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Direct Dark Matter searches and nuclear matrix elements

@ There has to be New Physics
DEVQVERTN 26.8%

) Dark Matter , Dark Energy

@ WIMP: weakly interacting massive particle

] Collider searches or direct detection YEEY 68.3%
1 LUX, XENON, DAMA, CoGeNT, CRESST, Planck 2013
CDMSII, @ ::

@ Next generation: ton-scale experiments
I XENONLAT, SuperCDMS, LZ, :::

10

@ Crucial ingredient: nuclear matrix elements

WIMP! nucleon cross section (sz)

INjmqaqqjNi = f3'my N 2fp;ng

144

10

. . 102 103
) spin-independent searches Myyuyp (GEVICE?) LUX 2013
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Nuclear theory for direct detection

@ How to organize the calculation?
@ Non-relativistic EFT : NR nucleon and WIMP elds Fan et al. 2010, Fitzpatrick et al. 2012

@ Scales O(M ) integrated out (spontaneous breaking of chiral symmetry of QCD)
@ Additional matching step to derive limits on WIMP parameter space
@ Analog of pionless EFT in NN scattering

@ Chiral EFT : nucleon, pion, and WIMP elds

Prézeau et al. 2003, Cirigliano et al. 2012, 2013, Menéndez et al. 2012, Klos et al. 2013
@ Chiral symmetry included by construction
9 Predicts hierarchy of WIMP—nucleon currents, one-body ( N) and two-body ( NN)
9 Extension of chiral EFT for NN forces and EM/weak currents
9 This talk: vector, axial-vector, scalar, pseudoscalar interactions, matching to NREFT
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e Chiral power counting of one- and two-body currents

@ Chiral counting
@ Matching to NREFT

e Scalar couplings for u- and d-quark

9 Phenomenological determination of the pion—nucleon -term
@ Cheng—-Dashen theorem, scalar form factor
@ Scattering lengths, isospin breaking, and N coupling constant

@ Roy-Steiner equations for N scattering

@ Conclusions
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Chiral Perturbation Theory

@ Effective theory of QCD based on chiral symmetry

) . 1 ..
Locp = quiBgL + griBgr .M gr grM qL ZG Ga

@ Expansionin momenta p= and quark masses mq  p?

! scale separation
@ Two variants

9 SU(2): u- and d-quark dynamical , ms xed at physical value
! expansionin M = , usually nice convergence

9 SU(3):u-, d-, and s-quark dynamical
| expansionin M=, sometimes tricky

@ Gell-Mann—Oakes—Renner relation

M2 = my+mg B+ O mj B= ——
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Chiral counting

@ Starting point: effective WIMP Lagrangian Goodman etal. 2010

- Cqss mqqq + CQ’S i 5 mgqg+ C(?p mqQi sq + Cgp i 5 mggi sq

q .
1 X h i
- C

+ . q q+cly s g g+ Cl g sa+C s g sq

q
h i

17 s a
+ = Cg sG° G

a
@ Chiral power counting
@=0p; mg=0p? =0(M2; a;v =0(); mQ=Op2
N
) construction of effective Lagrangian for nucleon and pion elds

! organize in terms of chiralorder ,M = O(p )
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Chiral counting: summary

Nucleon \ A Nucleon S P
WIMP t X t X WIMP
1b 0 1+ 2 2 0+ 2 1b 2 1
\Y 2b 4 2+ 2 2 4+ 2 S 2b 3 5
2b NLO — — 5 3+ 2 2b NLO — 4
1b 0+ 2 1 2+ 2 0 1b 2+ 2 1+ 2
A 2b 4+ 2 2 2+ 2 4 P 2b 3+ 2 5+ 2
2b NLO — — 5+ 2 3 2b NLO — 4+ 2

@ + 2 from NR expansion of WIMP spinors, terms can be dropped if m my
@ Red: alltermsupto = 3

