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Nuclear matrix elements: scalar couplings

Scalar couplings for u- and d-quark

1-9) oxn(1 +§)
v = 7o Ay f=Ix Af)
u 2my + Al d 2my SR/AVE)

Aff =(1.0+£02)x 1078 Afl =(-1.0+0.2) x 1073

Aff =(-21£04)x107°  Af] =(2.0+0.4) x 1073

1 N - . - . myq + m my — m
oon = 5 (BB + dd) p) + (nl(Bu + do)|m)) = == -4

= = 0.36 £ 0.04 (FLAG)
2 myq + my

@ Nuclear matrix elements: (N|mqgq|N) = 7}’ my N e {p,n}

@ For u- and d-quark: SU(2) ChPT + Feynman-Hellmann crivelin, MH, Procura 2014
— free of SU(3) assumptions Eiis et al. 2000, micrOMEGAS, Cheng 1989

@ Couplings determined by pion—-nucleon o-term o5, corrections by cs (strong
proton—neutron mass difference)
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Status of the phenomenological determination of o,y

@ Karlsruhe/Helsinki partial-wave analysis KH80 Hahler et al. 1980s

— comprehensive analyticity constraints, old data

@ Formalism for the extraction of o,y via the Cheng-Dashen low-energy theorem

Gasser, Leutwyler, Locher, Sainio 1988, Gasser, Leutwyler, Sainio 1991

< “canonical value” oy ~ 45MeV, based on KH80 input

@ GWU/SAID partial-wave analysis Pavan, Strakovsky, Workman, Arndt 2002

— much larger value o,y = (64 £ 8) MeV

@ ChPT fits vary according to PWA input Fettes, MeiBner 2000

(same problem in different regularizations (w/ and w/o A) Alarcon et al. 2012)
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Status of the phenomenological determination of o,y

@ Karlsruhe/Helsinki partial-wave analysis KH80 Hahler et al. 1980s

— comprehensive analyticity constraints, old data

@ Formalism for the extraction of o,y via the Cheng-Dashen low-energy theorem

Gasser, Leutwyler, Locher, Sainio 1988, Gasser, Leutwyler, Sainio 1991
< “canonical value” oy ~ 45MeV, based on KH80 input
@ GWU/SAID partial-wave analysis Pavan, Strakovsky, Workman, Arndt 2002

— much larger value o,y = (64 £ 8) MeV

@ ChPT fits vary according to PWA input Fettes, MeiBner 2000
(same problem in different regularizations (w/ and w/o A) Alarcon et al. 2012)
@ This talk: two new sources of information on low-energy =N scattering

@ Precision extraction of 7N scattering lengths from hadronic atoms
@ Roy-equation constraints: analyticity, unitarity, crossing symmetry
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Outline

0 Cheng—Dashen theorem, scalar form factor

e Scattering lengths, isospin breaking, and =N coupling constant

@ Roy—Steiner equations for 7N scattering

0 Conclusions
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Extraction of o, from 7NN scattering

@ Scalar form factor of the nucleon
a(t) = (N(p")|m(Du+ dd)|N(p))  t=(p' —p)* oxn=0c(0)
@ Low-energy theorem cheng, Dashen 1971

F2D' (v =0,t=2M2) = o (2M2) + Ag
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Extraction of o, from 7NN scattering

200

@ Scalar form factor of the nucleon

150 |- u

a(t) = (N(p")|(Tu+dd)IN(p))  t=(p'—p)® onn=0(0)

100

@ Low-energy theorem cheng, Dashen 1971

50

u/ M?

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

2 (ot 2 o
F2 (g, +2M2 0 ) +Ap

s/ M2
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Extraction of o, from 7NN scattering

200

@ Scalar form factor of the nucleon

150 |- u

a(t) = (N(p")|(Tu+dd)IN(p))  t=(p'—p)® onn=0(0)

100

@ Low-energy theorem cheng, Dashen 1971

50

u/ M?

