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QCD, Hadron Spectroscopy, and Exotics Overview

Session Topics

Heavy Quarks and Spectroscopy

Electromagnetic Nucleon Interactions

Numerical Methods (with NFS)

Light Quark Hadrons

Proton Radius (with PPHI)

Conveners

Raul Briceno, JLab
Bernhard Ketzer, Bonn
SR, ANL
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Heavy Quarks

Parallel 2

Model Independent Constraints on R(J/ψ)
Lamm, Maryland

Implication of Chiral Symmetry on the Heavy-Light
Spectroscopy
Du, Universität Bonn

Precise Measurement of the D?(2010)+ − D+ Mass Difference
Soffer, Tel Aviv

Dibaryon Searches in Decuplet Baryons from Lattice QCD
Gongyo, RIKEN

Single-Top Production in the Standard Model and Beyond
Kidonakis, Kennesaw State

Measurement of Polarization Observables in the Reaction
γp → K+Λ
Adhikari, Florida International
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Chiral Symmetry on the Heavy-Light Spectroscopy, Du

Positive parity ground state charm mesons
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Chiral Symmetry on the Heavy-Light Spectroscopy, Du

Numerical result (angular moments)
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M. L. Du, M. Albaladejo, P. Fernández-Soler, F. K. Guo, C. Hanhart, U. G. Meißner, J. Nieves and D. L. Yao,

arXiv:1712.07957 [hep-ph].
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B0
s → D̄0K−π+
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χFT to help address D∗ positive parity anomalies

Identifies D∗
s0(2317) and Ds1(2460) as likely having molecular

component

Describes LHCb data for B0
s → D̄0K−π+ and finds two lighter

states which would resolve puzzle
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Electromagnetic Nucleon Interactions

Parallel 5

Two-Photon Effects in Elastic Nucleon Form Factors
Vanderhaeghen, Mainz

High Q2 Elastic Form Factor Program at Jefferson Lab
Puckett, UConn

Sum Rules Connecting Real and Virtual Compton Scattering
on the Nucleon
Pascalutsa (for Vadim Lensky), Mainz

Proton Polarizabilities from a Partial-Wave Analysis of
Compton Scattering Data
Pascalutsa, Mainz
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2γ Effects in Elastic Nucleon Form Factors, Vanderhaeghen

12

Rosenbluth vs polarization transfer 
measurements of GE/GM of proton

Rosenbluth	data
SLAC,	JLab	(Hall	A,	C)

Polariza?on	data
JLab	(Hall	A,	C)

GEpI

GEpII

GEpIII

Jones et al.(2000) 

Punjabi et al.(2005) 

Gayou et al.(2002) 

Puckett et al.(2010) 
Two	methods:	two	different	results	

most	likely:	2γ-exchange	correc!on	

QCDHS — CIPANP18 QCDHS 6/24



2γ Effects in Elastic Nucleon Form Factors, Vanderhaeghen

Lamb shift: hadronic corrections 

6
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2γ Effects in Elastic Nucleon Form Factors, Vanderhaeghen

28

near-forward 2Ɣ agree with data
multi-particle 2Ɣ, e.g. ππN, is important

R2� =
�(e+p)

�(e�p)
⇡ 1 � 2�2�

OLYMPUS (2016)
Feshbach
elastic
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total 2 γ, near-forward

R
2
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uncorr. + corr. uncertainties
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Tomalak, Pasquini, Vdh 
(2017)  

2γ-exchange: comparison with data 

New data from OLYMPUS studying 2γ still have puzzles with theory

New full dispersive treatment of πN to constrain 2γ box diagrams
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2γ Effects in Elastic Nucleon Form Factors, Vanderhaeghen

29
TPE	calcula!on	agrees	with	CLAS	data

elastic
elastic + πN
total 2 γ, near-forward

VEPP-3 (2015)
CLAS (2016)
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2γ-exchange: comparison with data 

Agreement better at lower Q2 and larger ε

Should be applied to magnetic radius extraction
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Compton Scattering PWA, Pascalutsa

