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Isospin symmetry and 7.V scattering lengths

e Isospin is an approximate symmetry of the strong interaction
e Isospin violation (IV) due to EM interactions and mgq — my
e 7NN scattering lengths are a good testing ground for IV

mpcs B (mg — my)

_ = —(—2.3+0.4)-1073Mm1
a’ﬂ'op a’ﬂ'o’n T (mp _|_ Mﬂ-) F,]g ( ) 7T

= large effect Weinberg 1977
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Isospin symmetry and 7.V scattering lengths

e Isospin is an approximate symmetry of the strong interaction
e Isospin violation (IV) due to EM interactions and mgq — my
e 7NN scattering lengths are a good testing ground for IV

mpcs B (mg — my)

— G0, = = (=2.34+0.4)-103M 1
awop Q70 T (mp i Mﬂ-) Fg ( ) T

= large effect Weinberg 1977
e a°* and a,o, accessible in pion photoproduction
TN Tp
Bernstein et al., arXiv:0902.3650

e Isospin symmetric scattering lengths: a= ~ 90, a™ ~ 0 (leading
order in ChPT) = ™ badly constrained and sensitive to |V

e Corrections for IV are essential to extract a™ and ¢~ from
hadronic atoms
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Formalism

e Calculation at third chiral order O(p?) in manifestly covariant

baryon ChPT = Infrared Regularization
Becher, Leutwyler, EPJC 9 (1999) 643

e Effective Lagrangian for nucleons, pions, and virtual photons, as
constructed in Gasser, lvanov, Lipartia, Mojzi§, Rusetsky, EPJC 26 (2002) 13
=- extend their work to all physical channels

e Calculation at first order in isospin breaking § = O(e?, mq — my)
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Formalism

e Calculation at third chiral order O(p?) in manifestly covariant
baryon ChPT = Infrared Regularization
Becher, Leutwyler, EPJC 9 (1999) 643

e Effective Lagrangian for nucleons, pions, and virtual photons, as
constructed in Gasser, lvanov, Lipartia, Mojzi§, Rusetsky, EPJC 26 (2002) 13
=- extend their work to all physical channels

e Calculation at first order in isospin breaking § = O(e?, mq — my)

e Virtual photons generate Coulomb divergences =- subtract

one-photon-reducible diagrams = resulting amplitude 7" has
threshold behavior

etQadc(lpl) 61 + (G5 1o |P| + Tinr + O(|P|)
pl—0  |p| ® e

Tthr

e Scattering lengths given as a = e
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Feynman diagrams

e One-loop topologies at threshold
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e (v1) = Coulomb pole, (s3) = Cusp effect, (s5) triangle graph
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Isospin-breaking corrections

o Example: isospin-breaking shifts to a =+,

Aa,—, =a,—, — (a™ 4+a7) =Aat 4+ Aa” +ilma, -,

A+, =04, — (at —a7)=Aa" — Aa~

Aa™ = Cc1 — — _
Aw(mp + M) | F2 2 1287 F2 327 F2
M A M? 8A
Ag~ = ——"p20m { u (3 + log —W> + —d
Aw(mp + My) | 3272 F2 2 F?2
6292 M2
A s
1+ 4log2 + 3log —
N 16721’%( HChR ) }
m M?2 6292 M,
Ima, ., = £ " \/Ar — 2MrAN + L}
T T Lr(my + Mw){87rF74; VA TN Y 2

e Large contributions from the triangle graph and a cusp effect

e Cusp enhanced by v/¢
e Accuracy limited by
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Numerical results (1)

e Use f; =

—2.1J_r§:3 GeV ! (MeiRner, Raha, Rusetsky, 2006) and
g-functions to estimate unknown low-energy constants

e |sospin-breaking shifts in units of 1073 M1

Isospin limit| channel shift channel shift
at+a” |mp—ap| —34T52 +5.0i | 7tn—71tn | —4.37532 +6.0i
at —a” | wtp—7wtp —5.31%3 T n—7mn —6.2153
—V2a~ | mTp—7n 0.44+0.9 7tn — 19 2.34+0.9

at mp — 7V —5.24+0.2 ™n — 1n —1.84+0.2
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Numerical results (2)

e Significant modification of Weinberg’s prediction due to a cusp
effect

Ar0p — QzOp

my {4C5B(md — My)