F2D' (v =0,t =2M%) = o(2M2) +2m
H/—/
F2 (g, +2M2 g ) +Ap oxnNtAo

s/ M2
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Extraction of o, from 7NN scattering

@ Scalar form factor of the nucleon
a(t) = (N(p")|(Tu+ dd)|N(p))  t=(p' —p)® ooy =0(0)

@ Low-energy theorem cheng, Dashen 1971

u/ M?

F2D' (v =0,t =2M%) = o(2M2) +2m
H/_/

2 (ot o2 ot ESVEUN
F2 (g, +2M2 g ) +Ap NFAs

@ Remainder |AR| SJ 2 MeV small Bernard, Kaiser, MeiBBner 1996
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Extraction of o, from 7NN scattering

@ Scalar form factor of the nucleon
a(t) = (N(p")|(Tu+ dd)|N(p))  t=(p' —p)® ooy =0(0)

@ Low-energy theorem cheng, Dashen 1971

u/ M?

F2D' (v =0,t =2M%) = o(2M2) +2m
H/_/

2 (ot o2 ot ESVEUN
F2 (g, +2M2 g ) +Ap NFAs

@ Remainder |AR| SJ 2 MeV small Bernard, Kaiser, MeiBBner 1996

@ Dispersive approach Gasser, Leutwyler, Sainio 1991

Ap— A, = (—3.340.2)MeV

but error only covers n phase shifts
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Dispersion relation for the scalar form factor of the nucleon

@ Unitarity relation

= %a “fO( —|—c7,K F( hg_(t

am2 — t
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Dispersion relation for the scalar form factor of the nucleon

@ Unitarity relation
< Im ® < +Im ® @<
Imo(t) = 4m2 :{ F2(1))"O( —|—c7,K F2( h‘i(t

@ Dispersion relation

17 Ime(t) t o Imo(t)
o(t) = /dt a _aﬂN+ﬂ/dt7t,(t,_t)

4M2 am2

™ ™

@ Unsubtracted: 0. = o(0)
@ Once-subtracted: A, = 0(2M2) — oy
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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 > 1 GeV
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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 1.8

A/ GeV ! : C A/ Gev

@ Unsubtracted: slow convergence

@ Once-subtracted: stable result for A > 1 GeV

@ Result for A, depends on pion—nucleon parameters (notation: X(v, t) = 5> xamv2"t™)
A, = (13.9 + 0.3) MeV n,m=0

+2 <§ - 14.28) + 2o (o M +1.48) + Z3 (0 M3 — 1.14) + Zy (bgy M3 +3.54)

Zy = 0.36 MeV Zy = 0.57MeV Z3 = 12.0MeV Zy = —0.81MeV
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Summary: o-term corrections

@ Scalar form factor
Ay = (13.9 £ 0.3) MeV
2
+Z (g_ - 14.28) + 2o (o Mr +1.48) + Z3 (0 M3 — 1.14) + Zy (bgy M3 +3.54)
47
7 =0.36MeV 2 = 0.57MeV  Z; = 12.0MeV  Z, = —0.81 MeV
@ 7N amplitude
Ap = (12.1 + 0.3) MeV
2
+2 (f— - 14.28) + 2o (oo M +1.48) + Z3 (0 M3 — 1.14) + Z4 (bgy M3 +3.54)
™

Zy =0.42MeV  Z, = 0.67MeV  Z3 = 12.0MeV 24 = —0.77MeV

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

Full correction

Ap— A, =(—1.840.2)MeV

Seattle, December 10, 2014
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How to get djy, and d;?

@ Standard approach aasser,

replace dj, and dj; in favor of threshold

parameters: aj. and a, (notation: a’

— corrections from PWA

@ Coupling constant:
9°/4m = 14.28/13.75
@ S-wave:
aj, =—10/0x 10°M,"
@ P-wave: a, needs to be

known very precisely

M. Hoferichter (IKP & EMMI, TU Darmstadt)

0.137

0 136
0135
Leutwyler, Locher, Sainio 1988 0.134 -
0.133
L6
0.132
£ 0131
Lx1/2 0.130

viaDRs (D" and ET)  °™®

0.128

a2, p?)

