] ()]
£ 0.20 o
S 0.15 1 g I
"8 _g 10_3 ] b ey A
£.0.10 1 8
- o
[<5] Q
5 0.05 £ 107 5
2 2
3] (]
2 0.00 ] T T T T T T T 1 2 10_5 T T T T T T T
it -4 -3 -2 -1 0 1 2 3 4 £ -10 -5 0 5 10 15 20 49

Core-aligned coordinate u = (M. — C)/s Core-aligned coordinate u = (myec — C)/s



Signal Morphing

tn

Gaussian approximation
inadequate for 2021
- Although a common
template could be made,
it isn’t the best option.
- using MC “neighbors
best”

Full selected probability / u

Full selected probability / u

10~

105

—— Signal MC at omitted mass

-=-- Two neighboring anchors

Common shape from other anchors

2021 v16 TC: predict an existing mass after excluding its entire signal-MC sample

100 MeV predicted from 80/120 MeV 220 MeV predicted from 200/240 MeV

-10 =5 0 b 10
u = (Mpec — Cmc)/smc

160 MeV predicted from 140/180 MeV

1073

0.25 4

0.20 A

0.15 4

0.10 +

0.05 A

0.00 +

107t

1072

10_5 T T T T T T
-10 -5 0 5 10

U = (Mrec — Cmc)/smc

10_5 T T T T T T
-10 -5 0 5 10

U= (Myec — Cmc)/smc
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UC Signal MC

ol Ay
D e
Gaussian lnadequate v16 UC: aligned signal cores
0.5 7
everywhere
10—1 "
h ~ iy
Common Shape ) =
IS
. . 5 N
inadequate at tails g B 107 3
o B e
(3] )
; E
5 =
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1074 A
0.0 T T T T T T T 1 10_5 T T T T T T T 1
-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0 -10 -5 0 5 10 15 20 25
U = (Mrec — Ccore)/Ocore U = (Mrec — Ccore)/Ocore
- 60 MeV — 120 MeV —— 180 MeV 240 MeV
—— 80 MeV —— 140 MeV  —— 200MeV == Equal-mass empirical shape
—— 100 MeV —— 160 MeV 220 MeV «+++ Standard Gaussian (core)
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Sideband fit quality: KS Statistics

Cad BV ~d
s e W
2015 - full sample 2016 - full sample 2021 - 10% sample
12.25 reference widths 2.5 core widths -4 to +3 core widths
Gaussian signal window MC core at the tested mass MC core at the tested mass
14 14
(5] (5] L5}
2 0.1 2 0.11 =
e e g <
g g g
o5 &, &,
2 0.011 2 0.011 £ 0.011
0.001 — T T 0.001 = T T T 0.001 - T T T
20 60 100 40 80 120 160 60 120 180 240
Tested mass (MeV) Tested mass (MeV) Tested mass (MeV)
Toys made from fitted GP mean MC core at its simulated position MC core at its simulated position
1 i
Colored line: observed data |
Light grey: middle 95% of toys 2 01 3
Blue band: middle 68% of toys i i
Dotted: toy median; dashed: 0.05 & 001 £ 0011
512 new toys per mass, ranked
: 0.001 -+ T T T 0.001 T T T
against 1,024 saved reference toys. 40 30 120 160 60 120 180 240
Tested mass (MeV) Tested mass (MeV)
Toy ranges are pointwise; neighboring data fits share sideband bins.
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Resonance Search Website

A

HPS Analysis studio

SIDEBAND-CONDITIONED GAUSSIAN PROCESS

Residual explorer.

Choose a mass. Withhold its signal region. Inspect what the sidebands predict.

DATASET 2015 2016 2021

HYPOTHESIS MASS MeV

68 MeV
[ —

15 MeV Click any plot to select a mass

PLOT Standardized residual v

Combined
SIGNAL TEMPLATE
Per-dataset templates
Choose a common template, or set each dataset independently in its
240 MeV

panel.

Observed minus the GP prediction, divided by its predictive standard deviation

|
e AN

tn

® Local - one fit at a time

INTERACTIVE DIAGNOSTIC

Data — sidebands — residual

15-240 MeV - template limits apply

PAPER FIGURE
I Capture PNG

Vector SVG - Data & provenance

Clean figure, definitions, caption, source IDs.

Stacked detailed view
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The joint fit uses a common signal strength with dataset-specific yields. lts availability and statistical interpretation are reported below.

Shared-coupling likelihood fit

635.525 + 226.156 +2.81

10 Hessian - y = ¢/ 10*

JOINT LOCAL ASYMPTOTIC P

0.0025

Excess-only - p = 0.5 for deficits

JOINT LIKELIHOOD SCORE

Signed iikeiinood root - shared parameter

Asingle coupling y = & / 10* sets the expected yield in each dataset. This joint likelihood is different from adding individual scores or count sums.

» Joint it components and provenance.

sors 2015 - full data e 2016 - full data
m=680 VeV - Gaussin - nomiaimass =680 eV - Signal MC - 2016 - 235 cor widthe
Gaussian - nominal mass v/ . Signal MC - 2016 #3501 v P

sy o gy > 0250Mev
Natvo-cont anys b ot on coang

frayss bonny em—g) 0250 MoV
ot count anay b 10 on g

Wihheld: 58.50-77.00 MeV.
Corlar 67,84 widin 285 bin0.250 MeV.

Wihheld: 60.00-76.00 MeV
Contar 68,00 widin 153 bin 0250 MeV

‘Standardized residual
‘Standardized residual

60 80 60 8

Invariant mass [MeV]

Invariant mass [MeV]
GPprdcion 220 [ Winhaigrogon — Fied sgnal

© Dataresicun + inbars OGP prodcton s20 1 Wanhald reglon = Fied sigral © Datareicunt + v bars

3 partiipating datasets - 68.0 MeV

CONDITIONAL CALIBRATED JOINT P

Condiional local rank p; 0/1,000 exceedances; 95% binomial interval
10,0.0037]. Zero exceedances do not imply zero probabilty.

2021 - 10% data

=68.0 MoV - Signal MC - v16 TC - ~4/+3 core widths

2021

Signal MC - VIBTC + -4/ v 2
Anaiysis by EE—) 0625 MeV.
Native-count anayss bins 16 on change

Wihheld: 60.36-71.00 MeV
Cortar 88,52 widi 158 ki 0.625 MoV

‘Standardized residual

Invariant mass [MeV]

© Dataresicuni + inbars OGP prodcton s20 1 Wanhald reglon = Fied sigral

PLOT  Standardized residual
01/ Standardized residual

2016 - full data
m =91.0 MeV - Signal MC - £2 core widths comparison

Analysis binning EEESSE) > 0.500 MeV

2016

v Observed minus the GP prediction, divided by its predictive standard deviation.

91.0 MeV - cached inputs - 1 dataset

Selected region |~

Exploratory rebin - ixed-kemel reconditioning

1 - Blind-window center 2+ Left width Right width
Use model preset v 2.00u 200u
Choose a center before editing widths. This changes the exclusion/fit mask; the signal template stays fixed.
Shown: model preset at 90.73 MeV; [-2.00, +2.00] u. One u = 3.492 MeV’ (MC core width). Withheld bin edges: 83.50-97.50 MeV.
Mask center 90.73 MeV’ (model prese) - template center 90.73 MeV - [-2.00, +2.00] u
=3.402 VeV withheld bin
4
3 2 o fana
3 Pl 4 $
{4 . ) Tl UL o e
8 o BT e .
3 I fler I s
@ 2 . .
4

40 60 80 100 120 140

Invariant mass [MeV]

© Data residual + Vn bars GP prediction +20 Withheld region

LOCAL LIKELIHOOD SCORE

+3.51
Signed likelihood root  template
shape

LOCAL ASYMPTOTIC P

2.26e-4

Excess-only - p = 0.5 for deficits

SIGNED TEMPLATE YIELD

+18,314.0 + 5,222.1

10 Hessian - full selected signal yield

Residual denominator: (GP background + GP variance). Gray marker: hypothesis mass. Red marker: template center.

