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SPECTROSCOPY: LIGHT REVEALING THE UNIVERSE

From light to knowledge: spectroscopy has unlocked the structure of atoms,
tested the foundations of quantum theory, and revealed a new world of particles.

1. NEWTON’S PRISM
EXPERIMENT

1666

Newton showed that white
light is composed of colors.
This was the birth of optical
spectroscopy.

2. FRAUNHOFER’S
SOLAR ANALYSIS

3. HYDROGEN SPECTRUM
& BOHR MODEL

Fraunhofer discovered dark
absorption lines in the solar

spectrum. These lines revealed

that atoms leave unique
fingerprints in light.

1885-1913

Hydrogen Emission Spectrum
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The discrete hydrogen spectrum

led Bohr to propose quantized

energy levels in atoms—launching
- modern atomic physics.
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A tiny splitting (Lamb shift)
in hydrogen revealed the
effects of quantum vacuum
fluctuations—confirmed by
Quantum Electrodynamics,
the most precise theory in
physics.

5. DISCOVERY OF J/y
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‘ Spectroscopy of e*e™ collisions
revealed a new particle, the J/y,
a bound state of charm quarks.
This discovery opened the door
to the rich field of the quark
model and particle physics.

Reveals the composition,
temperature, density, and
motion of stars, galaxies,
and the cosmos.

SPECTROSCOPY CONNECTS THE VERY SMALL TO THE VERY LARGE—AND

@
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Detects elements and molecules
in planetary atmospheres,
interstellar clouds, and
exoplanets.
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WHY SPECTROSCOPY MATTERS

Essential tool in chemistry,
materials science, and
biology for identifying
and quantifying matter.

Enables technologies from
lasers and semiconductors
to medical imaging and

environmental monitoring.

Tests fundamental physics
and drives the development
of new theories and
technologies.

From prisms to particles,
spectroscopy turns light

into understanding—
across all scales of
nature.
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CONTINUES TO REVEAL THE UNKNOWN.
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hybrid hadrons and gluodynamics

C. Meyer & E.S. Swanson, arXiv:1502.07276



Past 1deas for hybrid mesons
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Lattice Hybrid Computations

Volume 129B, number § PHYSICS LETTERS 29 September 1983

MESONS WITH EXCITED GLUE

L.A. GRIFFITHS, C. MICHAEL and P.E.L. RAKOW
Department of Applied Mathematics and Theoretical Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX,UK



Lattice Hybrid Computations

perturbation
theoory
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Juge, Kuti, and Morningstar arXiv:hep-ph/9902336



Lattice Hybrid Computations
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Lattice Hybrid Computations

The ‘gluelump’ spectrum (static octet source + glue)

Jre mass (GeV)
1+~ 0.87(15)
1~ 1.25(16)
27~ 1.45(17)
2~ 1.86(19)
3T~ 1.86(18)
0F 1.98(18)
4=~ 2.13(18)
- 2.15(20)

[only mass differences are well-defined]

M. Foster and C. Michael [UKQCD Collaboration], Phys. Rev. D 59, 094509 (1999).
G. S. Bali and A. Pineda, Phys. Rev. D 69, 094001 (2004)
K. Marsh and R. Lewis, Phys. Rev. D 89, 014502 (2014)



Lattice Hybrid Computations
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N Cardoso and P. Bicudo, arXiv:1209.1532



Lattice Hybrid Computations
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Eftective Field Theory
Obtain Schrddinger-type equations for heavy quark hybrids with pNRQCD.

L = tr (HLT ((SUI()() - th-i;/') Hl)

hitiy = (2 + Vi (r)) 8+ (B —4f5) [Vi, (1) = Vigz ()
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M. Berwein, N. Brambilla, J. Castella, A. Vairo, arXiv:1510.04299

R. Oncala and J. Soto, arXiv: 1702.03900
N. Brambilla, W.-K. Lai, J. Segovia, J. Castella, A. Vairo, arXiv:1805.07713



Eftective Field Theory
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Born-Oppenheimer Approximation all other models fail to
reproduce this pattern

multiplet l

: : PC -
constituent gluon with ('~ )y =17

J. Dudek, arXiv:1106.5515



modelling hybrids



Hamiltonian QCD

Work in Coulomb gauge

1
Hyep = Jd3x [yﬁ (—ia - V + pm) Wt (V1L -TLF ">+ B-B) —gy'a- Ay| + H

1 - g p )
HC — EJd3x d3yf 1/2pA(X) j1/2 <X,A| = ( V2) S ‘Y,B) jl/ZPB(y)j 1/2

D

18 Swanson and Szczepaniak, Phys. Rev. D 59, 014035 (1998).



running coupling

Hamiltonian QCD

vacuum Ansatz

Wo[A] = (Al) = exp |~

/

dk
(2m)°

A% () w(k)A® (—K)

gluonic gap equation

19

nonperturbative potential
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r660500008080

