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Motivation: Why =N scattering? Why Roy—Steiner equations?

@ Renewed interest in 7wV scattering:

e wN — 7N amplitudes e.g. for o-term physics
e NN — 7 crossed amplitudes e.g. for nucleon form factors

= Need esp. low-energy (pseudophysical) amplitudes which are not very well known
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Motivation: Why N scattering? Why Roy—Steiner equations?

@ Renewed interest in 7wV scattering:
e wN — 7N amplitudes e.g. for o-term physics

e NN — 7 crossed amplitudes e.g. for nucleon form factors

= Need esp. low-energy (pseudophysical) amplitudes which are not very well known

Roy(-Steiner) equations = Partial-Wave (Hyberbolic) Dispersion Relations

coupled by unitarity and crossing symmetry

@ PW(H)DRs together with unitarity, crossing symmetry, and chiral symmetry
= Can study processes at low energies with high precision:
o 7 scattering: [Ananthanarayan et al. (2001), Garcia-Martin et al. (2011)]
e 7K scattering: [Bittiker et al. (2004)]
@ -y —» 7r7r scattering: [Hoferichter et al. (2011)]

C. Ditsche (HISKP & BCTP, Uni Bonn) Roy-Steiner equations for 7N scattering Chiral Dynamics 2012, JLab, August 8



Motivation: Why N scattering? Why Roy—Steiner equations?

@ Renewed interest in 7wV scattering:
e wN — 7N amplitudes e.g. for o-term physics

e NN — 7 crossed amplitudes e.g. for nucleon form factors

= Need esp. low-energy (pseudophysical) amplitudes which are not very well known

Roy(-Steiner) equations = Partial-Wave (Hyberbolic) Dispersion Relations

coupled by unitarity and crossing symmetry

@ PW(H)DRs together with unitarity, crossing symmetry, and chiral symmetry
= Can study processes at low energies with high precision:
o 7 scattering: [Ananthanarayan et al. (2001), Garcia-Martin et al. (2011)]
e 7K scattering: [Bittiker et al. (2004)]
@ -y —» 7r7r scattering: [Hoferichter et al. (2011)]
> Roy-Steiner equations for N scattering:

@ Obtain low-energy (pseudophysical) amplitudes with better precision (update input & give errors)
e Framework allows for systematic improvements (subtractions, higher partial waves, ...)
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Warm-up: Roy equations for v scattering (1)

@ wm — 7 is fully crossing symmetric in Mandelstam variables s, ¢, and u = 4M2 — s — ¢

@ Roy equations respect all available symmetry constraints:

Lorentz invariance, unitarity, isospin & crossing symmetry, and (maximal) analyticity
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Warm-up: Roy equations for v scattering (1)

@ wm — 7 is fully crossing symmetric in Mandelstam variables s, ¢, and u = 4M2 — s — ¢

@ Roy equations respect all available symmetry constraints:

Lorentz invariance, unitarity, isospin & crossing symmetry, and (maximal) analyticity

Start from twice-subtracted fixed-r DRs of the generic form  —s+r+u=4aM% =5 + 1+

T(s,t) =c(t) + — / { + S,u_z u} ImT(s", )

s/ —s

@ Determine subtraction functions ¢(¢) via crossing symmetry

o PW expansion (I € {0,1,2},7 = 0):  T!(s,£) = 327 3 (27 + )P, (cos0(s,1)) £, (5)
J=0

PW decomposition of these DRs yields the Roy equations [Roy (1971)]

& (s) = k(s) + = ZZ /ds’xjgi(s,s’)lmt;',(s')

’
=07 04M3'r

1’
3 S

s/ —s

@ Kernels: analytically known, contain Cauchy kernel KZ', (s,8") = +...
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Warm-up: Roy equations for ww scattering (2)

th(s) =K (s) + = ZZ/dsKy,,”)lmJ,(s)

! —
=07/=030

@ Validity: 4M2 < s < 60M2 ~ (1.08 GeV)?> < Mandelstam analyticity = s < 68 M2 = (1.15 GeV)2

@ Subtraction constants (free parameters) contained in kg(s): 7 scattering lengths

= Matching to Chiral Perturbation Theory [Colangelo et al. (2001)]
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Warm-up: Roy equations for ww scattering (2)

th(s) =K (s) + = ZZ/dsKy,,”)lmJ,(s)