Born  af, aj, Dt E* Ty

KH80 —133 -7 +352 —91 —72 50
FAO1 —127 0 +351 —88 —69 67
diff. +6 +7 —1 +3 +3 17

2 2
Ty = F2(dgy +2M2.dy;)

Phenomenological determination of the =N o-term

Seattle, December 10, 2014

)



Hadronic atoms: constraints for 7N

. 4ME—M2 ) »
a :a++47r(1+A1A7r/mp){ F2 o —2e f1} 6-
@ 7H/mD:bound state of 7~ and p/d,  * | T \\\s\s\\
i S of . NN
spectrum sensitive to threshold 7N = 3 Tl
5 SRR
amplitude o level shift of 7D |
i~
. . 2+ g
@ Combined analysis of 7H and 7D
-4 4
at = a0++ = (75 + 31) X 1073M;1 level shift of 7H width of 71
-92 -90 -88 -86 -84 -82
a =a;, = (86.0+0.9) x 10730 o /10790
o = ( ) ' o /1070y Baru etal. 2011
—_—3s —3p 3d
@ Large a' suggests even larger o, but — e S5

aﬂ'* + a7r
pf“’ = (=1.1+0.9) x 10-3M"

— Isospin breaking in oy as large as 5 MeV? .
— Revisit the Cheng—Dashen low-energy theorem I}m
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Cheng—Dashen theorem in the presence of isospin breaking

@ Define “isoscalar” as
Xt = XP = —(Xpipoyrip+ Xompyn—p) X =D, doo, o1, @04, -

and “isospin limit” by proton and charged pion
@ Assume virtual photons to be removed
— scenario closest to actual TN PWAs
@ Calculate IV corrections in SU(2) ChPT, mainly due to A, = M2 — M2,

@ For the o-term, no difference at O(p®)

3gaM2,
64mF2

TN = 0p = on = —4ct M2, — (M + M, o) + O(M2)

9 Slope of the scalar form factor

_3ME BM. A,

2
Ae = p(2M5) =90 = GaFe * a2

(- 7+ V2l (3+2v2)) + O(M?)

and similarly for A2
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Cheng—Dashen theorem in the presence of isospin breaking

@ Putting things together

op = F2(df, +2M2d5)) + Ap — Ao + (AD — Ap) — (AP — A,)
+0p(2MZ3) — F2Dp(0,2M2)

812M, A, €&
2 2 A 2
:Fﬂ(dgo‘i'z,\/lwd&)‘f' AD_AO‘ + AR 25)67+?F7r(4f1 +f2)
‘"' —_—
(—1.8£0.2)MeV ~ <2MeV —/_‘+3'4 Vv (—0.442.2) MeV

— indeed sizable correction from A, but “wrong” direction

@ In the following, determine af, and d¥, by solving Roy—Steiner equations

@ Constraints: scattering lengths from hadronic atoms (virtual-photon subtracted)

ay)? = (169.8 £2.0) x 1073M; ! 3/2

ay)" =(-86.3+1.8) x 1073M,"

@ First step: 7N coupling constant
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Goldberger—Miyazawa—Oehme sum rule

@ Fixed-t dispersion relations at threshold = GMO sum rule
2o () {0 2}
To=((2) -1 1+ =)= - —TJ
4n (( Mw) tomp ) 4 B A =
=13.664+0.1240.15
tot tt
Y S
472 VM2 + k2

@ J known quite accurately Ericson et al. 2002, Abaev et al. 2007

@ Other determinations:

de Swart et al. 97 Arndt et al. 94 Ericson et al. 02 Bugg et al. 73 KH80

method NN 7N GMO N N
92/47r 13.54 £ 0.05 18.756 £ 0.15 14.11 £0.20 14.30 + 0.18 14.28

