Effective theories of the proton:
neutrinos, atoms and dark matter

RICHARD HILL
UK and Fermilab

PIKIO meeting
University of Kentucky

16 September, 2017

many thanks to Susan Gardner, Chris Crawford, Wolfgang Korsch and Michael
Kovash for bringing us together !

thanks to many collaborators and colleagues, especially: |.Arrington, M. Betancourt,
P. Kammel, G.Lee,W. Marciano, A. Meyer, G. Paz, R. Gran, A. Sirlin, M. Solon



Overview

- Motivation

- Example |: Muon Capture and neutrinos

- Example 2: universality in WIMP-nucleon scattering

- Example 3: Proton radius puzzle



Focus on 3 numbers

- ra: determines signal cross section for LBNE

- OyN: universal cross section for next-gen. DD

- re: 50 shift in Rydberg (or something even more interesting)



v cross section / E, (10 cm?/ GeV)

- heutrinos:

must confront large uncertainty in signal process of Ve
appearance at long baseline neutrino experiment
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- dark matter:
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- precision spectroscopy:

Most mundane resolution of the proton radius puzzle:

- change fundamental Rydberg constant by ~5C

- revise inferences from several decades of both electron
scattering and hydrogen spectroscopy

And the neutrino problem is harder (flux, nuclear effects, statistics).
So we need to get this right.

€

p(r) #3 proton charge radius



|. muon capture and neutrino cross sections



Recent neutrino discoveries (neutrino mixing) have set the
stage for yet further discoveries (leptonic CP violation, ...)
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Recent neutrino discoveries (neutrino mixing) have set the
stage for yet further discoveries (leptonic CP violation, ...)

v, CC spectrum at 1300 km, Am3,=2.4e-03 eV *
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Recent neutrino discoveries (neutrino mixing) have set the
stage for yet further discoveries (leptonic CP violation, ...)
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Start with the basic process

Vu><u- o(vn — pp) = | - @ .

poorly known axial-vector form factor

A common ansatz for Fa has been employed for the last ~40 years:

9 —2

ipole q
Fjp 1 (q2) :FA(O) <1— —m2)
A

Inconsistent with QCD.

Typically quoted uncertainties are (too) small (e.g. compared to proton
charge form factor!)

1 dFa

1
=<7 ra = 0.674(9) fm
9



Best source of almost-free neutrons: deuterium

deuteron

v /IJ

n p

Deuterium bubble chamber data

®* SMa

®* SMa

e small statistics, ~3000 events in world data

(-is
(-is

n) nuclear effects

n) experimental uncertainties

EVENTS / 0.1 GeV*

80

0 ' 1 l 2 3
Q? (GeV?)

Fermilab |5-foot deuterium bubble

chamber, PRD 28,436 (1983)

also:

ANL | 2-foot deuterium bubble
chamber, PRD 26,537 (1982)

BNL 7-foot deuterium bubble
chamber, PRD23, 2499 (1981)



* Fa with complete error budget:

[al, as,as, a4] — [230(13), —06(10), —38(25), 23(27)]
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Derived observables: 1) axial radius 1 dFy

r4 = 0.46(22) fm”

* order of magnitude larger uncertainty compared to historical dipole fits

* impacts comparison to other data, e.g. pion electroproduction, muon
capture



Derived observables: 2) neutrino-nucleon quasi elastic cross sections
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Vi -
discriminating nuclear models K
P

x10™°

n

GENIE RFG z-expansion Vn — Mp) p—

—¢— MINERVA Data

—— GENIE RFG dipole
poorly known axial form factor

want to extract nuclear and flux effects
from this comparison: but large
nucleon level form factor uncertainty




muon capture constraints

vd (dipole) [17]
eN — eN’w (dipole) [17]

Z 2%

vC (dipole) [20]

TW+ | : \\\\s\\ + vd (z exp.) [19]

\ # MuCap this work
vt (LHPC [21]
ot . ETMC [22]
lattice QCD <
e, T e CLS [23]
———i \PNDME [24]
| | | | | | | | | | | | | | | | | | |
0.2 0.4 0.6 0.8 1
r4 (fm?)