! —
=07/=030

@ Validity: 4M2 < s < 60M2 ~ (1.08 GeV)?> < Mandelstam analyticity = s < 68 M2 = (1.15 GeV)2

@ Subtraction constants (free parameters) contained in kg(s): 7 scattering lengths

= Matching to Chiral Perturbation Theory [Colangelo et al. (2001)]

@ Elastic unitarity leads to coupled integral equations for the phase shifts 6}(s)

2
Imj (s) = o™ ()| (5) | 0(c — 4n2) N K
2i5! (s) _ ) \ ’_1\\ /
= 0" (9)1(s) = ]271 = sin &} (s) €% ) @, N
1 ( :}
4M2 ’ \\_’_/’ AY
U”(s) =4/ = —& / > \
s ’I .
™ ™
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7N scattering basics

® Generically: 7(q) +N(p) = n*(¢’) + N(p')
@ Kinematics:
S=(P+q)2, l‘=(p—p')2, u:(p_q/)z
u=2(m*+Mz)—s—1, v="r

N
3
u /M,f

@ [sospin structure:
Tba — 5baT+ + iebacTcT—
@ Lorentz structure (I € {4, —}):
VN N Y e Y
T :u(p){A + 5B }u(p)

@ Crossing symmetry relates amplitudes for

_ s /M2
s-/u-channel (tN — «N) and t-channel (NN — =),

crossing even and odd amplitudes: AT (v,1) = £A%(—v,1),  BE(v,1) = FBE(—v,1)

C. Ditsche (HISKP & BCTP, Uni Bonn) Roy-Steiner equations for 7N scattering Chiral Dynamics 2012, JLab, August 8



7N scattering basics: Subthreshold expansion

@ Subtraction of pseudovector Born terms: X — X

e DT =A%t + vBE

2
k3

° Expand crossing even amplitudes
{A+ A~ BT p- pt D;}

7V7V7 ) v

u [M

around subthreshold pointv = ¢ = 0:

X @20 = 5 b, (2

m,n=0
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7N scattering basics: Partial Waves

@ PWs allow for easy incorporation of unitarity constraints < helicity formalism [Jacob/Wick (1959)]
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7N scattering basics: Partial Waves

@ PWs allow for easy incorporation of unitarity constraints < helicity formalism [Jacob/Wick (1959)]
@ s-channel PW projection:  z; = cos by, W=\

1
Ap(s) = [z Poze) A (5, 0)],_yqq ..y

—1
L W) = ek { B+ m) [AL ) + (W = m)B ()] + (B = m) [ = ALy (5) + (W + m)Bly, ()] }

@ MacDowell symmetry: fé_i_(W) = _ffe+1)f(_w) V£ >0 [MacDowell (1959)]
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7N scattering basics: Partial Waves

@ PWs allow for easy incorporation of unitarity constraints < helicity formalism [Jacob/Wick (1959)]
@ s-channel PW projection:  z; = cos by, W=\

A6) = Jbs P A 60,

L W) = ek { B+ m) [AL ) + (W = m)B ()] + (B = m) [ = ALy (5) + (W + m)Bly, ()] }
@ MacDowell symmetry: fé_i_(W) = —f&ﬂ)i(—w) V£ >0 [MacDowell (1959)]
@ t-channel PW expansion:  z; = cos 6,

A5y =~ S+ D) {Pr I 0) = saps )L (1)}

B'(s, [)}st(,,z) 4m Z m(ﬂt‘]t) Py(a) fL (1)
@ G-parity = evenlJ fori=+ (I;=0), oddJ forI=— (I;=1)
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7N scattering basics: Partial Waves

@ PWs allow for easy incorporation of unitarity constraints < helicity formalism [Jacob/Wick (1959)]
@ s-channel PW projection:  z; = cos by, W=\

A6) = Jbs P A 60,

L W) = ek { B+ m) [AL ) + (W = m)B ()] + (B = m) [ = ALy (5) + (W + m)Bly, ()] }
@ MacDowell symmetry: fé_i_(W) = —f&ﬂ)i(—w) V£ >0 [MacDowell (1959)]
@ t-channel PW expansion:  z; = cos 6,

