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7 IN scattering lengths

e In the isospin limit

M, 1
T28(0) = (14 225 )k (0% 4 a5,

mp
e Isovector and isoscalar scattering lengths Weinberg, 1966

M
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~90-107° M1, at ~0

a
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e Precise determination of o™ difficult
e Aim: extract «™ and «~ from hadronic atoms with high accuracy

e wNN coupling constant g. via the GMO sum rule
e Dispersive analysis of the 7N o-term
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Hadronic atoms: 7wwH and w.D

e 7wH and nD bound by electromagnetism (e~ — 7 7)
e Strong interaction modifies the spectrum
e Shift of the ground state in 7H Lyubovitskij, Rusetsky, 2000

€15 = B — BPPP = 20302 (o +a” + Aap—, ) (14 K.+ 67%)

Ke =2a(1 —loga)pga,—,, svac _

e Width of the ground state yields information on a~

(7T_p — 79, 77 p = yn)
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Hadronic atoms: 7wwH and w.D

e 7wH and nD bound by electromagnetism (e~ — 7 7)
e Strong interaction modifies the spectrum
e Shift of the ground state in 7H Lyubovitskij, Rusetsky, 2000

€1s = F1s — EﬁED = —ZQSM%{(ML +a + Aaﬁ—p)(l + K.+ 67%°)

\ .

Ke =2a(1 —loga)pga,—,,

e Width of the ground state yields information on a~
(7T_p — 79, 77 p = yn)

e Level shift in 7D sensitive to

2(1 + My /m,,)
1+ Mﬁ/md

Rea, ;= (at + Aat) +a'?  ~ —25.1073 M

e Three constraints for «* = systematics, accuracy

e Isospin breaking and aff_)d need to be well under control!
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Isospin violation and few-body effects

e o itself cannot be determined from 7#H and =D, only

4+ 1 {4(M7%_M72r0) . 2 }
T (Lt My ) 2 T h
e Large 2B IV corrections (NLO in ChPT) MH, Kubis, MeiRner, 2009

Ur-p+ Ann = 2(a" + Aa™), Aat =(-3.3+£0.3)-10°M 1

e Requires aff_) , with an accuracy of better than 10 % = need to
worry about isospin violation in 3B sector
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Strong diagrams

-OiOOi:O_

(dy) N (d)
e Strong contributions in ChPT extensively discussed in the
literature Weinberg, 1992, Beane et al., 2003, Baru et al., 2004, Liebig et al., 2010
e Accuracy limited by unknown contact term at NNLO, estimate

p3/2 N (Mw/mp)3/2 N 6%

e New: isospin-violating corrections to (d;)—(d,) due to mass
differences and in the 7N scattering lengths

e Result:
@ = (—22.6+1.1+0.4) - 1073M "

CD-Bonn, AV18, NNLO xEFT
e Wave-function dependence ~ 5%
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Virtual photons

~ I ~ 7z ~ 7z AS N\
~ // \\ // ~ // \ \\
%\ // \\ // %\\ // i\
N : : \i : : ~ AY ' i AN '
AN AN
\ \
AN \
(d;) (d) () (dg) "~ N

(dy) -

e New scales: /M e (three-body dynamics) and ,/me (deuteron
wave function)

e (dg) and (dg)—(dyo) “would-be infrared singular”

1 p2+(p—q)2>
§ =24/ M2 + g2
<q2(q2+5)>’ w4 <6+ 2mp,

= potentially enhanced by /M, /¢
e YPT counting applicable in infrared enhanced diagrams?

e Separate those contributions already included in the Deser
formula (deuteron pole)
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Virtual photons: isovector case

Og OOé \ O ~ /dBPd‘gCI(‘I’T(p) —‘I”L(p—Q))‘I’(p)qQ(q2 5= 7(ds) _p(de)
e Pauli principle: (—1)¥*7+5 = —1 = no S-wave NN interaction
e Atleading order:
"(p)¥(p)
7(de) — y(dg) :/d3 43 UT(p)
p 2( 2 4 2M, (e—l—p2/mp))
/ / g3 Y @)¥(P) 87 1 T(p) ~ Ype/m
\/p + mpe " 3v2 /Mye P2 + mpe

= potentially enhanced contributions cancel exactly
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Virtual photons: isoscalar case