) TWO-bOdy currents: AA Menéndez et al. 2012, Klos et al. 2013, SS Cirigliano et al. 2012, but new

currentsin AV and VA channel 1503.04811
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2b currents: examples

@ Scalar current cirigliano et al. 2012

2 T
Ss  _ y 9A 2y y !
M 2;NR © 0T 2F ™ 5? Sg 1 lez s] Sy :
. = 1 01 2 92 PR X 5S¢ ®
127 42 2 42 2 ) a q
ap + M az* M q=u;d |
1
1
@ \ector current L
AV AV
M A Cy Cy g 2y AN 3 1 W1 2
2;NR 2 F 10 9 <9 1 2 FYRRVE
2 92 1,

X
q§+M2 i 42 X2 s; sy

@ Axial current

( )
ot cY ga ) 3 2 02
v d VO,§DZO|1 -+ 18 2

VA
M 2inR = 2 2 2 2 2 s1 2
; 4F2 T 9 9 a2+ M
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Matching to NREFT

@ Operator basis in NREFT

0, =1; 0,= v? % Og=isy (q v7); 0,=5S sy
os=is q Vv 06=S qSy @ 07=8y v Og=s V*
Og=1iS Sy q; O1p=1iSy @; 011=1iS ¢

@ Matching to ChEFT

1
SS — . SP _ N . PP _ N
M LNR © 3/0 ZoolfN(t) rs» M LNR T lrlo zoologs ® r s M 1LNR = m_ 3/0 Zooehs ) r s

tO4 + Og fgl;N(t) rs

. t . 1 .
Wy y ViN ViN ViN

M \Rr = 0, f t)y+ —f t) + —Oa,f. t) +
1;NR 0 0 91 (M 2 ﬁz ® ny afy (D) mym

. 2 . .
AV V;N V;N V;N
M TR = Jo Jo 208h N ()+ o 00 WO RN s
AA y oy N 1 N VA y v 2 N
M TNR = [0 g0 40405 (1) + m—zoegp(t) rsi M= Yo Yo 207+ m—Og AN ¢ s
N
@ Conclusions

@ Oy, Os, and O4; do not appear at = 3, not all O; independent
@ 2b operators of similar or even greater importance than some of the 1b operators
@ But: does not include summation over nucleus, i.e. coherence effects
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Nuclear matrix elements: scalar couplings

) P
@ Scalar nuclear matrix elements :fy = B¢ _ . CFfy' +
] scalar couplings iINjmqqqjNi = qumN N 2fp;ng
@ Determination of two- avor couplings  Elis et al. 2000, micrOMEGAS
INissiNi N Ni
y= BT, o TSI = Wij(uu + dd)iNi
hNjuu + ddjNi hNjdd  ssjNi
o= 2 N :22 (z 1y m:m“+m“
d 1+ M my1+ ) 2+(z 1y 2
mg P

} Two- avor couplings from SU(3) quantities!
@ Even worse
9 z from LO ts to baryon masses Cheng 1989

9 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

—_ Mg my
@ Numbers ( = m2+mu)
i = Nl ), N i = N+ ) i
2mN 2mN
fP=(120 02 10 °% f1=( 1:0 02) 10 °
fl=( 21 04) 103 fl=(20 04) 10°3
@ Isospin violation
1
fly flg=2Bcsmg my 1 = (mp mn) = 4Bcs my  my
@ Compare with SU(3) approach microMeGAs 2013
i f=(19 04) 10° i =43 10 3
v fi=(19 04) 10 v hgye 3 10
P f'=( 41 07 10° 0 = 82 108
5 of=( ) 5w

] Isospin violation overestimated by a factor 2

r

@ Becomes relevant in case of cancellations (“blind spots”) crivellin, MH, Procura, Tunstall 2015

@ Central value completely xed by

Vienna, April 14, 2015 11
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Status of the phenomenological determination of

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

! comprehensive analyticity constraints, old data

@ Formalism for the extraction of  via the Cheng—Dashen low-energy theorem
Gasser, Leutwyler, Locher, Sainio 1988, Gasser, Leutwyler, Sainio 1991