A5y =~ S+ D) {Pr I 0) = saps )L (1)}

B'(s, [)}st(,,z) 4m Z m(ﬂt‘]t) Py(a) fL (1)
@ G-parity = evenlJ fori=+ (I;=0), oddJ forI=— (I;=1)

@ s-channel PW expansion and ¢-channel PW projection in analogy
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Roy—Steiner equations for =N scattering: Hyperbolic DRs

@ (Unsubtracted) Hyperbolic DRs: < (s—a)(u—a) = b = (s'—a)(W'—a) with a,b € R = b = b(s,1,a)

0 (e o)
1 1 1 1 1 ImA™T (s, ¢
At (s,0) = = /ds’ + - ImA* (s, ¢') + = /dt'¢
T s'—s §'—u s —a T t—
(m+My)? a2
1 7 1 1 Im B+ (
m t
B (s,1) = N*(s,) + — /ds' - ImB* (s, ) + © /d7>
™ s'—s s —u
(m+Mz)? 4M2
1 1 L
Nt (s,1) = g2 [ — ] and similarly for A=, B~, N~ [Hite/Steiner (1973)]
m2—s m?—u
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Roy—Steiner equations for =N scattering: Hyperbolic DRs

@ (Unsubtracted) Hyperbolic DRs: < (s—a)(u—a) = b = (s'—a)(W'—a) with a,b € R = b = b(s,1,a)

0 (e o)
1 1 1 1 1 ImA™T (s, ¢
At (s,0) = = /ds’ + - ImA* (s, ¢') + = /dt'¢
T s'—s §'—u s —a T t—
(m+M7r)2 4M2
1 7 1 1 Im B+ (
m t
+(5,8) = N* (5, 1) + + /ds’ - ImB* (s, 1) + ~ /d'”is)
™ s'—s s —u
(m+Mz)? 4M2
1 1 L
+(s, ) = g2 [ — ] and similarly for A=, B~, N~ [Hite/Steiner (1973)]
m2—s m?—u

@ Why HDRs?
e Combine all physical regions < important for reliable continuation to the subthreshold region [Stahov (1999)]
e |maginary parts are only needed in regions where the corresponding PW decompositions converge
e Range of convergence can be maximized by tuning the free hyperbola parameter «
o Especially powerful for the determination of the o--term [Koch (1982)]
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Roy—Steiner equations for =N scattering: Hyperbolic DRs

@ (Unsubtracted) Hyperbolic DRs: < (s—a)(u—a) = b = (s'—a)(W'—a) with a,b € R = b = b(s,1,a)

0 (e o)
1 1 1 1 1 ImA™T (s, ¢
At (s,0) = = /ds’ + - ImA* (s, ¢') + = /dt'¢
T s'—s §'—u s —a T t—
(m+M7r)2 4M2
1 7 1 1 Im B+ (
m t
+(5,8) = N* (5, 1) + + /ds’ - ImB* (s, 1) + ~ /d'”is)
™ s'—s s —u
(m+Mz)? 4M2
1 1 L
+(s, ) = g2 [ — ] and similarly for A=, B~, N~ [Hite/Steiner (1973)]
m2—s m?—u

@ Why HDRs?
e Combine all physical regions < important for reliable continuation to the subthreshold region [Stahov (1999)]
e |maginary parts are only needed in regions where the corresponding PW decompositions converge
e Range of convergence can be maximized by tuning the free hyperbola parameter «
o Especially powerful for the determination of the o--term [Koch (1982)]
@ How to derive closed Roy—Steiner system of PWHDRs:
@ Expand s-/t-channel imaginary parts of HDRs in s-/t-channel P\Ws, respectively
@ Project nucleon pole terms and all imaginary parts onto both s- and ¢-channel PWs
@ Combine resulting RS equations with the s- & t-channel (extended) PW unitarity relations
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Roy—Steiner equations for N scattering: s-channel RS equations

@ s-channel PW projection of pole terms and s-/t-channel-PW-expanded imaginary parts

= (unsubtracted) s-channel RS equations:

Soy (W) =Npy (W) + % / &’ > {Gu W, ) ImfL () + He (W, ¢ ) Img? () }
J

2
AMz

17 >
+ - /dW’ > {Kgl,(w, W) Imfy (W) + Kgp (W, —W') |mfg£,+1)_(w’)}
miM, =0

= —f{£+1)_(—W) Ve3> 0 [Hite/Steiner (1973)]