\\\ /// \\ /// \\ /// \\ /// \
(de)+(ds) __ . é\ y
aTZO —_— p \\;/

:462(1+Mw/mp)a+/ Bk 1 { IF(K)2 — 1
(

7

d? 1 1
+ [ =2 . —( + )
(27)6 € + p?/mp + k2 /2My —in 2

F(k) = / Bqvt (@U(q-k/2) = [FE)?-1=0K?)
— [ #avi@v(a-k/2) -

e S-wave NN interaction allowed
e Need to subtract the (infrared divergent) deuteron pole
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Virtual photons: isoscalar case

\\\ /// \\ /// \\ /// \\ /// \ /
(de)+(ds) __ . é\ y
aTZO —_— p \\;/

:462(1+Mw/mp)a+/ Bk 1 { IF(K)2 — 1
(

d? 1 1
+ [ =2 . —( + )
(27)6 € + p?/mp + k2 /2My —in 2

F(k) = / Bqvt (@U(q-k/2) = [FE)?-1=0K?)

— [ #avi@v(a-k/2) -

e S-wave NN interaction allowed
e Need to subtract the (infrared divergent) deuteron pole

e Use orthogonality of deuteron and continuum wave functions
e No infrared enhanced contributions from p ~ /M, e altogether!

e Isoscalar part may be dropped due to the suppression of a™
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Virtual photons

~ I ~ 7z ~ 7z AS N\
~ // \\ // ~ // \ \\
%\ // \\ // %\\ // i\
N : : \i : : ~ AY ' i AN '
AN AN
\ \
AN \
(d;) (d) () (dg) "~ N

(dy) -

e Contributions from p ~ ,/mye calculated explicitly = negligible

e Remaining effect from momenta of order M
a*™ = (0.95+£0.01) - 107> M+

= residual isovector contributions (and (dr))
e Consistent with power-counting estimate
e Same conclusions for the higher-order diagrams (dy) and (d;)
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Dispersive and A corrections

Dispersive corrections: Lensky et al., 2006

disp _ OIO +oo=(=294+1.4)-103Mm 1

e Associatedwithm~d -+ NN - n~dandn~d - NN~y — 7~ d
e Momenta of order p ~ /M,.m, = threshold for NN — NN«
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Dispersive and A corrections

Dispersive corrections: Lensky et al., 2006

oo — _ OIO —2.941.4)- 1073 M

e Associatedwithm~d -+ NN - n~dandn~d - NN~y — 7~ d
e Momenta of order p ~ /M,.m, = threshold for NN — NN«

A corrections: Baru et al., 2007

~OiOO;:O — (244 0.4) 1073 M1

e Momenta of order p ~ \/(ma —mp, — My)my, ~ /Mzm,

Both suppressed by p?/? relative to double scattering (d; )

aUsPTA = (—0.6 4+ 1.5) - 10731
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Combined analysis of 7w H and w.D

6/ \
: N\
AR S :
NN =R -
Tg N\ \ " Experiment:
p)
?3 X = N \& _ Gotta et al., 2005, 2010
=0 —  lovelshift of 7D ]
3 F \3, —
< N
_2 - § Q
: \
\
'4?&\&\ >
S level shift of 7H width of mH
92 90 88 86 84 82
—a~ / 10730

7w N scattering lengths (with ¢; = —(1.04+0.3) GeV ™!, |f1| < 1.4GeV 1)

ot =(7.7+£3.1)-1073Mt, @t =(2.0+0.8)-1073M 1
a = (86.1+£0.9)-10 M1
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Goldberger—Miyazawa—Oehme sum rule

e Fixed-t dispersion relations at threshold = GMO sum rule

2 2 2
dc mp mn M\ My JWW }
Je _ p T}y g 14+ - _ =
41 (( M ) ) { < mp ) 4 (ar p a7+p) 2

1 o O.tot (k) _O.tot (k‘)

- = [ ap—r—r TP
am2 Jo VM2 4 k2
o Investigated in detail by Ericson etal,, 2002, Abaev et al., 2007