160 180 200

— Fitted signal

CONDITIONAL CALIBRATED LOCAL P

Unavailable

No matching saved null ensemble for this dataset,
mass, template, and exclusion window; no toys
were generated
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PLOT [ Natural residual - counts

01/ Natural residual

2016 - full data

=91.0 MeV - Signal MC - 2 core widths comparison

Analysis binning GEEESESEE) > 0.500 MeV/

2016

91.0 MeV - cached inputs - 1 dataset

Selected region &

Exploratory rebin - fixec-kernel reconditioning

1 - Blind-window center 2 Left width Right width

Use model preset v

before ediling widihs.

‘Shown: model preset at 90.73 MeV: [2.00, +2.00] u. One

2.00u 200u

signal template stays fixed.

492 eV (C core width). Withheld bin edges: 83.50-97.50 MeV.

Mask canter 90.73 MoV (model prosat) - fomplalscorfor 90.73 Mo\ - [-2.00, +200] u

(MC coro widh)

2,000

Natural residual [counts / bin]

2000

 Data residual + ¥n bars

SIGNED TEMPLATE YIELD

+18,314.0 + 5,222.1 +3.51

10 Hessian - full selected signal yield Signed likelinood root

shape

Gray marker: hypothesis mass. Red marker: template center.

LOCAL LIKELIHOOD SCORE

120 140 180 180 200

Invariant mass [MeV]
GP prediction 20 Withheld region = Fitted signal
LOCAL ASYMPTOTIC P

2.26e-4 Unavailable

template Excess-only * p = 0.5 for deficits

CONDITIONAL GALIBRATED LOCAL P

No matching saved null ensemble for this dataset,
mass, template, and exclusion window; no toys.
were generated

PLOT Natural residual - counts

01/ Natural residual

2016 - full data
m=91.0 MeV - Signal MC - +2 core widths comparison

Analysis binning GEESEEEEE)— 0.500 MeV/

2016

v Observed minus the sideband GP prediction in counts; the prediction band retains its mass-dependent width.

91.0 MeV - cached inputs - 1 dataset

Full spectrum &

Exploratory rebin - fixed-kemel reconditioning

1 - Blind-window center 2 Leftwidth Right width
Use model preset v 2.00u 200u
Choose a center before editing widths. This changes the exclusionfit mask; the signal template stays fixed.
‘Shown: model preset at 90.73 MeV; [-2.00, +2.00] u. One u = 3.492 MeV (MC core width). Withheld bin edges: 83.50-97.50 MeV.
Mask centor 50.73 MoV (modol prese) - tomplate cantar 90.73 MoV - (200, +2.00)u
scalo = 3.492 MoV (MC coro with)  wihhed bin odgos 83.50-97.50 MeV - analysi bin 0.500 MoV
= 2000 | - L
2 ‘ 1 1
E 1 : ! ! I 1
2 ] i
Z 2000 t i
7 13 50 8 %0 o5 100 105 110

Invariant mass [MeV]

® Data residual + vn bars GP prediction +20 Withheld region

SIGNED TEMPLATE YIELD

+18,314.0 + 5,222.1

10 Hessian - full selected signal yield

LOCAL LIKELIHOOD SCORE

+3.51 2.26e-4

Excess-only - p = 0.5 for deficits

LOCAL ASYMPTOTIC P

Signed likelihood root - template.
shape

Gray marker: hypothesis mass. Red marker: template center.

— Fitted signal

CONDITIONAL CALIBRATED LOCAL P

Unavailable

No matching saved null ensemble for this dataset,
mass, template, and exclusion window; no toys
were generated
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2015 - full data

m = 68.0 MeV - Gaussian - nominal mass

2015

Gaussian - nominal mass v/

Analysis binning fv 0.250 MeV

Native-count analysis bins - refit on change
1 - Blind-window center
Use model preset

2 - Left width Right width

225u

Choose a center before editing widths. This changes the exclusion/fit mask; the

signal template stays fixed

2016 - full data S 2021 - 10% data
2016 )~ 68.0 MeV - Template preset: Signal MC - £2 core widths m = 68.0 MeV - Signal MC - v16 TC - ~4/+3 core widths
comparison
rd Signal MC - v16 TC - -4/+ v >
Signal MC - £2 core width >
Analysis binning  exmEE——) 1.250 MeV
Analysis binning  GEESEEEE)— 0.500 MeV Exploratory rebin - fixed-kernel reconditioning
D y rebin - fixed-kernel
1 - Blind-window center
1 - Blind-window center
v Use model preset v
MC core v
2 Left width Right width
2 Left width Right width
2254 400u 300u
e > 20v emf) > 200u
Choose a center before editing widths. This changes the exclusion/fit mask; the
Choose a center before editing widths. This changes the exclusion/fit mask; the signal template stays fixed.

Shown: model preset at 68.00 MeV; [-2.25, +2.25] u. One u = 3.527 MeV

(reference resolution). Withheld bin edges: 60.00-76.00 MeV.

Mask 68.00 MeV (model preset)
Template 68.00 MeV - [-2.25, +2.25] u
uscale 3.53 MeV (reference); bins 60.00-76.00

signal template stays fixed

Shown: MC core at 67.84 MeV; [~2.00, +2.00] u. One u = 2.651 MeV (MC core core width). Withheld bin edges: 59.75-71.00 MeV.
width). Withheld bin edges: 62.50-73.00 MeV.

Mask 66.52 MeV (model preset)

Mask 67.84 MeV (MC core) Template 66.52 MeV - [-4.00, +3.00] u
Template 67.84 MeV - [2.00, +2.00] u u'scale 1.58 MeV (MC core); bins 59.75-71.00
u scale 2.65 MeV (MC core); bins 62.50-73.00

Shown: model preset at 66.52 MeV; [~4.00, +3.00] u. One u = 1.585 MeV (MC

Standardized residual

Invariant mass [MeV]
@ Data residual + Vn bars GP prediction +20

— Fited signal

YIELD FROM THE JOINT FIT

+792.5 + 280.2

10 Hessian - signal yield in full analysis support

80

Withheld region

: |
: |
4 ;
2
T . L]
2 3
g b} .
@
2 .
-] 4 .. I
o °
b . 8 0
s 3 5
2 1 ° .
8 s
] o 1
» 2
4 : ; : i H
T 50 60 70 80
60 70 80 Invariant mass [MeV]
Invariant mass [MeV] @ Data residual + Vn bars GP prediction 20 Withheld region
® Data residual + v bars GP prediction £20 Withheld region
—— Fitted signal

—— Fitted signal

YIELD FROM THE JOINT FIT

+21,350.8 + 7,547.9
+16’278'5 + 5’754’8 10 Hessian - full selected signal yield

10 Hessian - full selected signal yield

YIELD FROM THE JOINT FIT
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Unblinding 2021 Checklist

IL.

III.

IV.

