Dispersive analysis of the scalar form factor of the nucleon

Martin Hoferichter
Helmholtz-Institut fir Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics, Universitat Bonn

with C. Ditsche, B. Kubis, and U.-G. Mei3ner

JHEP 1206 (2012) 063, 1206 (2012) 043

Jefferson Lab, Newport News, August 8, 2012

9

bcgs 4
( N

Bonn-Cologne Graduate School
of Physics and Astronomy

universitatbonn

M. Hoferichter (HISKP & BCTP, Uni Bonn) Dispersive analysis of the scalar nucleon form factor JLab, Newport News, August 8, 2012



0 Extracting the pion—nucleon ¢ term from 7N scattering

e Dispersion relations for the scalar pion and kaon form factors
@ Unitarity relation

@ Two-channel Muskhelishvili-Omnes problem

e Dispersion relations for the scalar form factor of the nucleon
@ From Roy-Steiner equations to the scalar form factor

@ Results
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The mass of the nucleon

Decomposition of the nucleon mass

1 _ - _
m= (N|N>< |BQCDFa FAY 4 myliu +mgdd +msSs+--- [N)
—/_' Higgs

trace anomaly

@ Mass largely generated by gluon field ener
gevg 9 9y my (2.2+0.2)MeV  riac20m0

via the trace anomaly of the QCD energy-

momentum tensor 85 # 0 myg (4.7+£0.2)MeV

@ my,myg < m, but scheme dependent m 940MeV

1

— measures light-quark contribution to the

nucleon mass, how large precisely?
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Roy-Steiner equations and the scalar form factor

Higher partial waves
mfl1>25<sm

@ Previous talk: Roy—Steiner equations

s-channel partial waves
solve Roy-Steiner equations for s < s

for pion—nucleon scattering

Inelasticities
el <15 < sm

High-energy region
Im fl, s> sm

@ Solution of t-channel equations
— spectral function of form factors
— vector form factors (P-waves)

Subtraction 7N coupling
constants constant

— scalar form factor (S-wave)

t-channel partial waves
solve Roy-Steiner equations for t < fr

TN NN

@ Unitarity relation for f2(t):

7 scattering High-energy region
phases 0} Imfl 6>t

need rmrand KK states

> f9(980) resonance

< RS framework for a fully consistent inclusion of KK intermediate states

@ Essential for o-term extraction
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Extraction of o from 71N scattering: how-to

200

@ Scalar form factor of the nucleon

o(t) = o= (NE)M(@u+AINP)  t=(p' PP om =0(0)

150 u

100

@ Low-energy theorem cheng, Dashen 1971

u /M

F2D" (v =0,t =2M2) = 0(2M2) + Ag

0 50 100 150 200
s/ M2
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Extraction of o from 71N scattering: how-to

@ Scalar form factor of the nucleon

o(t)= % (N(p")M(Tu+dd)IN(p))  t=(p'~p)

@ Low-energy theorem cheng, Dashen 1971
F2D*(v=0,t = 2M2) = g(2M2) + Ag

—_—
F2(dgy+2M3dg; ) +ap

o = 0(0)

w/ M
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Extraction of o from 71N scattering: how-to

@ Scalar form factor of the nucleon

o(t)= % (N(p")M(Tu+dd)IN(p))  t=(p'~p)

@ Low-energy theorem cheng, Dashen 1971
F2D* (v =0,t =2M2) = 0(2M2) + AR

—_—
oy +A
F2(dgp+aM2dd; ) +ap N +Ao

o = 0(0)

w/ M
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Extraction of o from 71N scattering: how-to

@ Scalar form factor of the nucleon

o(t)= % (N(p")M(Tu+dd)IN(p))  t=(p'~p)

@ Low-energy theorem cheng, Dashen 1971
F2D* (v =0,t =2M2) = 0(2M2) + AR

—_—
oy +A
F2(dgp+aM2dd; ) +ap N +Ao

o = 0(0)

@ Remainder |AR| < 2MeV small sernard, Kaiser, MeiRner 1996
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Extraction of o from 71N scattering: how-to

@ Scalar form factor of the nucleon 20
1 o -
U(t):H<N(p’)\m(UU+dd)|N(p)> t=(p'-p)® om=0(0) 1w u
@ Low-energy theorem cheng, Dashen 1971 100

F2D* (v =0,t =2M2) = 0(2M2) + AR
— — e ———
F2(dgp+aM2dd; ) +ap IN tAT

w/ M

@ Remainder |AR| < 2MeV small sernard, Kaiser, MeiRner 1996

] Dispersive approach Gasser, Leutwyler, Sainio 1991

0 50 100 150 200
s/ M?