(W, W') = e 4

. t 1
@ Kernels: analytically known, e.g. K = ity

o
@ Validity: < above threshold, assuming Mandelstam analyticity —a = —23.19 Mgr =

5 € [(m+ Mz)? =59.64M%,97.30M%] & W€ [m+ My =108GeV,1.38GeV]
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Roy—Steiner equations for N scattering: #-channel RS equations

@ t-channel PW projection of pole terms and s-/t-channel-PW-expanded imaginary parts

= (unsubtracted) #-channel RS equations:

S0 =N+ - /dt Z{ L) M) + ,,,(;,z’)lmfl_'(t')}
4M2

[ee]

+ - /dW’Z{G,e LW IS (W) + Grelt, =W Imyf (w')}
m+M.,r £=0

2N = /dt SR ) Imf ()

J'>0
4M3,

+ 1 /dW’Z{H,g LW IMFL (W) + Hyglt, =W Imfly ) (W)}
m+M7r £=0

. - i 3 o
@ Kernels analytically known, e.g. K, (t,) = 7% + ..., K”,( )=+
@ Validity: < above pseudothreshold, assuming Mandelstam analyticity —a = —2.71 Mfr =

1€ [4M2,20545M2] & /1€ [2Mn = 0.28GeV,2.00GeV]
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Roy—Steiner equations for N scattering: Unitarity relations

@ s-channel unitarity relations (Iy € {1/2,3/2}):

Imfé“i(W) =4s f}‘i(w)(ze(W—(erM,r))

S [ 0]’

™ O(W—(m+2M))

C. Ditsche (HISKP & BCTP, Uni Bonn) Roy—Steiner equations for 7+ scattering
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Roy—Steiner equations for N scatterin nitarity relations

@ s-channel unitarity relations (Iy € {1/2,3/2}): ™

Imfé“i(W) =4s f}‘i(w)(ze(W—(erM,r))

S [ 0]’

™ O(W—(m+2M))

N

@ t-channel (extended) unitarity relations: < (2-body intermediate states: 7w & KK + . . .)

ImfL(6) = oF (65(0)" FLL(0) 0(t — 4M2) + 22k of (&))" h/ (1) 0t — aMR) + . ..

N ™ N T
’ _ ’
T / K /
-~ SN 4 -~ N V2
ol -
So R \ So R \
™ N K AN
\ N
N T N ™

@ Only linear infi (t) = less restrictive
o Watson's theorem: arg f) (f) = 8}(¢) [Watson (1954)] = for 1< 16 M2 <40 M% ~ (0.88 GeV)>
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Roy—Steiner equations for =N scattering: Recoupling schemes

@ s-channel subproblem:

o Kernels are diagonal for 7 € {+, —}, but m T n
o . ) foy Je— fis f
unitarity relations are diagonal for I, € {1/2,3/2}

= All PWs are interrelated "

@ Once the t-channel PWs are known =
Q=

= Structure similar to == Roy equations
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Roy—Steiner equations for wN scattering

@ s-channel subproblem:

o Kernels are diagonal for I € {+, —}, but
unitarity relations are diagonal for I, € {1/2,3/2}
= All PWs are interrelated

@ Once the t-channel PWs are known

= Structure similar to == Roy equations

@ t-channel subproblem:

@ Only higher PWs couple to lower ones

o Only PWs with even or odd J are coupled

o No contribution from ff tof,

@ = Leads to Muskhelishvili-Omnés problem

: Recoupling schemes

N
=D -

KO
Soy Je— fix
GADS

e N
L. @B ® T
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Roy—Steiner equations for N scattering: ¢-channel subproblem (1)

o Linear combinations TV (£) = my/ 7 fL(6) = f4.(6) VI >1
@ (unsubtracted) ¢-channel subproblem can be written as

Imj" t
aM2
_ t—am® T ,  ImT/@) B
/2 = AL (1) + - /dt v s [pf(4mz),0]
M2
J (4
P20 = a0+t /d' EEL

4M2
with Im 4, (6) = oF (4(6) " FL@0) 0(r = 4m2) + ..

