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pp Fusion

Low energy electroweak interactions
in light nuclear systems (d, *H, *He)

take part in many scenarios such as

Big Bang nucleosynthesis and

evolution of the Sun ) !

The energy generated in the Sun T | -

comes from an exothermic set of e
reactions, pp chain:
4p — *He + 2e™* + 2v,.
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The leading reaction (~99%) is pp fusion: p+p > d +e* + v,
This reaction is the slowest reaction in the whole chain (7 ~ 109
years) and therefore it determines the Sun’s lifetime.
Measurement of its cross section is impossible, so it must be

calculated from the fundamental theory of physics.



Effective Field Theory

* The fundamental theory is Quantum
Chromo-Dynamics (QCD), non-perturbative
in the low energy regime.

* Simple theory for describing a few-nucleon
system at low energies exists - Effective Field

Theory.

* For low energies (q < A¢ye = my),pion can be
integrate out and only nucleons are left as
effective degrees of freedom.

¢ QCD — EFT(f)

q
* Leffective = 0(1) + 0 (A 7
—— cut
LO ~ v

r
,—

)+...+

—

NLO
» Calculation of (u=y), (uze) in EFT(7) as well

as a prediction for pp fusion rate.
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Electroweak interaction in EFT(}’f)

EM Weak
1-body LEC Kn, Kp 9ga
1-body operator g,01° 7,017,
2-body operator Lis'd, L,d"d Lisstd
A=2,q~ 0 obs. G (Ha) A
A =3,q = 0obs. (U3m), (U3He) H B decay

There are four well measured EM obs. and two unknown Z—body LECs

A successtul prediction of EM in EFT (Zl‘ ) will indicate its ability to predict

Apy.

For the first time we use A = 3 EM obs. to fix Ly, L, and to predict A = 2

obs.

Same the weak interaction: use 3H f decay to predict Ay,



Numerical Results

EM:
(u3g) (Uzge) Onp
LO, Z, 3.1 2.4 298.2 0.8798 from A=2
Full NLO | 2.980 -2.127 338.8 0.8592 LECs was calibrated
FullNLO, 5 93 | 5150 3478 0.8547 from A=3
Zg
A Zd 2% 1% 3% 1% Zd = }J + ytpt'l'(ytpt)z
Expdata | 29789 |-2.12762| 3342405 | 0.8574 O NLO N°LO
Zd = 1 +Zd_1+ O +...
A Exp <1% | <1% < 4% < 0.3% % No ~ho
Weak:

We compare to Marcucci et

al, pure Coulomb ¥EFT SXEFT (35, pure Coulomb) | 4.02 £ 0.01- 10723MeV - fm?
S-calculation, with the same e - 5
3H decay rate & g4 values Spp 7 (0) 3.90 - 10™"MeV - fm
and the same (F) value. SggT(’{) (0),Z,4 416 - 10723MeV - fm?

H. D and D. Gazit. In preparation, . H-W. GrieBhamme 2004 , L.E. Marcucci et al 2013



Summery

* EFT(jt) consistently predict A = 2,3 EM q = 0 observables up to
NLO with 0(1%) accuaracy

* We determine the PP fusion rate with reliable uncertainty

estimate.

e QOur prediction:

SZ?;T(}{) (O)gA=1.2695 4.02 itheo(range) 0.14 igA(lo') 0.07 iSH(la) 0.04 - 10~23MeV - fm2

SEFT(;()

BT (0)g, 21275 416 Teneo(range) 0-14 Hg,(15) 0.07 F3py14) 0.04 - 10723MeV - fm?

* Better determination of g, and 3H halt-life are needed to

reduce the error-bar.

* N’LO can reduce the theoretical uncertainty significantly, to
less then 1%.