Finalize Event Selection
Background Model Validation
A. Quality Fits/Signal Extraction
B.  Background Profiling
C.  Viable Search Window for 2021
Signal Model Choices
A.  Window Range, signal template
Discovery Framework
A. Asymptotic Likelihood
No siggie? No Biggie! — upper limits

A. CLsto determine signal yield in individual datasets

B.  CLsto determine shared coupling when combining datasets

N
%

Note: Results may be independent of coupling strength — We are looking at peaking structure over a QED background for different
incident beam energies. This can be input to a variety of frameworks. Asymptotic probabilities and independent experiment hypotheses

should be published and considered meaningful.

g
?)
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Event Selection (2021) (Pre-Selection+)

2021 preselection + prompt sample — Thanks Sarah!!

Single-2 or Single-3; one good vertex; E(positron cluster) > 0.2 GeV

p(track) > 0.4; p(e—) < 2.9; p(sum) > 2.8; p(vertex) < 4.0

y*(track)/ndf < 20; electron: 8 hits (update); no vertex y” cut; inherited timing

Selection
Trigger / topology
Momenta [GeV]
Quality / timing
' ‘ ' ' " Dat (12‘441713) I
106l HPS Internal - mira:GO eV 03.1) 1
------------------ :._.M/gvdz.o MeV (x0.2)
wl e - ma =180V (x0.4) ]
Loil . E:-;:_-_ P e, qﬂ'a';‘:—::___ ]
T TR
2 £ 3=
§ WF & S
& o L
102F 1 E
a
wf 3
1
1
100k | ]
1
i
107 0.‘0 0.‘5 1:0 1:5 2.‘0 ZTS 3f0
pe [GeV]

6
><]|.0 . T T
HPS Internal ¢ Data (11909488)
S erna —= mu =60 MeV (x3.1)
1ol —= ma =120 MeV (x0.2) |
—~ mu =180 MeV (x0.4)
08} 1
wv
c
g o6 ]
>
i
0.4 ]
0.2 , . ]
.,
.....
ool Trecema. STtcestetttensinae ses
0L =5 ) 50 80 100

v5.0.5 preselection examples; these plots were not reprocessed with the updated eight-hit cut.

N
%

g
?)
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g
?)

N
5..
(

Acceptances by Geometry

HPS 2015 | 1.056 GeV HPS 2016 | 2.300 GeV HPS 2021 | 3.740 GeV

50

=50

’)’4)/ Vertical [mm]

AN
O,)(é
//

Passing examples: 60 and 715 MeV

Passing examples: 40 and 425 MeV

Passing examples: 20 and 195 MeV
Nominal 15 mrad scale = 56.10 MeV

Nominal 15 mrad scale = 15.84 MeV Nominal 15 mrad scale = 34.50 MeV
==+ High-mass example

—— Positron = —— Electron = —— Low-mass example

Note goes into acceptances more thoroughly, will start search in 2021 100% at 56 MeV
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Acceptances by Campaign

g
)

Accepted decay fraction [%]

tn

Run By ("mapo) [T] Sampled masses [MeV] Peak [MeV] Peak fraction
2015 -0.2402 20-195 40 26.1%
2016 -0.5234 40-425 90 25.9%
2021 -0.8596 60-715 195 40.1%

HPS 2015 | 1.056 GeV

60

40 A

- Field + hit cuts, x =1
-== Field + hit cuts, x = 0.8

60

40 A

20 1

200

150
True A" mass [MeV]

HPS 2016 | 2.300 GeV

B=0+hitcuts,x=1
——- Field + all stations, x =1

60

40 1

20 1

250 0

200 300 400
True A" mass [MeV]

500

HPS 2021 | 3.740 GeV

400 600 800

True A" mass [MeV]

200

ouv

950



HPS datasets for this phase

ol A»y
TN
Run Beam [GeV] | Sample Search [MeV] GP support [MeV]
2015 1.056 1170 nb™ 19-100 14-135
2016 2.3 10608 nb™* 39-180 30-210
2021 3.74 10% 50-250 36-300
2015 (full) 2016 (full) 2021 (10%)
106_
> 10°; /\
§ 104 4 \
§ 107 5

B

20 40 60

80

100 120 140

Mee [MeV]

Gray: GP support. Dashed lines: search boundaries.

50 100 150 200
Mee [MeV]

50 100 150 200 250 300
Mee [MeV]
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HPS datasets for this phase

g
)

Run

2015

2016

2021

Events / MeV

Beam
[GeV]

1.056
23

3.74

10° 4
105 4
10% A
1034

102 4

10t

Sample Search [MeV]
1170 nb™ 19-100
10608 nb™ 39-180
10% 50-250

2015 (full)

GP support [MeV]

14-135
30-210

36-300

2016 (full)

N

Updated ranges
2021 support: 36—-300 MeV
2015 search: 19—100 MeV

Fit support supplies sidebands; the
search range sets tested masses.

2021 (10%)

20

40 60 80 100 120 140 50

Mee [MeV]

Gray: GP support. Dashed lines: search boundaries.

100 150 200

Mee [MeV]

50 100 150 200 250 300
Mee [MeV]
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Unblinding 2021 Checklist

L FimalireE S tenti
II.  Background Model Validation

A.  Quality Fits/Signal Extraction
B.  Background Profiling
C. Viable Search Window for 2021

III.  Signal Model Choices
A.  Window Range, signal template
IV.  Discovery Framework
A. Asymptotic Likelihood
V. Nosiggie? No Biggie! — upper limits
A. CLsto determine signal yield in individual datasets

B. CLsto determine shared coupling when combining datasets

N
%

g
?)
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Background Modeling: GPR

g
)

k(x, x1)/C

(x — 2')?

k(z,z") = Cexp|—

Length scale: correlation range

1.0 — ) =0.6
— =12

0.8_ — =D

0.6 1

0.4 -

0.2 -

0.0 T U T

0 2 4
Separation in log-mass (arbitrary units)

22

k(x, x1)

tn

{: smoothness along log mass

C: variance of the log background

a = 1/y: noise variance of each bin

Constant: covariance amplitude

2.0 — C=05
—_C=1
1.5 - —_— C=2
1.0 -
0.5 1
OO T T T
0 2 4

Separation in log-mass (arbitrary units)

a: bin noise and influence

c o o =
A o ® o
1 1 1 1

Response weight

o
N
1

C/(C+ a)

0.0

10-2 10! 100 101
Bin-noise variance a (fixed C=1)
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Background Profiling

1 AR
B W

2021 10%: background profiling comparison

=== Released Gaussian profile === Direct log-GP profile == Fixed GP mean
Train on sidebands Test one yield Profile the background Build the profile
Full 2021 search range
—»> —-» —»>
Predict b and Cesf A=b+L6+Aw Minimize Poisson NLL Record £,(A)
Factor Cer = LLT Hold b, L, w fixed plus 1676 Fit A or test Ago

_I.
o
I

local Poisson mean

)\d(Ada Hd) = by + L0, + Agwy

107 4

Observed 90% CL; upper limit on &2

projected bkg profiled bkg signal yield * template
E 157
:-_g T |
% 10—
profiled local likelihood 30 i ‘j'!‘-l,-\ i 'b\l\ ‘wﬂ ‘.4\" i I ,L.l' ko ,Af G
2 ST L R R UM LN )
50'5-.5“.:', b !r.\;" (YRR R R Wil AV ’”"\.,./
Ng(m) 1 S 00 .
. T e 0 ' ‘ ' : ‘ ; : :
Lq(Ag,04) = H Pois(ng; | ba; + (LdBa)i + Aqwgi(m)) eXP<_50d ad) o0 75 100 125 ; 1(_;(1)6\/) 175 200 225 250
: my
=1
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Background Profiling

Train on sidebands Test one yield Profile the background Build the profile

Minimize Poisson NLL Record £,(A)

Fit A or test Ago

Predict b and Cest
Factor Cer=LLT

A=b+L6+Aw
Hold b, L, w fixed plus 1676

local Poisson mean

)\d(Ady Hd) = by + L0, + Agwy

projected bkg profiled bkg signal yield * template

profiled local likelihood

Ng(m)

H Pois(nd,i | ba; +
=1

Li(Aqg,0q) =

1
(La6q)i + Aqwgi(m)) | exp <—§0;9d>

[y
2]
w
o

[y
[oe)
w
o

Difference from GP mean
[103 events / MeV]

Events / MeV [103]
=
o
N
P

2021 native 10% - 78 MeV

74 76 78 80
Mee [MeV]

Data:n — bG GP baseline: 0

Background: b}r)f bep

Totalfi:b .+ Aw-—Db,, Signal: Aw

Shading: éP constraint width

82
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Prompt A’ Signal Model and Backgrounds

(g |

If A" exists within the acceptance of HPS, it will present

itself as a gaussian* excess above background in the. IMD.

