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PRECISION SEARCHES FOR NEW PHYSICS
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NOW: from Puzzle to Precision



Chapter 1

Sum rules

(2003 — ...)




Kramers-Kronig type of relations
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4. Hendrik Kramers (Leiden, 1919)

4. Luigi Puccianti (Pisa, 1898)

5. Nicolaas van Kampen (Leiden, 1952)

5. Enrico Fermi (Pisa, 1922)

6. John Tjon (Utrecht, 1964)

7. Vladimir Pascalutsa (Utrecht, 1998)

6. Tsung-Dao Lee (Chicago, 1946)

7. Carl-Edwin Carlson (Columbia, 1968)
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From Carl’s talk:

Re v?

e \Work Into

Res H,(v, Q%) . _
Hl(I/, Q2) = el +1J Im I{ZI(V’Q )dy/Z + 1 J HI(V’Q )

2 1,2
Uel v T

v — 12 Tl

 Dropthe |v| = oo term. O.K. if H, falls at high v.

 Can view as standard or as dramatic assumption.

From Volodymir’s talk:

In these cases the dispersion relation 9
o fro 2 2

for T, must be modified as follows: TrL(v,Q%) —Tp(00,Q%) = - /

[Sugawara and Kanazawa, PhysRev (1961)] v

P
Oodl/l 1/2 U’J(VlaQ )
v'2 — 12
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Bernabeu-Tarrach and a sum rule
for the subtraction function

[arXiv:2305.08814]

Op1 —

Oéem”f2 1 > dv [UL(Va Q2)
/

AM3 272 Q? ]QMO

/ [Bernabéu and Tarrach, PLB (1975)]

2 is the anomalous magnetic moment of the nucleon.

 The sum rules are invalid only if the integral diverges!
“Fixed-poles” is a conspiracy theory




Pion-production channel contribution
to BT and Baldin sum rules

Saturation of the sum rule integral

IgT (A) o

Igalgin(A) =

JMAID source apq [X 1074 fm3]

peldin I+ (MAID) 5.4
extrapolated =7

Kappa term 0.5
resonances* 0.5-1*

total 8-8.5*
(w/0 Regge region)

[PDG] 11.2+0.4

04 06 08 1.0 12 14
A [GeV] *Current.ly,.we have no-parametrization
of the existing data, which has a stable
behavior within the limit Q% - 0

We need to develop parametrizations of inclusive longitudinal cross-section
(akin to Bosted-Christy) with good low-Q_ limit!




Chapter 2

Effective Field Theory

(2001 — ...)




Chiral EFT (yEFT)

Steven Weinberg, Phenomenological Lagrangians, Physica A (1979)
Origin of EFTs

‘Chiral’ and ‘Perturbative’ go together:
pions are Goldstone bosons of spontaneous Chiral Sym. Breaking,
interaction goes with powers of energy, vanishes at E=0
perturbative expansion in energy and pion mass (but not a series expansion!)

p* i iz,

or

47 fr A o Amfr

Most general Lagrangian (allowed by symmetries), hence infinitely many constants (LECs)
parametrising the short-range physics.

Predictive, provided: Hierarchy of scales and Naturalness




Baryon yPT

yPT + Nucleons + Delta(1232)

Jenkins & Manohar PLB (1991)

Hemmert, Holstein & Kambor JPhys G (1998)
E (GeV) 1 VP & Phillips PRC (2003)

[} A (1232) M1/E2

Total cross section( pb )

The 1st nucleon excitation — Delta(1232) is within reach of

chiral perturbation theory (293 MeV excitation energy is a
light scale)

Include into the chiral effective Lagrangian as explicit dof

Power-counting for Delta contributions (SSE or delta-
counting”) depends on what chiral order is assigned to the
excitation scale.