@ Inhomogeneities A (7): Born terms, s-channel integrals, and higher t-channel PWs; e.g.
Al (1) =N_()+ m+£/l?rW, E {HJZ (1, W) Imfe+(W') + Hyo(t, - W) Imf(g_H) (w’ )}

+x fdt'Z R, () Im g ("),

4M2 7 >T42

C. Ditsche (HISKP & BCTP, Uni Bonn) Roy-Steiner equations for 7N scattering Chiral Dynamics 2012, JLab, August 8



Roy—Steiner equations for 7N scattering: #-channel subproblem (2)

@ In the low-energy (pseudophysical) region:

@ Only the lowest s-/--channel PWs are relevant
@ Can match amplitudes to ChPT [Bittiker/MeiBner (2000), Becher/Leutwyler (2001), ...]
o Neglect inelasticities in both the 77r- and the -channel PWs < n}(t)=1&no KK + . ..

= Watsons’s theorem, single-channel approximation of #-channel subproblem
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Roy—Steiner equations for 7N scattering: #-channel subproblem (2)

@ In the low-energy (pseudophysical) region:

@ Only the lowest s-/--channel PWs are relevant
@ Can match amplitudes to ChPT [Biittiker/MeiBner (2000), Becher/Leutwyler (2001), ...]
o Neglect inelasticities in both the 77r- and the -channel PWs < n}(t)=1&no KK + . ..
= Watsons’s theorem, single-channel approximation of #-channel subproblem
> (Single-channel) Muskhelishvili-Omnés problem with finite matching point 7,

[Muskhelishvili (1953), Omnés (1958), Bittiker et al. (2004)]

S

m . [e’s)
1 ind(t')e! 1 Imf (¢ .
fO =A0+— /dz’%+; /dz’# = |f(0)]®D fort < 1 <t

4M3‘_ tm
o Solving for | £(2)| in 402 <1 <1y requires:  §(¢) for Mm% <t <t & Imf() fors>1m

@ Solution via once-subtracted Omnes function with 7, < co < Q) =1

Im Im
t dr’ §(¢ t dr’ &(¢ ; a2 _
"(’):exp{ﬁ/ ,/,/(_)t} :exp{ﬂ / M(_),}e‘s(’)e(' e

2 2
4M2 4m2
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Roy—Steiner equations for 7wV scattering: Subtractions

@ In general: Subtractions
o May be necessary to ensure the convergence of DR/MO integrals < asymptotic behavior
e Can be introduced to lessen the dependence of the low-energy solution on the high-energy behavior
o Parametrize high-energy information in (a priori unknown) subtraction constants < matching to ChPT
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Roy—Steiner equations for 7wV scattering: Subtractions

@ In general: Subtractions
o May be necessary to ensure the convergence of DR/MO integrals < asymptotic behavior
e Can be introduced to lessen the dependence of the low-energy solution on the high-energy behavior
o Parametrize high-energy information in (a priori unknown) subtraction constants < matching to ChPT
@ Favorable choice for -channel MO problem: subthreshold expansion around v = ¢ = 0
o Subtract HDRs for AT and B* ats = u = m? + M% andt = 0
@ Done up to full second order; added (partial) third subtraction for A+
o = Obtain sum rules for subthreshold parameters x/,,
@ = General structure of RS/MO problem remains unchanged
@ HDRs = s-/t-channel RS equations (pole terms & kernels) = t-channel MO problem,

e.g. for P-waves (n > 1):

_ dm 1y
Tl = Ak + )/d’tm_l Imr4rfltz))( —
am2
Imft ()
1 _ 1 n-sub )
SO =al o +C / s
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Roy—Steiner equations for wN scattering: Solution strategy

7 scattering
phases 6% (t)

t-channel partial waves f{(t)

solve RS (MO) equations for J < Jy and ¢ < t,,

higher partial waves
Imf>7 (¢ < ty,)

high-energy region
Imf. i (t=tm)

higher partial waves s-channel partial waves ff () high-energy region
Imf (s < sm) [2.] solve RS equations for ¢ < £4 and s < sy, Imfl, (s > sm)

inelasticities for Imf 7N coupling and
t <ty and s < sy subthreshold parameters

itsche (HISKP & BCTP, Uni Bonn) Roy-Steiner equations for 7N scattering Chiral Dynamics 2012, JLab, August 8



t-channel Muskhelishvili-Omnés problem: Input

@ Here, show results for the P-waves, since
e S-wave: Strong effect from KK intermediate states (f,(980) resonance)
= need two-channel MO analysis = following talk
e P-waves: Single-channel MO approximation well justified in the low-energy region
e D-waves: Dominated by nucleon pole terms < in general for all PWs for 1 — 4M2

< iteration with s-channel results t.b.d.