! “canonical value”  45MeV, based on KH80 input

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

! much largervalue  =(64 8)MeV

@ ChPT ts vary according to PWA input Fettes, Meiner 2000

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

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

! comprehensive analyticity constraints, old data

@ Formalism for the extraction of  via the Cheng—Dashen low-energy theorem

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

! much largervalue  =(64 8)MeV

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

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

n from N scattering

@ Scalar form factor of the nucleon

(t) = tNEO)jm(uu+ dd)iN(p)i t=(p° p)?

@ Low-energy theorem cheng, Dashen 1971
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Extraction of | from N scattering

@ Scalar form factor of the nucleon
(1) = iN(PO)jt(uu + dd)iN(p)i  t=(p° p)°

@ Low-energy theorem cheng, Dashen 1971

F’D" =o0t=2M?> = 2M% +
— {7

2 gt 24*
F d00+2M le + p
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Extraction of | from N scattering

200

@ Scalar form factor of the nucleon

150 |- u

(1) = iN(PO)jt(uu + dd)iN(p)i  t=(p° p)° n= o (0)

100

@ Low-energy theorem cheng, Dashen 1971 El|
FZD" =ot=2M = 2M% + ¢ ,
| —ff—} |z} s
F2 d50+2M2d31 + b Nt

s/ M2
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Extraction of | from N scattering

200

@ Scalar form factor of the nucleon

150 |- u

(1) = iN(PO)jt(uu + dd)iN(p)i  t=(p° p)° n= o (0)

100

@ Low-energy theorem cheng, Dashen 1971

50

u/ M?

+

F?D* =o0;t=2mM%2 = 2m%2 + ,
——{fr |z}

2 + 2 4+ +
F d00+2M le + b N

] Remainderj Rj . 2MeV small Bernard, Kaiser, MeiRRner 1996

s/ M2
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Extraction of | from N scattering

@ Scalar form factor of the nucleon

(1) = iN(PO)jt(uu + dd)iN(p)i  t=(p° p)° n= o (0)

@ Low-energy theorem cheng, Dashen 1971

F?D* =o0;t=2mM%2 = 2m%2 +
——{fr |z}
F2 d50+2M2d31 + b N

] Remainderj Rj . 2MeV small Bernard, Kaiser, MeiRRner 1996

] Dispersive approach Gasser, Leutwyler, Sainio 1991

) =( 33 0:2)MeVv

but error only covers  phase shifts

M. Hoferichter (IKP & EMMI, TU Darmstadt)
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Dispersion relation for the scalar form factor of the nucleon

@ Unitarity relation

Img<=lm®:/\+lm®/ﬁ\7@<
Im ()= 2= 3 F3(t) 2+ { Fa(t) hi(b)

4m2 t 4
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Dispersion relation for the scalar form factor of the nucleon

@ Unitarity relation

Img<=lm®:/\+lm®/ﬁ\7@<
Im ()= 2= 3 F3(t) 2+ { Fa(t) hi(b)

4m2 t 4
@ Dispersion relation

2 2
_1 olm (t9 _ t olm (1%
(t)= et ot o 1)
am2 am?2

@ Unsubtracted : = (0)
@ Once-subtracted : = (2M?) N
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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 & 1GeV
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Convergence of the dispersive integral

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 . X X 14 1.6 1.8
A/ GeV A/ GeV

@ Unsubtracted : slow convergence

@ Once-subtracted : stable result for & 1GeV

@ Result for depends on pion—nucleon parameters (notation: X( ; t) = P angmy
=(13:9 0:3) MeV mm=0

+2) — 1428 +Z, djgM + 1:46 +2Z3 dj; M3 114 + 74 bl M3 + 3:54

Z, = 0:36MeV  Z, = 0:57MeV  Z3= 12:0MeV  Z, = 0:81MeV
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Summary: -term corrections

