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3. Effective Field Theory Ill: Applications in hadrons and nuclei
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Effective Field Theory

m Separation of scales:
1/Q=A>R

m |imited resolution at low energy:
— expand in powers of QR
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Effective Field Theory

m Separation of scales:
1/Q=A>R

m |imited resolution at low energy:
— expand in powers of QR

m Short-distance physics not resolved
— capture in low-energy constants using renormalization
— include long-range physics explicitly

m Systematic, model independent — error estimates
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Nuclear EFTs
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Resolution

’ EFT exploits separation of scales

¢

’ EFT depends on resolution scale

Chiral EFT: N, 7, (A)
Pionless EFT: N
Halo EFT: N, clusters

EFT for deformed nuclei:
collective dof

EFT at Fermi surface: quasi-N
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oZM _ /Dq DGDG of [ % Lacola,0.69] oy /Dw DNe' | & Letrlm N

= Write down most general L consistent with chiral symmetry

Locp = Legt = Lo +Lan+Lun A+ ...
= Compute S-Matrix elements perturbatively in chiral expansion
® Fix low-energy constants (LECs) & make predictions...
Complication for > 2N: large scattering length (= 2H, nuclei)
m Weinberg approach: (Weinberg, 1990, 1991; Ordonez and van Kolck, 1992; ...)

—_—

o Use Lqf to compute Vg "'V _ e TN .
eff) =

(syst. expansion in Q/A, and m, /A,) L 4 .

o Solve LS equation with Vg — TN
o UV regulator: cutoff A @: ;\]ef’f;Jr;k\/ef@
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Nuclear forces from chiral EFT
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Two-nucleon force Three-nucleon force Four-nucleon force

o XH — .
w XHHHE - :
~[HHTHBOC -

M bR HH X H

e Hierarchy of nuclear forces: Voy > Vay > Vay > . ..

N3LO

—m—

e Successful phenomemology using FY, NCSM, CC, IMSRG, Lattice EFT, ...
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Nuclear forces from chiral EFT
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$ & T jea
g -5 P qvb
T TRl {ac
A It 1P
m Successful phenomenology . v' > o
(e.g., Ekstrom et al., 2015) g 0.0k i —5— i —y— i 4— i 40— : Z
= -02F i P i e :
3 : : ive e h
4 04 e NNLO,,.| | A | o], ;
-0.6 :

Aﬁe Sﬁe IA‘C lﬁb 40éa
m But some issues under discussion:
o Narrow range of cutoffs (A ~ 450...600 MeV)
= Is exact RG invariance even possible or desired?

o Some observables show dependence on type of regulator
(local vs. non-local, r-space vs. p-space etc.)
= Alternative approaches available but rarely used for A > 3
(Nogga, Timmermans, van Kolck, 2005; ....)
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Nuclear Scales and the Unitary Limit
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MeV MeV
= Chiral EFT: Q ~ m, U 4t e
= contact interactions and pion R My 1
exchange between nucleons b “t
® Pionless EFT:Q ~ vy ~ 1/a soof b
= contact interactions only i e
= expansion around unitary limit = )
oL ok A5
m Unitary limit:a —+ oco,R ~ re,... =+ 0 (cf. Bertsch problem, 2000)
011 .
Ta(k,k) oc [~1/a+rek® /2 + ... — iK] — i/k
o Scattering amplitude scale invariant, saturates unitarity bound
m Standard pionless EFT: include scattering lengths exactly at LO
m Alternative: strictly expand around 1/a = 0 and include finite a in perturbation

theory (s.Kénig et al., Phys. Rev. Lett. 118, 202501 (2017))
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Physics Near the Unitary Limit
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m Consider short-ranged, resonant S-wave interactions — halo state
= Unitary limitta — oo, £ ~re — 0

T

d G a3

Ta(k,k) o [ keots —ik ] ~i/k

—1/a+rek? /2+...

o Scattering amplitude scale invariant, saturates unitarity bound

m System has also (non-relativistic) conformal symmetry/Schrédinger symmetry
Mehen, Stewart, Wise, PLB 474, 145 (2000); Nishida, Son, PRD 76, 086004 (2007); ...