@ With KH80 scattering lengths g°/4m = 14.28 is reproduced exactly!
— discrepancy for g2 /4 related to wrong scattering lengths
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7w Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

@ Coupled system of integral equations for partial waves t)(s) roy 1971

ti(s) +ZZ/ (s, 8)Im th(s')

=0J/=
M7l'
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7w Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

@ Coupled system of integral equations for partial waves t)(s) Roy 1971

! ’
() = k() +zz [ osrtiiss) m i)
N~ 0 — 4M2 N————
2ish(s) - 1(5)
s IO "

. !
sin2 63,(5’)
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7w Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

@ Coupled system of integral equations for partial waves t)(s) Roy 1971

@ = kJ(s +Z()JZ/ SK(s,8) Imth(s)

25/ 1
104(9) st Vo )

. !
sin2 63,(5/)
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7w Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

@ Coupled system of integral equations for partial waves t)(s) Roy 1971

! 14
tJ(S) = + E E / ds’ KJJ/( ) Im tJl(S/)
v ﬁ—/ ———
=0 J/ =
, i B ' 1SRV (5,57) i S ()
w( s io (s

free parameters a3, a3

— Self-consistency condition for phase shifts
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Flow of information and generalization to =N scattering

@ Equations rigorously valid for a finite energy range

< introduce matching point snm,

@ Consider only partial waves for J < Jmax
@ Input
@ High-energy region: Im tj(s) for s > smandall J
@ Higher partial waves: Im tj(s) for J > Jmax and all s
o Inelasticities: 7,(s) for J < Jmax and 4M2 < s < sn
@ Output

@ Self-consistent solution for phase shifts: ¢/,(s) for J < Jmax and 4M2 < s < sp
@ Constraints on subtraction constants
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Flow of information and generalization to =N scattering

@ Equations rigorously valid for a finite energy range

< introduce matching point snm,

@ Consider only partial waves for J < Jmax
@ Input
@ High-energy region: Im tj(s) for s > smandall J
@ Higher partial waves: Im tj(s) for J > Jmax and all s
o Inelasticities: 7,(s) for J < Jmax and 4M2 < s < sn
@ Output
@ Self-consistent solution for phase shifts: ¢/,(s) for J < Jmax and 4M2 < s < sp
@ Constraints on subtraction constants
@ Key challenges for wN:

@ Crossing: coupling between 7N — 7N (s-channel) and == — NN (t-channel)
— hyperbolic dispersion relations Hite, Steiner 1973, Biittiker, Descotes-Genon, Moussallam 2004
9 Unitarity in the t-channel
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Roy—Steiner solution:

@ Introduce as many subtractions as necessary to match dof Gasser, wanders 1999

@ Minimize difference between LHS and RHS on a grid of points W;

Re 5L (W) — F[f5.](W))
o= 30 o (M) P

s % j=1 Re £ (W)

@ Impose scattering lengths as constraints in the fit

M. Hoferichter (IKP & EMMI, TU Darmstadt) Phenomenological determination of the N o-term Seattle, December 10, 2014



Roy-Steiner solution: reproducing KH80

11 blue/red
Ly &
09 }
08} LHS/RHS
0.7 .
0.6 after fit
0
-0.05 |
0.1
-0.15 /black
0.2 =S
025 | 1 17 R /RHS
-03 L— : : — : 2 L= : : : : :
12 g T T T T T T e 0 \:‘ T T T T T befOI’e flt
1t 0.2 S Py
08 S
06 } -04 e
04} 06 e T
02} .
ot -0.8 RN notation: L
02 L 1 ~

11 115 12 125 13 135 11 115 12 125 13 135

Vs [GeV] Vs [GeV]
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Roy-Steiner solution: reproducing KH80

@ Resulting parameters with KH80 scattering lengths as constraint:

A M7 df MZ®] X4 = F2(dy, +2M2d,;) [MeV]