~ dn(my, + M) F2
M2
~Sr (VA +2M AN - VA, - QMWAN)}

= (=3.44+04)-10°M 1
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Numerical results (2)

e Significant modification of Weinberg’s prediction due to a cusp
effect

Ar0p — QzOp

B mp des B(mg — my)
~ Adr(my + M) F?2

M2
84
= (=3.44+04)-10°M 1

(\/AW oM, Ax — /A, — QMWAN)}

e Quantify IV in terms of measurable quantities by means of the
triangle relation

Uptp — Qp—p — V2057
R=2 P=(15£1.1)%
a’7‘('+p — a’ﬂ'_p _|_ \/ia;.e—xp
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Conclusion and outlook

e Small corrections to the charge exchange reactions with rather
well-controlled uncertainties

e Sizeable shifts in the charged-pion elastic channels, but large
uncertainties due to f;

e Triangle relation violated by about 1.5%
e Substantial modification of Weinberg’s prediction for a0, — a0,
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Conclusion and outlook

e Small corrections to the charge exchange reactions with rather
well-controlled uncertainties

e Sizeable shifts in the charged-pion elastic channels, but large
uncertainties due to f;

e Triangle relation violated by about 1.5%
e Substantial modification of Weinberg’s prediction for a0, — a0,

e Extend the analysis beyond threshold
e Application to hadronic atoms = extract a™ and a~
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Outlook: extraction of a™ and a~ from 7H and 7D

-1
s
N

T

|

_3M

+ /10

a

level shift of #D

width of 7H

'8 s | s | s | s | s | s | s | s | s | s | s
-92 -91 -90 -89 -88 -87 -86 -85 -84 -83 -82 -81
—a~ / 1073M,

e |V at order O(p?) only
e Instead of a™ we consider

~+:+ mp 4A7’[‘ _22}
. a+47r(mp—|—M7r){F7261 e h
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Outlook: extraction of a™ and a~ from 7H and 7D
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Outlook: extraction of a™ and a~ from 7H and 7D

level shift of #D

_6 - ////// . -
=~~~ level shift of TH width of 71
-8 s | s | s | s | | s | | s | s | s | s
-92 -91 -90 -89 -88 -87 -86 -85 -84 -83 -82 -81

—a” /1073M !
e |V at order O(p?) for width and level shift of 7 H and

single-nucleon sector of 7D

e Complete picture requires few-body corrections to =D including
IV Baru, Hanhart, Hoferichter, Kubis, Nogga, Phillips, in preparation
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Spares
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Deser-formulae

e Strong energy shift of the ground state of pionic hydrogen

Aa

s =—2a3p2 (a™ 4+ a7 )(1+ 6 b = ——L 4 K. +873¢
€1 O4:UJh(aJ ta )( + ) CL++CL_+ + 0¢
ow
Ke =2a(l —loga)un(a™ +a~) 672 =2 h(0) = 0.48 %
¥ (0)
e Width of pionic hydrogen
3 2 1 2 Aa:ref
I'1s = 8a” iy, p1 (1 + F) (a_(l + 5p)) (1 + Kr + 5;’“) or = TIL
— a

Kr =4a(l —loga)un(a™ +a™) + 2un (mp + My — mn — MTrc))(cﬂL)2

p1: CMS momentum of 7%n, P: Panofsky ratio

e Strong energy shift of the ground state of pionic deuterium

e, = —2a3u2Re ary (1+ Kq + 5;’3‘3) Kq = 4a(1 —log a)uqa™ 674" =0.51%
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Pion—proton scattering lengths