@ Scalar form factor
=(13:9 0:3) MeV
gz
v 148+ 7 dgoM + 1:46 + Zg djy M3 1:14 + Z, by M3 + 3:54
Z;= 0:36MeV 7 = 0:57MeV  Zg = 12:0MeV  Z; = 0:81MeV
@ N amplitude

p =(12:1 0:3) MeV

2
+7; j— 14:28 +Z, dipM + 1:46 + Z3 dpy M3 114+ Z4 biym3 + 354

Zy = 0:42MeV  Z, = 0:67MeV  Z3 = 12.0MeV  Z, = 0:77MeV

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

Full correction

D =( 1:8 0:2)MeV
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How to get dg, and dg, ?

@ Standard approach Gasser, Leutwyler, Locher, Sainio 1988:

replace dg, and dg; in favor of threshold

parameters : a;, and a;, (notation: a~

1= 2)

] corrections from PWA via DRs (D" and E™)

@ Coupling constant

g°=4 = 14:28=13:75
@ S-wave:

a;, = 10=0 10 *m !
@ P-wave: a;, needs to be

known very precisely

M. Hoferichter (IKP & EMMI, TU Darmstadt)

Born  aj, aj, D* E* d
KH80 133 7 +352 91 72 50
FAO1 127 0 +351 88 69 67
diff. +6 +7 1 +3 +3 17

2 2
4 = F2(dgo + 2M%dy;)
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Hadronic atoms: constraints for

N

( M2 M2 )

oot
T =AM = 2

@ H= D:bound state of and p=d,
spectrum sensitive to threshold N

amplitude

@ Combined analysis of Hand D
a® aj, =(75 31) 10 3m !
a a, =(86:0 09) 10 *m !

@ Large a” suggests even larger , but

a + a «
pfpz( 11 0:9)

) Isospin breaking in  as large as 5MeV?

r

-3 -1

10 3m ?

] Reuvisit the Cheng-Dashen low-energy theorem

3

2

1s
15
I 15

Baru et al. 2011
Y]
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Cheng-Dashen theorem in the presence of isospin breaking

@ De ne “isoscalar " as

popt X o X = D;doo; doz; @0+ ;"

and “isospin limit " by proton and charged pion

@ Assume virtual photons to be removed

] scenario closest to actual N PWAs

@ Calculate IV corrections in SU(2) ChPT, mainlydueto = M? M?%;
@ Forthe -term, no difference at O(p3)

3g32M2,

W2M +Mo +O(M*

_ _ _ 2
N= p= n= 4ciM%,

9 Slope of the scalar form factor

3gaM°® | g™

p_ p_ 2
62 F2 T 18 FZ 7+ 2log 3+2 2 + O(M

- 2 -
P= p2M p =

. p
and similarly for
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Cheng-Dashen theorem in the presence of isospin breaking

@ Putting things together

— g2 2
p=F2dl,+2m2d), + +

[whke}
o

2 2 . 2
+ p2M?  F?Dp 0;2M

192M 2
= F2 dby+ 2M2dp, + | p + LEaM EF2 414 1,
| 2z} R | 256{ZF2 ) 25 )
( 1:8 0:2)MevV . 2MeV 3.4 MV ( 0:4 2:2)MeV
) indeed sizable correction from , but “wrong” direction

@ In the following, determine dj, and d/; by solving Roy—Steiner equations

@ Constraints: scattering lengths from hadronic atoms (virtual-photon subtracted)
1=2 _ . . 3 1 3=2 _ . . 3 1
a),  =(169:8 2:0) 10 M a), =( 86:3 18) 10 M

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

@ Fixed-t dispersion relations at threshold) GMO sum rule

g2 mp+my ? M M M2
4 M mp 4 P

13:66 0:12 0:15
Z 1 tot (k) toi (k)
J = iz ok—Bp— P~

4° ¢ M2 + 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 N GMO N N
g%=4 13:54 0:05 13:75  0:15 14:11  0:20 14:30 0:18 14:28

@ With KH80 scattering lengths g?=4 = 14:28 is reproduced exactly!