—> McGovern




ByPT of (Real) Compton scattering on the nucleon

S NI U

(4)

£ — L My =938.3 MeV, fic = 197 MeV.-fm

ga = 1.267, fr =92.4 MeV, m, = 139 MeV, m,o = 136 MeV, &, = 1.79

rage

Mu = 1232 MeV, hy = 2.85, gy = 2.97, g = —1.0

a0, fo = Tigm size of the red blob

8 10 12 14 16
o (10 *nr)

Lensky & VP, EPJC (2010)
Lensky, McGovern & VP, EPJC (2015)




do/dQLAB (nb/sr)

Unpolarized cross sections

1

N
o o

—
o

10—

PRI BT
100

v (MeV)

P
150

om. (ND/sr)

do/dQ

25

20

15

10

25

20

15

10

30

20

10

S I I I Sy

59 MeV 3 5 F-89 MeV E
N ~ -3
=, — 20:"-.\. 3
ey 1 £ N ]
N 1 C '-.\\ ]
— e N ~
n 1 1 B ,
— v ] 10__ N _
Coovv v b v 0T Covvv v v v a0
[T T T T T T T T[T T T 1T 17T T] L I O O I
- 99 MeV 1 o5 F-108 MeV B
- - C Vs
= 20 A
- s J B D .
— — 15 —
— — 10| —
:I |: 1 1:
1 ] CT T_]
2 EPIAE :
3 Epys .
— — 15 —
— — 10 —
__1 NN E N A AN AN N A AN A A 1__ 5__1 L1 1__
L L L B CT T T T =
135 MeV 1 39 [ 149 MeV ]
= 420 -
- 101 =

| S I N N Sy |

ec_m_ (deg)

ec_m_ (deq)

Data points:
MAMI/TAPS
(2001)

SAL (1993)
lllinois (1991)

Curves:
.............. Klein-Nishina

Born + WZW

+ p-qube

Total NNLO

Lensky & V.P. ,EPJC (2010)
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Proton polarizabilities
Dream of BT sum rule

~, —— NNLO ByPT

B (104 fmd)

EY = 149 MeV

90 180
O;m. (de9)

Barn = (1.9 £0.5) x 107* fm® [PDG]
Bar1 = (4.0 £ 0.7) x 10~*fm® [BChPT@NNLO)]

Lensky,
Pascalutsa (2010)

HBChPT

Griesshammer,
McGovern,

Phillips (2013) —> McGovern, Mornacci, Howell, Pedroni




(Straightforward) Extensions to

Virtual Compton scattering (VCS)

Lensky, VP & Vanderhaeghen, EPJC (2017)
— Sparveris

Forward doubly-virtual-CS (VVCS)
Lensky, Alarcon & VP, PRC (2014)
Alarcon, Hagelstein, Lensky & VP, PRD (2020)

—— Vanderhaeghen, Deur, Slifer, J-P Chen

JLab/Hall A data W

4 4 g2p Data
-+ Hall B Model |]
-+ MAID Model
—— Alarcon et al.
— Bernard et al.

’ 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Q* (GeV?)

__Ruth et al, Nat. Phys. (2022) ~

Two-photon exchange in the Lamb shift and hfs

Alarcon, Lensky & VP, EPJC (2014)
Hagelstein & VP, PoS CD15 (2016)
Hagelstein, PhD thesis (2017)
Hagelstein et al., arXiv (May 17, 2023)

— Hagelstein




PROTON “STRECHINESS” ?

Electric dipole polarizability extracted from virtual Compton scattering differs from
theoretical expectation

10 ¢

va e snen

— NRQCM

— - LSM

— - ELM
BChPT

- - DR

— Experimental fit

® This work

R T —

" —
" a —,

NewScie

Judith McGovel
most people took [t
really seriously, | thin
that it would go awa
quite honest, I t a
people will still assume that it
will go away.”

skeptical as a theorist that this thing
is going to stay.”
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Chapter 3

Lattice QCD

(2005 — ...)

— Alexandrou, Orginos, Constantinou, Frank Lee, Xu Feng




The end

Thank you !

(Now)




One more remark on Carl’s talk

(Now or Saturday?)




From Carl’s talk:

* Plot from Antognini, Hagelstein, Pascalutsa (2022),
similar one in Hagelstein, Pascalutsa, Lensky (2022),

T T T T T T T T T T T T T T T T T T T T T T T T | T T T T

Dispersion relation
Tomalak 2019 ? . = -

Carlson et al. 2008 | ° | —
Faustov et al. 2006 |- b . i —

ByPTLO
Hagelstein & Pascalutsa 2016 [~ = . : .
PR | ! P TS ST T SN IS SR ST SN N S S S PR SRR R N S S S |

-1 00' 0 | 100 200 300 400 500 600 |
Apol (uH) (ppm)

« Numbers explicit, Apq| (Tomalak) = 364(89) ppm
Ap0| (H&P) = 29(90) ppm
Difference = 322 ppm

* Bad: polarizability corrections calculated in different ways do not agree.

e (Happens that different authors results for total HFS are in decent
agreement, because Zemach terms also different. That "agreement”
seems like luck. Want individual pieces to agree.)
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Best constraint for hfs in uH

Antognini, Hagelstein & VP, Ann. Rev. Nucl. Part. 72 (2022)[arXiv:2205.10076]

EZP (H) = Ep(H) [bis(H) Az(H) + ¢5(H) Ao (H)] = —54.900(71) kHz.