* potential factor ~3 improvement from next generation muon capture
experiment

RJH, Kammel, Marciano, Sirlin 1708.08462



implications for quasielastic neutrino cross sections

121 _
—~ - Jwith radius constraint: ( hatched:
% I 1 |external radius error 0ra?=20% )
0 1 :— _
= :
= 09~
S I
0.8
i existing error (no external
0.7" radius constraint)

o




gA

test of electron-muon universality

<—— current uncertainty ——»

1.29

1.28

1.27

1.26

muon coupling (current uncertainty)

electron coupling (neutron lifetime)



2. the universal WIMP-nucleon cross section



Mechanisms versus models

Electroweak charged WIMP Mechanism versus WIMP Model

N N

X

Focus on self-conjugate SU(2) triplet. Could be:

- SUSY wino

- Weakly Interacting Stable Pion

- Minimal Dark Matter



Present null results of direct detection and collider
searches may indicate large VWIMP/New Physics mass scale

A
mass spectrum of beyond-
standard model states
mass
myy—-

20



) ) ) /
Present null results of direct detection and collider Zw

searches may indicate large WIMP/New Physics mass scale next-to-lightest BSM

multiplet

mass spectrum of beyond-
standard model states

Mass M

lightest BSM multiplet

mW—_ mW__

00— 0——
lf WIMP mass M >> mw, isolation (M’-M >> mw) becomes generic. Expand in mw/M, mw/(M’-M)

Large WIMP mass regime is a focus of future experiments in direct, indirect and collider probes

20



Five distinct regimes relevant for scattering on nuclear targets

energy/
renormalization new physics

scale (GeV)
80

) EW symmetric “Heavy WIMP effective theory”

Renormalization of composite operators

Nucleon matrix elements

3 ) Heavy quark threshold matching quarks, gluons

Enuclear o
adrons

“SM anatomy” of interactions between weak and hadronic scales
21



Heavy WIMP Effective Theory

® Present null results may point to = TeV
WIMP mass

® This regime has important challenges and
simplifications

Take as basic WIMP: SU(3) x SU(2) x U(I) Spin
| 3 0 S

Many results independent of WIMP spin, and elementary vs.
composite nature of WIMP (e.g. wino, composite scalar, ... )

22



Direct detection

Many manifestations of heavy particle symmetry:
1

- hydrogen/deuterium spectroscopy E,(H) = —§m€(Zoz)2 T ... (MmeZa) < me
- heavy meson B/B* transitions FB%D(U/ _ v) 14 AQCD <K Mp.c
- DM interactions oc(xN — xN) =7 my <K< My
nucleon\. ./nucleon
- WZ,. 5
X X

basic problem in SM physics: scattering of nucleon from
SU(2)xU(I) source

23



Scale separation:  dark sector  SM # params.

d.o.f. dof (beyond mass)
X(-I-,—,O) Q7AZ7WZL7BM 0
M
mw
Mbp, Mc¢
Nqcp
XY Nox 3
M
Xy ", P 2
I Rnuceus
Rnud Xy N |




* the heavy lifting is necessary: large gluon matrix
element, amplitude cancellations

25



Scale separation:  dark sector  SM # params.
d.o.f. dof (beyond mass)

XY Q, An WL B, 0




* the heavy lifting is necessary

O
—

90 100 110 120 130 140
mmn (GeV)
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Benchmarks: large mass, low velocity limit

10_47;- RJH, M. Solon (2014)
8-. 10—48:-
5 | (3,0) of SU2)xU(1)
g 10_49?
.;.; |
° 10~}
(2,1/2) of SU2)xU(1)
107l .. RN AN M

110 115 120 125 130 135
mHiggS(GeV)
- Suppressed versus dimensional estimate (~10-*cm?)

- |/M power corrections under investigation
C.-Y. Chen, RJH, M. Solon, A.Wijangco, to appear
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WIMP—nucleon cross section [cm?]

* the heavy lifting is necessary
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3. the proton radius puzzle



Some facts about the proton radius puzzle

|) It has generated a lot of
attention and controversy

Ehe New ork Eimes

2) The most mundane resolution necessitates:

* >50 shift in fundamental Rydberg constant
* discarding or revising decades of results in
e-p scattering and hydrogen spectroscopy

31
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Some facts about the proton radius puzzle

|) It has generated a lot of
attention and controversy

2) The most mundane resolution necessitates:
* >50 shift in fundamental Rydberg constant
* discarding or revising decades of results in
e-p scattering and hydrogen spectroscopy

% v A
-7
._‘1-7,

This is everybody’s problem (HEP, NPAMO,...):