Swanson & Szczepaniak, arXiv:hep-ph/0308268


https://arxiv.org/abs/hep-ph/0308268

4600

4200

3800

mass (MeV)

3400

3000
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A. Szczepaniak and P. Krupinski, Phys. Rev. D
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gluelump spectrum
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m== model 3 two and three-body interactions

P. Guo, et al, arXiv:0707.3156




hybrid decays

spin selection rule

S+P selection rule
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JPACT .
T | - . <model variation
600l COMPASS q
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=
C. Farina & E. Swanson, arXiv:2512.00459 — saal PDG
C. Farina & E. Swanson, arXiv:2312.05370 i e v
C. Farina et al, arXiv:2005.10850 | i 2t
P. Page, E.S. Swanson, A. Szczepaniak, arXiv:hep-ph/9808346 100} / .
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hybrid flavour mixing
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[neglect mixing through the continuum ~ the "OZI puzzle'"]
E.S. Swanson, arXiv: 2502.10372 0z



E.S. Swanson, arXiv: 2302.10372

hybrid-vector mixing

34 MeVQ/mq, I, 210 MeV, p
H1s=—1g 4 190 MeV?/m,, Jiy=—i{q60 MeV, Jly.
225 MeV3/m,, Y 20 MeV, Y

Hybrid configuration content of heavy S-wave mesons,
[MILC] T. Burch & D. Toussaint, Phys. Rev. 68, 094504 (2003).

I vrocp = 170 MeV (J/y)
¥ nrocp X 70 MeV (Y).

24



oH =

E.S. Swanson, arXiv: 2302.10372

vector hybrid decay constant
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hybrid phenomenology



lattice hght hybrid spectrum
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m, = 391 MeV, 24° x 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction — their interpretation as the lightest

hybrid meson supermultiplet will be discussed later. _ _ _
Toward the excited isoscalar meson spectrum from lattice QCD,

[HadSpec] J.J. Dudek et al. Phys.Rev.D 88 (2013) 9, 094505.


https://inspirehep.net/literature/1253562

lattice hight hybrid spectrum
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lattice hight hybrid spectrum
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H,(17") 2100/2100/2200

State Ref. Mass Width Model (1v) Mass Model (v)
p(770) PDG 775.2 £0.2 147.4 £ 0.8 138, 720
p(1450) PDG 1465 £ 25 400 £ 60 238, 1440
p(1570) PDG 1570 £ 70 144 + 90 1°D, 1510
p(1700) PDG 1720 £ 20 250 £+ 100 H(177) 1760
338, 1850
p(1900) [33] 1900 + 30 50 £ 30 2°D, 1910
p(2150) [34] 2034 £ 16 234 + 39 43§, 2170
3°D, 2220
both scenarios find support in LGT and QMs
ete” = nrr nta— O
@ IIIIII ;c;tal . '_ Avg deviation
< 4 + ot ? | Model m(m,) MeV) ag o (GeV?) C MeV) ay by (GeV!) ry(GeV!l) e Rel error (MeV)
> W e ‘ i. [hyp] 335 0.59  0.16 —697 0 9% 94
§ H‘M 1. [SI] 300 1.52 0.071 110 0 7% 66
B f Hﬂ} 4 iii. [SD] 400 1.8 0.06 230 13 0.60 4.7 0 5% 54
CEE +++ HHH+ +j + iv. [SD] 330 2.1 0.055 385 1.3 0.53 5.2 0 5% 54
| +++++ B T v.[30]  375(525) 153 0.059 168 12 056 7.5 0.25 1% 79
++W+*’**+.&.‘. L Y ot Rel/SI 200 0.59  0.14 246 ... 0 6% 59
OM; el T A Rel/SD 400 0.72  0.14 -359 1.1 020 4.4 0 5% 55
1 1.5 2 2.5 3
E" (GeV)

Phys.Rev. D76 (2007) 092005 [3]
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H,(17") 2100/2100/2200

% 30000 —e— Data

= s —— Fit FOCUS, PLB 545,50 (2002)

o B - \ Signal “o 1800

Al 25000 [ Prellmmary \ (o)

E., - ¢ ) Background % 1600

' m ' M1 = 1.536 + 0.010 GeV = 400

S 20000 [- ¢ I'1=0.247 + 0.018 GeV o

= i M2 = 1.755 + 0.007 GeV ~. 1200

© ® ¢ | I'2=0.128 + 0.009 GeV a2 1000

£ 15000 = ¢ 2

9 : - , | + A? =0.93 + 0.32 Q)) 800

= B X’Indf = 104/63 = 1.65 w

O 10000 — o . 600

S i b 400
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Q : uncertainties only) o1 P R R

2 0— i —e i 1 AL I e ; 1.4 1.6 1.8 2
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Second peak is consistent with FOCUS X(1750). Where is the first peak!?



