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Abstract: | will describe a method of understanding how the nuclear binding energies depend on the masses of the light quarks. This is useful in
applications ranging from anthropic constraints to equivalence principle tests and bounds on the time variation on the quark masses.

Pirsa: 08070028 Page 1/88



Nuclear binding and light quark masses:
Dynamics and constraints

Advertisement: (OT) Limits on spatial varniation of \... from CMB

with Evan
- Donoghue
Main talk e

1) Nuclear binding —heavv nucle1

2) Quark mass dependence

4 papers on
related topics
2 solo

4) Oklo constraint (verv rough and preliminary) 2 with Thibault Damour
(one still virtual)

3) Anthropic constraints on quark masses

- aequivalence principle (sketchy) P R



Advertisement: Limits on spatial variations from CMB

with Evan Donoghue

Eriksen et al demonstrate potential
asvmmetrv in CNIB power spectrum
-stable. -3¢
-occurs m low € data —up to €~ 40

Can this be due to spatial variations
of some parameters?
- especially cosmological constant? - - | 5 —+

Tt
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Advertisement: Limits on spatial variations from CMB

with Evan Donoghme

Eriksen et al demonstrate potential
asvmmetry in CNIB power spectrum
-stable. 3¢
-occurs m low € data —up to €~ 40

Can this be due to spatial variations
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- especially cosmological constant? -
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Answer = NO

Reason: First acoustic peak shows no spatial asvmmetry
- variation of anv parameters would shift peak
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Answer = NO

Reason: First acoustic peak shows no spatial asvmmetry
- variation of anv parameters would shift peak
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Result: Limits on spatial variation of A etc

lever arm ~ 2 x 13 Gly

parameter | Barvon C DM | A amplitude tilt
n fit 0.076 £0.043 | 0,004 =011 | 0055+ 0035 | 0.027 £0.017 | 0.03 £0.02
T bound 015 .2s | 0125 (.05 ] 0057

Table 3: Isotm pv -!'-1'-111111.& when iIITl'!‘E:I‘PT.—!l a5 variath s of the ill'liil-'l‘l‘.'f'[t'.'_
parameters. [he first row of resalts gives the fit value of the fractional
varmtion of each parameter. while the second row repeorts the 2 o upper
Iimit on the peossible variation.

Need to seek explanation elsewhere
- transient effect in intlation — Kinetic energyv or exira field
JFD. Dutta, Ross
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Nuclear binding

a) EFT and contact interactions
b) What 1s important?
¢) Dispersive representation

d) Chiral treatment of low energy

¢) Finding the “sigma™
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Result: Limits on spatial variation of A etc

lever arm ~ 2 x 13 Gly

parameter | Barvon C" DA | A | amplitude tilt
rp fat 0066 0085 | OE =011 | 0SS 0035 | 0027 =0.015 | 02 =002
__"'T -:-II|"_I11 ”_ET |'.:"“ | “.l:-J | 'i.“*I[ 'ijl.-i-,-

ILable 3: Isotropy bounds when interpreted as vanations of the underlvimg
parameters. [The first row of resuits gives the fit value of the fractional
varmation of each parameter. while the second row reports the 2 o upper
limit on the possible variation.

Need to seek explanation elsewhere
- transient effect in intlation — Kinetic energyv or exira field
JFD. Dutta, Ross
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Nuclear binding

a) EFT and contact interactions
b) What 1s important?

¢) Dispersive representation

d) Chiral treatment of low enerey
¢) Finding the “sigma™
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Traditionally described n terms of meson exchange

Fig- 2. Schematization of the nucleon-nucleon potential.

/

2 Vect:;r -mesan

/ |

—FI fm
" One-pion
2xchange
potential
Scaoiar- meson
exchange

One pion exchange 1s not important for heavy nuclel
- kev features are “sigma™ and “omega” exchanges
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I. Potentials — “contact” interactions

Nucleons are at verv low energv —~ 10 MeV 'nucleon

Effective field theory-
High energyv efiects (e.g. p.wexchange) appear local at low energ

Example:

o-
S S

o7 (r)

3 € -
Cdmr m

Then use contact interactions instead of potentials
- more general
- no assumptions about shape or origin
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Serot