3) E.g. systematic effects in electron-proton

scattering impact neutrino-nucleus scattering, ' -
at a level large compared to long baseline “Th good news is
precision requirements it’s not my problen

aat
N,
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the puzzle
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Recall hydrogen spectrum:

2
> Re T%
/ > 3\
n n
2 2 _
heRoo = m; Y ~13.6eV proton charge radius

Disentangle 2 unknowns, Rx and rg, using well-measured 1S-2S
hydrogen transition and

electron-based
measurements

muon-based
measurements
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Recall hydrogen spectrum:

2
Re T%
Lo, 2 ' 3
n n
2 2 _
heRy, = 1€ % C13.6eV proton charge radius

Disentangle 2 unknowns, Rx and rg, using well-measured 1S-2S
hydrogen transition and

electron-based | - @another hydrogen interval
measurements | - electron-proton scattering determination of rg

muon-based : :
- 2 muonic hydrogen interval
measurements

33




Recall hydrogen spectrum:

2
Re T%
Lo, 2 ' 3
n n
2 2 _
heRy, = 1€ % C13.6eV proton charge radius

Disentangle 2 unknowns, Rx and rg, using well-measured 1S-2S
hydrogen transition and

electron-based | - @another hydrogen interval
measurements | - electron-proton scattering determination of rg

muon-based : :
- 2 muonic hydrogen interval
measurements

/0 discrepancy between electron-based versus muon-based
measurements

33



muonic hydrogen Lamb shift measurement

measured frequency of
2S-2P transition in muonic H

Pohl et al. (CREMA collaboration), Nature466, 213 (2010)

w EEN Ol (0)) ~
IIII|IIII|IIII|II|II|I

N

Delayed / prompt events (10-4)

—
o—
—_

—

B

;
B

—
[—

1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
49.75 49.8 49.85 49.9 49.95

Laser frequency (THz)

new experimental capabilities: surprises and new insight?
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muonic hydrogen Lamb shift measurement

expectation from measured frequency of
e-p scattering 2S-2P transition in muonic H

Pohl et al. (CREMA collaboration), Nature 466, 213 (2010)

7 ‘

_8F

&+

2 5 expectation from

s ,F| (electronic) hydrogen

"g_ E [

o -

o 3

R

g2p I

= B I DL
1SRN R . |
O_I ! I I I ! I

49.75 49.8 49.85 49.9 49.95
Laser frequency (THz)

new experimental capabilities: surprises and new insight?
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summary of electron- and muon- based measurements

| | | | | | | | | | | | | | |
- 1 285 — QP%
—_— 25 — 2Py
® . 25 — QP%
. ® . 25 — 45%
o ; 25 — 4D
— o : 25 — 4Py
o — 925 — APs
: . : 25— 65, hydrogen
—_———— 25 — 6D spectroscopy
—— 25 — 85,
— 28 —8D3
. 28 —8Ds
- 28 — 12D : :
— o Yo 12D§ Arrington, Sick
° . 1S - 35, 1505.02680
—— Mainz data| |electron-proton
[— —=I o
other world data scattering
it electron combination CODATA
| | | | | | | | | | | | | | | |

proton radius|fm)]
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status of some theory issues
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electron-proton scattering: theory issues

radius is defined as slope of form factor

i) what are the constraints on nonlinearities?

radiative corrections impact radius extraction and can be
large (~30%)

ii) are radiative corrections controlled at the sub percent level?

37



i) what are the constraints on nonlinearities?

recall scattering from extended classical charge distribution:

iz _ (1)
ds} ds} pointlike

for the relativistic, QM, case, define

(1) radius as slope of form factor
i d
<J'u> — ’y'uFl I 9 ot quQ ’I“E — Gd—GE( )
, D q q2=0
Gp=Fi+=F  Gy=F+F

P 38 (up to radiative corrections)



Radius extraction requires data over a Q? range where a simple
Taylor expansion of the form factor is invalid

C 005 data of Bernauer et al. (Al collaboration), PRL 105,242001 (2010)
O | [sensitivity studies based on bounded z expansion fit]
GL) | p— |
%) = "
S o= 0.041
=
(qv]
C
0.03 A
O
0.021 'm
O
O
O
- " - = O O O
0.01 A
O ! | T I T I T T T ]
0 0.2 0.4 0.6 0.8 1

maximum Q? [GeV?]
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Radius extraction requires data over a Q? range where a simple
Taylor expansion of the form factor is invalid