KH8O  —1.46(10) 1.14(2) 50(7)
KH8O0 fit —1.54 1.16 48

@ KH80 internally consistent
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Roy—Steiner solution: hadronic-atom fit

0.7 R I 1 S
0.6 - - -1.2
0= 3 —
-0.05 | ™, Py 5l TN Py,
-0.1 ‘\\\\\\\ 11 L \“‘
-0.15 N 0 e \
-0.2 T ] [ 5
-0.25 N 1 N ]
- —m
-0.3 — -2 . ; .
12 F T 0 T -
1t Pll /:::“:E -0.2 \\\\\:_‘ P31
08 | L RS
06 | 2 -0.4 Tl
04 /jij/ 06 \\\\ """" ]
02 L L
0~ et -0.8 T
02 b_Tss===zte 4 .

11 115 12 125 13 135

Vs [GeV]

11 115 12 125 13 135

Vs [GeV]

blue/red
&
LHS/RHS

after fit

/black
&
/RHS

before fit
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Roy—Steiner solution: lesson for the o-term

@ Resulting parameters:

1 — 2 2 4+
d M g, M3 sS4 = F2(d), +2M2 d;) [MeV]

KH80 —1.46(10) 1.14(2) 50(7)
KH80 fit —1.54 1.163 48
hadronic-atom fit —1.36 1.155 58

@ Modern input for the scattering lengths does increase X, but by just about half

the amount that pavan, Strakovsky, Workman, Arndt 2002 found

@ Compared to Gasser, Leutwyler, Locher, Sainio 1988: Necessity for aﬁ eliminated by

Roy—Steiner self-consistency condition

@ Resulting value for .y ~ 56/59 MeV with/without IV correction
@ Error estimate in progress:

@ Sensitivity to input quantities

@ Sensitivity to truncations
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Conclusions

Review of standard procedure to extract o, from =N scattering, and its

©

shortcomings

©

KH80 PWA self-consistent, but at odds with hadronic-atom phenomenology

©

Roy—Steiner formalism reproduces KH80 results with KH80 input

©

With modern input for scattering lengths and coupling constant, oy increases

©

Precise definition of o,y non-trivial in presence of |1V, comparison to lattice?

©

Error propagation ongoing, more applications to come
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Roy—Steiner solution: t-channel for KH80 fit

=

SANonvbro®O

Im f1(¢)

'0.4 06 08 1 12 14 16 18 04 06 08 1 12 14 16 18

Vi [GeV] Vi [GeV]

black: KH80

blue/red
&
before/after fit
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Roy—Steiner solution: t-channel for hadronic-atom fit

=

SANonvbro®O

Im f1(¢)

'0.4 06 08 1 12 14 16 18 04 06 08 1 12 14 16 18

Vi [GeV] Vi [GeV]

black: KH80

blue/red
&
before/after fit
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Roy—Steiner equations for 7N scattering: schematics

Higher partial waves
Imf[[i,IZZ,sgsm

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

Inelasticities High-energy region
M 1< 1,5 < sm Im i, s> sm

Subtraction 7N coupling
constants constant

t-channel partial waves
solve Roy-Steiner equations for ¢ < tm

OO~ 0 0

7w scattering
phases &%/
w
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Scalar couplings for u- and d-quark

@ Determination of two-flavor couplings Eiis et al. 2000, micrOMEGASs

2(N|3s|N) (N|Tu — 3s|N) AU
SR bl b ot A = - = 7 =~ = (N|m(tu + dd)|N

Y= Noutddn), - (Nad_ssiny O NI JIN)

w_ 20N 0_22—(2—1)}/

T rRmra) 24Ty

— Two-flavor couplings from SU(3) quantities!
@ Even more breathtaking

@ z from LO fits to baryon masses Cheng 1989
@ Isospin violation within this framework

< do the calculation based on SU(2) ChPT criveliin, MH, Procura 2014
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Scalar couplings for u- and d-quark

@ Expansion of the nucleon mass including isospin violation meigner, Steininger 1998

» 2(2M3, + M
My = Mo — 4¢ M72r0 +2Bos(my — mu) — Al (h*th+h)- %

oM
2 +O(M;)

@ Feynman-Hellmann + Gell-Mann—Oakes—Renner

3g2(2M. M
fl,},zﬂam,v: my dmy :_ﬁmu{201i05+w}
my Omy My BMfro My 1287 F2

mg Om mg Om 2B 392 (2M,.+ + M,
= Ma My _ gMa Omy :_7,,,(,{201 :FCSJFQA(—EO)}
my 8md my BMﬂ.O my 1287TF7|.