Description of contact interactions Furnstahl
-alsoWalecl
D o \'1 adlanc
=N we scalar ! [adland
s A A Rusnak
Nucleon densities: ik S
=t
T § L O e vector Entem
= P N Nilolas
B=PENT 272
- P
TTRAT A
— - TR - l‘_r-'_-l""r”:"
e SN . SN
Nuclear force described bv contact interactions:
E— /.-f"{_r' Z T,}E —13ex-V + MW,
R f_f-‘xj / d’x {f:'ﬂj’f — Kl %ﬁ.ﬁ )* + f:':sf‘l.:i + K Lﬁj T f}lﬁlf!l 3 fﬂa"_’.f]af!l_l
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+ isovector. tensor. and electromagnetic terms

/’ + Gpp — Gl Vpa)” + Cipy — @1p(Vpe)” — G2pe(Vpn)
it
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Some sample results: L =1

IFL&)
)
1
d

e

b

g =3 18 2D 45 B

TABLE II. Binding-rmerey svstematics for sets Gl. G amd cthe point-coupling mosiel of - Churse s S P [he rut v taligem S eTIn Form fu

Ref [T1] (ser PC). Binding energies per nuncleon are given in Mol

g s o B st 5 e o *Ph

I
Gl T.0m % 55 =67 T2 ..
G2 7.97 3.55 568 .72 o
PC ri! ri o, S s, ~_(5 L A . i
EXpE. 7.9% .55 = 6T 573 (37 0.O0E 1

pomnt-coupiing: model of Bef. [TT] (==t PC
St 0 ®Ca ey e “=Ph

')

Gl
=2
PC

Cwi

o
=
=
£
=
8

|
W
i
2 I
&

il

= ]
TABLE ITII. Bm= choaree rwdil (in fm) aod dms rwlit (i fm) for sees Gl. GF and the E = —pt. 1
=3 385 — . — == b Gl —3

T—

:

(=]
[
-
i
1]
o

- Hys Tl P— TR P
! X | ! Aty [T X i it |
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"FPU"= “point coupling” = contact interactions Madland et al



Serot

Description of contact interactions Furnstahl
B -alsoWalecl
oo B __Jf‘ S scalar Nadland
- ol =& BEA Rusnak
Nucleon densities: el e E 4
P = {‘:L = ,__I i . Hoch
A A vector Entem
.1 1v'ny Nilolas
V EBA E £
~ 2R 2A
_ Ssi _ 1ume™
PR 2 2N

Nuclear force described bv contact interactions:

oec

E— /.rfi_r Z Tqﬂ —1 3~V + M,

ik

» ... B

222 [ B )= ~2 - T-\2, = =3, = =4, = ~2~ -~ ~2~2
0 /'5 -f‘{h:!t — Ral Vps )™ + R3p. + Kap, T P lPs T I2Pg Ps

/ — H.’f:[-’ — Cal V pg i S '\_:”3; — oy ps( V g — a2ps(V pg )=
Pirsa: 08070028 Rk ___..———""“f.

+ isovector. tensor. and electromagnetic terms® '™



Some sample results: S =1

g o= L 7 "‘.. ?fb‘\\ = ﬂ
!" lli-'l} x\-l " il -.:'
| 7Y

TABLE I[I. Binding-rmerey svstematics for sets Gl. G amd the pomt-coupling moslel of - harse Swem Gawrtor of 9% The bl i pem. fonn eperimens: |77 Form fu

2 ¢ ¥ 5 ok = - . - .
H:'!. AN Pt :ti:'.-'.l.]l.'.’_ I TR DT [ERCLE ML A0 S1VEIR LI I‘-[l:'lllr

=t o e b Y = -""HF'h

Gl T.08 % 55 ~ 6T e T.RE
G2 97 %55 = 6% e AT
PC 95 .58 =~ 6t B.75 .56
eXpL. 7.98 %55 = 67 5.3 T 0.0B 1

TABLE ITII. Bms chorse rwdil (in fm) aoed doms coodid (in fm) for sees GL

ot
! i
pef

poini-coupling model of Ref. [T1] (sex PC

:
:S/f
!
/
|
4
!