H,(17") 2100/2100/2200

Seek BaBar/Belle ¢p(2170)

new! consistent with BESIII ¢(2170) — ¢(2240)

P = @Amp

: —o— GlueX data
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H,(0~*) 1800/1780/1860

source

T INaSSes

7) Masses

RPP[29)
LGT[11]
GI[38]
fit A
fit A’

139 1300 1800 -
391 1520 2100* 2350
150 1300 1880

560 1365 1720 1990
600 1390 1750 2030

548 958 1294 1409 1475 2221
600 1000 1680 1750 2100% 2300
520 960 1440 1630

560 730 1365 1580 1990 2200
600 820 1390 1580 1750 1940

%gluonic content

not a good agreement!

state

fo(500)m pm fo(980)m K*K b1(1235)7 fo(1270)m fo(1370)7 wp |Tior

I'ppc

w(25)

230 2 @

w(35;1850)| 12 117 x 64

Hy () 51 9 73 0

- ? ? ?

- 30 1 109|333+ 215

o7 X 22 x (212

233  200-600

ratios of partial widths are a powerful discriminant

33

1soscalars
0+ fo(500)n 33.3cos? 0 30.2sin? 0
(1750 — 1850) K*K (cos 6+/0.8 — sin §v/2)? (sin@v/1.1 + cos 0v/2.7)?

a2(1320)7 1.0cos? 6 2.5sin” 6
f0(980)n 42 .8 cos® 0 44.9sin” §
ao(1450)m 34.5 cos? 6 54.6 sin? 6

on X X

f2(1270)n @ X

o' z ¢

K*(1410)K @ @

fo(1370)n @ @

K (1430)K ? o

K3 (1430)K % 0

f5(1525)n ¢ @

112 cos?(6) — 2.5 cos(f) sin(f) + 2sin?(6)

I

SSQ

2.7 cos?() + 3.4 cos(#) sin(#) + 133 sin?(9)

~ 10s MeV
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H,(1-) 1600/1680/1820

COMPASS reanalysis

%10 1=*1* p(770) & P [1-*1* p(770) & P] - [1**0* p(770) & S]
1-0.724 < ' < 1.000 (GeV/c)? i 0.724 < t' < 1.000 (GeV/c)*
| Model curve 100
. Resonances I ]‘
© " Nonres. comp. i +er“q
> - ’ ol f
Q
= W I
O n
S 05t =
N $-100;
§ :
= ~200(- .
_ : JPAC reanalysis
4 s s | IR B | I B
0.5 2.5 308.5 1 1.5 2 2.5
(c) (d) m,_[GeV/c?] A. Rodas et al. [JPACI],
Determination of the pole position of the lightest hybrid meson candidate
Phys. Rev. Lett. 122, 042002 (2019).
COMPASS 1802.05913; 2108.01744 0.0 =
0.1 E— __a,(1320)
0.2 f a,'(1700)
< E 0.108 F
g 03— 0.1102— "
~ — 0.112F
% 04 = 0.114F
= o5 E— O116f PAC
— 0.118:-
0.6 E_ o.120§—
— 012253557302 7306 1.308 1.310
0.7 —
— ] ] ] ] L ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] L ] ] ] ] ] ] L ]
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

Mass (GeV)
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sESII

H,(1-) 1600/1680/1820

BESIII discover a possible partner state!

400 -—I T T T T

Events/(10MeV/c?)

100 |

1.5

1 (1855)

200 [ |

[ (@) x¥dof= 1.57
300 [ {4

!

|
I
1

L

..-""-F.“‘“

—o— Data
0++
2++

R 4++ i

— 1 (n1(1855)) —_

—_—

r

-+« PWA fit projection (exclude 1)
o —— PWA fit projection (baseline fit) =

®
\ - " N
o

2 25 3
Mnn’)(GeV/c?)

—.._[ 1

M = 1855 £ 97° MeV
=188 + 18F) MeV

BESIII, PRL 129, 192002 (2022).