@ Expressed in terms of o,y

myfl = U’TTNU — &)+ Bos(mg — mu)<1 - %)

o 1
meN = %N(‘I +§) + Bc5(md — mu) (1 + E)

M4 =M _ .36 +0.04 (FLAG)

1 . - o _
oo = 5 ((PI(Du+ 3)p) + (nln@u + Go)im)) &=
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Scalar couplings for u- and d-quark

@ Numbers
1-9) oxn(1+¢)
fN: JWN( AfN fN: AfN
u 2my + u d 2my + Al
Aff = (1.040.2) x 1078 Afl=(=1.04£0.2) x 1073
Afff = (-21+£04)x 1072 Af] =(2.040.4) x 1073

@ Isospin violation
1
4 = 1 g = 2Bcs (mg — my) (1 F E) (Mo — mn)™" = 4Bcs(mg — my)

@ mp, — m, involves O(p*) chiral log with large coefficient (6g2z +1)/2~ 5
< within uncertainties when included consistently
@ Compare with SU(3) approach microMEGAs 2013

ff—f1=(1.9+04)x1073 o —m . 43 %1073
P _ -3 P _ -3
) —f] = (-4.1£0.7) x 10 -1 v = -8.2x10

— Isospin violation overestimated by a factor 2
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Scalar couplings for u- and d-quark

0.05
0.04

£40.03

0.02

o [MeV]

@ Upper/lower < down-/up-coupling

@ Color coding
@ Red: SU(2) approach
Q : SU(3) approach, y from o,y
© Blue: SU(3) approach, y from lattice
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Strangeness coupling

N i L
]
f&" from oy via SU(S) ChPT, . 0.063(11) [29) ny=2+1
. ° — 0.032(25) [22] ny =2
but large uncertainties i1 B 0012(ty) Rl -2
£ - 0.014(06) [25]ny=2+1+1
. - 0.048(15) [26]n; =2+ 1
" m (R 0.035(33) [36]ny, = 2+1
. _ 8 0.000(22) 27, =241
mnfs = 5 (orn — 00) 5 0. ‘<11§
058(09

c 0.023(40) R7n = 2F1

. § —a— 0.033(172 [21] ny =2+ 1, SU(3)
@ Lattice average £ — 0.036(*8)  Bllay=2+1
T 0.076(73) [32]n;=2+1

& 0.024(22) [33] ny =2+ 1, SU(3)

g 0.022(4%) [B4]ny =2+ 1, SU(3)

N _ 3  wOd3463—  [35]n, =241, SU(3)
fs = 0.043 = 0.011 . — 0.053(19) present work

‘ 0.043(11) lattice average (see text)

< large strangeness content R

Junnarkar, Walker-Loud 2013
seems unlikely
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Heavy quarks

@ Trace anomaly of the energy-momentum tensor

my = (N|0|N) = <N‘ Z Medq + ﬂOCD Ga G |N

Frov Gl e (0P

@ Integrating out the heavy quarks: nf = 3

mN=<N‘ > mqdq - asea Gy
g=u,d,s

")

) Heavy-quark contribution shifman, Vainshtein, Zakharov 1978

B = NmoQaIN) = - 2522 L iy, atrim = — 2 viGg, a1

my 37 4w 2gs a 12rm
N = ( > fN)

g=u,d,s
— fixed in terms of light flavors
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Second correction: Ap

t-channel expansion

= 1 - 5 o= 27 65
D= 0,0 = anf - SR (0 + 307 () - LtaiTi + Dot + - |
t

@ Insert t-channel RS equations for Born-term-subtracted amplitudes 7/(t)