Vladimir Pascalutsa — Nucleon Polarizabilities— CIPANP —- Indian Wells, CA—  May 31,  2018                

Our PWA Anzatz
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FIG. 1: Mechanisms contributing to real CS: Born and non-Born terms.

initial (final) nucleon, admits a partial-wave expansion:

Ts 0l 0,sl =
•

Â
J=1/2

(2J +1)T J
s 0l 0,sl (w)dJ

s 0�l 0,s�l (q), (1)

with J the total angular momentum of the photon-proton sys-
tem, T J

s 0l 0,sl (w) the partial-wave amplitudes, dJ
l 0,l (q) the

Wigner d-function, w and q the photon energy and scatter-
ing angle in the center-of-mass frame; s, t, u are Mandelstam
invariants.

The partial-wave amplitudes T J(w) are then linearly re-
lated to the amplitudes with definite parity and angu-
lar momentum l, i.e., multipoles f l±

rr 0(w), with r,r 0 =

E(lectric), or M(agnetic). The infinite sum over half-integer J
is then replaced by the sum over integer l = J⌥1/2. Note that
f 0+
rr 0 = 0, by definition; hence the summation starts at l = 1.

In this work, we first write the amplitude as the sum of
the Born, T Born, and the rest (non-Born) T̄ , as illustrated in
Fig. 1 (note that here the p0-pole contribution is part of the
Born term). The same decomposition holds for the multipoles:
f = f Born + f̄ . We then truncate the multipole expansion of
the non-Born amplitude at J = 3/2, whereas the Born ampli-

tude is treated exactly. We thus retain the ten lowest non-Born
multipoles,
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(2)
the rest are neglected. This approximation is well justified at
energies below the pion production threshold (w . mp ), as
the leading low-energy behavior of the non-Born multipoles
is [25]

f̄ l±
EE ⇠ f̄ l±

MM ⇠ w2l , f̄ l+
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ME ⇠ w2l+1 . (3)

Furthermore, the existing cPT calculations [13, 14, 19] show
that the four l = 2 non-Born multipoles, f̄ 2+
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MM ,

give tiny contributions below the pion threshold. In what fol-
lows we will either neglect them, or fix them to the values
given by the latest BcPT calculation [14]. We shall therefore
fit only the six l = 1 non-Born multipoles.

In order to build in the low-energy behavior of the non-Born
multipoles [cf. Eq. (3)], we assume the following parametriza-
tion of the l = 1 multipoles in terms of static polarizabilities:
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where we changed the photon energy from the center-of-mass
w to the lab frame Eg = w

p
s/M. The first term in each

of the square brackets of Eq. (4) is given by one of the six
static polarizabilities, four of which, denoted by g’s, are spin-
dependent. The 2nd terms are the recoil corrections (see, e.g.,
Ref. [14]). The 3rd terms are given by the “residual func-
tions” f R

i . The parametrization of Eq. (4) ensures the correct
low-energy behavior of these multipoles. It does not imply
any approximation: the six static polarizabilities as well as

the residual functions are free parameters, which will next be
determined from experimental data.

A. Bilinear relations: observables

Any CS observable provides bi-linear relations on CS mul-
tipoles. This is of course the usual situation for any PWA, an
experimental observable, such as cross section or asymmetry,

1. Determine l=1 multipoles in the following model-independent form:

2.The l=2 multipoles are small and are either neglected or taken from ChPT

After using sum rules, 
4 global parameters (polarizabilities) and 4 energy-dependent (residual functions)

QCDHS — CIPANP18 QCDHS 9/24



Compton Scattering PWA, Pascalutsa

Vladimir Pascalutsa — Nucleon Polarizabilities— CIPANP —- Indian Wells, CA—  May 31,  2018                

Partial-Wave Analysis (PWA): 
differences between DR and ChPT extractions are due to database inconsistencies, 
improvements — new experiments — are needed! 