= ;
= %
: 1ty s, =y S MEpy, -—
e 1 i ar k :jw?‘ oo &1 .
ek R e e T = B e e s ey H_.“‘_‘ g‘ !
1 252 208 346 3.5 A 195 L 19 L 550 i I = Y
B 253 25 3.4 &2 8 L 3.95 LI9 .M S5l b =) oz II."-.' -
PC 233 345 LA 2 T \ 1
o | 2718 345 385 i 3 L .96 L) L) 5.5 Y. \.\__

=Xl
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"FP"= “pont coupling” = contact interactions Madland et al



Serot

Only a small number of terms important: Funstanl

Magnitude of contributions:
-in two schemes

Most contact terms 109 ¢ | | | |
] = 208
have small effects ; Pb Uvector
- - O scalar
T 10° o
Most important are = - Vgradient
the “o.«w” terms: S . Wtensor
E 10l E Aisovector
- =
Scalar —100 MeV 5 [ . 5@
Vector ~ +60 MeV 5 100 L A%ﬂ ” %
) E A
10-1 ] | % | A% | |

power of density

Pirsa: 08070028 FIG. 2. Same as Fig. 1 for " Ph. page 1058



Serot

Description of contact interactions Furnstahl
B ~alsoWalecl
. by Nadlanc
e B W s scalar ! [adland
= i A A Rusnak
Nucleon densities: e ﬁ
B = Pa - { ‘ Hoch
A A B vector Entem
e 1 vy Nilolas
S -
~ A A
_ sm _ 1 ymo®™
"TPEAT 2 P2A

Nuclear force described bv contact mteractions:

L e i

E— /}F.r Y U (—iBa-V + M),

“¥ . ¥

242 [ 8 )= -2 —/ T=\2, =3, = =4, = =2~ ~ ~2~2
_f_'l /f! J‘{H-_:;J___ — K\ V‘;:___} +— K3p. +— Kap. T~ ThpPgPs T TRPg Ps

/ + 2P — Ca(Vpe)™ + Gipy — @1p(Vps)™ — a2p(Vpe)
kkck ___..———-'“‘f' Page 20/88
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Some sample results: EE" e

TABLE II. Binding-eperry svstemmtics for sets Gl G amdl che point-coupliing mosiel of - Charoe e St Fh The i In T ST T Forms &

Ref. [T1] (ser PC). Binding enersies per nucleon are given in el

= 160 -h =Ca ST =Ph

Gl T 0= A 55 = 6T N ..
G2 09 5. 55 = s B.T2 (. 7
BC 9T .55 = 68 275 .56
EXpE 7.95 .55 = 6T 573 (7 0.0B 1

TABLE M. Bus choree rowdil (o fm) amd domes cowdid (in fm) for sees G

pomt-coupiing: model of Bef [T1] (ses PC

o
i
H

Pung (8/Tm")
3

i :
15/’
|
|
4
I

Gl 272 27T 3.4 134 145 3.95 L19 T 550 .0 5 1
G2 273 27% 3.4 .54 145 305 L19 5.0 5.50 .50 a0z 3\ -
PC 273 15 148 3.2 5.50) \ 1
s >3 206 345 . A 3. £ £ 5.50 6T S
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"#PC"= “point coupling” = contact mteractions Madland et al



Serot
Only a small number of terms important: Funstanl

Magnitude of contributions:
-in two schemes

Most contact terms 109 ¢ | | | |
] = 208
have small effects ; Pb Uvector
e - O scalar
- 2 ;
o 10~ B Omixed
Most important are = 2 % Vgradient
the “o.w™ terms: 3 . Wtensor
E 10l E Aisovector
a, x
Scalar —100 MeV % | g@
Vector ~ +60 MeV 5 100 L A%ﬂ
o E V . A
10-1 ] | % | A% | |
2 3 4 5

power of density

Pirsa: 08070028 FIG. 2. Same as Fig. 1 for " Ph. rage 22188



Results to be extracted:

Two main interactions: -both p?
Attractive scalar contact term
Repulsive vector contact term

H =G,(NN NN )+G,. (Ny“N Ny, N)

known contributions from each
-of order 100 MeV nucleon

Significant cancellation occurs

irsa: 08070028 Page 23/88



Primary effects in nuclear binding
- know the main contributions to binding energv

&
N =
phvsical
G®
Let: Gs
s = yphvsical
GH VSICE
B.E. :
Then for 2%5Pb- Y T —104n, + 57, + 18 + K .E
1 - BE 97 | 571
or in gi‘ﬂ@fﬂl, % = —(120 — Ve N, + (67 — __;li 3)The + residual terms
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Constructing the contact interactions

Recall:
0>(r) 1s Fourier transtform of a constant
V(g=0) grves the coetlicient of the contact potential
-q- dependence gives the gradient expansion

H =G (NN NN +G, (Ny“N N7,V

Consider the scattering amplitude 1n different channels

My(@) =G, +H, ¢+

irsa:
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“I¥eed to understand the low energy scattering processes



igorous “old” technology -dispersion relations .