3800 A

50 A’ signal at mass hypothesis mg
fake data

= Smooth QED Background
GP background 1o ®

3600

3400 -

w

N

o

o
L

w
o
o
o

counts / bin

— Training

2600 -

Simulated Signal Wl

2400 -

70 72 74 76 78
mass [MeV], centered on mo =75 MeV

natural width of A’ << detector resolution
observed signal width = experimental mass resolution

A 75

Lo Y g \ ¥

Primary Backgrounds

Wide Angle Brem

Radiative tridents

67




GP predictions across the search regions

ol ARy
P iy TUN
Each bin is predicted with its local £2.25¢ neighborhood excluded.
e Observed counts = —— Held-out GP prediction +2 reference band
2015 full 2016 full 2021 10%
10° 4 .
1064 /
/ 106 =
>
S 10%4
E 105 i
@
u>J 105 4
1044
©
NE
S ®©
G 3
27
& »
20 40 60 80 100 50 100 150 200 250
Mee [MeV] Mee [MeV]
n; — b i r: standardized data—GP difference in mass bin i.
ri = = Denominator: counting and GP uncertainty combined.
V bi + Cop, i

0 = agreement. Green: +2. Bins are correlated. 68



Sideband fit quality

(ad B ¥ ~
D AN
2021 10%: exclude £2.25¢0 at 42 centers across 50-250 MeV
D . : total Poisson discrepancy from the GP
n; ~ side
Dside = z.ezd [n,-log <T> —ni+ b’] N_ . number of scored sideband bins
i €side i side
Pointwise 90% (256 toys) —=—- Conditional toy median —o— (Qbserved

50 75 100 125 150 175 200 225 250
Excluded-window center [MeV]

256 poisson generated spectra from GP — full study included in next note version

Typical: near the toy median (~0.95), within the blue reference band.
Observed: 0.84-0.96.
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Background validation strategy

Generate toys from analytic source fits

Fit datasets with functional forms; fluctuate background counts and add signal template.
Repeat the complete extraction

Fit the GP sidebands, then extract a signed signal yield from background-only and injected toys.
Check bias, uncertainty and recovery

Use mean pulls, pull widths and paired injected-yield response; inspect threshold and support
dependence.
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Pseudoexperiments information

2021 functional form fShiftSigPowTail (excluding 65 MeV region)

m — my

04

Bg(m) = NgS(m;tq, wg)(m — mg q)*d exp [— LA C1,dUqd + Cz,duﬁ]

S(m;t,w) = [1 + exp(—(m — t)/w)]™"  ug = (M — Mmid.a)/Mscale.d

2015/2016 functional form fGenGammaThresh

m — m Pd
Ga(m) = NyS (m; tg, wa)(m — mo,a)* exp [‘ ( ¥ O’d) ]
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Pseudoexperiments information

2021 functional form fShiftSigPowTail (excluding 65 MeV region)

m-—m

04

Bg(m) = NgS(m;tg, wg)(m — mg 4)* exp | — LN C1,4uq + cz,du?i

S(m;t,w) = [1 + exp(—(m — t)/w)]_l ug = (m — mmid,d)/"'bscale,d

Four different statistical validation tests conducted
I. 1% Fit* 10 (to double check 10% decisions)
II. 1% Fit * 100 (to predict 100%)
III.  10% Fit (to validate modeling on 10% data compare with scaled 1%)
IV.  10% Fit * 10 (to predict 100% and compare with scaled 1%)
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Example Fits to 1% Dataset

g
)

tn

= |nput histogram — shifted gen-gamma (chi2/ndof=1.19)
= sigmoid*power*exp + raw expquad (chi2/ndof=1.17) - endpoint-aware sigmoid*power*exp (chi2/ndof=3.75)
—— thresholded gen-gamma (chi2/ndof=1.07)

HPS 2021 1% / sigmoid*power*exp + raw expquad

HPS 2021 1% candidate-family overlay Scan [50, 250] MeV / N events = 1.229e+07

10 104 4
= 103 103 -
= E
o
§ 102 102 5
S historically challenging :

10! fit region 10% 5

100 T T T T 100 T T T T

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Me+e- [MeV] Me+e- [MeV]

73



Pseudoexperiments

Validation metrics

>

_ Ai(2) = Ajnj, t(2)
Pt Z) Oa, t(2)

A: fitted yield; Ainj: injected yield.

oA: this toy’s post-injection fit error.
Pull mean — yield bias

- Target: mean near 0.

Pull width — uncertainty scale

- Target: width near 1.

Test zero-signal toys and 1, 3, S ¢ injections.

P e AN

2021 1% source x10: scaled pseudoexperiments

Counts / 0.625 MeV.

2021 native 10% source: scaled pseudoexperiments

Counts / 0.625 MeV

2021 1% source x100: scaled

Counts /0.625 MeV.

2021 10% source x10: scaled pseudoexperiments

Counts /0.625 MeV.




BKG Only Pseudoexperiments (1% Source)

zero-signal pull

zero-signal pull

~#~ baseline smooth-threshold model {30% interval)
2021 1% source x10: background-only pulls

@ threshold-refined 65 MeV model (1% x 10, 40--300 MeV)
Spurious-signal mean

N
5..
(

% extended-support 65 MeV model (native 10%, 30300 MeV)

Spurious-signal width

g
?)

1.3 4
24 ¢ : : : 0.4
' p 3 ¢ |
: i H : 12
17 ¢ : 3 0.2 o
f o e [1:.]1
: ) 2.8 =
o1--% : a I S 114
c 0.0
1 ! T3 T y
H 1 £ o
11 i 3 ] H
% ) ‘ 3 H -0.2 Y10
¥ 4 s l
$ 4 . H
24 % t : : T/ l
~0.4 4
0.9
-3
65 90 120 180 210 65 90 120 180 210 65 90 120 180 210
mass [MeV] mass [MeV] mass [MeV]
2021 1% source x100: background-only pulls Spurious-signal mean Spurious-signal width
a4
0.4 1 1.2 4
34
24 . L 0.2 e 1.1
: £
t { ' | . 2
' 3 =
14 ‘ ! ! a I =
) i s o0 | 210 ,
o 1 { g T i |
i X + i 3 2
o
8 ) t | oo 5
a1 d—¥ * 1
i t t ' 0.9
1 ¢ 3 ‘ ¢
-2 . ] . -0.4 4
0.8 1
-3 4
65 90 120 180 210 65 90 120 180 210 65 90 120 180 210
mass [MeV] mass [MeV] mass [MeV]

75



BKG Only Pseudoexperiments (10% Source )

