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[_LAMB SHIFT

 Prediction of Lamb shift (2P-2S transition) is one of the
first triumphs of QED, along with the g-2 factor.

- Lamb shift is due to 1-loop quantum effects.

- Two dominant, pulling contributions are:
vacuum polarization and vertex correction.

Vacuum polarization Electron mass renormalization Anomalous magnetic moment

Figure 5.3 Some loop diagrams contributing to the Lamb shift.
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CHARGE RADIUS OF PROTON

* Proton as a composite particle has an electric
charge distribution over its volume, thus the
concept of the charge radius (in fm)

P — <I'1%>

* Finite size effect (a simple one)

0 Epg = /dSMVFS(r)(b2(r) ~ ng(O)/dST(SVFS(r)

— ¢°(0) /dgrvz[(SVFs(r)]TQ = #°(0 /d3T47TOé,0(I‘)"“2

0] o)
SLPET >/d3w2p<r> = % 2 (0) )
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PROTON SIZE FROM e-p SYSTEM

* Reqgular hydrogen spectroscopy (Lamb shift) gives

iy = Weinlele) == UHEI0IE0) itno CODATA 2008
» Unpolarized e-p scattering gives
g — LS o (OLOTE i Mainz 2010
» Polarized e-p scattering gives
7y = W78 == 0010 i Jlab 2008

» All are consistent with one another, triumph of QED!



LAMB SHIFT IN p-H

» Lamb shift (between 251,2F=1 and 2Pz, =2) in the muonic
atom is more sensitive to the charge radius (~200 times

smaller atom)

AE = 209.9779(49) — 5.2262r2 + 0.0347r> meV

» Expected Lamb shift
AE = 205.984 -

- PSI measuremgnt
AFEexn = 206.2949 -

»

50 deviation!

\

f

terms from finite-size effect
i 0.063 meV

prediction error dominates

- 0.0032 meV Pohl et al, 2010

5(AE) = 0.311 + 0.063 meV

- 0.00067 fm

rp = 0.84184 -

\

more precise than H by one order
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NEW PHYSICS POSSIBILITY

fine structure ‘

8.4 meV

| essons learned: 2Py F=2
2P, , F=1
 Energy gap between 2S1,,F=! and =% Pohletal 2010
2P32F=2 larger than expected
206 meV .
- All known SM effects considered and {11 | = Lamb shift

multiple-checked, still too small to
account for difference Jentschura 2010

Finite size
effect:

» Possibly a new spin-dependent 37 meV
interaction that shifts the hyperfine *-:
splittings, faking Lamb shift
w can be checked by measuring HFS in the juH system

» Possibly an additional spin-independent, attractive force
that lowers 2S state relative to 2P state

See Paz's and McKeen's talks for SM/NP explanations
6

from 2nd & 3rd
terms; less than
expectation

F=1

23 meV <—l hyperfine splitting ‘

F=0




MUON ALWAYS IN TROUBLE?

 Who ordered muon?
Lamb Shift in pH

(9-2),
Anomalous 2+—=pu+u- events

FBA of differential B2K 'u+u-

Dimuon asymmetry in semileptonic
b-hadron decays

Pohl et al, 2010

BNL 2004

HyperCP 2005

BABAR 2008
Belle 2009
CDEYEis

DO 2010



NEW PHYSICS ASSUMPTIONS

* New attractive muon-nucleon interaction
» Mediated by spin-0, -1, or -2 boson

» Coupling only to muon among leptons

» Applicability of perturbation

» Spin-independent

» Flavor-conserving

* |[sospin-conserving



NEW POTENTIAL

 Potential and energy shift
e—mxr CsavaTcsavaT
I3 n

AV (7)) = =058 et with o, = ¥
=

2%

~

S(AE) = am, —2™r—195% CL bound
2 (142

with minimum sitting at the
characteristic scale
am, ~ 0.7 MeV

1074 -

3
\
N

3

1072

» Perturbativity requires

mX < ]_O Gev 10_6().1 0‘.5 1‘.0 5‘.0 16.0 50‘.0 106.0
m, (MeV)




X-RAY IN MUONIC ATOMS

» Corrections to muonic 3D5/2 — 2P3/5 transition in 24Mg
and 28Si atoms due to new interaction induced energy shift
relative to QED expectation

& o 20, A

s 507 9£(2) — 45 03) 95% Clt el

e (02 = = 31) : 10_6 (eXp) 0.001

Beltrami et al 1986

with g
. X _ 94 x 07
f(5) = 1+ jmy/(2aZm,)] s
 Two possible mass ranges:

~ 0.5-1 MeV and > 30 MeV.

| | | | | |
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NEUTRON-LEAD SCATTERING

* Precise n-298Ppb scattering experiments in keV regime
performed to study electric polarizability of neutron.

- Goal: to measure interference between nuclear potential
and r—+ potential induced by electric polarizability.