Static polarizabilities of the proton 
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• TAPS:			fit	to	TAPS/MAMI	data	based	
on	fixed-t	DRs	of	L’vov	et	al.																																																				
Olmos	de	Leon	et	al.,	EPJA	(2001)																	

• BChPT:		“postdiction’’																																													
Lensky	&	VP,	EPJC	(2010)																				
Lensky,	McGovern	&	VP,	EPJC	(2015)										

• HBChPT:				fit	to	world	data																									
Grieβhammer,	McGovern	&	Phillips,	EPJA	
(2013)								

• PWA:					fit	to	world	data																																											
Krupina,	Lensky	&	VP,	PLB	(2018)

New PWA below π threshold of proton Compton data
Call for new 100 MeV backwards Compton Scattering data
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Joint NFS/QCDHS - Numerical Methods

Parallel 7

Status of Baryon-Baryon Interactions from Lattice QCD
Beane, UW

HOBET: The SM as an Effective Theory and its Direct
Matching to LQCD
McElvain, UBC

Effective-Field-Theory Extrapolations of Lattice-QCD
Predictions for Light Nuclei
Kirscher, CCNY

New Developments in Lattice Effective Field Theory
Lee, MSU

QCDHS — CIPANP18 QCDHS 11/24



Lattice Effective Field Theory, Lee

3	

n 

n 

p 

p 

Lattice effective field theory 

π

π

Review: D.L, Prog. Part. Nucl. Phys. 63 117-154 (2009) 
TALENT summer school lectures:  qmc2016.wordpress.ncsu.edu 
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Lattice Effective Field Theory, Lee
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Elhatisari, Epelbaum, Krebs, Lähde, D.L., Li, Lu, Meißner, Rupak, PRL 119, 222505 (2017) 
Figure courtesy of Bingnan Lu 

15	Reconstructing nuclear properties such as radii

Also able to study thermodynamic properties (heat capacities, α
boiling)
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Lattice Effective Field Theory, Lee

14	
Figure courtesy of Bingnan Lu 

Figure courtesy of Bingnan Lu 
15	

Reconstructing nuclear properties such as radii

Also able to study thermodynamic properties (heat capacities, α
boiling)
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Lattice Effective Field Theory, Lee

29	

Figure courtesy of Rongzheng He 

separa1on	distance	(la:ce	units)	

Also seeing evidence of a superfluid state for diffuse neutron gas
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Light Quark

Parallel 8

Analysis of ηπ0 and η
/
π0 Systems at GlueX

Austregesilo, JLab

Toward Precise Determination of Resonant Hadron Scattering
Amplitudes from Lattice QCD
Bulava, Southern Denmark

A Lattice QCD Study of the ρ Resonance
Leskovec, Arizona

Measurement of Transition Form Factors at BES-III
Redmer, Mainz

Unitary Reaction Models and PWA Formalisms
Pilloni, JLab
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LQCD Resonant Hadron Scattering Amplitudes, Bulava

  

Finite volume/lattice spacing 

 

● Dark points: N200
● Gray points: N401  

● Finite volume and cutoff effects not visible with our current statistics.  
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LQCD ρ, Leskovec

Luka Leskovec

I = 1 P -wave ππ Scattering and the ρ Resonance
comparing BW I and BW II

0.42 0.48 0.54 0.60

a
√
s

0

45

90

135

180

δ 1
[◦

]

χ2
I

dof = 7.42
13

χ2
II

dof = 5.48
12

BW I

BW II

[Alexandrou et al., ]

I BW I:
amρ = 0.4609(16)
gρππ = 5.69(13)

I BW II:
amρ = 0.4603(16)
gρππ = 5.77(13)
(r0/a)2 = 9.6(5.9)
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Unitary Reaction Models and PWA Formalisms, Pilloni

A. Pilloni – Unitary Reaction models and PWA formalisms 21

Pole extraction
III+tr. IV+tr.III

Not conclusive at this stage

Searching for resonances in ηπ and Zc(3900) (tetraquark?)