~&#~ baseline smooth-threshold model {90% interval) @ threshold-refined 65 MeV model (1% x 10, 40--300 MeV) % extended-support 65 MeV model (native 10%, 30300 MeV)
2021 native 10% source: background-only pulls Spurious-signal mean Spurious-signal width
134
A 0.4
2 124
' ; 0.2
1 ¢ . .2 7 &
= ' \ ' : £
3 14 { ! 2
o : t } LS 3114
o { ! } 1 i |2 5
5 o \ y : c 0.0 a
= T - a
i T T g 3
e f ’ 3 o
@ €10
N -1 } 3 : { ! S
4 ' N ’ N -0.2 v
H |
-24
0.9 4
~0.4 4
-3
65 90 120 180 210 65 90 120 180 210 65 90 120 180 210
mass [MeV] mass [MeV] mass [MeV]
2021 10% source x10: background-only pulls Spurious-signal mean Spurious-signal width
3
1.20 4
24 0] 115
! 3 1.10 4
11 % 0.2 1 -
S5 i $ { s
2 - A { - e 3 1051
T a—ak [ 113 I
& i T t [ o0 2 100 1
] ) i { @ 2
e 14 : ; € =3
@ : £ 0.95 1
N o
~021 w
-2 0.90
0.85
-3 -0.4
0.80
65 90 120 180 210 65 90 120 180 210 65 90 120 180 210
mass [MeV] mass [MeV] mass [MeV]

B
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Explanation of threshold modeling and alternate form

tn

® 1% x 10: scale the fitted 1% mean; degree-five threshold continuation, with 40-300 MeV GP

SllppOI't.

® Native 10%: fit the saved 10% source; degree-six threshold continuation and 30-300 MeV support.

1% x 10: threshold refinement

Baseline model 1

Threshold-refined

Native 10%: extended support

Mean extraction pull (90% interval)

+0.789 +0.716
; —&— Baseline model i —@—
-:rO.139 -0.246 i
—G— Threshold + 30-300 MeV{ +—@— !
05 0.0 05 1.0 05 0.0 05 1.0

Mean extraction pull (90% interval)

Ot

Y g\ ™
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Signal Injection

Ay

Choose the yield before adding signal
Ainj(Z)=ZUA,refr ZE {Or 11 31 5}

2.0 1

1.54

o, .is the yield error from this same
A, ref

background toy and mass, before injection. ol

Added signal per unit offset / oA, ref

N

ENA4S
R AN

One template, fixed injection strengths

= Ainj =104, ref

m— Ainj = 3 04, ref

me Ainj = 5 04, ref
Blind / extraction window

Addzx o Aep EVENES with the full Gaussian 0.5
template. Reuse the same background toy at
each strength. 0.0 4

Refit the sidebands. Allow the fitted signal

yield to be positive or negative.

- zsets the injected yield. The measured significance comes from the new fit.

) 0 2 4
Mass offset (m — mg)/om

Illustration; area under each curve gives its injected yield.
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Injected Signal Studies

Signal-injection pull diagnostics across 100 pseudoexperiments per point

N
5..
(

-9 z=0 - z=1 A z=3 ¥ z=5 4@ threshold-refined 65 MeV model (1% x 10) % extended-support 65 MeV model (native 10%)
2021 1% source x10 2021 1% source x100 2021 native 10% source 2021 10% source x10
0.4 0.4 0.4 0.4 4
3
J 0.2 0.2+ .2
S 02 02
£
: 1 i I I I i
R
S 00 0.0 t 0.0 i o l
)
c
g 0.2
E 024 =021 : -0.2 1
=
Q
-0.4
-0.4 q ~0.4
-0.4 0.4
-0.6 1
o 1.3
g 1.3 4 1.3
% 1.3
s 1.2 4
2 J
§ 121 12 12
<
g
] 14
E |y ' -
2 11 ¢ L1
X
S 1.0 T f
o
- L
8 I 1o 10
T 1.0
2
3 0.9 4 0.4
a 0.9 4 )
2
2 0.9 4
£ 0.8 4 0.8 1
S A
65 90 120 180 210 65 90 120 180 210 65 90 120 180 210 65 90 120 180 210
mass [MeV] mass [MeV] mass [MeV] mass [MeV]

?)
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Validation: evidence and remaining limits

Window and recovery

+2.250 training/extraction; refined 65 MeV tests recover 96.6—96.9% of the injected amplitude.
Spurious fitted yield

20/20 background-only mean pulls lie within £0.5

Returned uncertainty

pull-widths ~+-10% which is about what you want with 100 toys
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Unblinding 2021 Checklist

N

bJ

IV.  Discovery Framework
A. Asymptotic Likelihood
V. Nosiggie? No Biggie! — upper limits
A.  CLsto determine signal yield in individual datasets

B. CLsto determine shared coupling when combining datasets

g
5
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Discovery Statistic Formulation

Bounded profile-likelihood ratio (non-negative signal)

Lq (Ad =0, 5d(0))
Lqg (Ad, éd)

go,d(m) = —2In

Profile the background in both hypotheses.

An excess gives qo > 0; a deficit is assigned g, = 0.

Glen Cowan, Kyle Cranmer, Eilam Gross, and Ofer Vitells. Asymptotic formulae for
likelihood-based tests of new physics. Eur. Phys. J. C, 71:1554, 2011

N
%

g
?)
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Observed Upper Limits

o1 AR
af b M\

Test a yield A at one mass. Refit the ‘0 Ay 4
background nuisance parameters at each A. ’ . ( Aa Bu(A )) v

d dyYd d
The likelihood ratio measures disagreement —2In 0< Ayme < A,
with A. Set =0 when the data prefer a Ga,(m) = 4 £a (Ad ’ d)
larger yield. ol e (Ad’ Y d)) Aune < 0

) d )

CLS+b and CLb are tails of the same statistic | Li (0 0d(0)>
under signal + background and background
alone. o 5B
Form their ratio, CL_. Increase A until CLy(Ag;m ( 2 qa, bkg)
CL(A,,) = 0.10 for the 90% upper limit. CLgsp(Ag;m) = P ( ia, q-;)lt;s Ag+ bkg)

CLgt5(Ag; m)
CLy(Ag;m)

CLS (Ad; m) =

If the unrestricted best yield is negative, the denominator

uses the physical A = 0 fit.
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Signal yield and coupling limits

el A
T NS
BEST yield relation Observed 90% CLS limits
10-4 ] e G o {1 OO
up
up 3TM A’ frad (dkag/dm) E
E
SE 1075 1 ‘ ‘\
Nsigup: 90% signal-yield limit g ‘,’Q / >
f .: radiative background fraction E ; \ J‘ s
dkag/dm: local background density \’A / ‘ /
N,=1/BR(A"—¢'¢) i8] /
o: fine-structure constant ; . ; ; ;
50 100 150 200 250

m,,: tested mass Mass hypothesis [MeV]
A

BEST: Bjorken et al., Phys. Rev. D 80, 075018 (2009). 84


https://arxiv.org/pdf/0906.0580#page=5

Observed Limits and Discovery Pvalues for individual datasets

Vo

ol A
ol W

2021 10%: observed limits and discovery references

2016 full: observed limits and discovery references
: 19- : At 78 MeV: local 2.810 sigma; Sidak 1.527 sigma | Nur=26.402
2015 full: 19-100 MeV; existing 14-135 MeV training support AL 90 MeV: local 3.424 sigma; Sidak 2.579 sigma | Ney=16.062 igm: igma | N
10
v
£
g 3
] g 104 S 10t
< 10¢ s 2
3 <
<
T 10°
~ ~“
o Y 5
i}
§ =107
s M g1
= £ 10 S
£ 10 K} o
=
§ § 107

-
2
&t
2
5
T 8
L2

\// \%/2

-
°
0

Discovery probability
=
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Combined discovery significance

