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Outline

Magnetic Field scales
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Outline

Low-Lying Baryons (Isospin multiplets)
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Outline
Low-Lying Baryons (U-spin multiplets)
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Mass Spectrum
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Mass Spectrum (Special case)
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Motivation

Motivation

LQCD computations

» Background magnetic field calculations of electromagnetic properties

» Quantization due to prohibitive size of the lattices (t" Hooft, '79)
67mn
=T

Example: 323 x 48 lattice with a = 0.11£m, produces ~ 108G

Physical environments
> Magnetars: Magnetic fields on the surface of (and within) highly
magnetized neutron stars ~# 10’ — 10'°G  (Duncan & Thomson, '92)

» Relativistic Heavy-ion collision:
Non-central collisions ~ 10'°G (Kharzeev et al., '08)
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Chiral Pertubation Theory

» xPT is an effective field theory that makes use of the chiral symmetry

of the underlying theory (QCD); A(';’C"D =0 (i=u,d,s)

» SU(3)L x SU(3)r — SU(3)v due to the formation of the chiral

condensate (1))

> The fluctuations about the condensate (i.e. vev) are parameterized by
the coset space

5U(3)L X 5U(3)R/SU(3)V

and, these Goldstone bosons are identified with the low lying
psuedo-scalar degrees of freedom (i.e. octet mesons)
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Chiral Pertubation Theory

» xPT is an effective field theory that makes use of the chiral symmetry
of the underlying theory (QCD); -~ ~ 0 (i = u,d,s)

Aqco
» SU(3)L x SU(3)r — SU(3)v due to the formation of the chiral

condensate (Y1)

> The fluctuations about the condensate (i.e. vev) are parameterized by
the coset space

SU(3)L X SU(3)R/SU(3)V

and, these pseudo Goldstone bosons are identified with the low lying
psuedo-scalar degrees of freedom (i.e. octet mesons)
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XPT
Meson Chiral Pertubation Theory

» Glodstone bosons are parameterized as

2i¢
Y =exp <—> ,
fe

where,
%WO + %n 7wt K+ /
i = 1.0 1 0
¢ = s —" TN K
K~ K°

2
—%7’] ;

where f; is the three-flavor chiral-limit value of the pseudoscalar
meson decay constant.

» We assume the power counting

K mi o,
A2~ a2 T
/\X /\X

> The O(€?) terms in the (Euclidean) Lagrangian density are

2
= %Tr(au):TGMZ) - ATr(mJ;Z + mgx'),
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XPT
Meson Chiral Pertubation Theory in External Magnetic Fields

» Glodstone bosons are parameterized as

2i¢
Y =exp <—> ,
fe

where,
%WO + %n 7wt K+ /
i = 1.0 1 0
¢ = s —" TN K
K~ K°

2
~5n)
where f; is the three-flavor chiral-limit value of the pseudoscalar

meson decay constant.

» We assume the power counting

©omg (A eFu o
b
TR e TR

» The O(€?) terms in the (Euclidean) Lagrangian density are

2
L= %TI(D/L):TD/LZ) - )\Tr(m:;Z + quT)’
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XPT

Heavy Baryon Chiral Pertubation Theory

» Power counting issue (Mg ~ A,)

» Modified power counting (p, = Mgv, + ku) (Jenkins & Manohar, '93)
k
— €

Ms ~ Mp
O(e) Octet baryon lagrangian

L=—iTr(Bv-DB) +2DTr (BS,.{A,, B}) + 2F Tr (BS,[A,, B])

1y04 1A T+ !
B — et _ 1504 1,
= it P e

&‘N: R

O(e€) Decuplet baryon lagrangian

L=Tu(~iv-D+A)T,+2HT,S- AT, +2C(T-AB+BA-T)

where, T are embedded in the completely symmetric flavor tensor: Tjj, for
€.g: T111 = A++, T112 = %A_F
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XPT

Heavy Baryon Chiral Pertubation Theory

» Chirally covariant derivative

(DNB); = 8/45} + Vs B].;

(DT = 0u Tig + Vu)i Trje + V), Ty + V)i Tiwe

J

» Vector and axial-vector fields of mesons

1
Vu:ﬁ[¢75'u¢]+"‘
1
Au:—; e+
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XPT

Heavy Baryon Chiral Pertubation Theory in External Magnetic Field

» Chirally covariant derivative
(DNB); = 8MBj + Vo, B].;
(DT = 0u Tig + Vu)i Trje + V), Ty + V)i Tiwe

j

» Vector and axial-vector fields of mesons

1

2f2
1

Ap= =Dt

Vi = ieA,Q + (¢, Dudp] + - -
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Propagators

» Mesons
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XPT

Propagators in External Magnetic Field

SRS SN & S

» Mesons Schwinger, '51
( g

i w» [ ds  _.2 eQyBs
G B) — IeQ¢BAx1xz/ mys ()
s(oy, B) =e o (47T$)2e sinh(eQyBs)
eQsB A)?'i _ Ax§ + Axf
4tanh(eQ,Bs) 4s '

X exp [—
» This propagator satisfies
(7DMDH + m2)G¢(X7ya B) = 6(X - y)a

» Octet baryons propagators will enable us to calculate energies which
involve tree and loop contributions.
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Energies

Octet Baryon Energies (Tree-Level Contributions)

Local operators that contribute to O(€®)

Octet baryon magnetic moment operators (Coleman & Glashow '61)

L= 2M [0 Tr (B S, {Q, BY) + ueTr (B S,[Q, B])] Fuw,s

where, Suu = €uvap VaSp.