Vmh MNMau

NN —NN amplitude satisfies t-channel dispersion relation
-cross reactionto NN — NN
-decompose m partial waves
- write dispersion relation
-first cuts in i1soscalar S.P waves at4m_~. 9 m_-

1 pox 9 I'mM (s.u>)
M(s,t) = L [72, du

p2—t—ie

Take limit of low energy (s — 4 m,~ ) to define potential in each
channel and use:

ps(p) = ImVs(qg = ip)

Pirsa: 08070028 Page 26/88



Using dispersive representation:

Momentum space potential:

.') »OC -,
A . ps(pt)
PS(q)) - ; J 2MmM~ dﬂ M #2 £ q2

Contact interaction:

d

2 [ ;
Gg_r =2 / . pb‘.l'(l-'{_)
mwJ(2mz3mz) U

For orientation: siema potential from A(4) =—7g o(u" —m_)
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igorous “old” technology -dispersion relations o

Vmh Mau

NN —NN amplitude satisfies t-channel dispersion relation
—cross reactionto NN — NN
-decompose n partial waves
- write dispersion relation
-first cuts in 1soscalar S.P waves at4m_~. 9 m_-

d 9 I'mM (s.u?)
4m—- p2—t—ie

M(s,t) =

Take limit of low energy (s — 4 m,~ ) to define potential in each
channel and use:

ps(p) = ImVs(q = ip)
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Using dispersive representation:

Momentum space potential:

2 (= . ps(n)

T J2m- ﬂ.; — q-

Contact interaction:

dp
b ]
2my.3mx

For orientation: siema potential from A(4) =—7g o(u™ —m_)
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The experimental information on [=0. S=0 channel

Il "'ng !

()

0

al/me

Fic. 3.15. The 27 mass distribution :'g.,.',_u:} m the l.'r-n_::gﬂ:ﬂn.gl: potential for the
case of [ =J_ =0 exchange

Thais 1s the “sigma™

from
“Paris
potential™

fits to scatterin
data
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We can calculate this in
Chiral Perturbation Theory

We have had reasonable success calculating pionic processes

Sample: yy=xz"z"

General structure: | O
- photons couple to charged pions IS<
-charged pions rescatter to neutral pions |
- rescattering determined by nr scattering phases

Amp(vy — 7w) = P(p)( )

!' ds 0o(s) . " .
Qp) = exp|— / Omnes function

nJ § s—pF

irsa: 08070028 Page 31/88



JFD and Holstem
yy=>n" n¥

Starts at one loop
-finite — no free parameters

-result grows with energv Gasser et al
-violates unitarityv bound around 600 NeV one lo
- my — : -
Onmes solution - L 4twolc
-respects unitaritv bound £ o —‘%_T—f— —|
-agrees with data .= ';
-also closely matches 2 loopresult = ===t > ===~
SRS )
B
o Omnx
= P T By - L
= I ' ’ | h
2 \
£ |
H 5 IIII

Pirsa: 08070028 Page 32/88

This 1s the analogue of the nuclear calculation to follor



Interactions of pions with nucleons:

5 . - ¢, . ¢; are known low energy
S constants from NNzx

inferactions

¢, =+(0.5—09) GeV,

® 1 [") g 2 E J ]
. q«—-? Zewm e bl teg g c.—3.3+02
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Chiral calculation via spectral function: “pelbam Ulockls. Mess

K aser Brockmann Weise

Leading chiral loop — called NNLO " B
514 [l 1.3
o ) = 39 hf' m2 + e3(p® — 2m?)| il p —2m;)
Fs Y. _iJ—LF_: L L™ 3 H e~ | 11 . Ziiy )
Kaizer
Also next contribution: “NNNLO™
Ci; ™ ® Cp;
INN 3 4m=
:'\:}”H'”i‘u- = — '_}:F_[\ = “_' e — 2m;) (33)

O o

[ ) -I"_I_ Y o P | _J fl_:- 3 oy -}
( {—lr-im: + —(p~ —dm-) +ez{pm —2m-)| + _L' i —Lm:f-‘)
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Including rescattering: Gasser JFD Leutwyl
- elastic rescattering
- single channel problem

reaction NN _, o at 2m_<E < 1GeV

rescattering onlv 1n elastic channel rir—nx

Solution:
M(NN — 7m) = P(u)Q(u)
e u? rds 4(s) ) * HH‘--..
e / —_ }U:] Omnes function L €
Approximation method:

Match chiral prediction to Omnes solution order bv order
Expenience — this provides extrapolation to higher energv

Pirsa: 08070028 Page 35/88



Matching to the chiral calculations:

Full result must agree with chiral calculation at low energy
-NNnx vertex determined by ¢, ;

Modity ImV(u) calculations:

NNLO €13 ' . €13 ‘ Q(ﬂ) - QT(#)
“NNNLO™ €13 .'I' €13 |Q (/‘L) ‘
Result:

<)

irsa: 08070028 /)‘-1 ( l_f ) == [)-::_\FLU R € E_Z( ﬁa‘! ) + /) ':h_ FREE R | (_')_ ( LE ) ‘ i Page 36/88



Results:

Recall:

/ P

_ N
—z0 | 5 X A
(1)/ e '
PH &u . \ \v e
) b f,f
500 | \«\ £/ -
- \__/
2 0.4 B . EZIJ
. -200
- _—  favored value
_ang
—500 /
500
—70a |

—L.4 L2 —i4 =8 S S —d2 -3

Easily reproduces correct
- shape and strength!
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Reproduces “o potential” verv closelv

Recall momentum space dispersion relation:
. ‘ 2 "OC g\ LU
Vs(@®) = = dps 25

n J2m, g

Define coordinate space potential bv F. T.

: I = |
Vs(r) = — / dy e e ™" ps(u)
24T . 2
Sigma potential
Vir) = :if
‘1— l:ﬂ}\\ in T
= “}23; \ vs ChPTh p(u)

at
el
Pirsa: 08070028 = e T R g Page 38/88




The modern story of the sigma:

Caprm,
Colangelo
ChPTh describes @z scattering using only F_. m_ Leutwyler

- analvtic continuation reveals pole far from real axus

Consequence of Goldstone dvnamics

+13

M, =441 13 MeV, T, =54 155 MeV
-would appear m any chiral theorvy
- sigma does not drive axw scattering. it 1s secondary effect

In nuclei:
- similar result — fundamental sigma 1s not driving feature
- chiral dvnamics control the spectral function
- uses n phase shifts. so sigma 1s ~“present far from real axis
- but kev features are couplings of pions and the pion mass

Pirsa: 08070028 Page 39/88



Overall: More understandable picture

Only a few numbers are important
— contact mteractions
- elfective ficld theorv treatment

Contact mteractions have simple mgredients
-dispersive representation

“Sigma” channel 1s calculable with reasonable control

- no need to postulate a resonance at 600 MeV
- strength 1s reasonable
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Application: m, dependence of binding

Reasonable control over the ingredients to this calculation:

Main difference is Kinematic
-in region where we trust calculation

E (GeV')
T 2 \ 4 & 0.8

-

Al _\

—40

= % \

=y L '-.' §

-800 , "\

p(E) -1009 N\

-1200¢ A

140¢

" Note: Only discuss scalar channel — other effects studied But sma



Application: m, dependence of binding

Reasonable control over the ingredients to this calculation:

Main difference is kinematic
-in region where we tﬂlbbt..ﬁltlll@tlon

\k/ E (GeV)

g.6& g.d

| I | I

@ & = M

o o o O
o

p(E) —looo

-1400}

irsa: 680#0028

ote: Only discuss scalar channel — other effects studied But sma



Two possible pathways:

1) “Pure” ChPTh G, (1
)
-treat low energv region with chiral methods .-
- find enhanced sensitivity
-use local constant for high energyv region
- assume normal sensitivity m_~ /\-

2) Full treatment throueh “siema’ region

-include etfects up to 0.85 GeV
-imnclude all known mass effects

Essentially identical results

irsa: 08070028 Page 43/88



Spectral functions depend on quark masses:

Epelbaum, Glockle, Meissn
Eaiser Brockmann, Weise

NNLO

€y 3 €3
P2 S O g t il
== 3 - L -~ LT .
P O(y) = {'4!-‘1' |LJt;-1m'_ + e3(p™ — 2m2)| Hp —2m;)
ar i H
Kaser
Ciz ™  ® Cp;
¥ V.
L= o) dm-=
;":x?\['t}i‘“i = — — : H[J[.f — 2m.) (38)