C 005 data of Bernauer et al. (Al collaboration), PRL 105,242001 (2010)
g | [sensitivity studies based on bounded z expansion fit]
o £
v G -
5
(qv]
C
0.03 A
A
O
O
. 0.029 =
size of re .
anomaly | L L R
(hydrogen)| ;-
v O I I I I 1

0 | 0.2 | 0.4 | 0.6 | 0.8 | 1
maximum Q? [GeV?]
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Radius extraction requires data over a Q? range where a simple
Taylor expansion of the form factor is invalid

radius error
[fm]

size of re
anomaly
(hydrogen)

0.05 -

data of Bernauer et al. (Al collaboration), PRL 105,242001 (2010)
[sensitivity studies based on bounded z expansion fit]

0.04 - Cut used for radius extraction
0.03 -
0.02 -
<=
[ |
[ |
= " L B 0 BN
0.01 -
O | I | I | I | I |
0 0.2 0.4 0.6 0.8 1

maximum Q? [GeV?]
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Radius extraction requires data over a Q? range where a simple
Taylor expansion of the form factor is invalid

C 005 ’ data of Bernauer et al. (Al collaboration), PRL 105,242001 (2010)
8 | sensitivity studies based on bounded z expansion fit
- : Y P
SE
u
3 =L 004+ : Cut used for radius extraction
O :
(4¥] :
C :
0.034
A .
.
. 0024 “u
size of rg . om <+
anomaly " m " . . a
(hydrogen)| ¢ ;-
v O I ! I ! I ! I ! 1
0 : 02 0.4 0.6 0.8 1
—_—
convergence radius for maximum QZ [Ge\/Z]

simple Taylor expansion
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That’s ok: underlying QCD tells us that Taylor expansion
of form factor in appropriate variable is convergent

. particle thresholds
experimental

kinematic region

Z(q27tcut7t0) _ \/tcut — q2 T \/tcut — tO |
\/tcut _ q2 =+ \/tcut - tO

coefficients in rapidly
convergent expansion encode
nonperturbative QCD

40



Reanalysis of scattering data reveals strong influence of
shape assumptions

ket electron combination

] ] | ] ] ] I ] ] ] ] I | ] ]

0.8 0.9 1 1.1
proton radius|fm)]

Errors larger, but discrepancy remains ‘

41



Reanalysis of scattering data reveals strong influence of
shape assumptions

| | | | I | | | | I | | ‘)l ] |
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PN 25 —4D
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—_— 25 — 85
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—C—— 25 — 12D
b o 1.5 — 35
[ —=I
——
L 3
. : <
L
| | I | | | | | |
0.8 0.9 1 1.1

proton radius|fm]

Errors larger, but discrepancy remains ‘
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muonic hydrogen spectroscopy: theory issues

muonic atoms more sensitive to radius, but also more
sensitive to other proton structure

electron
proton

— —>
; one-photon exchange — radius “signal”

——————
2 ; two-photon exchange — “background”

ects under control?

- are subleading proton structure ef

42



Optical theorem for two-photon exchange in muonic hydrogen

If a dispersion relation is valid, contribution completely determined by
measurable quantities in electron-proton scattering. But:

1 I /
Wi(v,0) = =2+ O(v?) = —/du’2 mWy (v, 0) >0 1?7

- 2 _ 2
5 /
-~ o U o ImW1 (v, 0)
— Wl(yaQ )_ Wl(on )+ ?/dy/ V’2(V/2 —V2)

/

new hadronic function
43



Model-dependent assumptions on two-photon exchange

| |
25 — 2P,

25 — 2P:
25 — 2Ps

° 25 — 45,

25 — 4Ds

° 25 — 4P,

25 — 4P;

® 25 — 651

' 25 — 6D

25 — 85 _1)_

' 25 — 8D

I 25 — 8D
' 25 — 12D
' 25 —12Ds
* 1S — 35,

[=—_—=l
electron combination
[—— =]
] ] | | | | I ] ] | l

44
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Model-dependent assumptions on two-photon exchange

25 — 2P,

25 — 2P,

28 — 2P;

; 25 — 45,

- 25 — 4Ds

o 25 — 4Py

25 — 4P;

25 — 651

25 — 6Ds

25 — 85’_1;