1 discrepancy for g?=4 related to wrong scattering lengths
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From Cauchy's theorem to dispersion relations

@ Cauchy's theorem

1 z dsf(s?

f(S):2i@sos @
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From Cauchy's theorem to dispersion relations

@ Cauchy's theorem

1 z dsf(s?

f(S)=2i @ S s
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From Cauchy's theorem to dispersion relations

@ Dispersion relation

z 0 - ~
f(s) = 1 ds®Imf(s?) - ~.

0
cuts S S 7 N

] analyticity / \
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From Cauchy's theorem to dispersion relations

@ Dispersion relation

z 0 - ~
f(s) = 1 ds®Imf(s?) - ~.

0
cuts S S 7 N

] analyticity / \

@ Subtractions

Z
_ s ds®Imf(s%
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From Cauchy's theorem to dispersion relations

@ Dispersion relation

z 0 - ~
f(s) = 1 ds®Imf(s?) - ~.

0
cuts S S 7 N

] analyticity / \

@ Subtractions

Z
_ s ds®Imf(s%

@ Imaginary part from Cutkosky rules

) forward direction: optical theorem

@ Unitarity for partial waves

Imf(s) = (s)jf(s)i®
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Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

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

2
ti(s) = ki(s) + ds®k.o(s; 89 Im tho(s%

0= 0=
1020300, ,
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Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

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

2 2
| _ 1 O 110 /.. 10
P&si = kj(s) + ds%Jho(s;s%) |m t{]zo(sog
r T 10=03%=0, 1> S
M2 25 Ly sin? [o(s9)
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Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

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

x 2
+ d 0K||° . o) t|0
{(Zsi r{&sg s, ho(s;s9)  |m {]o(soi
' 10=040=0,
= 1 M2 25O 02+ 1()sm2 '0(50)
- s 2i (s)
° A
A

@ @ free parameters aJ, a3
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Roy equations

Roy equations = Dispersion relations + partial-wave expansion

+ crossing symmetry + unitarity

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

% Y
0 0
s gs + ds® Jo(s; s m tho(s
r { 10=03%=0,,, —1Z— {]
(= 1 M —2;. J(S()s‘) : L P Ki(ss9) — S 5009
A C Ims?

A

@ @ free parameters aJ, a3

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

@ Equations rigorously valid for a nite energy range

! introduce matching point sm

@ Consider only partial waves forJ ~ Jmax
@ Input
@ High-energy region: ImtJ'(s) fors smandallJ
@ Higher partial waves: ImtJ'(s) for J > Jmax and all s
@ Inelasticities: 'J(s) ford  Jmaxand4M2 s sp
@ Output
9 Self-consistent solution for phase shifts: 'J(s) ford  Jmax and4M2 s sp

@ Constraints on subtraction constants
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Flow of information and generalization to N scattering

@ Equations rigorously valid for a nite energy range

! introduce matching point sm

@ Consider only partial waves forJ ~ Jmax
@ Input
@ High-energy region: ImtJ'(s) fors smandallJ
@ Higher partial waves: ImtJ'(s) for J > Jmax and all s
@ Inelasticities: 'J(s) ford  Jmaxand4M2 s sp
@ Output
9 Self-consistent solution for phase shifts: 'J(s) ford  Jmax and4M2 s sp
@ Constraints on subtraction constants
@ Key challenges for N:
@ Crossing : coupling between N ! N (s-channel) and I NN (t-channel)
! hyperbolic dispersion relations Hite, Steiner 1973, Bittiker, Descotes-Genon, Moussallam 2004

9 Unitarity in the t-channel
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Roy—-Steiner equations for

Higher partial waves
Imf| 1

2,s

N scattering: schematics

Sm

Inelasticities
Ll Ls sy

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

Sm

High-energy region
Imf! s sm

Subtraction
constants

)