( {—Lr';m: + —( ™ —4dm-) +ez{p —2m-)| + —=(u" —4m_)"
_ ' 8 ” | 45 g
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Two possible pathways:

1) “Pure” ChPTh G, (1
0
-treat low energy region with chiral methods -
- find enhanced sensitivity
-use local constant for high energyv region
- assume normal sensitivity m_~ /\-

2) Full treatment throueh “siema’ region

-include effects up to 0.85 GeV
-mclude all known mass effects

¥

Essentially identical results
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Spectral functions depend on quark masses:
Epelbaum. Glockle, Meissn
Kaser Brockmann Weise

NNLO

€13 i C13

ey 2 f 2 3 2
NNLO, 0 | 2 2 o 2]\ —2m3) - \
II”_ . [ 'If'll = 2 \\—L“if}"l i "'_'-‘.H-' — -}f.”_b HI';! == j.lr”'T.l
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Pion scattering

In order to varv mass. I use “mnverse amplitude method™
for scattering information
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reasonable representation of CGL results ﬁ/
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Omnes function — phvsical vs chiral limait
Phase ..

shift L

Yz

: .
20 | Ff”/ /
1 ,f’f f_,
i ,_—/ il ‘
0.2 3.4 5 i
Re () Oz
. I g ZE /_,.f'_'-\-\.‘_\\
TR \ i £ N
Lr e st
: NN e
0.8 F s t g - \
0.5 \ \ *L"#_f/ NN
5 [ s
0% »\\. aal R
i x [ %&
0.2 0.4 o.s D..E ' e 0.4 0 0.8
Pirsa: 08070028 Page 50/88

major difference 1s due to lower threshold



Dependence of pion coupling on quark mass

Pion coupling 1s g, F_ . with known behavior

1 . m= '
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Result 1s mostly related to kinematic threshold

Threshold region 1s highly rehable:
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Numeriecal results (¢;=-3.6) :

Chiral limit: G, =-427+£26 ~———
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Dependence of binding energy on pion mass

Recall: Large scalar contribution

— —| ].‘_)..L] — __11.__; }f,-’l,_‘. = 5 ’{}l_ —

)17, + residual terms

B.E. 97 57
A A3

Cancellation amplifies relative effect:

BE. me — )
203Pp- - —8 +12.2—— PhT Mel
; m?> :

ph

In general:

‘} .'}

m, — m,; )
- Z NeV

Total BE. = B(A)+ (14.1A —11.34%/3) .
my,
~ B(A) + (24A — 1.8A4*°)(m — my)
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In a picture:

Note: Thibault Damour also produced a verv nice treatment of
nuclear matter in a Walecka model that provided an excellent
understanding of the nuclear phvsics dependence of this calculation.
[t confirms the dominance of this particular coupling and savs that
=offye sub-dominant couplings enhance this effect. Pege ssiog



Dependence of binding energy on pion mass
Recall: Large scalar contribution

B.E. o7 _ 57
= —(120 — in, + (60 — J'__; )1, + residual terms

__1 __ll. 3

Cancellation amplifies relative effect:

B.E. m-= —m>, )
208Ph- — = [-8+122 g Z | MeV
‘ A M,

In general:
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In a picture:

Note: Thibault Damour also produced a verv nice treatment of
nuclear matter in a Walecka model that provided an excellent
understanding of the nuclear phvsics dependence of this calculation.
[t confirms the dominance of this particular coupling and savs that
=offye sub-dominant couplings enhance this effect. Pege sTa8
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Comment on strange quark dependence:

-no evidence that m_ plavs significant role in nuclear binding

-maybe shift in A

~dispersive threshold 1s far away

grel L i 2 o= dp 9
Sy —— § — psv(p”)
wJ(2mz3mz) U

]
/
/

becomes 2m;-~ 1 GeV
- dependence on mass gets weaker as the mass increases

But since constramnt is really on A(m Agop)
- there will be indirect etfect from dependence of A
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In a picture:

-‘% !(_-;f_];_' ‘2':'%

Note: Thibault Damour also produced a verv nice treatment of
nuclear matter in a Walecka model that provided an excellent
understanding of the nuclear phvsics dependence of this calculation.
[t confirms the dominance of this particular coupling and savs that
=offge sub-dominant couplings enhance this effect. Pege soss
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Comment on strange quark dependence:

-no evidence that m_ plavs significant role in nuclear binding

-maybe shift in A

-dispersive threshold 1s far awav

2 [oc du A
GS.I' e = pS.I'(F’-_)
wJ(2mz3mz;) U
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/

becomes 2m;.~ 1 GeV
- dependence on mass gets weaker as the mass increases

But since constramt is really on A(m/ Agop)
- there will be indirect effect from dependence of A
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Anthropic constraints on quark masses:

Damour
Donoghue

Basic constraint 1s existence of atoms:
Older work wa
Agrawal
Bair
Seckel

A) Changing quark masses can eliminate nuclear binding

B) Summarv of constraints
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In a picture:
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Note: Thibault Damour also produced a verv nice treatment of
nuclear matter in a Walecka model that provided an excellent
understanding of the nuclear phvsics dependence of this calculation.
[t confirms the dominance of this particular coupling and savs that
=offge sub-dominant couplings enhance this effect. Pege saas
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Anthropic constraints on quark masses:

Damour
Donoghue

Basic constraint 1s existence of atoms:
Older work wa
Agrawal
Barr
Seckel

A) Changing quark masses can eliminate nuclear binding

B) Summarv of constraints
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Comment on strange quark dependence:

-no evidence that m_ plavs significant role in nuclear binding
-maybe shift in A

-dispersive threshold is far away

du 3
-—/ —pm(#‘)
3m.n 3mz) U

becomes Zmy - -
- dependence assg eaker as the mass increases

But since constramnt 1s really on A(m Agep)
- there will be indirect effect from dependenne of A\gep
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Nuclear binding onlv occurs for licht quark masses:

a 0.5 | E_5 2

m=

s

Anthropic constraint — existence of atoms

) L TIP3
Py T Flig

.36 += () ]_ 1

(M + Mg )phys

[Tl 4 1123

At93°%% CL— — = < 1.64 or m, +mg < 18 MeV

My + Mg )phys
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Overall constraints:

On the scale of Agp
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Nuclear binding onlv occurs for licht quark masses:

a 0.5 1 -5 2
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Anthropic constraint — existence of atoms
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Anthropic constraints on quark masses:

Damour
Donoghue

Basic constraint 1s existence of atoms:
Older work wi
Agrawal
Barr
Seckel

A) Changing quark masses can eliminate nuclear binding

B) Summarv of constraints

Pirsa: 08070028 Page 71/88



Nuclear binding onlv occurs for licht quark masses:

Ln
'_I.

Anthropic constraint — existence of atoms
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m,, +mgz < 18 MeV
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Second Anthropic constraint:
- atoms do not decav mto neutron world

mp+ Me < My

Here we need to account for E&NM also:

J'.fn"_‘.,.' — .I'HID = Zl)'."-"‘,j — My b= 'L-F_"_'lf

My estimates:

mg —m, — 1.om, = 0.85 MeV
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Overall constraints:

On the scale of Ay
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Oklo constraint — time variation of quark masses

irsa:

l_iilfS;II]. _F_ I]_.___}];S{}fE;IIJL _+;Ef

-0.12eV < A(Q-E.) <009 eV

Very roughly:

- estimate AQ ~n A<V, withn ~1/2

- with previous work. translates to

| Amg|

Irl

< 2 N
q

over a time scale of 1.8 x 10° vrs

|F}Iq|

or

08070028

m,

< 3.6 x 107 sec™"

Shiyalkhter
Damour, Dyson

=1 1s result
of Flambammnm
and Shuryak

if inear
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Aside: Strongest constraint on time variation:

- Assumption — Cosmological constant has not varied by
more than 100% since z—1 (-8 x 107 vrs )
- agreement of CMNIB and supernova data
- non-closure of umverse
- will be refined

A=Ay tmBy+ mq3C :

U+

- Consider only quark mass variation
- onlv first order term linear m the quark mass — rigorous
-;\l JE > 9 .A =
AA = ( = ) e — ( mq) < (112 MeV)*

)
\ ”J‘T ”'-"q

Result:
|I}J,J]

Am, g e 6 1
| Am,| < 1.7x10%® ofr —/< 7x10% sec™

m, m,

Adpg-ariations cause trouble with A — also true for \a ARG



Application to equivalence principle tests:
- our origmal motivation for getting into this topic
- B.E. contribution 1s least understood mgredient

Scalar couplings:

O like mer”

[eadmmg quark mass effect 1s in the masses of nucleons
- reasonablyv well understood

EP tests compare acceleration of different elements
- need to compare BE for different eclements
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Generic scalar models

Coupling to any scalar invariant:
-generallyv suppressed by powers of some heavyv mass

. ; _ | B,(o) [ - |
o — / rf"f‘.:'vf"y; [Lb;{_(}_ R — ZBF{U?F‘ — B, (o)muve + ...

