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Delta Shell Potential

A sum of delta functions

V (r) =
X
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�(r � r
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[Aviles, Phys.Rev. C6 (1972) 1467]

Optimal and minimal sampling of the nuclear interaction

Pion production threshold �k ⇠ 2 fm�1

Optimal sampling, �r ⇠ 0.5fm
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Scattering Observables

Comparing with Potentials and Experimental data

np data

Nijm PWA
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Coupling constants

Bootstrapping 6713 np+pp data (benchmark ⇠ 0.5%)
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NDat NPar �2/⌫

0.075 idem idem 1S0 3051 3951 6713 46 1.051
0.0761(3) idem idem 1S0 3051 3951 6713 46+1 1.051
- - - 1S0, P 2999 3951.40 6713 46+3 1.043
0.0759(4) 0.079(1) 0.0763(6) 1S0, P 3045 3870 6713 46+3+9 1.039
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Miguel G. Echevarría

Salamanca, 25-29 Sep 2017

Quarkonium production to explore 
hadron 3D structure

In collaboration with  
[T. Kasemets, J.-P. Lansberg, C. 

Pisano & A. Signori]

1.Introduction 
2.TMD factorization: gluon TMDs 
3.Pheno: Matching TMD & Collinear frameworks
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•There is not yet any phenomenological extraction of gluon TMDs 

•Quarkonium production is the best way to access/constrain gluon TMDs 

•Quarkonium production is tricky: multi-scale, formation of bound-states 

•TMDs are much more complicated than ordinary PDFs!! Perturbative and non-
perturbative contributions are entangled in an intricate way 

•We have devised a new method to match Resummed and Fixed-Order results: the 
Weighted Average

We need more data!! To better constrain the non-perturbative part of gluon TMDs 

Future facilities: fixed target @ LHC (AFTER@LHC & LHCb proposal), EIC 

Open issues: soft entanglement in quarkonium production, factorization breaking 

Increase theoretical precision: resummation, matching TMD&Col,…

Conclusions & Outlook
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Introduction TMD factorization Pheno: matching TMD & Collinear

18

!c production at the LHC: full qT spectrum

Formalism is ready! 
We need more data!

[LHCb data: 1409.3612 ]

Fixed-order Z result at LO from:
[Kuhn, Mirkes hep-ph/9301204 ]

Resummed W result at NNLL

•Matching uncertainty 
•Scale uncertainty 
•Non-perturbative uncertainty
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E↵ective-particle approach to bound
states of quarks and gluons in QCD

Maŕıa Gómez-Rocha
Trento ECT*

in collaboration with
S.D. G lazek (U. Warsaw & Yale U.), K. Serafin (U. Warsaw)

& J. More (IIT Bombay).

Phys. Lett. B 773 (2017) 172-178

HADRON 2017, Salamanca, September 25, 2017



The method of calculation

Start from the Lagrangian density L
QCD

=  ̄(i /D �m) � 1

2
trFµ⌫F

µ⌫

1. Canonical Hamiltonian Use front-form dynamics:

• L
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! H
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=
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(x)dx, A+ = 0

k+ = k0 + k3, k� = k0 � k3, ~k? = (k1, k2) ; x = k+/P+

2. Regularization Introduce regulating functions at vertices

• UV and small-x cuto↵
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Example of 3rd-order calculation:

! The three-gluon vertex:
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Harmonic oscillator potential

Phenomenological fit of parameters IV

K. Serafin Harmonic oscillator force in heavy quarkonia



Harmonic oscillator potential

Phenomenological fit of parameters II

K. Serafin Harmonic oscillator force in heavy quarkonia



⌘ ! 3⇡ in coupled-channels
Khuri-Treimann formalism

Based on: Eur. Phys. J. C77, 508 (2017)
[arXiv:1702.04931]

Miguel Albaladejo (U. Murcia)

In collaboration with:
B. Moussallam (IPN, Orsay)



Introduction Khuri-Treiman: elastic channels Khuri-Treiman: coupled channels Results Summary