Im 2 (t")

m + {J > 2} + {s—channel integrals}

DY (v =0,1) = dyp + djy t — 16 / dt’
2

® 8p=F2(D*(v=0,t=2M2) - dy, — 2M2ay; ) from evaluation at t = 2M3
Ap = (12.1+ 0.3) MeV
2
+2 (9_ - 14,23) + 25 (g M +1.46) + Z3 (0 M — 1.14) + Zu (bgy M3, +3.54)
47

Zy =0.42MeV  Z, = 0.67MeV  Z3 = 12.0MeV 24 = —0.77MeV
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Origin of the cancellation

@ Dominant contribution from dispersive integral over f2(t)

A M /dt, of (FS()) " (1)
7 ™ t(t —2M2)(4m2 — t)
4M
7 Im (') 7 ol (R(t)) (')
Ap = 4F2M4/ / + L 4F2M4/ , v (I i
0 =0 M | S ameyame —ry T T M | e yane vy
M2, 4aM2.
@ Largest contribution around t' = 4M?
A, 3ME O (F3())*Y amt 32nF2t 6 18 A, 18
- i = . = o= hPT: =2 = — +O(M,
Ao w GEIMA(Q(T)) |« GAFEEME(@r —MZ) 7 a1 OV &, ~m oM

@ This explains

@ A, and Ap of similar size
@ Strong curvature generated by 7 rescattering
— sensitivity to w phase shift reduced in the difference Gasser, Leutwyler, Sainio 1991

@ Spectral functions depend similarly on fﬂ(t) — sensitivity to =N parameters reduced
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Spin-independent WIMP—nucleon scattering

@ Effective Lagrangian
mg _ _ 1 _ _ as _ v
Letf = c;f,\—;’ Xx a9+ C){;’ﬁ XX @9 + Coy /T; Xx Guw G

@ WIMP x Dirac fermion and SM singlet

@ Integrate out heavy quarks

1
L L SL
Cgg — Cgg — 1on Z Cao
Q=c,b,t
@ Spin-independent cross section at vanishing momentum transfer

2

My SS (N S (N VV (N

T( 2 Caly _12”ngf0)+ 2 Cad g
q=u,d,s q=u,d

2
oS = Hx
N w4

my,my 0 n o n
=X r fo =f =2f, =2f) =2
Hx my + my Vy Vy Vy Vu
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Spin-independent WIMP—nucleon scattering

oS —
N 7r/\4

( > ocaf —12rcy, fo) + > Cy qu

q=u,d,s q=u,d

@ Maximal amount of isospin violation induced by scalar operators
s O = C3, = ClY = 0, take oy = 50 MeV
2.0
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Spin-independent neutralino—nucleon scattering

X X v
s |

- + ke + o WH

4 m //\

@ Consider the MSSM, all particles but x and

heavy (CP-even) Higgs H decoupled

. . 1.6

@ Write cross section as .
o M, mN( 55, s N) 1.25 ]

X M cSSN _12xcS 1 .

WM N TR q:uz,d,s CARENRCAV Sy |
0.8F i

@ Just SM Higgs h 0.6
< amount of isospin violation < 5% 0% 40 45 50 55 60 65

. agm [MeV]
< less than in SU(3) approach Eiis et al. 2008
Crivellin, MH, Procura, Tunstall, in preparation
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Spin-independent neutralino—nucleon scattering with heavy Higgs

@ Include the CP-even heavy Higgs H

—» cancellations between h and H 1.5p

— blind spots

@ In vicinity of blind spots, isospin violation is 0.5

enhanced

@ Direct-detection limits drive parameter space  _g5.

towards blind spots

@ MSSM conventions:

-34.
@ M;: soft SUSY-breaking mass of the bino B - -gz
£ -36.
@ p: Higgsino mass parameter 2 _37.
S -38.
@ tan g: ratio of Higgs vevs =
ke)

@ mpy: mass of the heavy Higgs

M. Hoferichter (IKP & EMMI, TU Darmstadt)

2.0/ LUX
XENON1T

my [GeV]
tanB=10, M;=220 GeV, p=-440 GeV

M,=220 MeV, y=—440 MeV, tanB=10

200 300 400 500 600 700

-39.
-40.
—41.