I, MeV

H,(1-) 1600/1680/1820

Other partners

0, (rad)

37

With these observations one expects a light
1soscalar exotic with mass near 1680 MeV with a
total width of approximately 30 MeV and dominant

decays to ay7 and K(K.



H,(1-) 1600/1680/1820

GlueX search reports an upper limit

(uses HadSpec decay calculation)
GlueX, PRL 133,261903 (2024)

n
S
-

N§ - Data

2 0 a,(1320)
8 e — 1t,(1600)
3 150 hi

=

g 300

X

M(n'n) [GeV/c?]

Upper limit using LQCD
[HadSpec, PRD 103, 054502 (2021)]
and GlueX data to constrain 7; — b7



r, (HQ2 ) I=1)~ 80 MeV

source T9 INASSES 712 IMaSSES
RPP[29]|1670 1874 1963 2090%|1617 1842
LGT[11](1900 2350° 2550 — {1900 2000
GI[38] |[1680 2130 -  — |1680 1890
fit A |1580 1880 2130 2350 |1580 1785
fit A> |1590 1865 2100 2300 [1590 1820

not established

bgluonic content

H,(2-") 2250/2300/2400

0, ~ 10(5) deg
O, (H(2 ):1=0)~75 MeV
[ (H,2 )1 =0)~ 60 MeV

39

90—+

(2360)

fo(500)m
pr
K*K
£2(1270)7
£1(1285)
fo(980)7
fo(1370)7
p(1450)
KiLK

0.5
3.7
0.8
19
0.6
0.4
X
7.2
X
0.1
0.2
12
0.3
X
39

X

(18,43)

(10,23)

(33,66)

(20,15)

(13,11)

(37,39)

(32,34,36)

(15,16,16)

(32,34,36)

83.8

(61,132)

(84,82)

(82,87,89)




H,(2-") 2250/2300/2400

state mp wp forr K*K p(1450)7 KiK|Twot TppG perhaps f,n/pn 1s the best diagnostic
72(15) 117 25 85 20 3 ~ |250  258(8)

72(25) 8 24 31 3 19 9 |172+ 237(30)

m(35;2250)[ 12 10 16 6 35 8 |87+ -

Hy () 4 0 20 0 7 40 |11 -

S-D-G amplitude ratios for my — forr
are approximately 1:0:0 for a hybrid but are 1 : 0.14 : 0.003 for the ¢g(1S5) state, 1 : 0.62 :
0.06 for the ¢qg(2S5) state, and -0.24 : 1 : -0.38 for a ¢g(395) state near 2250 MeV.

COMPASS: 7,(1670) = (fom)e — 28

r(1880) = (fLhm)p — 3§

40



| H,(2-") 2250/2300/2400

"0.6%  0.100 < t' < 1.000 (GeV/c)* - /g
f «10° 270" £,(1270) 7 S %103 2707 £,(1270) =
* i 67% 0100 < tr < 1000 (GeV/C)Z : 65% 0100 < t' <‘ 0113 (GCV/C)2

G?

15
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Intensity / (20 MeV/c?)
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|
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W

x103 2_+0+ [ﬂﬂ,’]s D x103 2—+1+Jc2(1270) TS X103 2—+0+é(1270) TS
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I kit i
60 - gt 4 i *

~
)
|
[a—
W
|

40 + t t n 10-— }

Intensity / (20 MeV/c?)
(\®)
S
|
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+++“ L O O‘Mmﬁ'llllllllll
. LA . | | 0.5 1 1.5 2 2.5 0.5 1
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summary



- vector hybrid near 2100 w/ decay constant ~ 20 MeV. Likely too broad to be easily seen

- partner states at 2100-2250 and 2220-2350.

- with a 7,;(1600) expect partner states at 1750-1780 and ~1900 (near the 7,(1855)).
- the 7(1800) is a good hybrid candidate. The #(3S) should be nearby

- 1t 1s possible that the hybrid #,(2360) has been observed!

- think about strange hybrids!

- perhaps the low lying hybrid spectrum 1s emerging (& consistent with expectations)
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A Speculative Summary

2800
*adjusted
' I ‘ I LGT I=1
2400 | | hybrids
I LGT I=0
mass , v ]
(MeV) = I PDG I-1
2000 | = '
| I PDG I=0
1600 |
hollow box = unverified
* agrees well w/ QMs
1200 !
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discovering exotic particles



the traditional approach to "discovery”



i. fit two model amplitudes to data, My (...) and M,(...; my, 1 p)

il. determine the P-value ~ the probability of obtaining the observed effect (or greater) given that the null hypothesis is true.
L,
) 1
2 log L > X —dy Ly, C L. (Wilks's theorem)

iii. declare a discovery if P <3 -107" = 56 [P < 0.0027 — 30]. The new physics is described by the fit parameters, My, | 'p.