= (—1.073 £ 0.034) mb

e With the scattering lengths from 7 H and =D

2

Je _ 1368 +0.12 & — 13.68 & 0.20

4

e In agreement with g2 /4r = 13.54 £ 0.05 (INN) de Swart et al,, 1997
and g% /4r = 13.75 4 0.15 (7 N) Arndt et al., 1994
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Conclusions

e Calculation of a.-; at the same accuracy as isospin-violating
two-body corrections

e Higher accuracy requires knowledge of the NNLO (NTN)2xTr
contact term

e No infrared-enhanced photon contributions

e Constraints on the =N scattering lengths from a combined
analysis of TH and 7D

e o positive with 20 significance

e g2/4m from GMO sum rule consistent with NN and 7N
phase-shift analyses
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Spares
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Deser formulae

e Width of 7H Zemp, 2004

1 2
F1s = 40’ uip1 (1 + F) (—\/ia_ + Aafrefp) (1+ Kt +67%°)

\ 7
Ve

—CexX
Tr_p—>71'0n_ T p

Kr =4a(l —loga)pga,—, + 21n (mp + Mz —mn — M, 0)(a,0,,)*

— 0
p1: CMS momentum of 7%n, p =2 p27 ) _ 546 4+ 0.009

o(m— p—yn)

e Level shift of 7D MeiRner et al., 2005

eﬂ = —2a3u%Re a._—g4 (1 + Kp + 5:%6)

_ 2(1 + Mx/myp)

Reaq _ , — + 1 AaT (3)
a.—g4 1+ My (a™ +Aa™) + a "’ .
Kp =2a(1l —loga)upRea_— 4, b =0.51%

e Widthof #D: BR(7~d = nn) ~74%, BR(n~d— nny) ~ 26%

e EXperiment: e;; = (—7.120 £0.012)eV, TI';, = (0.823 £0.019)eV,
eP = (2.325+0.031) eV Gotta et al., 2005, 2010
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Strong diagrams

-OiOOi:O_

(d,) S (d)
e Power counting relative to (d;): (modified) Weinberg counting
Liebig et al., 2010

e Contact term with unknown coefficient at O(p?), p ~ M, /m,
= include all terms up to O(p*/?), accuracy estimate < 6 %

e Leading contribution: static one-pion-exchange Weinberg, 1992

4(d1) — C2(1+ My /mp)?(a”)? < 1 >
72 (1 4+ Mx/maq) q?
e NLO vanishes Beane etal., 2003

e 7NN cut could lead to enhancement by \/m, /M,

e Any enhanced contribution cancels between (d;) and (ds)
(embedded in the 7NN system) Baru etal., 2004
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Strong diagrams

00—
(d) (d,) (d,) (d) s (dy)
e Isospin-violating corrections to (d;)—(d4) due to mass differences

and in the 7N scattering lengths

e (ds) formally of O(p?), but enhanced by 7* (Coulombic
propagators) = needs to be included

e Similar enhancements possible for all terms of the
multiple-scattering series, but
full series — (dy) — (ds) ~ 0.1 - 107 M*

e Result:
@ = (—22.6+1.1+04)-1073M !

CD-Bonn, AV18, NNLO xEFT
e Wave-function dependence ~ 5%
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One pion exchange

aOPE :astatlc_|_ sl\‘IcE’%c_Facut_'_Aa(Q)
. 1
astatlc _ d3p d3q\1ﬂ'(p _ q)\Ij(p>_2
q
w
aNio = a /d pd®qVT(p - DY(P) ( 1)
wq + Mp
= /d3pd3 (T (p - q)—‘PT(p))‘I’(p)( S ~>
a°+6 q?+6
1 1
+a X/d3d3 al —Ul(p))w ( — )
Qe pd’q(¥'(p—aq) - ¥'(p))¥(p) i i3
1 1
ACL(Q) — acex/dBQ< ~ ~ )
q2+5 q2+5‘|‘2M7rAN_A7T
a’ = S (2(a7)*4+2a" Aa™—V2a " Aat®* ), @z = 512) ((a7)?—V2a~ Aat® )
7T2£d ™ p X 7T2£d TP

Ep =1+ My/mp, &q =1+ M;/mq Numerical results (in 1073 M *):

astatlc

static cut 2 triple
alit o a Aa?) a

a/7T7T

—24.14+0.7

3.8+0.2 | —4.8+0.5 0.2 26105 | —0.24£0.3
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Pion—nucleon o term

w(p)orn (t)ulp) = (N@')|m(au+dd)|N(p)),  orn =0zn(0)

mg ms — m — 7 —
( s 1)(1 )oan = (N (p) | + dd — 255|N (7))
m 2mp N _

~

from SU (3) mass difference

2(N(p)|55|N(p))
(N (p)|au + dd|N(p))
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