Results: Dalitz plot parameters
DP variables X,Y: X =

p
3

2m⌘ Qc
(u � t), Y = 3

2m⌘ Qc

�
(m⌘ �m⇡0)2 � s

�� 1

Charged mode amplitude written as:

|Mc (X ,Y )|2
|Mc (0, 0)|2

= 1 + a Y + b Y 2 + d X 2 + f Y 3 + g X 2Y +· · ·

Neutral decay mode amplitude [Qc ! Qn]:

|Mn(X ,Y )|2
|Mn(0, 0)|2 = 1 + 2↵ |z |2 + 2� Im(z3) + · · ·

⌘ ! ⇡+⇡�⇡0, Nij (KLOE Data)
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a -1.328 -1.156 -1.142(45) -1.095(4) -1.128(15)
b 0.429 0.200 0.172(16) 0.145(6) 0.153(17)
d 0.090 0.095 0.097(13) 0.081(7) 0.085(16)
f 0.017 0.109 0.122(16) 0.141(10) 0.173(28)ch

ar
ge

d

g -0.081 -0.088 -0.089(10) -0.044(16) –

PDG
↵ +0.0142 -0.0268 -0.0319(34) -0.0318(15)

n
eu

tr
al

� -0.0007 -0.0046 -0.0056 –
BESIII Collab., Phys. Rev. D92,012014 (2015)

KLOE-2 Collab., JHEP 1605, 019 (2016)

(Theory) uncertainty estimation:

1 ⌘⇡ interaction put to zero or
to “large”

2 103Lr3 = �3.82 ! �2.65

General trend: improve agreement

[O(p4) ! elastic ! coupled]

Particularly relevant: ↵.
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Introduction Khuri-Treiman: elastic channels Khuri-Treiman: coupled channels Results Summary

Results. Quark mass ratio

From the amplitudes MI (s) one can
compute the width up to the unknown
factor Q2:

� = ✏2L

Z m2
�

4m2
⇡

ds

Z t+(s)

t�(s)
dt |M0(s) + · · · |2

✏L = Q�2m
2
K �m2

⇡

3
p
3f 2⇡

m2
K

m2
⇡

, Q�2 =
m2

d �m2
u

m2
s � m̂2

�(⌘ ! 3⇡0)/�(⌘ ! ⇡+⇡�⇡0)

PDG (fit) 1.426(26)
PDG (average) 1.48(5)

CLEO 1.496(43)(35)
chiral O(p4) 1.425

elastic 1.449
coupled 1.451

Q
Decay elastic coupled

�(exp)(neu.) = 299(11) eV 21.9(2) 21.7(2)

�(exp)(cha.) = 427(15) eV 21.8(2) 21.6(2)

E↵ect of inelastic channels ⇠ 1%
(decreasing)

Theoretical error on Q:
Phase shifts [s 6 1 GeV2]: ⇠ 1%

O(p4) ampl. [L3]: ⇠ 1%

NNLO ampl.: �Qth. = ±2.2

Q = 21.6± 0.2± 2.2

Fitted (not matched) polynomial
parameters:

Qfit = 21.50± 0.67± 0.70
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PATTERNS AND PARTNERS FOR CHIRAL 
SYMMETRY RESTORATION 

Angel Gómez Nicola 
Universidad Complutense Madrid, Spain 

HADRON 2017 
SALAMANCA 25-29 SEPTEMBER 2017 

 

 AGN, J.Ruiz de Elvira, JHEP 1603 (2016) 186, arXiv:1704.05036  
 AGN, R.Torres Andrés, J.Ruiz de Elvira, PRD88, 076007 (2013)  

OUTLINE:

• U(3) Ward Identities: O(4) vs O(4)⇥ U(1)A, chiral partners

• WI and scaling of meson screening masses

• Hadron realization: ChPT, role of thermal �/f0(500) pole
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Figure 9. Results for the screening masses in the di↵erent channels for scans C1 (left) and D1
(right). The screening masses are normalised to the asymptotic limit M1.

where A and � are additional fit parameters. The latter corresponds to the energy gap to

the next excited state. This fit typically works very well and we could include all points

starting with z = 6a for P and S channels and z = 8a for V and A channels, which we

use conventionally. In figure 8 we show examples for the e↵ective masses in the di↵erent

channels above and below T
C

, together with the results from the associated fits.