Ap —Ag = (—3.3+£0.2)MeV

but error only covers mrit phase shifts

@ This talk : update determination of Ap and A

@ KK intermediate states

@ Dependence on niN parameters
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Unitarity relation for the scalar pion and kaon form factors

@ Consider first meson form factors < needed as input for the nucleon case

~

Im& =Im @z}: @ +Im® IMFS (1) = a7 (19(1) F5 (1) + 2 0¥ (a9(1) FE ()
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Unitarity relation for the scalar pion and kaon form factors

@ Consider first meson form factors < needed as input for the nucleon case

~

Im& =Im @z}: @ +Im® IMFS (1) = a7 (19(1) F5 (1) + 2 0¥ (a9(1) FE ()

s
/ -

Im® =Im @5: \ +Im® () mFS() = Bor(e8) FS V) + 0k (§(V) FE(
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Unitarity relation for the scalar pion and kaon form factors

@ Consider first meson form factors < needed as input for the nucleon case

Im ®\\\— Im @\ @ +1Im ® ) \

7/

s 2
s P ~ =~ s V3
V2 . ~ s ’ N s
MR =Img +1Im
N ®\\ /\ ®\ @\
N .-t N ~=- N
N AN AN
@ Unitarity in the KK system
i50
n0e?%® 1 o
S FIGIE

T(t)= > (t) = diag(a", of)

2Whm-88)_,

2i O'IK

— Two phase shifts &9, ¢3, one inelasticity parameter ng =,/1—4070¥ |g(t)[?

g B
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Omnes matrix

Two-channel Muskhelishvili-Omneés problem

ImQ(t) = (T (1)) Z(t)(t)

@ Two linearly independent solutions €2, €2, Muskhelishvili 1953

@ In general no analytical solution for the Omnés matrix

= {u(t), (1)}

but for its determinant moussallam 2000

det Q(t )—exp{ / dt /t’(f?’(t 2)}

4M,T

@ Discretization = matrix equation for €2(t) moussallam 2000

@ Choose normalization 2(0) =1
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Scalar pion and kaon form factors

@ Form factors obey the defining property of the Omnés matrix (no left-hand cut)

FS(t) = ay(t)+BQy(1)

@ Fix normalization in terms of FS(O) Donoghue, Gasser, Leutwyler 1990

FS() = FS(0)2u: (1) + %FS(O)%M
V3

F(t) = 7F§(0)921(t) +F2(0)25(1)
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Scalar pion and kaon form factors

@ Form factors obey the defining property of the Omnés matrix (no left-hand cut)

FS(t) = ay(t)+BQy(1)

@ Fix normalization in terms of FS(O) Donoghue, Gasser, Leutwyler 1990

FS(t) = FS(0)211 (1) + = F(0)22(1)

V3
Fe(t) = ?FE(O)QH(UJFFS(O)QZZ(U
@ ChPT at ¢(p*) with LECs from rLAG 2010
F2(0) = (0.98440.006)M2 FS(0)=(0.4...0.6)M2

@ Further input
@ T phase shift 58 and inelasticity ng Caprini, Colangelo, Leutwyler (in preparation)
@ |g(t)| from RS analysis of K scattering Biittiker, Descotes-Genon, Moussallam 2004

e mm— KK phase shift wg from PWA Cohen et al. 1980, Etkin et al. 1982
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results

.
o =
~ =
= g%
s g
& B

n
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[EZ(®)] / M
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Scalar pion and kaon form factors: results

|ES(t) /) M2
phase / rad
w

04 0.6 0.8 1 1.2 1.4 1.6 1.8 0

Vi GeV

04 0.6 0.8 1 1.2 1.4 16 1.8

Vi | GeV

@ F3(t) around 2-kaon threshold very sensitive to F2(0)
— two-channel nature of the problem