1 An
o) e 0>
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Combined Search Results with Uncertainty Bands

300 Toys for bands
LEE penalty factor of ~35

90% CL limit on €2

Probability
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X
w

105 4
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0

Central 95% expected I Central 68% expected == Expected median == Observed

2015  15+16 15+16+21 16+21 2021
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150 200 250
Mass hypothesis [MeV] 87



Individual Limits — gaussian signal

Mass hypothesis [MeV] Mass hypothesis [MeV]

1 A
L= | 7 gu \ V3
Central 95% @ Central 68% == Expected median =—— Observed
2021 (10%)
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Mass hypothesis [MeV]
2015
2016
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£
£ 107 =
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40 60 80 100 120 140 160 180 2'0 3'0 4'0 5'0 6'0 7’0 8'0 9’0
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All Combined Regions
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Unblinding 2021 Checklist

el AL

now i show projections + addl studies

e 0
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Projected Contour
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Projected Contours

(a) 2015 + 2016 + 2021 (b) 2015 + 2016 + 2019 + 2021

2015 published

2016 published /" 2015 published

Mf\\ﬁ/« m/ Hpg (;c\))mbil/l/c’i\jl’rojection \m\l\wwﬂ ﬂ;\ N \ ;ombiL;d Pr\ojecﬁon
| =3

20 30 50 100 200 20 30 50 100 200
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Observed Limit Comparison with 2016 Publication

Observed 95% CL upper limit on €2

Current /
published

,.‘
15}
-

o m oM
w o w

HPS 2016: published bump hunt vs current GPR
|

|
Current bPR

| 1
j— s Publisheld bump hunt
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100% data

- N A
A e o o i

40 60 80

140 160
Dark-photon mass my [MeV]
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40 MeV; Ner=92,201

60 MeV; Ner=243,668

80 MeV; Ner=770,358

- —— Stored reconstructed MC - 5
107 4 —— Nominal Gaussian 107 4 10
. . E‘-\ 2 2
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Using Smeared MC Signal :
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“Morphing” Signal Templates

To have a signal template for
every search hypothesis we use
a CDF mixture between

signal MC samples that exist

Density (MeV~1)

Density (MeV~1)

50 MeV: 40/60 MeV inputs *

70 MeV: 60/80 MeV inputs *

P Lowér mass transported 4 : ™
0.07 1 ] K,‘, Uppér mass transported 0:14 b 1 0.14 4
0.06 [ % Midpoint CDF mixture 0.12 N | 0.12 4
| \ E Lol
0.05 - ! 0.10 1 VA 0.10
0.08 i f 0.08
0.06 A 0.06
0.04 A 0.04
0.02 A 0.02 A
— 0.00 == r — 0.00 == . v T : T T
55 60 65 70 75 80 85 75 80 85 90 95 100 105
110 MeV: 100/120 MeV inputs 130 MeV: 120/140 MeV inputs 150 MeV: 140/160 MeV inputs
0.14 ] 7
0.12 0.10
0.12 4
0.10 A
0.10 4 0.08
0.08 -
0.08 0.06 -
0.06
v 0.04
0.04 - 0.04 1 ’
0.02 0.02 A 0
0.00 T T T T T T T 0.00 T — T T T 0.00 T T T T T
95 100 105 110 115 120 125 110 120 130 140 150 130 140 150 160 170

Reconstructed me. (MeV)

Reconstructed me. (MeV)

Reconstructed mee (MeV)
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Upper limits using MC

._.
<
It

Use same analysis approach with normalized MC

10-5 4

template and +- 2.25 sigma blind window

- more leakage

—— Gaussian
== MC morph: exploratory
® Direct MC at generated masses

Observed 90% CLg limit on £2

- may need to blind asymmetrically to

10-6 4

account for different shapes

10-1 4

- need to truth match

Local po

- shows rough agreement with gaussian

10—2 4

approach

- shouldnt hold back from unblinding as 10

o
o
|

we can do both MC signal and gaussian
- other datasets would also need MC

g
=)
s

S
IS
[ N

generated to do comparable search

Signal fraction in fitted bins

o
)
.

50 75 100 125 150 175 200 225 9650
Test mass (MeV)



Conclusions

el AL

) e 7 W

Should be good to go regarding unblinding?

Gaussian signal shape for old datasets probably shouldnt be combined
with signal shape from MC

- combined analysis can be done with gaussian for all three

- 2021 Result can show both signal shapes as they are not too
different
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Extra Slides

el AL

e NS

[. GP Correlations and expected upper limits
[I. Additional Local Likelihood using GP on projected significance
[II. 2021 Threshold fit optimization
IV. Signal Extraction Display
V. Mass Resolution Studies
VI. 2015 95% CLs Comparison
VII. Projection to Babar Plot
VIII. Two Signal Hypothesis
[X. Potential fit catalogues
X. Interpretation slides
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Betore Unblinding Sanity Checks — driving questions

What would a signal look like in full 2021 dataset?

must be able to map correlations if they exist in invariant mass
must be able to characterize shape of observed upper limit with signal injected

What is the max significance a signal could be in 2021?
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GPR Correlations in mass (1/n)

e An
o e 7 Wt
2015 full 2016 full
90 4 180
This mapping shows that foralocal | N
=70 7 E 140
1 sigma fluctuation there is a strong = 0 § o1
. . %50' S .,r %100-
anti-correlation nearby that i | A : |
= 4 # /,,- £ 80
oscillates as you move away
T % @ & o W W m s s 1 b0 mo 1o i

250 1

Makes sense! )

Signal in a training sideband will of

course spoil the training nearby

Mass hypothesis [MeV]
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Mass hypothesis [MeV]
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GPR Correlations in mass (1/n)

ol Ay
o e W
Size/shape of correlated
2015 full: +1 standardized fluctuation at 51 MeV
49 h y» d d s, 1.0
cCNoCS epen ent on 82 0
- mass resolution 58 %0
25 -05
- location of peak 8 | , | | ,
20 30 40 50 60 70 80 90
- underlying background of nearby regions Mass hypothesis [MeV]
2016 full: +1 standardized fluctuation at 90 MeV
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Mass hypothesis [MeV]
2021 10%: +1 standardized fluctuation at 78 MeV
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More on Echoes

First order prediction for location of features

1 577,7,
A'Iﬁnlil — Z Dz’m —B'
1:B;,>0 ¢

2015: inject at 95 MeV

4
-~
8 2
o
~
k5
c 01— o
2
" -2 —— Background only
—— |njection 2
— Injection 5
—4 - T T T T T T

20 30 40 50 60 70 80 90 100
Fitted mass [MeV]