The results for the screening masses are shown in figure 9. At T/T
C

⇡ 0.7 the screening

masses show the expected splitting from the zero temperature meson masses [79]. While

the masses in the P and V channels initially remain constant, indicated by a slight decrease

of M/T , the screening masses in S and A channels decrease drastically in the approach to

T
C

. Around T/T
C

⇡ 0.9 all screening masses start to increase. In particular, the screening

masses in P and S channels are drastically enhanced. Around T
C

the screening masses in

the V and A channels are mostly degenerate and around 85 to 90% of the asymptotic 2⇡T

limit, independent of the quark mass in the scan. This is consistent with the findings in

simulations with staggered fermions [80, 81].

The screening masses in P and S channels move closer together and fluctuate strongly

around T
C

. For the P channel the screening masses are only around 40 to 50% of the

2⇡T limit for scan C1 with a pion mass of around 300 MeV and 35 to 40% for scan D1

with a pion mass around 200 MeV, indicating a quark mass dependence of the properties

of pseudoscalar (and scalar) states around T
C

. The screening mass in the S channel

is typically around 10% larger than M
P

. In the temperature interval covered by our

calculations above T
C

, all screening masses are below the asymptotic high temperature

limit. Note that weak-coupling calculations [84, 85] predict the asymptotic approach to

occur from above, implying that the screening masses must cross the value 2⇡T at a certain

temperature.

Our findings are in good agreement with the results for screening masses obtained

with staggered fermions [80, 81]. In simulations within the quenched approximation, finite

size e↵ects have been found to be significant up to aspect ratios of N
s

/N
t

= 4 [95, 96].

– 19 –

Chiral Patterns and Partners 

UA(1) restored at Tc =) O(4)⇥ UA(1) pattern

⇡a =  ̄l�5⌧
a l

SUA(2) ! � =  ̄l l

lUA(1) lUA(1)

�a =  ̄l⌧
a l

SUA(2) ! ⌘l =  ̄l�5 l

Brandt et al, JHEP 1612 (2016) (Nf = 2)



About the structure of the proton at very low momentum

Antonio Pineda

Universitat Autònoma de Barcelona & IFAE

HADRON 2017, Salamanca, September 25-29 2017



INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE CONCLUSIONS

O(mrα
3) V (0)

VP 205. 00737
O(mrα

4) V (0)
VP 1. 50795

O(mrα
4) V (0)

VP 0. 15090
O(mrα

5) V (0)
VP 0. 00752

O(mrα
5) V (0)

LbL −0. 00089(2)

O(mrα
4 × m2

µ

m2
p
) V (2,1) + V (3,0) 0. 05747

O(mrα
5) V (2,2)

VP + V (2,1) × V (0,2)
VP 0. 01876

O(mrα
5) V (2,2)

no−VP + ultrasoft −0. 71896
O(mrα

6 × ln(mµ

me
)) V (2,3); c(µ)

D −0. 00127
O(mrα

6 × lnα) V (2,3)
VP ; c(µ)

D −0. 00454

O(mrα
4 ×m2

r r 2
p ) V (2,1); c(p)

D −5. 1975
r2
p

fm2

O(mrα
5 ×m2

r r 2
p ) V (2,2)

VP + V (2,1) × V (0,2)
VP ; c(p)

D −0. 0282
r2
p

fm2

O(mrα
6 lnα×m2

r r 2
p ) V (2,3); c(p)

D −0. 0014
r2
p

fm2

O(mrα
5 × m2

r
m2
ρ
) V (2)

VPhad
; dhad

2 0. 0111(2)

O(mrα
5 × m2

r
m2
ρ

mµ

mπ
) V (2); chad

3 0. 0344(125)

Table : The different contributions to the Lamb shift in muonic hydrogen in meV units.



INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE CONCLUSIONS

∆E th
L =

[
206.0243(30)− 5.2270(7)

r 2
p

fm2 + 0.0455(125)

]
meV .

This expression includes the leading logarithmic O(mµα
6) terms, as well as

the leading O
(

mµα
5 m2

µ

m2
ρ

)
hadronic effects. The accuracy of our result is

limited by uncomputed terms of O(mµα
5 m3

µ

m3
ρ
,mµα

6).
Using

∆E exp
L ≡ E(2P3/2)− E(2S1/2) = 202.3706(23)meV Antognini et al.

rp = 0.8413(15) fm.