@ Effective single-channel description in terms of the phase of F3(t) only possible
for sufficiently large F2(0)
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Back to miN: unitarity relations

M2 (1) = o7 (15(1)) "f2(t) + Fof (95(1)) "hS (1)
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Back to miN: unitarity relations

@) /+ ( IMT2(t) = o (9(1)) TO(0) + & o (62(1) T (1)
@) ,@<+ [ Imh (6) = £ 077(a(1)) 12(0) + 0 (19(1)) 1. (1)
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Back to miN: unitarity relations

[ e
o )

AN

/

Imf(t) = (T(1))"Z(Of(t) ()= ( ) o
Zhi()

%
%
AN

7
\
,e

N

<

@ Same unitarity relation as before, but now left-hand cut
— t-channel RS equations
@ Closed system would require RS equations for KN scattering, but

@ Bose symmetry in T = only states with even/odd | and even/odd J
@ Nucleon pole — hyperon pole
@ Replace M; — M in kernel functions
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t-channel Roy—Steiner equations

Integral equation for the S-wave

Imf (t)
t/ —4m2)(t' —t)

— '[2('[—4m2) / i
f(t)_A(t)+(a+bt)(t—4m2)+f4’\{2 o'

@ A(t): Born terms, s-channel integrals, higher t-channel partial waves

— left-hand cut

@ a, b: subthreshold parameters
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t-channel Roy—Steiner equations

Integral equation for the S-wave

2 t/
f(t):A(t)+(a+bt)(t—4m2)+ 4m)/ t’t,2 "2;(2))( )

@ A(t): Born terms, s-channel integrals, higher t-channel partial waves
— left-hand cut
@ a, b: subthreshold parameters
@ Formal solution as in the single-channel case (now with Omnés matrix (1))

f(t) = A(t) 4+ (t —4m?)Q(1)(1 -t 2(0))a+t(t —4m?)Q(i)b

tz(t74m2) /d, ImQ (") A(t) tz(t74m2) /dt, Q H(t)Imf(t')
t2(t' —4m2)(t' —t) t2(t —4m2)(t' —t)
4Mr(

@ Main difficulty: need (1) with finite matching point
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Omnes matrix with finite matching point

Defining property

ImQ(t) = (T (1)) "Z(t)Q(t) ; AM2 <t <tp
or
ImQ(t)=0 otherwise

@ Again no analytical solution, only

tm ,
detQ(t):exp{:—T / dt’t/(fg(iz)}

am2

@ Cusps at the matching point

0
() ~ [tm —t [ detQ(t) ~ [tm —t[* X= (l"ogm)
X X ot
wl_pel 1 {x +1 arccos(ng cos m(2y 7x))} y = % (tn)
% % 2 m m
12 22

@ Construct Q(t) using infinite-matching-point solution and the known cusps
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Input

@ 1N and KN s-channel partial waves Amdt et al. 2008, 1992

@ f(t) =0 above tm, kinematical zero att =4m? = take ty = 4m?2
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Input

@ 1N and KN s-channel partial waves Amdt et al. 2008, 1992
@ f(t) =0 above tm, kinematical zero att =4m? = take ty = 4m?2

@ Two-channel approximation breaks down around /f; = 1.3 GeV = 4 channel
@ Phase shifts above tg

o “RS1" keep 2 and g constant above to
9 “RS2™ guide 68 and L[Jg smoothly to 271 = meson form factors
< assess uncertainty in phase-shift input
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Input

@ 1N and KN s-channel partial waves Amdt et al. 2008, 1992
@ f(t) = 0 above ty, kinematical zero att =4m? = take ty = 4m?
@ Two-channel approximation breaks down around /f; = 1.3 GeV = 4 channel
@ Phase shifts above tg

o “RS1" keep 2 and g constant above to

9 “RS2™ guide 68 and Lllg smoothly to 271 = meson form factors

< assess uncertainty in phase-shift input

@ KH80 niN coupling and subthreshold parameters as reference point Hehler 1983
@ Hyperon couplings from Juich model 1989, KN subthreshold parameters neglected