Change in signed root Change in signed root

Change in signed root

o1 A>
NS

Size-five injection: positive and negative echoes

—— Recomputed GP training
49 --- First-order D prediction
~~~~~ Background-only GP held fixed

20 30 40 50 60 70 80 90 100
Fitted mass [MeV]
Size-five injection: positive and negative echoes

40 60 80 100 120 140 160 180
Fitted mass [MeV]
Size-five injection: positive and negative echoes
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Projection of max signal if regions of interest are true signal
ol AL

@ b AN

kS
S100% = kS, Biooy = kBy, 2100% = L = VkZz;

VEB;

target L target /1N
Z19%-100% = 1021% Z10%—100% = V10 Z10% |




Predicting Echoes for Unblinded 2021

g
)

N

Conditional persistence test: one region at a time

- Scale the fitted 10% continuum to full exposure (k = 10).
- Choose a signal yield whose Asimov fit reaches V10 Z,,%.
- Draw 20 Poisson spectra; rerun the moving-window GP and extraction.

R compares injected and continuum limits. R < 1 means tighter neighboring limits; D measures

the echo depth.

Ainjcctod (‘7'7'1/)
e D=1- R(Tnfccho)a Mecho € Mo [2 8] Om (’I’ﬂ())

R(m) = .
b 4
A.S)o) (m) 10



Predictions of upper limit structure

ol Ay
e e W
. . 65 MeV; target Z = 7.58 78 MeV; target Z = 8.88
Have proven ability to predict 10
observed upper limit structure to EaRTA N\~ 2l N\ /\ Y
5 > =8 i
first order A \/ EARY Vi
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Local Likelihood using GP on projected significance: ptl

ol Ay
e e W
Model the signed-root scan response S 2021 fitted-response correlations .
—
"=a+DT ~ N(0, /) 4 :
r =a §, & , : .
> 2 S
— N7 — “nij v
— [ — ()] T T T 1 =
2r=D'D, RU SiS; = 50 100 150 200 250
Tested mass [MeV]
D maps bin fluctuations into the _ Five saved background-only Poisson scans
signed-root mass scan. g
©
Retain the response mean a, scale s and g
mass correlation R. 2
(©
o T

Draw correlated fields and record their
largest €XCesS.

Ananiev & Read, JINST 18 (2023) P05041; HPS v5.8.5.3.

2021 native 10%; £2.25¢; 50-250 MeV; frozen-source conditional calibration.

100 125 150 175 200 225 250
Tested mass [MeV]



Local Likelihood using GP on projected significance: pt2

g
)

One mass versus the full search

Zocal = MaxX(rops, 0)

T= mrgxmax(r(m), 0)

Pglobal = Pa(T™ = Tops)

Local: the excess at one mass, with the
raw asymptotic mapping.

Global: the largest excess anywhere in
50-250 MeV.

Poisson check: 57/256 exceedances.
95% interval: 0.173-0.279.

Ananiev & Read, JINST 18 (2023) P05041; HPS v5.8.5.3.

2021 native 10%; £2.25¢; 50-250 MeV; frozen-source conditional calibration.

Density

Local Z

0.0

tn

Observed local scan: raw root, no shifts

78 MeV: Zlocal = 2.809
50 75 100 125 150 175 200 250
Tested mass [MeV]
Null distribution of the full-scan maximum
Pglobal = 0.251

1 2

3 4 5
T = mrgxmax(r*(m), 0)



2021 Threshold Fit optimization

Study done after seeing apparent biases with

GP fit support starting at 40 MeV in
pseudoexperiment tests.
- selected GP fit support range and
procedure for selection for fully
unblinded 2021 dataset

Rising edge support selected: 36 MeV

Note goes into more detail

10% 2021 Threshold Region

I
10° 41

10 |
I

103 4 E _,_,_I'_I_'_r

30.0 32.5 35.0 37.5 40.0 42.5 45.0 47.5 50.0
Invariant mass me+e- [MeV]

- == 30 MeV control — 34 MeV — 38 MeV
— 32 MeV 36 MeV — 40 MeV
o]



Extraction Display
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Data or model minus GP mean
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Wiggling the mass resolution pt 1

o1 AL
o) e 0>
ImPaCtS — 080, — 090, = 1.00, — l.lo, 1.20:
- blind window size §
- (fituncertainty) 57} A S \// '
- signal width K \%/ A |
- bkg density calculation 3
marginall
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150
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; 1.00
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Mass hypothesis (MeV)



Wiggling the mass resolution pt 2

g
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Signed local significance

Peak and deficit region
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Mass hypothesis [MeV]
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Negative branch
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Signed local significance
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Mass hypothesis [MeV]
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2015 Comparison

tn

£2 upper limit

2015 observed upper-limit comparison

1074 4

107° 4

- Legendre Polynomial Approach
- GPR approach

N
i

-
"

GPR / Legendre
o

20 30 40 50 60 70 80
my, (MeV)
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Babar Comparison

Currently have small
region of new exclusion

. Exciting!

Limit on €2

Ratio to BaBar

ol AL
L= | 7 gu \ V3
-5 +
10 5
/
4
1 ,/
\ ’”
\‘ % //
7’ .\
\‘ 15 7 . ,/
\ ,/‘ ¥ X P4
/
o ’ /
1076 - I\ g ~/
f ot Y
/ \\ ’ /
VA, ~
= Current observed
== Full-2021 density-response proxy
. ~— Published BaBar 90% contour
1077
102 4 = Current / BaBar
— = Proxy / BaBar
10! 4
\ ! \
\ \
1009 4 1 R L\ \ \
OO vy v ! L
17 1 ~ \
N W, \‘l s
Ll
T T T T |
50 100 150 200 25’!)
Mass hypothesis [MeV] 3



Two Signal Modeling

Two signals can create
constructive/destructive effects in
observed upper limit
- 2 mild excesses could create
deeper deficit than a single

nearby signal

Signed local significance

Change In signed local significance

Signed local significance

A positive injected signal can create nearby peaks and deficits

24
0 -
-2 1
~—— QObserved 2021 10% —— Positive 66 MeV injection
4 Smooth background —— Positive 78 MeV injection
60 65 70 75 80 85

Mass hypothesis [MeV]

Injection-induced change after subtracting the background response

66 MeV injection

—— 78 MeV injection

65

70

75
Mass hypothesis [MeV]

80

Two positive injections can produce an intervening fitted deficit

85

— Observed 2021 10%  —— Positive 65 + 78 MeV injection

Smao

th background

65

70

75
Mass hypothesis [MeV]

80
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hypothetical fit catalogue (65 MeV toys)

Counts minus generator background / 0.625 MeV [103]

Toy 01 Z=8.49
max = 8.49 at 65

Toy 02 Z=7.10
max = 7.10 at 65

Toy 03 Z=9.31
max = 9.31 at 65

Toy 04 Z=28199
max = 8.99 at 65

Toy05 Z=1723
max = 7.23 at 65

Toy 06 Z=9.59
max = 9.59 at 65

Toy 07 Z=7.82
max = 7.82 at 65

Toy 08 Z =5.96
max = 5.96 at 65

Toy09 Z=5.05
max = 5.10 at 64

Toy1l0 Z=7.48
max = 7.63 at 64

Toy1ll Z=6.08
max = 6.38 at 64

Toyl2 Z=151
max = 7.51 at 65

Toy13 Z=8.04
max = 8.19 at 64

Toy 14 Z=6.46
max = 6.46 at 65

Toy 15 Z=6.07
max = 6.07 at 65

Toy 16 Z = 7.80
max = 8.46 at 64

Toy 17 Z =6.46
max = 6.46 at 65

Toy18 Z=8.05
max = 8.05 at 65

Toy1l9 Z=7.95
max = 8.04 at 64

Toy20 Z=17.74
max = 7.74 at 65

60 66

Dielectron mass [MeV]



2021 1% vs 10%
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Catalogue overview
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Observed source scans and catalogue entries
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All “Candidates”

(1)
:

13
)

Source Region  mg Zy Target Z¥" R, Toy median [16,84%] Maxzo

[MeV]  [MeV] fixed mass fixed mass
1% 65 66 2.61 26.12 23.43 1.12 25.62 [24.93, 26.82] 27.79
10% 65 656 2.40 758 6.76 1.12 7.63 [6.10, 8.47) 9.59