» Also probe following potential (-: scalar/tensor, +: vector):

T A (CS’V’T)Q i

Admr

* Measure diff. cross section in partial wave expansion
dier L ely
dQ  4m
v 0o/4m ~ 10 fm and w = (1.91 +0.42) - 1073 !

Aleksandrov and Samosvat 966

(1 +wkE cosb)




NEUTRON-LEAD SCATTERING

» Strong and new physics contribution w = ws + Aw
_ 16 (G2 VA
m;l( 47 \/0'0/47'(
under Born approximation (not valid for m, < 0.1 MeV)

« Possible cancellation between ws and Aw for scalar/tensor
to produce experimental result
- arpitrary coupling allowed

NG E=1=

* Not the case for vector

m conservative 95% CL (one-sided) upper limit obtained
by requiring that Aw = 2.6x10-3 keV



NEUTRON-LEAD SCATTERING

« Total cross section measured between 10 eV and 10 keV
employed for scalar/tensor:

G0, gy k- Ok

k~22x107*VEA/(A+1)
with k in fm-1 and E in eV.

. M Schmiedmayer et al 1991 o
easurement Leeb and Schmiedmayer 1992

oo = 12.40 & 0.02 barn )
oo = —448 + 3 barn - fm?

gives almost identical 95% CL
limit on C>'!" as vector case

| | | |
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MUON g-2

» Correction to muon g-2 due to scalar/vector is

C«S,V2 1 22_ 3
Aa,u:('u ) / 2 L BQZ‘ X
r? + (

872 mi/mi)(l — )

where 3 = 1 (scalar), 2 (vector).

» Formula for tensor case is slightly
more complicated.  Graesser 1999

Experi [ -
Xperimentally, 3 G
= 5K
DGl = a, a,

— (20 =) s 1l
Jegerlehner and Nyffeler 2009
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COMBINED CONSTRAINTS

» Combining (i) n-298Pp scattering and (i) muon g-2,
one obtains 95% CL upper bounds on a,/a

Vector
— — — Scalar
000l - ====== l1ensSor

@, /a

107>

10—6 | | |
0.1 05 1.0 50 10.0 50.0 100.0

m, (MeV)
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COMBINED CONSTRAINTS

» Putting everything up to now together,

>0 MeV for vector

Vector
— — — Scalar
000l - ====== l1ensSor

scalar marginally

@, /a

allowed, =70 MeV

1072

, tensor out of the game

<4
/ | |

1076

0.1 0. 1.0 50 100 50.0 106.0
. m, (MeV
this range ruled out x )
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UPSILON DECAY

- Conservatively assume Y — x coupling to be C%.
- Higgs-like = O(my/m,)C>
. universal = O(C?®)

g ) G
BEF(YT — putup~)  4rna 05 )
- Non-observation of T — vy ,x — u" ™ gives  BaBar 2009
S 3 S
C>” <(0.94—-9.4)-10 = C; > 0(1)
at 90% CL.

 Exclude scalar x with mass between 2my, and 9.3 GeV.




J/p DECAY

- Conservatively assume J/1 — x coupling to be C?~, as in
the case of Upsilon decay.

Y (G (1 mi) |

BF (Y — ptu—) A

* 90% CL upper limit on ¥ — vx with x decaying invisibly
(for region of my = 2my) CLEO 2010; PDG 2010

C> <0029 = C;>34x107°
with the latter excluded by a,.

) 2
W)

 Scalars are completely out now.



UPSILON DECAY

* For vector X, non-universality expected in leptonic Upsilon
decays for the model:
e [ — 1005 == 0 0l5== 0228 Ea)

BaBar 2010;
= 0.992 (SM) Van Royen and Weisskopf 967

 Multiplicative correction due to x
: SOOI 7

o)) -G

(+: destructive, —: constructive interference) puts a
conservative constraint (corresponding to + sign)

"X <88x107% = m, <230 MeV
@7
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PION DECAY

* For vector ¥,

BF(n” = vx) = (3.3 —1.9) x 107>  NOMAD 1998

0O i, = (U — 1240 Wle

3 —3/2
= (O A (1 X)

2
o=

 The corresponding values of C,V conflicts with the a, data,
leaving only the range 120 to 230 MeV viable.
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INVISIBLE ETA DECAY

» For vector ¥, s

B — xx) < 1.65 x 10~°  BES 112006 -
BF(n — vy)

S ()05

d-K'K

FIG. 1: Schematic of J/i» — ¢n or ¢n'. The ¢, which is
reconstructed in KTK ~ final states, can be used to tag the
invisible decay of the n and 7’.

* This again is excluded by a, for my between 120 MeV and
mn/2 =~ 274 MeV.

» Even the vector case is out of the question!
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SUMMARY

« Considered new spin-independent, flavor- and isospin-
conserving, yet lepton-non-universal interactions.

- Studied mediation of spin-0, -1, and -2 particles.
» Assumed minimal hadronic couplings to nucleons.
» Checked various low-energy experimental constraints.

 Proton radius anomaly is resistant to simple new physics
explanations, which presents a major challenge to current
theory and deepens the mystery.

)
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