25 — 8D

. 25 — 8D
|0 times larger 25— 12D,
25 — 12D
error bar?! more!? 15— 38,

I
RJH, Paz, PRL 201 |
electron combination
| | | | | | | | |

44
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from RIH, Paz (2016)
— —

- Y
——i 35
° 36
—o— 2)]3 <+«——] previous chiral PT. estimates
o1
—— 37
o~ 38
° 1] used in original CREMA analysis
At 4] <
: . . Fig. 8 < just NRQED+OPE
- Fig. 11 <
002 o004 o006 008 plus chiral PT. constraint
2 .
A E o (MeV) Birse, McGovern (2012)

* TPE remains dominant uncertainty in mu-H Lamb shift,
rEp, Rydberg (most precise fundamental constant). But not
a solution to proton radius puzzle
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status and prospects
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I I I I 1

I I I
25 — 2P,

CREMA uH 2010 5| p gt 28 — 2P
[ 28 —2P3)
e 28 — 481,
e ] 0§ — 4D55
— ] 28 — 4P1/2
28 — 4P5)
25 — 65 1/2
28 — 6D5/2
—a—i 25 — 851
——i 28 —8D;3)
== 28 — 8D5/2
—a——i 28 —12D5)
——i 28 — 12D,
p——— 1S =381,
- e-p Mainz
== e-p world
b CODATA 2010 electron comb.
CREMA uH 2014 —
- e-p Mainz (z exp.)
—— e-p world (z exp.)
- CODATA 2014 electron comb.
H uD + 1iso.
e H 2S-4P (sensitivity)
L low-Q? e-p (sensitivity)
el

u-p (sensitivity)
IR R R RN I

1.1
% (fim)
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something else!?
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New physics under our noses!

1.00

0.95}

= 0.90

S

—

=~ 0.85

0.80

0.75

0.0 01 02 03 04 05 06 0.7 08 0.9

Qnax [GeV?

1.0

discrepancy with
muonic hydrogen

A new particle would violate the assumed analytic structure, and
generate momentum-dependent effect
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New physics under our noses!

eXper’imentaI paArtiE:Ie thresholds

kinematic region

A new particle would violate the assumed analytic structure, and
generate momentum-dependent effect
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(o - A)

one possibility: X = dark photon

* depending on mass, consistent with req ~ rux < rep

2 2 2

FQ) = - F@)F g

* especially interesting to see new eH results
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10-10)
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1

1

03

107

A VY
p u
JDM\AN\N?MMJSM
i o
e
X Al »J/
p% € -

interesting region for proton
radius puzzle
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summary



® proton radius puzzle, neutrinos, dark matter: important particle,
nuclear, atomic overlap

® impossible not to cross boundaries

® Operator product expansion: Heavy WIMP direct detection <

two-photon effects in Lamb shifts

® Sudakov resummation: Heavy WIMP annihilation < e-p, Vv-N

scattering
® need for precision in current and next generation experiments

® opportunity to develop and exploit modern tools and technology
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Dark matter - Standard Model interactions

1

L = An ODM X OSM
d Fermion d Scalar d Heavy particle
3| L, i, s, {0, oMY 2| lof 31 X[l {o"}x
41 {1, ivs, Vst Y, otV ]i02e 3 | {¢"i0 ¢} 4| xo[{1}, o/7]i07 _xo
d QCD operator basis
3 Vi =t

A = a7 54

" complete

4 T = 1mgqotvsq .
QCD basis

Oéo) — mqqq7 O(O) — GA GA,LW
Oég) = MyqiY5q , O( ) — ehvpoGA A fOI" d S 7

puv = po
O((f)w _ %cj (’y{“iDi} B ﬂup > q. 0(2);w GA,MGAV pv (Géﬁ>2

O = Lay(niD" ysq
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Renormalization and matching (sample):

1 y
L0 = m—gqbvqﬁv{ Y [cﬁ?d + 200,02 | + 0P + ¢Pv,v,08" } +...
W

q

mqqq -G, GAW

focus on spin-0 (evaluate spin-2 at weak scale)

Renormalization group evolution from weak scale to hadronic scales, with
perturbative corrections at heavy quark mass thresholds

i) = Mij(1Q)c; (1Q)
( Mqyq ng\
M(pq) = o

? MqQ ng
\ng e ng MgQ Mgg)

Can show that;



Mgo and Mqq known through

3 loops: |
Chetyrkin et al. (1997)