Higgs digamma

10*
/52000 :_ CMS Preliminary —e— S/B Weighted Data Background 4
- } el T Bkg Fit Component 4+ MadGraph
1600k S8 TeV: =531 o
1_. +2 O
—1400F >
) - O
-'g 200 - o
() - N
Lﬁ‘ 000 )
_ +
S 800F S
2 - >
_CCD 600 - [1]
%’ 400 o o -
200 ~
O :| | | | | | I | I | 1 \
: 1 ‘ 1 I~
1 20 1 40 10 200 400 600 800 1000 1200 1400 1600

m,, (GeV) m... (GeV)



_ Eichten et al., Phys. Rev. D 21 (1980) 203

ete”™ - DD
S— — . - Y T —
— ‘i:'::‘"'I'"'l'"'I""l""l""l""l""l""l""l""l"-‘ o ‘-\\ ___DQEO
g‘ 100 coupled-channel - D* D~ (a)
~ 600 0.2 effect + node |
I g
9 500 1
- . < —_
T 400 .: O. ' \\\\ /, =TT~ ’f'
' . \\ ’/ 4
2300 N /
P} 2
C~—
g 200 0 L N . A ,
2 38 39 40 4. 4,2 4.3 44 45
£ 100 N
® “eAN W (GeV)
, -
2 -
S In our calculation there is some weak structure
E - in the 3.9-4.0 GeV region. It does not arise
-5f from a cc resonance, but from the opening of the
38739 4 41 42 43 44 4546 47 48 49 DD* +D*D channel and a decrease in the DD chan-
PRL 133 (2024) 8, 081901 s (GeV) nel due to a nearby zero in the 3S decay amplitude.

N. Hiisken, R.F. Lebed, R.E. Mitchell, E.S. Swanson, Y-Q Wang, 2404.03896

48



o (nb)

(data-fit)/o

o (nb)

(data-fit)/o

Refit with additional information and coupled channels

whh O ;o

d [T

1 I| I |I [ | T I| T |I |

'\] [T T

[ | IR | [ | [ | T | |

3.8

o (nb)

(data-fit)/o

o (nb)

(data-fit)/o

8
7
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4
3
2

—
—
—
—
—
-
—
-
—
-;

—

wohh O ;o

IIIII IIIII T lIIIIIIII'Illl|ll]lllllllllll|llll|IIII|IIII|

3.8
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35
b eTe~™ — hadrons
= 255— i ¢
% 20:_ +
- {
¥
° 1g;:..............[..f..........
P ok ¢¢M¢W’2§Mﬂ%—
S 37 3.8 3.9 4 4. 42
Vs (GeV)
— fit result
68% CL
90% CL

Data from:

BESIII (unoff.) Andy Julin, University of Minnesota
BESIII: PRL 133 (2024) 8, 081901

BESIII: JHEP 05 (2022) 155

Belle: Phys.Rev.D 97 (2018) 1, 012002

CLEO: Phys.Rev.D 80 (2009) 072001

BES: PRL 88, 101802 (2002)

BESII: PRL 97, 262001 (2006)

SPEAR: PRL 39, 526 (1977);

A. Osterheld et al. 86; Schindler 79



"

spread of points with same colour: statistical uncertainty
spread of colours: systematic uncertainty

38 385 39 3.95 4 4.05
Re(Vs) (GeV)

S)

\ I

(-]

—
_l|III|III|III|III|III|III|III|III|II

(@) 4 models w/ 24-30 parameters

(*) model with node

50

the devil’s in the details:

- given our choices of K, n(s), 2, we find

described without a G(3900) pole

details we varied:

- isospin-constraints between D¥D~ and DDV
- threshold opening of channel that absorbs missing
intensity

- node in 7A(s) = n(s) - (1 — kz/kg)

details we did not vary:
- type of barrier factor b, (s)

- choice of X

very valuable that other groups use different assumptions
entirely different approaches

PRD 109 (2024) 11, 114015

PRL 133 (2024) 24, 241903 some find a G(3900),
PRD 112 (2025) 5, 054027 some do not...