[

N coupling
constant

scattering
1
phases ;'

t-channel partial waves
solve Roy—Steiner equations for t

OO

OO

tm

High-energy region

mfd t tpn

M. Hoferichter (IKP & EMMI, TU Darmstadt)
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Roy—Steiner solution: strategy

@ Solve t-channel equations rst
! rest takes a form similar to Roy equations

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

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

X X Refs (wy)  Ffso(wy) 2
Glsi =1 Ref* (W)

@ Impose scattering lengths as constraints in the t

@ lteration between s- and t-channel: can be subsumed into t of subthreshold

parameters
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Roy-Steiner solution: reproducing KH80
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Roy-Steiner solution: reproducing KH80

@ Resulting parameters with KH80 scattering lengths as constraint:

dgoM 11 dy v 9 a = F2(dgy + 2M2d,) [ MeV]
KH80 1:46(10) 1:14(2) 50(7)
KHS0 t 1:54 1:16 48

@ KH80 internally consistent
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Roy-Steiner solution: hadronic-atom t
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Roy—Steiner solution: lesson for the -term

@ Resulting parameters:

dgo™M 11 dy M 3 a = F2(dgy + 2M2d5,) [ MeV]

KH80 1:46(10) 1:14(2) 50(7)
KH80 t 1:54 1:163 48
hadronic-atom t 1:36 1:155 58

@ Modern input for the scattering lengths does increase 4, but by just about half
the amount that pavan, strakovsky, Workman, Arndt 2002 found
@ Compared to Gasser, Leutwyler, Locher, Sainio 1988: Necessity for a;, eliminated by

Roy—Steiner self-consistency condition

Error analysis (preliminary)

z
|

R s SR - A itzf 2y Mev

atdirections ~ matching  systematics  scattering lengths  low-energy theorem

59:1 3:5MeV
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Roy-Steiner solution: t-channel for KH80 t
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Roy-Steiner solution: t-channel for hadronic-atom t
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Conclusions

@ Chiral counting of one- and two-body currents
9 Predicts hierarchy among O; from NREFT
@ New 2b currents found
@ Coherence to be analyzed
@ Scalar couplings :isospin violation and -term
9 Review of standard procedure to extract \ from N scattering
9@ KH80 PWA self-consistent, but at odds with hadronic-atom phenomenology
9 Roy-Steiner formalism reproduces KH80 results with KH80 input
@ With modern input for scattering lengths increases , but now reliably extracted with
data-driven method
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Roy-Steiner solution: KH80 t
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Roy-Steiner solution: hadronic-atom t
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Scalar couplings for u- and d-quark

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

) 2F2 g2 2m3  + M3, .
Mpn = Mg 4c;M%,  2Bes(mg my) 2 (f1 f2+1f3) w2z T oM
@ Feynman—Hellmann + Gell-Mann—Oakes—Renner
m m 2B 3g22M + M
flﬂ\‘: J%: Biu @nN = — My 2C1 Cs + M
my @ny my @12, my 128 F2
m m 2B 3g22M +M
f[’j\‘: i%: Bid @nN = —mMmy 2C1 Cs + M
my @ng my @2, my 128 F2
@ Expressed interms of
1
myflN = TN(l ) Besmg my 1 =
N_ N 1
myfy = T(1+ ) Besmg my 1+ —
N = % hpjth(uu + dd)jpi + hnjfh(uu + dd)jni = :112+ 2“ = 0:36 0:04 (FLAG)
u
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Scalar couplings for u- and d-quark

@ Numbers
iN = NZ(;N ), i i = Nz(r:-]':' ), i
f=(1:0 02 10°% f'=( 1.0 02) 10 °
fl=( 21 04) 103 fl=(20 04) 10 3