QCDHS — CIPANP18 QCDHS 16/24



Joint QCDHS/PPHI - Proton Radius Puzzle

Parallel 9

The Proton Radius Puzzle Why We All Should Care
Miller, UW

The Rydberg Constant and Proton Size from Atomic Hydrogen
Maisenbacher, Max Plank Inst. for Quantum Optics

Data Analysis and Preliminary Results of the Proton Charge Radius
Experiment (PRad) at JLab
Ziong, Duke

Determination of the Protons Charge Radius by Simultaneous
Measurement of Electron- and Muon-Proton Elastic Scattering with
the MUSE Experiment at PSI
Reimer, ANL

Lattice QCD and the Proton Radius
Syritsyn, SBU

Nucleon Form Factors in Dispersively Improved Chiral Effective
Theory
Weiss, JLab

QCDHS — CIPANP18 QCDHS 17/24



Why We All Should Care, Miller

4 % in radius: why care?

• Can’t be calculated to that accuracy?

Is the muon-proton interaction the same as the 
electron-proton interaction? 

violation of universality 
connections with muon g-2? 

connections with LHCb ?

2

Something 
happening 
here ???

Outline       - a)   review history experiments 
b) List & explain possible resolutions

Sergey Syritsyn

QCDHS — CIPANP18 QCDHS 18/24



Why We All Should Care, Miller

Constraining �

Eta decay and muonic  puzzles 1805.01028
Yu-Sheng Liu, Ian Cloet, GAM

Beam dump experiments do not see
�! e+e�, �! ��

<latexit sha1_base64="0zAGETnEsdr6nD5UeHJM3SHfBVQ="></latexit><latexit sha1_base64="0zAGETnEsdr6nD5UeHJM3SHfBVQ="></latexit><latexit sha1_base64="0zAGETnEsdr6nD5UeHJM3SHfBVQ="></latexit><latexit sha1_base64="0zAGETnEsdr6nD5UeHJM3SHfBVQ="></latexit>

Previously � couples to p, n, e, µ
Now � couples to u, d, eµ

<latexit sha1_base64="4++/BBaCKQyecReUBGH/ocC7ECc="></latexit><latexit sha1_base64="4++/BBaCKQyecReUBGH/ocC7ECc="></latexit><latexit sha1_base64="4++/BBaCKQyecReUBGH/ocC7ECc="></latexit><latexit sha1_base64="4++/BBaCKQyecReUBGH/ocC7ECc="></latexit>
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Figure 11. Decay rate of ⌘ ! ⇡0�⇤ ! ⇡0�� (shaded region is
allowed to decay). The decay width with a superscript f indicates
the process decaying through f fermion loop. The solid blue, dashed
green, dotted red, and dotted dashed yellow lines are ⌘ ! ��� through
u quark, d quark, muon, and electron loops. The horizontal gray line
is the observed decay width. The vertical lines indicate where the
decay rate of ⌘ ! ⇡�� through u quark loop channel is greater than
observed value plus 3�.

Using Eq. (22), the decay rate is found to be

� = ✏2
f (✏u � ✏d)2↵4Q4
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2

p̃. (33)

We used the fact that there are two photons in the final state
(S = 2), smin

13 = 0, and p̃3 =
p

s13/2. We can further apply the
narrow width approximation

� = ✏2
f (✏u � ✏d)2↵4Q4

f
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m2
�

m2
⌘

. (34)

The process ⌘ ! ⇡0�� is observed and the value is

�(⌘ ! ⇡0��)
�⌘,total

= (2.56 ± 0.22) ⇥ 10�4. (35)

The decay rate of a virtual � to two photons cannot be too big
to spoil the observed value. We define that the scalar boson is
excluded if the decay rate is greater than the observed value
plus 3�, i.e. �(⌘ ! ⇡0��)/�⌘,total > 3.22 ⇥ 10�4.