@ First step: Check consistency with KH80 ¢#-channel PWs

Chiral Dynamics 2012, JLab, August 8
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t-channel Muskhelishvili-Omnés problem: Input

@ Here, show results for the P-waves, since
e S-wave: Strong effect from KK intermediate states (f,(980) resonance)
= need two-channel MO analysis = following talk
e P-waves: Single-channel MO approximation well justified in the low-energy region
e D-waves: Dominated by nucleon pole terms < in general for all PWs for 1 — 4M2

@ First step: Check consistency with KH80 #-channel PWs s iteration with s-channel resuits t.b.d.

@ Input used:
o 7 phase shifts 5} [Caprini/Colangelo/Leutwyler (in preparation)]
@ s-channel: SAID PWs [Arndt et al. (2008)] for W < 2.5 GeV, above: Regge model [Huang et al. (2010)]
@ KHB80 [Hahler (1983)] subthreshold parameters & coupling g:/(47r) = 14.28
< modern value: g2/ (4n) = 13.7 4 0.2 [Baru et al. (2011)]
@ t-channel: All contributions above 7, = 0.98 GeV set to zero = solutions fixed f,’(zm) =0
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t-channel Muskhelishvili-Omnés problem: P-waves

° f’+ less well determined in MO framework than /7 , since
o Effectively one subtraction less = introduced partial third subtraction
o Enhanced sensitivity to subtraction constants ~ — N (4m2) = N (4M2%) =0

@ Estimate systematic uncertainties (1): “fixed-7 limit” |a| — oo < modulo #-channel integrals

40 I T T T T T T T T 200 T T T T T T T T
" — O-sub
i -+ 0-sub(a — o0) = — O-sub
30l “f'\ : — 1l-sub | 4 v -+ 0-sub(a — o0)
i \ I-sub(a — 00) 150 A e i — l-sub 1
H “ — 2-sub o o y -+ l-sub(a — oc)
' 2-sub(a — ) L - Y — 2sub
Pt 3-sub B 3 Y - 2-sub(a — o0)
\ 3-sub(a — o0) 2 ol x KH80
i KHS0 2
L N 4 g
* 50 1
0 - —
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 0 0.3 0.4 0.5 0.6 . 0.8 0.9 1 11
Vi | GeV

0.7
Vit | GeV
@ Estimate systematic uncertainties (2): Variation of the matching point rm = similar...

> MO solutions in general consistent with KH80 results
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(Fr(0) 10 0(1—4m7)

-= 2-sub(Vi, = 1.1GeV)

3-sub(y/tm = 1.1 GeV) ‘

/
J

t-channel Muskhelishvili-Omnés problem: Isovector spectral functions

@ P-waves feature in dispersive analyses of the Sachs form factors of the nucleon:

L (L 0) L0 0—442)

—— 2-sub(y/fm = 1.1 GeV)

N
Im Gy
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08 09 1 1

X 0.7
Vit [ GeV
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Summary & Outlook

@ What has been done:

@ Derived a closed system of Roy—Steiner equations (PWHDRS) for 7=V scattering
e Constructed unitarity relations including KK intermediate states for the ¢-channel PWs

Optimized the range of convergence by tuning « for s- and #-channel each

Implemented subtractions at several orders

o Solved the t-channel (single-channel) MO problem

Y

t-channel RS/MO machinery works < modulo the S-wave
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Summary & Outlook

@ What has been done:

@ Derived a closed system of Roy—Steiner equations (PWHDRS) for 7=V scattering

e Constructed unitarity relations including KK intermediate states for the ¢-channel PWs
@ Optimized the range of convergence by tuning « for s- and ¢-channel each

o Implemented subtractions at several orders

o Solved the t-channel (single-channel) MO problem

> t-channel RS/MO machinery works < modulo the S-wave

@ What needs to be done:

o Two-channel MO analysis for the S-wave, effect on scalar form factor = following talk
o Numerical solution of the s-channel subproblem using the ¢-channel results as input
> Self-consistent, iterative solution of the full RS system = lowest PWs & low-energy parameters
@ Possible improvements: Higher subtractions, higher PWs, more inelastic input, ...
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7N scattering basics