9 “RS3" as RS1, but with A,(t) =0
— assess uncertainty in KN input
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Results: Omnes matrix

— ReQfS! \
-- Im QY 051 i 1
29 - 1
-- Re Off%? o[ I
T
- Tm QfS?
05)
RIS — Re Q%
s == Im Q!
57 - RS2 ]
Re (5
2t - ImQF%2
25¢ L L L ) L L L L1
04 06 08 1 12 14 16 18
VT Gev
45 T T T N T T T T
ab ]
05F
\ 35- 1
- \
0 3t ) 1
1 asl — ReQf®" |
08¢ i ! -- Tm Qf!
1 RS1 il kY - Re@®
r il — Re®y 150 kY - ImQf2
RS %
) - ImQZl.? i€ ]
RETS —~ Re Q2
05F 1
- Tm Q2
2t 0
v
L L L L L L L L 05 L L L L L L L L ]
250 os  os 1 12 14 16 18 04 06 08 1 12 14 16 18
VT Gev VT Gev
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Results: f2(t) and h?

solid «+» RS1
dashed < RS2
dot-dashed «» RS3

crosses « KH80

t) [ GeV
<

0.4 0.6 08 1 12 14 1.6 18 0.4 0.6 08 1 12 14 1.6 18
Vit | GeV Vit | GeV

— Main uncertainty due to phase shifts at higher energies
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Dispersion relation for the scalar form factor of the nucleon

@ Unitarity relation

4m2 t t FTS[ (t +o’t F
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Dispersion relation for the scalar form factor of the nucleon

@ Unitarity relation

4m2t{ olf(FR (1)) T2t +of (FS }

@ Dispersion relation

17 Imo(t’ Imo(t
== [ / ar mItL)
s / th—t ™t t'(t'—
am2 4M2

@ Unsubtracted : o = 0(0)
@ Once-subtracted : Ay = 0(2M2) — oy
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Spectral function

0.4 06 0.8 1 12
VI [ GeV

— Need KK states to ensure a real imaginary part
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Convergence of the dispersive integral

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 1.4 1.6

A/ GeV ! : C A/ Gev

@ Unsubtracted : slow convergence

@ Once-subtracted : stable result for A > 1GeV
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Convergence of the dispersive integral

1.4 1.6 1.8

0.‘4 0‘.6 018 ‘1 112 1‘.4 116 l‘.B . X X
A/ GeV A/ GeV

@ Unsubtracted : slow convergence
@ Once-subtracted : stable result for A > 1GeV
@ Result for Ay, depends on pion—nucleon parameters
Ag = (13.9+0.3)MeV
g2
+z; (Er - 14.28> +25(dgo Mr-+1.46) + 2 (dg; M3 — 1.14) + Z4 (b, M3 +3.54)

Z,=036MeV  Z,=057MeV  Z3=120MeV  Z, =-0.81MeV

JLab, Newport News, August 8, 2012
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Next correction: Ap

t-channel expansion

5

_ 1. e P05 g @B 4
D*(v=07t)=4ﬂ{—Ffi(t)Jreqzfi(t)—gptzqt“fi(t)Jr1—6p€‘qt6f$(t)+---}
t
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Next correction: Ap

t-channel expansion

_ 1o, 5 oo 27 5 4zg, . 65 4 o
D*(v=07t)=4n{—Ffi(tHEq?fﬁ(t)—gptzqt“fi(t)Jr1—6p€‘qf’f$(t)+---}
t

@ Insert t-channel RS equations for Born-term-subtracted amplltudesf ()

Imfo(t")

— 2T + {3 > 2} + {s-channel integrals }

Bt (v =0,t) = ddy +dgyt — 16t2 /dt’t,2

4Mn
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Next correction: Ap

t-channel expansion

i} 27 o 4 65 4 on
D*(V=07t)=4ﬂ{—p 0(t)+ = qfﬁ(t)—gptzqt“fi(t)Jr1—6p€‘qt6f$(t)+---}

@ Insert t-channel RS equations for Born-term-subtracted amplltudesf ()

Imfo(t")