In Fig. 11, we show a virtual � decay to two photons
through di�erent fermion loops. We can read from the plot that

the allowed scalar boson mass is from 292 keV to 3.29 MeV
from the u quark loop decay channel. Again, we neglect the
interference terms because they are expected to be smaller than
the leading term. One might think that the existence of the
scalar boson could survive the constraints if its coupling to the
u quark were zero. However, investigating the allowed regions
of the parameter spaces, we find that this is not the case. The
exclusion of � coupling to u quark is equivalent to excluding
the existence of the �.

We can further use the ⌘ ! ⇡�� through u quark loop
channel to constrain ✏u and ✏p. The results are shown in Figs.
4 and 1. The allowed ✏u and ✏p are both around 10�3, as well
as ✏µ.

VII. COEXISTENCE WITH THE OLD AND THE NEW

To allow the new physics, the electron-proton scattering
(CODATA value), and the new experiment to coexist, we
assume that the actual proton radius lies within 3� of both
new and old experiments. Such a value is between 0.8568 to
0.8620 fm. First, following our previous work, we obtain the
constraint of ✏p, ✏n, ✏µ, ✏u , and ✏d, and the results are shown
in Figs. 12–16, respectively. Second, we repeat the analysis
in Secs. V and VI, and obtain the � decay rate in di�erent
channels in Fig. 17, ✏e exclusion plot in Fig. 18, and ⌘ ! ⇡0��
decay rate in di�erent channels in Fig. 19. Finally, we obtain
the allowed m� is from 198 keV to 2.47 MeV and ✏u , ✏p, and
✏µ are all around 10�3. Note that ✏n is completely ruled out
with the new result and this means that the scalar coupling to
the neutron is zero, i.e. ✏u = �2✏d .

At first glance, one might think that the e�ect of new physics
is approximately halved, therefore the constraint should be less
strict. This intuition is partially correct. Comparing with the
results in Sec. VI, we see that the lower bound of m� is smaller
(as expected) while the upper bound also becomes smaller. The
problem of the upper bound of m� is that the e�ect of ✏n should
be included carefully. To correctly analyze it, examine Eq. (34).
The ⌘ ! ⇡0�� decay rate through u quark loop seems to be
proportional to ✏2

u(✏u � ✏d)2. However there is ��,total in the
denominator and it is dominated by � ! �� through u quark
loop decay channel (Fig. 7). Therefore the ⌘ ! ⇡�� decay
rate through u quark loop is proportional to (✏u � ✏d)2 (this
factor comes from the ⌘⇡0� vertex). In the previous scenario,
✏d can be positive (see Fig. 5), so (✏u � ✏d)2 can be smaller
than ✏2

u in the first scenario; in this section, ✏d stays negative
in the allowed m� range (see Fig. 16), so (✏u � ✏d)2 is bigger
than ✏2

u . This e�ect surpasses the smaller ✏u (✏p) value in the
second scenario. The root cause of this strange behavior can
be traced back to ✏n can be non-zero in the first scenario, but
strictly zero in the second scenario.

VIII. CONCLUSION

Our previous work limits the existence of the new scalar
boson to the mass range of about 160 keV to 60 MeV. Here
we reanalyze the beam dump experiments and find that the

�
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Allowed mass range from 200 KeV to 3 MeV
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Proton Size from Atomic Hydrogen, Maisenbacher

Proton radius and Rydberg constant (2017)

20

2S-4P (MPQ 2017): A. Beyer, L. Maisenbacher, A. Matveev et al., Science 358, 79 (2017)
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Proton Size from Atomic Hydrogen, Maisenbacher

Two-photon transition from ground state

(First-order) Doppler-free excitation with two 205 

nm photons

Natural line width of G = 1 MHz;

proton radius puzzle: ~7 kHz

1S-3S transition

21

[1] 1S-3S (MPQ): D. C. Yost et al., Phys. Rev. A 93, 042509 (2016)

[2] 1S-3S (LKB): H. Fleurbaey et al., Phys. Rev. Lett. 120, 183001 (2018)

LKB (F. Nez et al.) MPQ (Th. Udem et al.)