Generically:  7(q) + N(p) — w°(¢’) + N(p)
Kinematics:
s=(p+q?, t=@-p)P, u=@p-4)

u=2m+M=2)—s—t, v= "

2
n

u [ M;

Isospin structure:

Tba — 6baT+ + iEbaCTCT7

Lorentz structure (I € {+, —}):
— '+

1 =) {a + L2 L utp)

~100* ! ! . . :
Crossing symmetry relates amplitudes for -0 =30 0 30 100150 200
_ s /M7
s-/u-channel (tN — «N) and ¢t-channel (NN — =),
crossing even and odd amplitudes: A< (v,1) = £AF(—v,1),  BE(v,1) = FBE(—v,1)

i . Al=+ 1 (1 ) Als=1/2 L 0 Al=0
=- = V6
Isospin & crossing = <A127> 3 (1 _]> <AIS:3/2 o 1)\t A € {A,B}

C. Ditsche (HISKP & BCTP, Uni Bonn) Roy-Steiner equations for 7N scattering Chiral Dynamics 2012, JLab, August 8



7N scattering basics: Subthreshold expansion

@ Subtraction of pseudovector Born terms: X s X
e DT = AT 4+ uBE
@ Expand crossing even amplitudes

XI(Vz,t)E{f_\+ A~ B" B pt D—}

T T

2
3

around subthreshold pointv = ¢ = 0:

X (@20 = 5 b, ()

m,n=0

u [ M

@ Relations between subthreshold parameters x/,,
di = apy + b7
dpn = Gun + by

@ Subthreshold expansion of AT and B*:

+ _ +
1,n = dOn = Aop

2
AT (v,1) = % +d&) + dgrlt + ultuz + O(V“‘, V2, t2)

_ - - 2 &% 4my

AT (1) = agw + ag vt + O, vr?) BY W) = g + v +O W)
- g g 4 - - 2 2.2

B (V,t):—ﬁfM—%[2+M—%]+bm+bmt+(9(u,ut,t)
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Roy—Steiner equations for wN scattering: Range of convergence

@ Assumption: Mandelstam analyticity [Mandelstam (1958,1959)]

d// pmsu //d/d/ ptut” /d//pétSZ)
/ y+ = T o =) (7' —1)

with integration ranges defined by the support of the double spectral regions p

@ Boundaries of p are given by the lowest graphs 2000

R G S == Vi \:". ————— 150
I (1) (T11) y\ (Iv) ‘ 100

2
n

@ Convergence of PW exps. of imaginary parts § 0
= Lehman ellipses for z = cos 6 [Lehmann (1958)] :
@ Convergence of PW projs. of full equations ’
= for given «, hyperbolas must not enter any p -50
for all needed values of » b ;
» ! !
—-100 =50 0 50 100 150 200

> Constraints on » yield ranges in s & ¢
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t-channel Muskhelishvili-Omnés problem: P-waves (2)

@ Estimate systematic uncertainties: Variation of the matching point rm < effect of £} (1) = 0

60 r T T T T T
1 TN 200 — ! ! ! ! R !
—— 0-sub(y/fm = 1.1GeV \ — Usub
50 e V) ) —— O-sub(y/f = 1.1GeV)
[ —— Lsub(Vtw = 1.1GeV \ — lsub
[ . _"”N"‘ V)| ol X —— L-sub(v/tw = 1.1GeV) |
~ { SN 9-sub(Vi- = 1.1 GeV \§ SN — 2-sub
Lor SN T T = LLGeV)) T . S\ = 2sub(Vim = 11CGeV)
\ \ > N , s
3 g 3-sub(y/ty = L. 1G(v) K] | x KHSO
:ao— \ \x KH80 100 1
H \ E
T; 20 T g
50 1
10+ 1
o ol . . .
1.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 12

Vi [ GeV
@ Convergence pattern & internal consistency

@ Consistency with KH80 v

> MO solutions in general consistent with KH80 results
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