@ Isospin violation

1
fly flg=2Bcsmg my 1 = (mp mn)" = 4Bcs my  my

@ mp, m,involves O(p*) chiral log with large coef cient (6g2 + 1)=2 5

! within uncertainties when included consistently

,

@ Compare with SU(3) approach microMeGAs 2013

Pfl=(1:9 04) 103 £ =43 108

u

—h

7 f"=( 41 07 10 3 20 = 82 10 3
Pofl=( 0:7) 10 N 8 0

| Isospin violation overestimated by a factor 2

,
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Scalar couplings for u- and d-quark
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@ Upper/lower, down-/up-coupling

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

@ N from y via SU(3) ChPT, L —
but large uncertainties o
] I
N _ Mms
mnfs >m N 0 B R
@ Lattice average —_—
' = 0:043 0:011 -

! #$

r

I large strangeness content
Junnarkar, Walker-Loud 2013

seems unlikely
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Heavy quarks

@ Trace anomaly of the energy-momentum tensor

o= N = N S m +8CDG""G Nom e gy 2 s
N — J J - qqq 295 a QCD - 3 S4
q ng
@ Integrating out the heavy quarks: ns = 3
D X 9 E
my= N mgaqq - sG® G, N
o 8
q=u;d;s
] Heavy-quark contribution shifman, vainshtein, zakharov 1978
1 . - 12 s 1 . . s . .
fN =~ hNjm, Ni= —Zgs—-——hNjG® G, jNi = WNjG2 G, jNi
Q= ™ QQQj my 357 260V a 2y a
=2 *
Q "~ 27 1 q
q=u;d;s

| xed in terms of light avors
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Second correction: p

t-channel expansion

+ 1 5 27 65
D( =0i)=4 SR+ 2ai(n)  gpiaifi()+ gepiat () +

@ Insert t-channel RS equations for Born-term-subtracted amplitudes f; (t)

2
D*( = 0;t)= djy+ dyt 16t

am2

0 Im £2 (%)

W J 2 + s-channelintegrals

am2d: from evaluation att = 2M?

@ ,=F?D'( =0t=2M?) d o

+
00
p =(12:1 0:3) MeV

2
+27; j— 14:28 + 2, djgM + 1:46 + Zz dj; M® 1114 + Z, by M3 + 3:54

Z, = 0:42MeV  Z, = 0:67MeV  Z3= 12.0MeV  Z, = 0:77MeV
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Origin of the cancellation

@ Dominant contribution from dispersive integral over f2(t)

2
_aw? o 0 F79) (19
0 2M2)(4m2  t9)
am2
2 0,40 2 010 010
Imf, (t to(t fo(t
b= 64FZM*  dt (1) v o=earrmt o0 0@ L)
120 2M2)(4m? 1) 120 2M2)(4m2  t9)
am2 am2
@ Largest contribution around t° = 4M?
3m?2 FS@9 t° 3am* 32 F2t° 6 18 18
— [ I 2= ChPT:— = —+0O(M )
5 64F2M* 0(10) BAFZM4 (210 M2) 7 21 >0 23

@ This explains

° and p of similar size
@ Strong curvature generated by  rescattering
! sensitivity to phase shift reduced in the difference Gasser, Leutwyler, Sainio 1991
@ Spectral functions depend similarly on fO(t) | sensitivity to N parameters reduced
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Spin-independent WIMP—nucleon scattering

@ Effective Lagrangian

m, 1
Leff = Cqsqs—g qq + C(\{a’—z g g+ ng—z G G

@ WIMP Dirac fermion and SM singlet
@ Integrate out heavy quarks
1
- csL
QQ
12 Q=c;b;t

L oL
Cgo ! Cgy

@ Spin-independent cross section  at vanishing momentum transfer

2 X X 2
Sl _ Mn SS¢N S (N W N
NT T Cofy 12 Cgefq + Caq fvg
g=u;d;s q=u;d
_ M my P — ¢n _— p _ n _
e TR AR AR
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Spin-independent WIMP—nucleon scattering