V2m 2fa MrAN
Aa®®* = a®®* + V24" = P { ul 1+ 292
TP Am(mp + M) | 2 4F7%mp( +29)
N g2 A Mrlr o 3MxAx  8MxOr
AF2mp  4m2 T 16F2m2 F2 °
My Ar 2 e? My 2
27 2 —5g2)1 5+ 31
1927T2F4< 9A + (2= 593) log —* >+ 32721«“2( ol Ty )

gt = Ar + Mp { 3gAM Ar
TP TP M2 Ar(mp + Mz) | 1287 F3
MTZK'\/ATF + 2Mr AN 4 265B(md — mu) }

8w F2 F?2
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Pion—neutron scattering lengths

e Calculation simplified by charge symmetry =- only virtual
photons need to be calculated explicitly

e Results
NGt =Gt —(a++a_)=Aa— + h {€2f2
T n TN TP 47T(mp +M7r)
M2

? f2 }

m
Aa_. =a_ —(at—a)=A P {
Onep = G = (07 = a7) = Dy & TS

\/§m M AN
cex __ _Cex \/5 — — At P T 1 2) 2y e2 }
Ctn = Ontp T V20 Cr=p T 4m(mp + Mzr) { 2F2my, (15 293) I
B L mp 4es B(mg — my)
Bagon = a0, — " = Baga, + ot 2R

2

Mﬂ'
+87TF7% (\/A’ﬂ' + 2M7TAN - \/Aﬂ' - 2M7TAN)}
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Imaginary parts

e The imaginary parts at threshold can be calculated exactly in
terms of scattering lengths and electric dipole amplitudes Fy.
using Cutkosky rules

Im {a’”p} VL Ny —"T Ve {ﬁa}

a®* B \/mp + M7T —CL+

™ p

M. E - E -
n o+ (7" p) (My + 2m5) o+ (77 p)
mp + M E(H_ (7'('07?,)

cex I
= Imal™) suppressed by one chiral order

e Numerically

IMa,-, = (4.77 £0.15) - 1073 M
Imac®™ = (—0.16 £ 0.06) - 1073 M

T p
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Effective Lagrangian (1)

Lo = ﬁgrp2) _|_£(62) —|—£<p4) _|_£(62p2) —I—E(p) +£1(\?2) _|_£1(\}92) -I-El(\?g) _|_£1(\?2p) v L
P 4t = y <d“UTd U+x'U+U) + Zzrt(Quout)
£le’r®) _ F{@UTd,U) (k1(Q2) + k2(QUQUT)) + ka(d*UT QU)(d,, U QUT)
+ ks ((d*UT QU UTQU) + (d“’UQUU(d,J,UQUU)}
£ - ; MUt d o+ ditd Uy L = —iFWFW - %(aWLW)2

LO =w{ip—m+ g} L8 = FPU{f1/5(Q3 FQ2) + £(Q4)04 hv

9 _ g 2 H DY €3 % ¢ pv .

Ly 5 =Yeer(x4) — 2 (upuy)DH DY +h.c. + E(uﬂu ) + 1040 [y, uy] + C5X+}\p
d

E(p ) —\Il{__u'u,[DV7u ]]DU__Q[’U,M,[D ’U,I/]]DV
2m

d .
+ _12;3 [U/Jn [DV7U>\]](D'U’DVD>‘ + sym) -+ LdB[X_,u'u,]D/’L}\I[ + h.c.
zFQ

£ = S 0{g6(Q4 HQ-w) D" + gr/s(Qu, ) Q= D U + hc,
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Effective Lagrangian (2)

e (A) denotes the trace of a matrix A, A = A — (A)/2 its traceless
part and ¥ (O + h.c.)¥ = WOV + h.c. for an operator O

e building blocks
d, U =0,U—iA,[Q,U], x=2Bdiag(mu,mq), U =u?,

Fuy = 0y Ay — 0y A,, Q= g diag(2, —1), Q = ediag(1,0),
1

Dy =0u+Tu, Ty= By (UT(au —1QA.)u+ u(dy — iQAu)uT>>

v+ = ulyul +uxlu, Uy = i(uT((?M—iQAM)u — u(@M—iQAM)uT>,
1

Q+ = §(uQuT + uTQu), Dy, uy] = Opur + [y, un].

e U = (p,n)! contains the nucleon fields and the matrix U collects
the pion fields in the usual way.
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