At 6.8σ variance with respect the CODATA value.

rp = 0.8335(95) fm Beyer et al. 2017



Roy-Steiner-equation analysis of pion-nucleon scattering

J. Ruiz de Elvira

Institute for Theoretical Physics, University of Bern

In collaboration with:

M. Hoferichter, B. Kubis, U.-G. Meißner.

PRL 115 (2015) 092301, PRL 115 (2015) 192301 , Phys.Rept. 625 (2016), Phys.Lett. B760 (2016) 74-78, Eur.
Phys. J. A52 (2016), 331, Phys. Lett. B770, (2017), arXiv:1706.01465

HADRON 2017, Salamanca, September 26th, 2017



Comparison with lattice �⇡N results

Recent lattice determination of �⇡N at (almost) the physical point
B BMW �⇡N = 38(3)(3)MeV [Durr et al. 2015]

B �QCD �⇡N = 44.4(3.2)(4.5)MeV [Yang et al. 2015]

B ETMC �⇡N = 37.22(2.57)(1)MeV [Abdel-Rehim et al. 2015]

B RQCD �⇡N = 35(6)MeV [Bali et al. 2016]

The linear dependence of �⇡N on the scattering lengths introduces an additional constraint
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Inconsistent with the hadronic atom phenomenology

,! determine the ⇡N scattering lengths in the lattice

J. Ruiz de Elvira (ITP) Roy-Steiner-equation analysis ⇡N scattering HADRON 2017 13

�⇡N = 59(7) MeV �⇡N = 59.1(3.5) MeVPhenomenology: [Alarcón et al. 2011] [Hoferichter  et al. 2015]



Extracting the �-term from experimental cross-section data

Linearized version of RS d�/d⌦ around the HA scattering lengths

Unbiased fit to the pion-nucleon data base ) normalizations constants as fit parameters
minimize the �2-like as a function of aI

0+ and ⇣

�2(a, a0, ⇣, ⇣0,�⇣0) =
N

X

k=1

�2
k (a, a0, ⇣, ⇣0,�⇣0),

�2
k (a, a0, ⇣, ⇣0,�⇣0) =

Nk
X

i,j=1

⇣

⇣�1
k �(W k

i , a) � �k
i

⌘

�

C�1
k (a0, ⇣0,�⇣0)

�

ij

⇣

⇣�1
k �(W k

j , a) � �k
j

⌘

,

�

Ck (a0, ⇣0,�⇣0)
�

ij = �ij
�

��k
i
�2 + �(W k

i , a0)�(W
k
j , a0)

✓

�⇣0,k

⇣2
0,k

◆2
, (1)

channel SL combination result HA SL KH80 SL

⇡+p ! ⇡+p a3/2
0+ �84.4 ± 1.5 �86.3 ± 1.8 �101 ± 4

⇡�p ! ⇡�p (2a1/2
0+ + a3/2

0+ )/3 82.5 ± 1.5 84.4 ± 1.7 81.6 ± 2.4

⇡�p ! ⇡0n �p
2(a1/2

0+ � a3/2
0+ )/3 �122.3 ± 3.4 �120.7 ± 1.3 �129.2 ± 2.4
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A non-comprehensive and subjective  
summary of HADRON 2017

JLab ‘cake seminar’
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Light Quarks Meson Spectroscopy  
BESIII, COMPASS, GlueX
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⇡⌘ ⇡⌘0

Eta-Pi @COMPASS

L = 1

black: 
red:                 (scaled)

⇡⌘0

⇡⌘

Resonance in L = 1 ? 
JPC = 1-+

COMPASS  Phys. Lett. B740 (2015)
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P + f

cos ✓GF ⇠ �1 ! ⌘ backward

Hypothesis: exchanges a ⇠ f
eta’ couples more to Pomeron than eta
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Heavy Quarks Baryon Spectroscopy
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S. Neubert: Heavy Baryons@LHCb
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⇤b ! D0p⇡�

S. Neubert: Heavy Baryons@LHCb

⇤+
c (2880)

in the decay chain
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Heavy Quarks Meson Spectroscopy
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The End
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