1% 75 82 1.53 1532 13.99 1.10 15.54 [14.25, 16.47] 17.92
10% 75 78 2.81 8.88 8.39 1.06 8.64 [7.80, 10.18] 11.62
1% 92 86" 0.86 861 7.99 1.08 8.86 [7.77, 9.92] 10.45
10% 92 93 1.51 477 445 1.07 4.63 [3.92, 5.58] 6.33
1% 120 121 119 1194 11.13 1.07 11.91 [11.13, 12.79] 13.04
10% 120 123 1.18 3.74 3.64 1.03 3.51 [2.89, 4.63] 4.92
1% 160 148" 1.47 1466 13.59 1.08 15.03 [13.96, 15.53] 16.53
10% 160 160 1.49 4.71 454 1.04 4.39 [3.50, 5.71] 7.35
1% 210 203 1.69 16.87 1550 1.09 17.09 [16.43, 18.13] 19.02
10% 210 208 1.41 446 4.16 1.07 4.23 [3.41, 5.30] 6.90
1% +84 84 1.53 1533 14.05 1.09 15.57 [14.75, 16.65] 17.05
1% +145 145 1.73 17.32 16.07 1.08 16.98 [16.78, 17.76] 18.77

1% +244 244 2.86 2861 2531 1.13 28.48 [27.31, 29.45] 30.30




Predictions of observed upper limit

o1 AL

e 0

following catalogue shows that we are able to predict shapes of upper

limits to first order!



100% Prediction: 65 MeV

e

g 2
Conditional &3,

107° -

tn

Median Projected Local Significance: 7.6 Sigma

20 saved toys —— Background Asimov --- Yield-scaled Asimov =—— Matched Asimov

prediction

50 75 100 125 150
Tested mass [MeV]

115 200 225 250
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100% Prediction: 78 MeV

el A
D AN
Median Projected Local Significance: 8.88 Sigma
20 saved toys —— Background Asimov =--- Yield-scaled Asimov =—— Matched Asimov
10°° .
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50 75 100 125 150 175 200 225 250

Tested mass [MeV]



100% Prediction: 93 MeV

g
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Median Projected Local Significance: 4.77 Sigma

20 saved toys —— Background Asimov --- Yield-scaled Asimov =—— Matched Asimov

107>

Conditional &2,
=
o
&
L

50 75 100 125 150 175 200 225 250 12
Tested mass [MeV]



100% Prediction: 120 MeV

ol A
P N
Median Projected Local Significance: 3.74 Sigma
20 saved toys —— Background Asimov --- Yield-scaled Asimov =—— Matched Asimov
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T 1076 4
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50 75 100 125 150 175 200 225 250
Tested mass [MeV] ;2



100% Prediction: 160 MeV i
Tl AN
Median Projected Local Significance: 4.71 Sigma
20 saved toys —— Background Asimov --- Yield-scaled Asimov =—— Matched Asimov
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150 175 200 225 250
Tested mass [MeV]
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100% Prediction: 208 MeV

ol A»y
T AN
Median Projected Local Significance: 4.46 Sigma
20 saved toys —— Background Asimov --- Yield-scaled Asimov =—— Matched Asimov
107>
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Tested mass [MeV]



Interpretations
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Study of Agreement in observation between datasets

Loss metric
- large loss implies individual datasets describe observation better

than shared coupling

AD = 2 [NLLcommon — ), NLLg independent
d



Common rate before 2015 Extension

ik
)

66 MeV 92 MeV
Shared-rate likelihood loss: 2.84 Shared-rate likelihood loss: 5.36
2015 - 2016 - ——
2016 1 —o-H
4,6e-6 3e-6
2021 - I—‘ 2021 q —o—
0 10 20 30 0 5 10

Signed fitted amplitude [107¢]

Signed fitted amplitude [10~°]

72 MeV
Shared-rate likelihood loss: 0.71
20154 ¢ &
2016 H—
_40 96_6
2021 A '-t
-20 -10 0

Signed fitted amplitude [10~¢]

tn

76 MeV
Shared-rate likelihood loss: 9.40
20154 ¢ B
2016 A —o—
2021 A o+
-20 -10 0 10

Signed fitted amplitude [107¢]



Common rate after 2015 extension

66 MeV: AD = 2.845 (2 freed amplitudes)

92 MeV: AD = 11.552 (2 freed amplitudes)

2021 A =t = Common fitted rate d = Common fitted rate
20161 +F—o— =
2015 4 < 4 L
0 5 10 15 20 25 30 0 20 40 60 80 100
Signed fitted €2 [10~¢] Signed fitted £2 [107¢]
72 MeV: AD = 0.713 (2 freed amplitudes) 76 MeV: AD = 9.405 (2 freed amplitudes)
2021 | — Common fitted rate —1— —— Common fitted rate ——
2016 - —t—— ——
2015 A . .
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Leading Deficits
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® Observed data ==« Pprofiled background ‘- Fitted signal (residual panel)
© GP mean === Background + signal GP constraint width
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Signal Model for alternative frameworks
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Profiled Background dependent info



Things to consider post-unblinding

For a fixed common region of interest at 92 MeV

Q¢ = ), max(z;, 0)?

Model or rule vVQc Local pg Zo
Common coupling 2447 7.21 x 1073 2.447
Independent positive amplitudes 4195 1.33x10~% 3.646
Fitted power law 4182 6.90 x 10~° 3.812
Fitted exponential 4148 T7.77x107° 3.782
Equal-weight signed Stouffer - 3.71x10° 3.962
Fisher of signed one-sided probabilities - 691x107° 3.811




Alternative Combination Methods

1 A
s e W
Beam energy and Rate normalization assumptions
Common coupling Power law: a(E/2.3)8 Exponential: ae~k(E-23)
Approx. 95% pointwise Approx. 95% pointwise Approx. 95% pointwise
102 - [ Approx. 68% pointwise u Approx. 68% pointwise -t Approx. 68% pointwise
i - Best fit - Best fit - Best fit
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Beam energy [GeV] Beam energy [GeV] Beam energy [GeV]



Two Parameterizations

—~~

R(E) a conditional slope interval, 68% profile
1 3.102 x 107° none
(E/2.30)7 8.516 x 106 B = —2.987 [—3.517,—2.470]
exp[—k(E — 2.30)] | 9.817 x 10~© k = 1.681 [1.257,2.087] GeV !

Power exponent 8

Power-law parameters

Exponential parameters

Decay slope k [GeV~']

10 15

Amplitude at 2.30 GeV [107°]

20 25 5 10 15 20 25 30
Amplitude at 2.30 GeV [107¢]



Profiling centroid and widths
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Fitted £2,,;, [107°]
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Fixed 92 MeV; scaled widths

Common coupling
—— Energy response: g = —2.99
® 2015
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Separate centroids; scaled widths
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Separate centroids; profiled widths

Common coupling
—— Energy response: B = —2.88
@ 2015
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The Different Scenarios

Shared Coupling

Rate Floating
within Energy
Normalization

Rate Floating
within Energy
Normalization+
Mass Resolution

Profiled

Energy response; fixed 92 Common coupling; fixed 92
Residual rows / MeV Residual rows / MeV

Energy response; means + widths
Residual rows / MeV
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Updates and Studies Since Initial Unblinding (08/04/2026)
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XI.

Geometric Acceptance Study for 2015/2016/2021
Pseudoexperiments of various Statistics
A. 1% fit data scaled to 10% and 100%
B.  10% fit data fit as 10% and scaled to 100%
2021 GP fit support optimization
A.  rising edge
New observed limit results and all combinations of limits
2016 100% Comparison
Contour revitalization (15/16/21 and 15/16/19/21 Projections)
GPR Echo characterization across all three datasets
A.  individual/combined dataset search correlations
B.  predictions for 100% unblinding
Scaling Mass Resolution Study
Profiling Mass resolution as a nuisance
Beam Energy relationship to extracted regions of interest

“Two-bump” hypothesis
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