PRD 112 (2025), 016015

arXiv:2509.17679 + more in other energy regions



problems with the traditional approach



problems with the traditional approach

>
L
i. fluctuations in the data set may be important § 120 *
il. models MO and M1 are wrong! g 100
lii. systematic errors are often underestimated £ sof
@) _
iv. problematic overfitting 60 -
V. we wish to extract model structure, not assume it 40f-
20 ,{c’:&'u«. ST
RSN
4100 4200 4300 4400 4500 4600 4700 4800
My [MeV |
< F I e CMS Preliminary 135 b’ (13 TeV)
° 5o LHCD P (BS) > 10 GeV i e % 1sofcMsPAsBPH2I003 T
E E Combinatorial ] E 1603— { Data — Fit —f
= o tod H £ 5 140 % & ==BW1 :'BW2[X(6900)]
- LS 2 - . [ -
B 150 ""+ T IR PR ! I RgiiE 5 120— o ] } \ mn BW3 —— Background
§ - t i S 100 # ‘ =
5 °F E © 8o =
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8 501 E - 3
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-4 il
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problems with the traditional approach

I. fluctuations in the data set may be important
ii. models MO and M1 are wrong!

. systematic errors are often underestimated
iv. problematic overfitting

1

BW (m|Mp, Ty) =
(miMo, To) = 4 e 3T (m)
2LA*+1
q My ., 2
T(m) =T, [+ —pB d)?.
m=to(2) " 0B, G

A

Ay

L™
A0
. p b * *
v. we wish to extract model structure, not assume g, (my,) = B,LArg (p, po, d) ( AO) BW (mg,|M,y™, ™) B}, (g, qo, d) (

b b

ﬂmita ry? \

correct analytic structure?

crossing symmetric?

\non-perturbative? J




problems with the traditional approach
1

BW(m|Mo,To) = 5o e i3 1,T(m)
I. fluctuations in the data set may be important
ii. models MO and M1 are wri¥ng! I'(m) =Ty (;10) et %B’LA* (¢, qo,d)? .
Ill. systematic errors are often underestimated
iv. problematic overfitting LA

V. we wish to extract

A LArT
P b * . q
’A,g(p’po’d) (MAo) BW(pr|M51”,F61”)B'LM (g, q0,d) (MAn) .

AO_)A;: ’I, * J x
X ZHM* Ay MK d : (049) dAAAf, ap(027).

A+

ﬂmitary? \
; 3 correct analytic structure?
\/\3\ crossing symmetric?
K

\non-perturbative? J




problems with the traditional approach 1050 prvreprersrrrrrersrereeprrrrrrr e

I. fluctuations in the data set may be important 1000 i

iI. models MO and M1 are wrong!
950 - _

900 | |
i [[]1ifzzzz ..... . i

iii. systematic errors are often underestimated

Iv. problematic overfitting

Neutron lifetime (s)

V. we wish to extract model structure, not assume it

------

R50) Lucwliviiiiin L L Livunsin TP Lo
i.e. over-confidence in one's model. 1970 1980 1990 2000 2010 2020
i.e. one acts as if the model generated the data.
'1'16_"'| """"" [T [T [T [T ] LT15.8 rrprerrreem T [T [rrrrTT prrrrrrT [Fer
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problems with the traditional approach

I. fluctuations in the data set may be important
iI. models MO and M1 are wrong!
Ill. systematic errors are often underestimated

iv. problematic overfitting

| | S 2200 P
v. we wish to extract model structure, not assume it =, t —e— total it
000 LH Cb —— background
O 00 y  (a) P_(4450)
= ! — P,(4380)
-~ A(1405)
€ 1600 ¢ -+ A(1520)
1400 A(1600)
11 @ A(1670)
- =K -- A§1800;
. 1000 . ---+-- A(1810
"With four parameters | can fit an elephant, and ; '.‘. A£1820;
b L . . 800F- ! v A(1830
with five | can make him wiggle his trunk. L] .o.-" A= A(1890)
600 ® . .' A ---dx-- A(2100)
o o —-Ae-- A(2110)
4008 : - \.‘ cex-- A(2350)
"o o 2 b o 4o A(2385)
932 > 22 24 26

my, [GeV]




Your fit heuristic is domain-dependent!




CURVE-FITTING METHODS

AND THE MESSAGES THEY SEND
l \ . | QUADRATIC . | LOGARITHMIC
" .o . : “ B :

’ . % . o . %

' . . % f , . . % : } .

| o.. . ‘ . .

l . h Y { . 9 ®eo L . -

L_ N * | - ¢ - .
"HEY, I DDA “T UANTED A CURVED “LOOK, ITS
REGRESSION. LINE, 50 I MADE ONE TAPERING OFF"

UITH MATH"
° | 2

| : T o

‘ © : .. . J —d : ..:_l_

| | o

? . i o ¢ o .  * o * .