New results for gluon-induced decoupling relations

11 11 1
M? == _ — log — rQ + — log® He

9736 6 “mg 9 ° mg

564731 2821 3 82043
M3 = — lgM—Q+—log2M—Q——log3 e

99 T 41472 288 16 ° mg 27 ° mg 9216

2633 67
+np| — 2+ —log'u—Q — —log2 He
10368 96 "~ mg 3 meo

2

& 549 Cmg 3 ° mg

Hill, Solon (2014)
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Reanalysis of scattering data also reveals potential
dependence of radius on chosen Q? range

1.00

0.95} 10-

| B S —

€0.90- W : % — — 3
2 0.85 /\\//( |

0.80}

075 : ' : . ‘ . . . s L ' I : | . I . n .

0.0 0.1 0.2 03 04 05 06 0.7 0.8 09 1.0

2 [Ge\/Q]

max

To reconcile e-p scattering with muonic hydrogen, could:

* consider only small Q? data (less data = larger error)

* overrule scattering data with other data or constraints

These options could avoid, but not resolve, the puzzle from electron scattering.

An unaccounted effect impacting especially large Q? data?
(radiative corrections: another talk. new physics: another talk)
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Reanalysis of scattering data also reveals potential
dependence of radius on chosen Q? range
Ly

0.95] 10

— 0.90} D o . .
g W v e discrepancy with
<0.85| ¢ T~ ¥ 1) | muonic hydrogen

0.80F

075 : ' : . ‘ . . . s L ' I : | . I . 1 .
0.0 01 02 03 04 05 06 0.7 0.8 09 1.0
2 [GeV?]

max

To reconcile e-p scattering with muonic hydrogen, could:

* consider only small Q? data (less data = larger error)

* overrule scattering data with other data or constraints

These options could avoid, but not resolve, the puzzle from electron scattering.

An unaccounted effect impacting especially large Q? data?
(radiative corrections: another talk. new physics: another talk)
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spectroscopy of other light muonic atoms: D, He

| | | | I | | | | | | | |

o 25 — 2P,
® 25 — 2P,
- 25 — 2P
-
. many of these
. 5
o 25 — 4P;
- 25 — ng
° 25 —6D>
L ——— 25 — 88%_
— 25 — wg
——— 25 — SDé
—_ 25 — 12D
———t 25 — '121)%
. PY 1S — 35, ‘
just one of
(o o |
these ——
.t electron combination
[—x ——
L
| | I | | | I | | | | I | | | |

0.8 0.9 ] - Dbroton radius fm]
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spectroscopy of other light muonic atoms: D, He

| @
- - many of these
just one of :
these —— NEW published result for muonic deuterium
‘/*‘*/ (Pohl et al., Science, August 201 6)
'0'8' - '0'9' — 1‘ — 14 Droton radius|fm]

- small discrepancy with muonic hydrogen
- large discrepancy with hydrogen-only radius

- new results also anticipated with muonic helium: theory

improvement needed for nuclear structure corrections
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new (preliminary) hydrogen spectroscopy results

| 1 1 | | | 1

electron combination

| |

25 — 2P,
25 — 2P,
25 — 2P
25 — 48,
25 —4Ds
25 — 4Py
25 — 4P;
25 — 651
25 — 6D
25 — 851
25 — 8D
25 — 8D

25 — 12D
25 — 12D
15 — 35'% ;

61

1.1

can these really be
averaged?

proton radius|fm)|



new (preliminary) hydrogen spectroscopy results

I I l I I ] I I 1 | I I 1 1 |
® 25 — 2P
o 25 — 2P,
o 25 — 2P
® 25 — 45,
° 25 — 4D
® 25 — 4Py

o 25 4P can these really be

o 25 — 65
® 25 —6D5
— | [ |averaged!?
_— 25 — 8D
—— 25 — 8D
—— 25 —12D3
—C— 25 —12D;
o 1S —35;

" electron combination
>4 : .
| I / " | I l I l ] I | ] l ] ] prOtOn radlus[fm]
0.9 1 1.1

/0'8

- Beyer, Maisenbacher, Matveev et al. (Garching): result for 25-4P (submitted).
Error comparable to previous hydrogen average, central value consistent with muonic

hydrogen (PRELIMINARY)

- future new results anticipated from 2S-2P (York), |S-3S (Paris), others
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low-Q? electron-proton scattering: PRad at JLab

| | | | | I | - | | | I | | 2|ASY B Qll—)l
° 25 — 2P,

o 25 — 2P;