2 2

X X
Sl _ Mn SS¢N S ¢N W N
NT T Coqfy 12 Cgfq + Caq fvg
q=u;d;s q=u;d

@ Maximal amount of isospin violation induced by scalar operators
! C¥=Cg=Cy =0 take y=50MeV
2.0
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Spin-independent neutralino—nucleon scattering

@ Consider the MSSM, all particles but and

heavy (CP-even) Higgs H decoupled
@ Write cross section as

CSSfN S

- - N t |

@ Just SM Higgs h

! amount of isospin violation. 5%
L1

Crivellin, MH, Procura, Tunstall 1503.03478

1 less than in SU(3) approach el et al. 2008
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Spin-independent neutralino—nucleon scattering with heavy Higgs

@ Include the CP-even heavy Higgs H
) cancellations between h and H
! blind spots

@ In vicinity of blind spots, isospin violation is
enhanced

@ Direct-detection limits drive parameter space
towards blind spots

@ MSSM conventions: tan%a&0, M;&220 GeV, '&! 440 GeV
134, 1.16
@ Mj: soft SUSY-breaking mass of the bino B o '35 115
o £ 136 113
@ : Higgsino mass parameter # 137, 111 o
) ) 7 138 100
@ tan : ratio of Higgs vevs & 130, 107
o
. . = 140. 1.05
@ my: mass of the heavy Higgs ‘a1 \ 1os

100 200 300 400 500
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Removing Coulomb effects: the pp scattering length

@ Consider rst a more familiar example: pp scattering

@ Split total phase shift into pure Coulomb € + remainder &
p p p S

Q@ , related to strong amplitude Tpp(k) by
4 e ¢

k cot & i = — k = jKj
o m Tpp(k)

© Modi ed effective range expansion  Bethe 1949

h | 1 1
kC%coty, i +2H() = —=—+ Zrk?+
aS 2
pp
cz= 2 = HO)= (i)+ —  log(i ) )= -
T e? 1 T2k - 2i d T (%)
@ Removal of residual Coulomb effects scale-dependent
1 1
— ==+ m log 0:33 Jackson, Blatt 1950
App op o
! 1+ m lo p7+1 3 K Ravndal 1999
- = —_ — ong, Ravndal
agp  af 9™ 2 9
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Removing Coulomb effects: the pp scattering length

o
ORG RPN

@ Difference due to Coulomb-dressed bubble sum

1 1
— = —+ m log

< 0:33 Jackson, Blatt 1950
App app o
p—
1 1 3
— = —+ m log +1 = Kong, Ravndal 1999
ap Ay, M 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

9 agp =( 7:8063 0:0026)fm Bergervoet et al. 1988
9 app =( 23:749 0:008) fm Koester, Nistler 1975
9 ann =( 18:8 0:5)fm Gonzélez et al. 2006
9 app=( 17:3 0:4)fm Miller et al. 1990
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Back to N scattering

@ Deser formula : shiftanda , in NREFT

5= 2% F%a [ 1+2 (1 log ) wa ,+

@ ChPT convention for scattering length Lyubovitskij, Rusetsky 2000

2 © _ H& ) 2 k .2
e T P 2 4 a o Iog—H+a p+O(k, )

@ Compare with mERE : expand rstin , thenink

[}
e ¥ T T P2 pa® % g+log +a% +0(k ?)

H
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Subtraction of virtual-photon effects

@ Application in dispersion relations | analytic properties

@ Effects calculable in ChPT, e.g. A
o Coulomb pole 1=k at NLO, O(p3) AV
o logk rstat two loops, O(p®)

@ Subtract virtual-photon contributions

@ Finiteterms ) ne
@ UV divergent photon loops ) need to separate mass-difference and virtual-photon
contributions to LECs ) scale dependence
@ How large are these effects?
o Fullba , a.,=(1728 16) 10 3M !
@ Virtual photons: a b 2 p =(21 1.8 10 3m !
@ Virtual-photon subtracted: a~ o a=+p =(170:7 2:4) 10 3m !

1 much smaller than in app
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