— a0 + {3 > 2} + {s-channel integrals }

Bt (v =0,t) = ddy +dgyt — 16t2 / & T I

amz
@ Ao =F3(B*(v=0,t =2M32)—dg, —2M2d;, ) from evaluation at t = 2M7
Ap = (12.1+0.3)MeV
+7; (EL ~14. 28) +2, (d M+ 1.46) +74 (ugl [VER 1.14) 17, (bgo M%+3.54)

7, =042MeV 7, =0.67MeV  Z3=120MeV  Z, =—0.77MeV
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Summary: g-term corrections

@ Scalar form factor
Ag = (13.940.3)MeV

2
+7; ( ?m - 14.28> +7, (d&) Mo+ 1A46) 1273 (d(;l VER 1.14) 127, (bgo [VE 3.54)
Z,=036MeV  Z, =057MeV  Z3=120MeV  Z, = —0.81MeV

@ 1N amplitude
Ap = (12.1=0.3)MeV
. (g2 . . By
+Z (?Tn - 1428) +25 (ddy Mr+1.46) + Zs (4, M3 — 1.14) + Z4 (b, M3+ 3.54)

7, =042MeV  7,=0.67MeV  Z3=120MeV  Z, =-0.77MeV

— most of the dependence on the N parameters cancels in the difference!

Full correction

Ap—Ag —Ag = (—1.84+2.0)MeV
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Origin of the cancellation

@ Dominant contribution from dispersive integral over f? (1)

M2 [, OF(FR()) ()
Ro=— /dt (v —2M2)(am2 — 1)
%

oy (9 (1) 2 (1)

Imfo(t')
Ap = 64F2M4 / dt’ __ ) )
o t2(t t2(t' —2M2)(4m2 —t)

___ mbl) L _ear2md / dt’
om2)@mZ—t)
amz Mg
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Origin of the cancellation

@ Dominant contribution from dispersive integral over f? (1)

M2 [, OF(FR()) ()
Ro=— /dt (v —2M2)(am2 — 1)
amz

ol (19 (1) ()

Imfo(t')
Ap = 64F2M4 / dt’ __ ) )
o t2(t t2(t' —2M2)(4m2 —t)

___MG) L earZmd / dt’
om2)@mZ—t)
4MT[ 4Mn

@ Largest contribution around t’ = 4M3

Ay 3M2Z 0 (FE()'Y 3m2 32nF 2t ,6_18 A, 18
L L Rl e chPT: =2 oM
Ao W eAFEMI(0())’ | m 6AFAMA(2U—M3) 7 21 A, ~ 23 TO(M0)
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Origin of the cancellation

@ Dominant contribution from dispersive integral over f? (1)

M2 [, OF(FR()) ()
Ro=— /dt (v —2M2)(am2 — 1)
amz

ol (19 (1) ()

Imfo(t')
Ap = 64F2M4 / dt’ __ ) )
o 12 t2(t' —2M2)(4m2 —t)

4 !
W -+ —64F My / dt
4MT[ 4Mn
@ Largest contribution around t’ = 4M3

Ay 3M2Z 0 (FE()'Y 3m2 32nF 2t ,6_18 A, 18
L L Rl e chPT: =2 oM
Ao W eAFEMI(0())’ | m 6AFAMA(2U—M3) 7 21 A, ~ 23 TO(M0)

@ This explains
9 Ay and Ap of similar size
@ Strong curvature generated by m7T rescattering
— sensitivity to 7t phase shift reduced in the difference Gasser, Leutwyler, Sainio 1991
@ Spectral functions depend similarly on ffj (t) < sensitivity to N parameters reduced
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Conclusions

@ Two-channel Muskhelishvili-Omn  és problem with finite matching point
< NN — mrand NN — KK S-waves
@ Dispersive analysis of the scalar form factor of the nucleon including KK effects in

@ Unitarity relation
@ Input for meson—baryon partial waves
@ Input for meson form factors

@ Update Ap — Ay using modern phase shifts, full two-channel treatment

— shift by 1.5 MeV Compared 1O Gasser, Leutwyler, Sainio 1991

@ Sensitivity to N parameters negligible — cancels between Ap and A,
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