= Exploit approximate conformal symmetry for nuclear reactions with neutrons

ax~ -18.6fm, re~28fm =  1/(ma’) < E™ < 1/(mrd)
N~—— N~——
0.1 MeV 5 MeV
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Schrodinger symmetry
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= Non-relativistic conformal symmetry: Schrodinger symmetry

o Galilei symmetry
space + time translations
rotations
Galilei boosts
o Scale transformations
x—erx, t—et, e My

o Special conformal transformations

t
—_— Y= =,

X
X— —, t—
1+ ¢t T+ &t
= preserves angles

m 12 Parameters
m Generators: H,P,L,K,D, C, satisfy Schrodinger algebra
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Spin-1/2 Fermions with zero-range interactions (|a| > re ~ £)
K e e

Renormalization group equation: /\%gz =G2(14 §2)

Two fixed points:

—§.=0 < a=0 = nointeraction, free particles

—g2=-1< 1/a=0 = unitarylimit = conformal/Schrodinger symmetry
m Neutrons: a ~ —18.6 fm, re~2.8fm = approximately conformal

= multineutron system can be described by conformal field
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® Two-point function of (primary) conformal field operator ¢/

: 2
Gu(t,x) = —i(Tu(t.x)u'(0,0)) = C % exp ("Zf )

= Determined by symmetry up to overall constant C
= Two-point function in momentum space

2:\¥2 /5 p? a3
auter == (i) (3-2) (30 )

o pole only for A = 3/2 (free field)
o branch cut for A > 3/2
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Conformal field theory constraints TECHNISCHE
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® |maginary part of propagator

NIw

5(o- £), a-
(w-8) To(w-2), a>

General U does not behave like a particle (“unparticle/unnucleus”)
= continuous energy spectrum

u
NIw

Examples of unnuclei

o N free fields: U=1...9n, M=Nmy, A=3N/2
o Ninteracting fields: &/ = +;...¢y, M=Nmy, A>3/2

m Corrections from finite aand ro  (S. Dutta, R. Mishra, D.T. Son, Phys. Rev. D 109, 016001 (2024))

Im Gy (w, 0) ~ ™~ 26(w) (1 n a\;ﬁ n czrm/mw) , =0
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Unparticle physics
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m (Relativistic) unparticle (Georgi, Phys. Rev. Lett. 98, 221601 (2007))

o field ¢ in relativistic conformal field theory
o ¢ characterized by scaling dimension A, massless
o hidden conformal symmetry sector beyond Standard model (weakly coupled)
o no evidence at LHC so far
(CMS Coll., EPJC 75, 235 (2015), PRD 93, 052011, JHEP 03, 061 (2017))

= (Non-relativistic) unparticle/unnucleus

o non-relativistic analog of Georgi's unparticle
o field ¢ in non-relativistic conformal field theory
(cf. Nishida, Son, Phys. Rev. D 76, 086004 (2007))

o v characterized by scaling dimension A and mass M
o freefieldhas A =3/2 <= mass dimension

= lowest possible value (unitarity)
o N neutrons are (approximate) unparticle with mass Nmy and scaling dimension A =?
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= How to calculate scaling dimension A?  not given by symmetry
= non-perturbative problem

(1) A can be obtained from field theory calculation
(2) A can be obtained from operator state correspondence

A of primary operator = (Energy of state in HO)/hw

(Nishida, Son, Phys. Rev. D 76, 086004 (2007))

’; ‘ g ‘ |6 ‘ 111(?11 ‘ 2 ‘ Agee = Connection between A and energy of
12 i i

32 |1 P12 Vo 427272 | 55 particles in a trap

3120 P1Vjha Vitha 466622 | 6.5

4 0 0 D192V Vs 5.07(1) 8 = Predictions for N < 70 available (M.G.

5 1/2 1 P11p Vi1 Vi Vinhs 7.6(1) 10.5 Endres et al., PRA 84, 043644 (2011))

September 25, 2025 | Department of Physics | Institute for Nuclear Physics | H.-W. Hammer | 16



TECHNISCHE
UNIVERSITAT
DARMSTADT

Reactions with neutrons

m High-energy nuclear reaction with multi-neutron final state
(HWH, Son, Proc. Nat. Acad. Sci. 118, e2108716118 (2021))

1\@, — Al\@én"
w T Az/ T~

AMC? + Ep, + Ea, = Es + Ey

® Assumption: energy scale of primary reaction > E;; — % = E;™
. L do 2
® Factorization: GE~ | Mprimary|” Im G (Eve, p)