“LOOK, IT5 GROJNG ~ 'IM SOPHISTCATED NOT ~ “TM MAKING A
UNCONTROLLABLY"" LIKE THOSE BUMBLING SCATTER PLOT BUT
POLYNOMIAL PEOPLE I DON'T WANT 10!
DGISTK . | PIECEWS .

| j ] . " /.:./.'*

,‘ ° . . | J ° . A . .

" o °* — " " | :‘f?._’:r: .

]—- e l__ lm .
"I NEED TO CONNECT HESE “USTEN, SCENCE IS HARD, "I HAVE. A THEORY,
TWO UNES, BUT MY FIRST IDEA  BUT IM A SERIOUS AND THIS IS THE ONLY
DIDN'T HAVE ENOUGH MATH"  PERSON DOING MY BEST." DATA I COULD FIND®

“T HAD AN IDEA FOR HOU
0 CLEAN UP THE DATA.
\WHAT DO YOU THINK?*

9]0

‘ (v“r’}"- ::; L
‘ .

——

| .

|
e
A6 YOU CAN SEE, THIS
MODEL SMOOTHLY FITS

THE- LWAIT MO MO DON'T
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h/t Randall Munroe



problems with the traditional approach

I. fluctuations in the data set may be important k )

ii. models MO and M1 are wrong! R R e L Cl e o
. systematic errors are often underestimated 1 *&

b ain . PCBIND wopCAY O i - .
iv. problematic overfitting o MTTT® O

V. we wish to extract model structure, not assume it

a. LASSO A
b. AlIC E,(2k —21og (210)) - — 2E,(log(f(Z20))
1 .
c. BIC pM| D) =~ exp —E(klnn —2log L(0)) + O(1)| p(M)

d. Bayesian Model Averaging:

pM|2) = d0p(2|0; M) p(0| M) p(M)

J

Priors are problematic! What is a uniform prior? Lack of reparametrization invariance. What is the totality of causative agents?



additional concerns

vi. model parameters are (approximately?) meaningless

vil. we are not interested in the model, but rather the analytic structur
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additional concerns

vi. model parameters are (approximately?) meaningless

vii. we are not interested in the model, but rather the analytic structure of the model (or, at least, should be!)

10
-

10 e




bigger problems

CMIP5 models l

viii. what does it mean to model? | i y

iX. what does it mean to minimize?

Pressure (hPa)

.., W

80S 60S 40S 20S Eq 20N 40N 60N 8ON

Observations

VAAAAY

Pressure (hPa)

80S 60S 40S 20S Eq 20N 40N 60N 80N

-0.25 -0. -0. 0.05 : 0.25
——l 0 11
-0.3 -0. -0. 0.1 . 0.3

“Fingerprinting” with changes in the vertical structure of atmospheric
temperature: The average of eight CMIP-5 models with anthropogenic
forcing (upper panel) and satellite observations from Remote Sensing
Systems (lower panel) both show coherent warming of the troposphere
and cooling of the stratosphere. (Source: Santer et al., Proceeding of
the National Academy of Sciences, submitted)

"Statistietans Physicists, like artists, have the bad habit of falling in love with their models."



bigger problems

viii. what does it mean to model?

iX. what does it mean to minimize?

1.00(

A 38 element Lennard-Jones system has ~ 104 |ocal minima (!!)

00000

saddle ©

C.J. Tsa1 and K.D. Jordan, J. Phys Chem, 97 227 (1993).




bigger problems

viii what does it mean to model?

ix. what does it mean to minimize?
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a way forward
(i) seat of the pants method



a way forward:

@ One way in which one can claim the discovery of a state is if that knowledge permits better, or predictive, statements to be
made about future experiments.

"How well does my model fit the data?" = "How well can | predict the outcomes of future experiments?"
@ We can use cross-validation to avoid overfitting.
Combine these ideas by splitting the data set into training (ante) and validation (post) sets.

A simple example

predictiveness (N=40,p=20,sigma=0.2,runs=4000)
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Predictiveness

® abandon the idea that we "know" the model -- work in "super-model space" (which, of course, is a model; but now we seek a
degree of agnosticism).

@ stochastically explore model space. [One could model average by averaging over the trajectory. This is not our primary goal
here.]