Excitation CW laser Picosecond frequency comb

Atom source Room temperature beam Cryogenic (7 K) beam

Large (~ 130 kHz) second-order 

Doppler shift

Chirp of pulsed laser causes first-

order Doppler shift

Most recent 

uncertainty

2.6 kHz (2018) [1] 17 kHz (2016) [2]

preliminary: ~ 1 kHz (2018)

Single 1S-3S line scan at MPQ

Two complementary measurements in progress:
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PRad Preliminary Results, Ziong

PRad Experimental Apparatus

7

New	Cylindrical	Vacuum	
Chamber

Electron 
beam
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PRad Preliminary Results, Ziong

19

Form Factor GE (Preliminary)

)2 (GeV2Q
4−10×2 3−10 3−10×2 2−10 2−10×2

E
G

0.9

0.95

1

1.05

Preliminary

1.1 GeV data (PRad Preliminary)

2.2 GeV data (PRad Preliminary)

, J. C. Bernauer et al. PRC 90 (2014) 015206, R = 0.8868 fmEG

, J. J. Kelly. PRC 70 (2004) 068202), R = 0.8630 fmEG

, S. Venkat et al. PRC 83(2011)015203), R = 0.8779 fmEG

EProton Electric Form Factor G

• Proton electric form factor 
GE v.s. Q2, with 2.2 and 1.1
GeV data (preliminary)

• Systematic uncertainties 
shown as colored error 
bars

• Preliminary GE slope 
seems to favor smaller 
radius
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e± and µ±-Proton Elastic with the MUSE, Reimer

MUSE SPECTROMETER IN A NUTSHELL 

11 

§ Located on the πM1 beam 
line 

§ Measure incoming particle  
–  position and direction with GEM 
–  Timing with Beam Hodoscope 

and Scattered Particle 
Scintillators 
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e± and µ±-Proton Elastic with the MUSE, Reimer

PROTON’S SIZE VS PROBE AND METHOD 
              Method 
Probe 

Spectroscopy Elastic scattering 

Electron 

 
 
 
 
Muon 
 
 
 

4 

?? 

0.876(8) 0.877(6) 

0.8409(4) 
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Lattice QCD and the Proton Radius, Syritsyn

 LQCD and the Proton Radius CIPANP 2018, Palm Springs, CA

    

Sergey N. Syritsyn, for LHP collab

Derivatives wrt. Initial and Final Momenta

Evaluate the radius from varying the initial and final momenta  
[B.Tiburzi, 1407.1459] 

Strategy and methods The derivative method with two approaches

The derivative method (2)

New method: simultaneously compute first-order momentum
derivatives with respect to both initial and final state
Compute:

ˆ
ˆpÕj

ˆ
ˆpj

C0
3 (p̨Õ, p̨, T, ·)|p̨=p̨Õ=0

C2(̨0, ·)
= 1

4m2 [F1 + 2F2] + 1
3F1[r1]2

10 / 19

@2

@p0i@pi
hN(p0)J0N(p)i

mπ =135 MeV  a=0.116 fm  484 (BMWc) 
[N.Hasan, LATTICE2017]

Results Summary plot

Summary plot

(r
v 1
)2

2
F

v 2
(0

)

T Tmin

~p, ~p0
~p

~p
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Results Summary plot

Summary plot

(r
v 1
)2

2
F

v 2
(0

)

T Tmin

~p, ~p0
~p

~p
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CODATA

µH

qµ = �p0µ � �pµNo tadpole insertions in propagator derivatives
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Dispersively Improved Chiral Effective Theory, Weiss

Results: Form factors 6

Gi(t) =

∞∫

4M2
π

dt′

π

Im Gi(t
′)

t′ − t − i0

Alarcon, Weiss, arXiv:1803.09748
Uncertainty bands: PDG range of nucleon radii

• Form factors evaluated using DR

ππ isovector spectral function calculated in DIχEFT

High-mass states described by effective pole, strength fixed by sum rules (charges, radii)

• Excellent agreement with data

Not fit, but dynamical prediction. Theoretical uncertainty estimates
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END
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