= Reproduces Watson-Migdal treatment of FSI for 2n
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= Two ways to do experiments

. . d
(a) detect recoil particle B d—g ~ (Eo —Eg)2~%2,  Ey = (1+ Mg/My) "Egin

E)((:mS)A75/2

(b) detect all final state particles including neutrons: Z—Z ~ (Egy
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Conformal symmetry and reactions with neutrons TECHNISCHE
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= Two ways to do experiments

(a) detect recoil particle B Z—Z ~ (Eo —Eg)2~%2,  Ey = (1+ Mg/My) "Egin

E)((:mS)A75/2

icles i ; d
(b) detect all final state particles including neutrons: di; ~ (EST

® 2n case can be understood from dimer propagator in halo/pionless EFT (A = 2)

Enn

= Im Gd(Enn,o) ~ m

:
G Enn, 0 ~nN
a(Em, 0) ~ 7 /a + iv/MEm

= See also (M.Gébel et al., Phys. Rev. C 104, 024001 (2021)) for *He(p, par)2n
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Predictions for relative energy distributions
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m Power law behavior at low energies
E E2.57 ‘ 177 3
Tk E ] sN=5: E®—FE
§ L g» } o 05 mN=6: EWO5__ 52
§— —_— F
= 1 .
§ E ! s m Predictions for N < 70 available
L s — 4] ] (M.G. Endres et al., PRA 84, 043644 (2011))
&
i " & = No peak except for 2n

E/e

Braaten, HWH, Phys. Rev. D 107, 034017 (2023)

September 25, 2025 | Department of Physics | Institute for Nuclear Physics | H.-W. Hammer | 19



3n distributions from experiment TECHNISCHE
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= 3n case consistent with previous experiments for *H(z~,~)3n
(Miller et al., Nucl. Phys. A 343, 347 (1980))

= 3n distributions from *H(®H,2He)3n  (Miki et al., Phys. Rev. Lett. 133, 012501 (2024))

1 T T T 1.5 T T T

; /
3, 3, 4 3, 3, !
08 H(t,"He)3n q =22 MeVic ," 1950 H(t, He)3n g , =40 MeV/c o t E
— 0.8 = /
% pionless EFT 7 %‘ —— pionless EFT 3
= - cE,"7 4 S qfF |- cg” /- 3
B06 [ 4 Mkietal PRL(2024)] [/ 4 3 A Mikietal., PRL (2024)| /
- r]
£ E075F 1
8 o0af b
8 g osf 7 1
=} p [<) Y,
"o o2l . P "o 3 L~ Prefiminary 1
1= Preliminary : Nz
P P
=T | I I =~ L 1 L L
00 1 2 3 4 5 00 1 2 3 4 5
E,, [MeV] E,, [MeV]

® Small gcm data consistent
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4n distribution from experiment
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= Search for tetraneutron resonances in 8He(p, pa)4n
(M. Duer et al., Nature 606,678 (2022))
Lo CHe(p, p'He)
a0 *n resonance §
r -- Continuum
3 [ — Background phase spa e
= . — Total
o 20 - ESE
8 10:— / E*® couformal
O}HHHHHIHL = . : ; 5 /
20 0 20 40 60 o4 5 E:: "/ Mev
E,, (MeV)

m Structure from initial state?

m Dineutron correlations can produce peak
(Lazauskas, Hiyama, Carbonell, Phys. Rev. Lett. 130, 102501 (2023))

m CFT result confirmed in pionless EFT  (T. Backert, HWH, S. Kénig, in preparation)
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m New cc states at B factories: X, Y, Z l ; :
(cf. Godfrey, arXiv:0910.3409) ZRERe 00,000

o Challenge for understanding of QCD R BRI (o4
o Unitary limit relevant? s e —

m X(3872) (Belle, CDF, BaBar, DO, LHCb) E I e ””

= Nature of X(3872)? o
o DOD%*-molecule, tetraquark, charmonium gy

hybrid, ... 00 i,

my = (3871.65+ 0.06) MeV, I =(1.19+0.21)MeV, J°=1"" (PDG2023)

= Assumption: X(3872) is weakly-bound D°-D%*-molecule
= |X) = (ID°D%) 4 |D°D°*))/v/2,  Bx = (0.07 4 0.12) MeV = 1/(2upp-a*)
= universal properties  (Braaten et al., 2003-2008; ...)
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= Approximate unparticles of three D° /D% mesons