@ explore the continuous portion of model space with Markov chain Monte Carlo. Metropolis-Hastings update according to

0| D) foo D 0) p(6
1P( | D) Jog p(m@):p( 10) p(6)

)
p(e ‘ @) f6”,6’ p(@) 1000 MCMC steps starting at (0.5,0.5); uniform step
of size € [—0.1,0.1]

p(@ — 0') = min

Every point in this space is a model, some
A fth teri just better th thers.
D + 2x + 7(0.2)) scan of the posterior are just better than others

2.4

T T T
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Predictivity - Algorithm

:select data set realization :

P @ concurrency focus on predictiveness
:split ante/post

de-emphasize fitting and fit quality

explore a large model space to enhance the

select in discrete model space
P reliability of the conclusions

o
- g |
minimize in continuous space [

the conclusions

%@ use data realizations to enhance the reliability of

—
erturb from the minimum :n? : . :
b ¥ be as agnostic wrt priors and models as possible

. tune model parameters are not physical

track observables and predictivity

\

analyze complete set of observables



Im(E)

Pole Positions

Model space excludes the generating model.

colour = "reliability":= post(ante)*post(post) = exp(-1/2 LP(a)-1.2LP(p)). This is log(1/2LP(a)+1/2LP(p))
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a way forward
(if) Bayesian inference



Bayesian Inference

model evidence Bayes theorem

posterior predictive

likelihood evidence

pa|D)=y JdeM p(116y, M, D) p(6y| M. D) - Jde’pa) |61, M) p(6;,1 M) p(M)/p(D)
M

— p(D |6y, M) p(0,,| M) 2r)"*\/det Z p(M)/p(D)

Laplace approximation (steepe‘st descent)

Occam factor

No need to bootstrap data

No need to explicitly penalize model complexity



Single Channel K-matrix

compare Bayes and AIC weighting for 1000 models

model weight
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Single Channel K-matrix

0.910906

generating-model
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generating—-model poles:

S|ng|e Channel K-matrix @Agé pole count probabilities pole = (3.778,-0.007) residue = (-15.4954,6.44069)
1 94.3365%
o 2 2.60253%
@Bgées pole count probabilities 3 0.1009845
1 99.2358% ‘0%
% 8;594536 AIC pole count probabilities (no sheet I poles)
° 0 0%
4 0%

1 77.6579%
2 0.935699%

Bayes pole count probabilities (no sheet I poles) 3 0.0287494%

? gg 11415 4 0%

> g% ° <pole>(1) = (3.77798,-0.00700587) +/— (delR, delI, delRI) 1.36091e-05 -1.7134e-07 6.92959¢—06
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4 0%

<pole>(1) = (3.778,-0.007) +/- (delR, delI, delRI) @ @ 4.5139e-36
<res>(1) = (-14.6995,6.29522) +/- (delR, dellI, delRI) 1.09651 0.277913 0.0706413

pole residue
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81 models x 6 bootstraps

G(3900)

PIKE5 v0.2d6 all 81 fits

DD*

DpDm

DODO

+dxd
Sasa
| 1 1 1 | | |
Q% o o o o o o o
o o o o o o o
o o o o o o o
< ~ o ® © < ~N
~ ~ ~
qd / ewbis

sdsd

+*dd

qd / ewbis

qd / ewbis

4.00 4.05 4.10 4.15 4.20
E / GeV

3.95

3.90

E / GeV

E / GeV

DED*

DsDs

27500 -

25000 A

1 | 1 | | |

o o o o (@] o

o o o o (] o

Tg] o Tg] o Tg] o

N o ™~ N N o

N N ~ — — ~
qd / ewbis

qd / ewbis

——————— - S S =

+dxd
R B T e e e e e e
1 1 1 1 I 1
o o o o (@] o
o o o o o
o [ve] O <t o~
—
qd / ewbis

4.000 4.025 4.050 4.075 4.100 4.125 4.150 4.175 4.200

4.00 4.05 4.10 4.15 4.20

3.95

E / GeV

E / GeV

E / GeV



G(3900)

problems:

fitting is extraordinarily difficult
LASSO is little help

oole identification can be tricky

_aplace approximation is often not good; the Hessian condition number is very large (indicating a nonGaussian minimum)

attempts at Monte Carlo methods are bedeviled by very peaky multimodal space (a random step raises chi-2 by many orders of
magnitude)



summary



@ focus on predictiveness
@ de-emphasize fitting and fit quality

@ explore a large model space to enhance the reliability of the conclusions (we need to
admit model uncertainty!)

@ use data realizations to enhance the reliability of the conclusions
@ be as agnostic wrt priors and models as possible
@ model parameters are not physical

@ problems wrt model optimization and finding global minima, are reduced.

application to unbinned data?

make models completely agnostic with NNs? Cf, use a VAE to model the posterior...
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