1.16
1.15
1.13
1.1
1.09
1.07
1.05
1.03
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Removing Coulomb effects: the pp scattering length

@ Consider first a more familiar example: pp scattering

@ Split total phase shift into pure Coulomb o€ + remainder 5,
Q (Sgp related to strong amplitude Tpp(k) by

4z ezi"c

k(cotsS —i) = ——
(cotdg, — i) m Ton(K)

k = |k]|
© Modified effective range expansion Bethe 1949

, 1 1
k[Cﬁ(cotrsgp— i) +2nH(n)] =—= Erok2 4.

P
271y am . 1 . r(x)
2= =— H(n) = — —lo =
e L= (n) = wim) + 5 ~log(in) () = 05
@ Removal of residual Coulomb effects scale-dependent
1 1 1
— ===+ am[log _— = 0.33] Jackson, Blatt 1950
app agp aMry
1 1 3
— ==+ am[log #—ﬁ +1— —'yEi| Kong, Ravndal 1999
app ag, aM 2
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Removing Coulomb effects: the pp scattering length

o
WO+ e

@ Difference due to Coulomb-dressed bubble sum

1 1
=45 t+tam [ log — 0.33} Jackson, Blatt 1950
app ag, aMry
1 1 3
—=—=+ am[log H—ﬁ +1— —fy,_:] Kong, Ravndal 1999
app ag, aM 2

@ app supposed to correspond to strong part of the potential, but Coulomb-nuclear

interference depends on short-distance part of the nuclear force
@ Numbers for singlet channel

° agp = (—7.8063 + 0.0026) fm Bergervoet et al. 1988
9 app = (—23.749 + 0.008) fm Koester, Nistler 1975
9 app = (—18.8+£0.5)fm Gonzalez et al. 2006
9 app =(—17.3+0.4)fm Miller et al. 1990

< a5, — app huge effect!
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Back to 7N scattering

@ Deser formula: shift and a,. -, in NREFT

€15 = 72a3u2,.,a7\,,p(1 + 2a(1 — log a)uHaW,p +-00)

@ ChPT convention for scattering length Lyubovitski, Rusetsky 2000
_2isC TapHa, k
e ?T = — - 2aun(a, - ,)?log o T+ Ok, o?)
@ Compare with mERE: expand first in «, then in k

C
X TopuHa _ k
2 -~ —p c N2 c 2
e T o Il 2a,uH(a7r,p) <w5+log —a#H> +aw,p+(')(k,a )

— same log « as in Deser formula!

ChPT vs. mERE scattering length
a,p =a; p+2aun(a; ) (loga — 7e) +0(o?)

——
86.1+1.8 —0.5

Seattle, December 10, 2014
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Subtraction of virtual-photon effects

@ Application in dispersion relations — analytic properties

@ Effects calculable in ChPT, e.g. N
@ Coulomb pole ~ 1/k at NLO, O(p?) A
@ log k first at two loops, O(p°) )

@ Subtract virtual-photon contributions

@ Finite terms =- fine
@ UV divergent photon loops =- need to separate mass-difference and virtual-photon
contributions to LECs =- scale dependence

@ How large are these effects?
o Fulla, ,—a,.,=(1728+1.6) x 10-3M;"
@ Virtual photons: a:r’fp —al.,=(1+18)x 10-3M;

@ Virtual-photon subtracted: azf - aZ p = (170.7 £ 2.4) x 10~3M; "

P
— much smaller than in ap
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