= |nteraction of X(3872) with D°, D°, D®*, D°* determined by large a
(Canham, HWH, Springer, PRD 80, 014009 (2009))

apy = —9.7a ap«oy = —16.6a

® Richer structure because of X(3872) (bound state)

D*D DO
two charm mesons
(a) o——x

D(] D*U

D*O D(J
(b) D° D
three charm mesons
DO D°
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Neutral charm mesons and X(3872)
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= Approximate unparticles of three D° /D% mesons

= |nteraction of X(3872) with D°, D°, D®*, D°* determined by large a
(Canham, HWH, Springer, PRD 80, 014009 (2009))

apy = —9.7a ap«oy = —16.6a

® Richer structure because of X(3872) (bound state)

D*ﬂ DO
two charm mesons
(a) o——x
ﬁo E*O
Dxﬂ DO X
(b) < Do < Do <
three charm mesons
D° D D
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Scaling Behavior

= Universal scaling for unparticles of three neutral charm mesons
(Braaten, HWH, Phys. Rev. Lett. 128, 032002 (2022))

. -—- XD

(2

0

E/le

|
X

XD point production

drR _ _
G~ (E (Brt82=8a)/ 12\ /E ~ E%1 forE/|ex| >1  from conformal 3-pt.
function

£=3/2, NA,=2, A3~3.10119/3.08697 (Braaten, HWH, Phys. Rev. D 107, 034017 (2023))
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Scaling Behavior
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= Universal scaling for unparticles of three neutral charm mesons
(Braaten, HWH, Phys. Rev. Lett. 128, 032002 (2022))

SN — XD E S S
N -~ XD" S~

R/dE [arbitrary units]

By . 0.01 ey | ; 100

XD point production XD elastic scattering
dr —(B+Dy—Ag) /242 0.1 ~1.6
ST~ (B BrtReme)/2y2 [ o O o~E for E/|ex| > 1

dE

£=3/2, Dp=2, N3~3.10119,/3.08697
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Universality in strongly interacting quantum systems
= High-energy nuclear reactions with final state neutrons

= (approximate) conformal symmetry
= power law behavior of observables determined by scaling dimension A

Model-independent constraints on (certain) nuclear reactions
= Connection between reactions & properties of trapped particles
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Summary and Outlook
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Universality in strongly interacting quantum systems
= High-energy nuclear reactions with final state neutrons

= (approximate) conformal symmetry
= power law behavior of observables determined by scaling dimension A

Model-independent constraints on (certain) nuclear reactions
= Connection between reactions & properties of trapped particles
Understand difference between 3n and 4n, initial state dependence

Other applications & extensions
o Neutral charm mesons
o Two-component fermions in ultracold atom physics
o Remnant in systems with the Efimov effect?

= bosonic atoms, nucleons, a particles
= only discrete scale symmetry, complex scaling dimensions
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Hard knockout reaction calculations TECHNISCHE
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= Two-neutron spectrum for ®He(p, pa)2n  (Gébel et al., Phys. Rev. C 104, 024001 (2021))

1 Halo EFT 4 1L
N 1 [
I 10
Fosk ¥ 3 o8 %
g 1 ] L
206k 4 osb
St ] t
Z - 1t
E 04 0 S=TT-e 1 o4f
= 1
028  _oT. e 0.2} B
oot 1
/. 1 L 1 1 | 5 L 1 1 ]
% 3 %
E,, [MeV] E,, [MeV]

® Can be understood from dimer propagator (A = 2)

Enn

Ga(Enn, 0) ~ (ma?) "+ Em

1
——— = ImGy(Em,0) ~
1/a + ivVmEnp, a(Em. 0)
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3n reaction calculations
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® Radiative muon/pion capture on the triton (AV18 + UIX)

1.5 T T
06

3 o= 04F

g E

W n

5o § 02F

K 5.5/ - H1—/—“71".5 2 25 0 55 s ‘ 25

E,, [MeV] E, [MeV]
Golak et al., PRC 98, 054001 (2018) Golak et al., PRC 94, 054001 (2016)

m Conformal prediction:
dr/dE ~ (Esn)*##*73/2  (E3)" %%, 0.1MeV < E3, < 5MeV
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3n system in pionless EFT

® Point-production amplitude in pionless EFT

102 0 10 10 107

E [MeV

® Free and unitary limit exponents reproduced
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