Specific models have predictions for the couplings

Two sample physical consequences:

1) All violate the equivalence principle at some level

2) If é changes 1n time. the coupling constants change
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Differences in acceleration

With massless scalar: i — O o)

Then: (ﬂ) ofa— O
1B

~ ((xq — ) QE
ady +Aapg

But if all energies proportional to A\ p. then @, umversal
- need to know contributions of quark masses and EM

Example — runawayv dilaton (1gnoring quark masses)

(Aa RGN ___E_):-

el A 4 Bl o — — e — f - - v 1/3
(7)o =25 1070 |(37) . — (37) ] E=Z(Z—-1)/(N +Z)
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What is missing?

Reasonable understanding of:
-Quark mass effects on nucleons:
-EM effects on nucleons

-EM m nuclear binding

m, = my+ bym, +bymy+ Cha

m, = my+bym, +b,m;+C,o

m(Atom) = Zm, + Nm, + Zm. + E3 + E;

s x
QCD EM
Missing:
-Quark mass efifects on nuclear binding AR R

OE,
om
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The dependence on Nuclear number:

10d g = =
Pair interactions depend on near neichbors: 7 22 e
5 - i 2 ;.._ = I 'SE-'t:mr
-nuclear density nearlyv constant in ivF &R ;MW
central region r— A3 Ewl Y2k ¢ B
-central interactions = ~r’~A == of nucleons L == =

power of denmity

-surface mteraction correction — r— A-=°

BE.~a(A—-b A

; Eﬂﬂpb Emtqr
(like semi-empirical mass formula) $eF gf Smam
=r olas Pt
-:i_ 1ot : SO ;_.w-:sr
fits give b1 E o L dn i ;
predicts nuclear matter limit to 6%o | =5

power of density
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Qualitative conclusion:
- B.E. differences not large in EP tests
- reason 1s clear
For most test materials. BE per nucleon 1s roughlv constant
BE contribution then roughlv proportional to mass
quark mass dependence shares this property
then — scalar coupling to BE roughly proportional to mass

- details to be forthcoming
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Summary

Reasonable control over the kev ingredient in nuclear binding

Quark mass dependence comes from region where the
calculation 1s the most reliable

Reasons for strong dependence are well understood

Applications to: i :/ ________
Anthropics

Equivalence Principle .

+++++
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The dependence on Nuclear number:

Pair interactions depend on near neighbors: =7 22 ———
-nuclear density nearly constant in ivF &R g;mm
central region r— A3 Sl Y2 B

—central interactions # ~rP~A =# of nucleons .-L - » . T
-surface mteraction correction ~ r>— A-=3 e
B.E.~a(A-b A%
109 ¢
- . ik . | F =P s
(like semi-empirical mass formula) $=F gf Omms
..ff_ 1ol E SO éw_mr

fits give b1 AL PO
predicts nuclear matter limit to 6% B T

power af density
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. - » - ‘}
What is missing?

Reasonable understanding of:
-Quark mass effects on nucleons:
-ENM effects on nucleons

-EM mn nuclear binding

m, = mar+tbm, +bm,;+C.o
| 1'| i i f il I

m. = mat+tbm, +tbmy+C.o
] ". T T /| il I

m(Atom) = Zm, + Nm, + Zm. + E5 + E;
+ox
QCD EM

Missing:
-Quark mass effects onnuclear bnding ¢ _p . £

OF;
om
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—> Need to understand



Overall constraints:

My, - @

On the scale of Agp
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Comment on strange quark dependence:

-no evidence that m_ plavs significant role in nuclear binding
-maybe shift in A

-dispersive threshold is far away
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Dependence of binding energy on pion mass

Recall: Large scalar contribution

IE }n,. + residual terms

L SR R
—— = —(120 — Iin, + (67 —
1 | 3O

¥ J
.’

Cancellation amplifies relative effect:

BE. mZ — m>, ,
nwepp:  —— = [-8+122—" PhT MeV

ph

In general:

) )

m_ —m;, y
s 2 NMeV

Total BE. = B(A)+ (14.14 —11.3A4%3)

me,

~ B(A)+ (24A — 1.8A%3)(m — 1)
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