The coefficients b and c are well-known in both hydrogens.

The non-recoil O(a”) effects have simple scaling
AGH)  AuH)

= , iZZ, ol.
() m,(uH) P
Hence,
Ep (w22, (uH) by (L)
nZS+I?IOPl‘S (LWH) = r(uH) 72, (uH) b,s(H) EZH0 (g

2 B (ED) 1, (EL) by (ED) 15158

Er(uH bys(WH
_ Fig )Apol(/LH) [CIS(H) be(?H)) —CnS(MH)]

- 7

—=—6x10"° for n=1
——5x107? for n=2

The effect in muonic hydrogen is expressed through the effect in H !

23
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Projected Experiment

this work -
Disp. Rel.
Tomalak '18 —e—
HBxPT
Peset et al. '17 1 I *
BxPT
Hagelstein et al. '16 .
182.60 182.64 182.68
Enrs (1S, uH) [meV]
3 —
13S, (F=1)
AEHFS ~ 0.183
eV
1 —
, 115, (F=0)

Experiment
CREMA '13 A

this work 1

Disp. Rel.

Tomalak '18
Carlson et al. '11 -

HBxPT

Peset et al. '17 -
BxPT

Hagelstein et al. '16 -

Enrs (25, uH) [meV]

2P fine splitting

21:)3/2

\ F=2

F=1
F=1
F=0

Vlriplcl

Lamb
shift

Vsinglet

281,
2S hyperfine splitting

F=

Vladimir Pascalutsa — Low-Q CD — LowQ2023 — May 15—21, 2023 ‘
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Backup slides




POLARIZABILITY EFFECT IN THE HFS

Bpol = 27T(1a—7|—n/<:)M A1+ A
M=z [ ((ifffjg 1(Q) + FE(QY)] - "o : JRREEES
: { (v + V1+22r~1)(1 i V142277 1)(1+ v) [4 1T V1 i 2T i 1] }>
Ay = 96M? /OOO Z—g Oxo dz g2 (2, Q) {Ul n \/11+ o 1+ 1}

Polarizability effect on the HFS is completely constrained by empirical information

ChPT calculation puts the reliability of dispersive calculations (and ChPT) to the test ?!

Tension between the BChPT prediction and data-driven dispersive results:

Disp. Rel. Disp. Rel.
Tomalak '19 L o i Tomalak '19
Carlson et al. '08 L . i Carlson et al. '08
Faustov et al. '06 - L ° i Faustov et al. '06 -
BxPT LO BxPT LO
Hagelstein et al. '16 - I o i Hagelstein et al. '16
' _100 0 100 200 300 400 500 600 -1 0 1 2 3
Apo| ([JH) [ppm] ApoI(H) [ppm]
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ZEMACH RADIUS

Ay =

Smaller polarizability results in

8Zam,

T

—1| =-2Zam, Ry

Q° 1

/°° d@ [GE(Q2)GM(Q2)

Table 2 Determinations of the proton Zemach radius rz,, in units of fm.

+ K

ep scattering pH 25 hfs H 1S hfs
Lin et al. (26) | Borah et al. (91) | Antognini et al. (2) | BxPT (62) | Volotka et al. (92) | BxPT (62)
1.05470-993 1.0227(107) 1.082(37) 1.041(31) 1.045(16) 1.012(14)
1.15 ——— | . ——
I /,/"/ ] @i Linetal. 2021
1 10L 1 3 Borahetal.2020
- . 2 ] CREMA 2013
_ : 77 A { & Distleretal. 2011
E 105 B /,xl;i; 1 --- Dipole form factor
s FT $ 1 @ Kelly 2004
= i { | A Bradford et al. 2006
ool HASHES+BYPT 1 m Arrington et al. 2007
- {1 @ Arrington & Sick 2007
095+ | S S
0.84 0.86 0.88 0.90
rp (fm)
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MAMI vs HIGS - proton polarizabilities