Kinetic-energy term (Landau Levels)

D3
£=-m(Bit),

where (D), = Dy — vu(v - D).
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Energies

Octet Baryon Energies (Tree-Level Contributions)

Local operator that contribute to O(¢?)

Magnetic dipole transition operator

3Ie

ﬁzuu M

(BS.QT., +T,.QS.B)F,

BES

sy can be determined using the measured values for the electromagnetic decay

widths of the decuplet baryons. (Keller et al. (CLAS), '11,'12)
. UJ MB e nu 2
rN7T— By)= Sy (2MN>
where,
2 2
w= M1 — Mz
2Mr
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Energies

Octet Baryon Energies (Meson-Loop Contributions)

TN /»“
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Energies

Octet Baryon Energies (Meson-Loop Contributions, Continued...

» Spin-dependent/Spin-independent contributions

0E = —eBo3 d0E1 + 0E>

Explicit expressions

ZA Qems o |eB| As
(47 f)2 m3 " mg

leBl A
ZAB (47rf )2 ( mé " my

Fley) = [ ds flx.5)a(r.)

where

/2 Xs P
f(x,s) = =73 <7 — 1) gly,s)=e (a-y )Erfc(y\/g).

sinh(xs)
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Energies

Behavior of loop functions

0.0~ T T T T
Fi(1,y)
—o1f ]
8 0.2

= It} ]

\LE Fy(L,y)
-03f ]
—0.4F ]
7(‘).5 0.0 O‘.S l.‘(] l‘.S 2‘.0

@ Yy

B A
where, x = Q and y = =B
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Energies

Complete Third-order Calculation

» (I3 # 0) Octet baryon energies valid to O(¢?)

|QeB| w8 arpl [ eB
E=M _eB E) - E
et o, B oy, 05 A, \amy) TOB
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Energies

Magnetic Polarizabilities (Detour)

P—
B]\o@%)

( C. Patrignani et al. (PDG), '17)

Proton : 2.5(4) x 10~ *£m?
Neutron : 3.7(12) x 10~ *fm?

» The spin-averaged energy:

Empirical values

T _ |QeB|71 Ip tr 2
E=M+ S — ~an(8® +87)B +

62 A S8 <AB)

meg 47Tf¢)2 miq_',

5tr _ aT € pu :
2nAT \ 2My
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Energies

Magnetic Polarizabilities (Contributions)

51]3 ﬁtr /Bct ﬁlp +,Btr +ﬂ’:t f\j[(pt.
P 1.37|] 6.80] —5.76] x2.50 ||2.5(4)
n 1.32|] 6.89 —451|  #3.70 |[3.7(12)
Tt 0.96|] 14.05| —5.76 9.26

Amol Deshmukh

Baryons and Interactions in Magnetic Fields




Energies

Counterterm Promotion

> Higher order (short distance) operators as counterterms

4
1 2 ct
AL =—Z4nB ;5,- o

where,
=Tr (BB) Tr (Q°)
TT(E {9.{2.8}}),
Tr (B{Q,[2.B]}),

04 =Tr (B[Q,[Q, B]])
» Coleman-Glashow like relations for counterterm coefficients:
By = B+, B = B, Br— = Bz-
and

1
B =B Gr= A(E5 %)

V3
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Final Result

Baryon Energies
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Final Result

Baryon Energies
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Baryon Energies
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Final Result

Two-Nucleon Interactions in Strong Magnetic Fields (Work in progress!)

» Unitary limit of two-nucleon interactions

» Scattering length a — oo

V(r)
o
Vo I r
a<0

Scattering length

Potential depth V,
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Final Result

Two-Nucleon Interactions in Strong Magnetic Fields

» LQCD results (NPLQCD Collaboration) (Detmold et al., '16)
_ 401 1 806 Mev
T 20} 4
= I ﬁ
£ 0
E L
3 -20r
3 I
—40 .
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& 20t
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Final Result

Two-Nucleon Interactions in Strong Magnetic Fields

e Yukawa potential (B = 0 case)

e—mIx—7]
 Anlx -]

e Yukawa potential in cylindrical coordinates

> ds —m?s AX§ p2 p/2:| S imA¢ <ppl)
—V(p,p') = e exp|——— — ——— E e It | 5=
(:¢) A (47‘(’5)% P { 4s 4s St i\ 2s
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Final Result

Two-Nucleon Interactions in Strong Magnetic Fields

e Yukawa potential (B # 0 case)

; = A ByZ oio 1tz
V@78 = T [ e e | Xﬂ _QBYZ oy’ g
Var Jo  (s)z 2m(1 — z)

m=00 _imA¢ 2 oy
>< Z @& I|m‘ ooz
zm/2 1-z
m=—o0

where, z = exp(—2|eQB]|s) and 0 = 'eoB‘”
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Summary

Summary and Outlook

v

Energies of the octet baryons in large, uniform magnetic fields using heavy
baryon xPT.

v

Issues with the large values of the magnetic polarizabilities

v

U-spin predictions

» Interesting behavior of two-nucleon interaction

Amol Deshmukh Baryons and Interactions in Magnetic Fields



Summary
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Back-up Slides

Decuplet Contribution

» Decuplet baryon propagator
[DT(Xay)]MV = PIJ,IJ (5 (X — ) (X4 — y4)e A(X«t*,"a)7

where, Py = 6 — vuv — 55,50

» Decuplet contribution

dDg(x',x) = [D1(x', x)];iDi D; Go (X', x)
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Back-up Slides

The three state mixing

T 50— A
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