Phys.Rev.Lett. 128 (2022)

ap=11.0+1.2+0.1£0.3 ap=13.8+1.2+0.1%0.3 Theory analyses:
Pu=3.2F1.2+0.1+0.3 pu=0.2%1.2+0.1+0.3 BChPT
Lensky,

Pascalutsa (2010)

' ' X ' HBChPT
@ .
<, \éb Griesshammer,
4?» 4’ McGovern,
6 | % A Phillips (2013)
. PDG ’14 values:
o
f 4T - ae = (11.2 £ 0.2) x 10 fm3
o
— Bm = (2.5 % 0.4) x 104 fm3
a
~_ 2 r -
=
(as X
o} -
-2 I ] ] ]
6 8 10 12 14 16
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INTERPLAY AND IMPACTS

I

L G0, G,(0Y

| Fi(x, 0%). Fy(x, 0?)
| g (x, QZ) 8 (x, Qz)

isotope shift
H-D(S - 2S)

|| 1 (25 — 2P)

§=1x107

S=4x101

HD*

S(rot) = 1 x 1071
S(rot — vib) = 3 x 10712

Penning trap
programs

H (1S - 35)
5=1x10"12

He* (1S — 25)
5=5x10"12

HD*

S(rot) = 5 x 1071
_> S(rot — vib) =

2x 1071

Bound-electron g-factor

s=4x10"1

Best test of
H-energy levels

Best test of
higher-order

terms « Z°-'

Best test of a

3-body molecule

Best test of

bound g-factors

From: Antognini, Hagelstein & VP, Ann. Rev. Nucl. Part. 72 (2022)[arXiv:2205.10076]

+@®
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H >

e-p scattering

-

H spectroscopy

Electron-proton scattering

n
Up spectroscopy

+ Hydrogen spectroscopy

——e—— CODATA (2010)

} Muonic hydrogen spectroscopy

' T J T ' T ' T v T v T ' T ' T
083 084 08 086 087 088 089 090 0.91

Root-mean-square proton charge radius (femtometers)
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Summary of proton and deuteron radii

H,

e-p scattering

CODATA

'18

'14 A

10 A

Muonic atoms

Lensky et al. '22 (uD+is0) -
Antognini et al. '13 (uH) -
Pohl et al. '10 (uH)

H spectroscopy
H(2S-8D) Colorado '21 -
H(1S-3S) Garching '20 -

H(2S-2P) Toronto '19
H(1S-3S) Paris '18
H(2S5-4P) Garching '17 1
H pre '14 (CODATA) -

ep scattering

Xiong et al. '19 (PRad) -
Horbatsch et al. '17 -
Higinbotham et al. '16 -
Lee et al. '15 A

Sick '12 A

Bernauer et al. '10 (MAMI) 1

Lin et al. '21 4
Alarcon et al. '18 A
Lorenz et al. '14 -
Belushkin et al. '07 -

™
——
i
M
'
|
i
e
——i
——
——
——
—
——
b
——
——

Figures from

The Proton Structure in
and out of Muonic
Hydrogen

0.82 0.84 0.86 0.88 0.90 0.92 0.94
rp [fm]

Aldo Antognini,? Franziska Hagelstein,»® and

Vladimir Pascalutsa®

Annu. Rev. Nucl. Part. Sci. 2022. 72:1-31

H spectroscopy

@

w

Up spectroscopy

CODATA
'18
'14 1

ed scattering
Sick & Trautmann '98

uD spectroscopy

N3LO pionless EFT -
Kalinowski '19 -
CREMA '16 -

D 1S-2S & R, (CODATA)
N3LO pionless EFT -

N3LO pionless EFT -
Antognini et al. '13

Pohl et al. '17

2.11

2.12
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Proton radius puzzle: what could it mean ?

AE,. = 206.0336 (15) - 5.2275(10) R:2 + AE,. meV

different | radii

eH theory wrong ?
MH expt. wrong ?

Lamb shift

difference of

= 330 peV
UH theory wrong ? eH expt. wrong ? -> R wrong
: + ' ?
- QED bound state corrections EPCdneHlEWITNE
- hadronic corrections - radiative corrections
- check with different targets - 2y corrections

- low Q2 extrapolation
new physics ?
see PPNP review carlson(2015)
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