° 25 — 45,

o 25 — 4D

o 25 — AP

° 25 — AP,

° 25 — 65,

o 25 — 6D

—_— —_—
.. avoid possible large-Q?
T systematics? Q%~10* GeV?
.t electron combination
| | I | " | | I | | | | I | | | | prOton radius [fm]

0.8 0.9 1 1.1
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low-Q? electron-proton scattering: PRad at JLab

|

|

| | |
25 — 2P,
25 — 2Py
28 — 2P,
25 — 48,
25 —4Ds
25 — AP,
25 — 4P;
25 — 651
25 — 6D
N

avoid possible large-Q?

systematics? Q%~10* GeV?

Mo——
] ] I ]

]

- non-magnetic spectrometer

0.8

0.9

projected PRad sensitivity
(previous electron central
value for illustration)

q

- simultaneous calibration with e'e” (Moller) scattering
- windowless target

s|fm]

data collected in May/June 2016. first analysis
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muon-proton scattering: MUSE at PSI

! | I | ! I | . | I | I | | _)IS } 2]/)})
® 25 — 2P:
® 25 — 2P;
® 25 — 45,
® 25 — 4D
® 25 — 4P
.
— both
only —— spectroscopy
Lo .
Spectroscopy q— and scattering
[=——=C=——=1
for muon . for electron
. electron combination
) - proton radius|fm)|
| | | | | | | | | | | | l | | | |
0.8 0.9 1 1.1
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muon-proton scattering: MUSE at PSI

® 25 — 2P,

® 25 — 2P,
® 25 — 2P3
o 25 — 48,

® 28 —4Ds

® 25 — 4Py

N both
only — spectroscopy
spectroscopy d e and scattering
for muon o for electron
" projected MUSE
p{—— sensitivity (previous :
. Y (P m radius|fm]
nwonicD Wl Imuon central value
0.8 0.9 for illustration)

- measurement of e*,e" U™, U
- cancellation of systematics & direct two-photon sensitivity

production data-taking scheduled
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* The proton radius puzzle has important implications

- dramatic shift in fundamental constants, and revising our
theoretical understanding of many processes in atomic,
nuclear and particle physics

or

- new physics!?

* Improved analysis of muonic hydrogen disfavors enhanced
two-photon exchange contribution as explanation

* Radiative corrections reanalyzed so far do not reconcile
electron scattering results with muonic hydrogen. Work remains.

* The puzzle is motivating many new experiments

* The puzzle has driven important theoretical developments

64



Optical theorem for two-photon exchange in muonic hydrogen

If a dispersion relation is valid, contribution completely determined by
measurable quantities in electron-proton scattering. But:

1 I /
Wi(v,0) = =2+ O(v?) = —/du’2 mWy (v, 0) >0 1?7

- 2 _ 2
5 /
-~ o U o ImW1 (v, 0)
— Wl(yaQ )_ Wl(on )+ ?/dy/ V’2(V/2 —V2)

/

new hadronic function
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Two theoretical tools to analyze this new hadronic function:
* Heavy particle effective field theory

* Operator product expansion

Adapt techniques developed for dark matter direct
detection cross sections.

RJH, M.P. Solon, PRL (2014)
RJH, Paz (2016)

interesting saga: erratum ~40 years dfter publication

Collins, NPB 149, 90 (1979); erratum ibid 2017
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* Heavy particle expansion
Determine interaction

coefficients from measurable
low-energy processes

L:M(i@ﬁ... W

\ Apply the thus-determined
Lagrangian to predict low-Q?

expansion of our function

101 ~
:\T—\ - | _
g 9 _ W1(0,Q%) = 2a,(2 + a,)
S : .
. - . 2
z -1o- : 2, = 2k g P - |}
_20 :_ ]
C | | |
0) 0.5 1 1.5 2
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* Operator product expansion c;  short distance matching:
perturbative QCD

W1(0,Q%) = é ZC’L<OZ>

WAV

Q°W.(0, Q%/ 2 m?

(0;) local operator matrix

T elements: nonperturbative
0 2 4 6 8 10 QCD

oL >.< N)




* Put these pieces together:

interpolation:

W.(0, Q%)

(0, Q%)-W (0,0)] (GeV)

include

weighting function:

0

I
—

muonic hydrogen
Lamb shift

69

N

o
other
models,
calculations

0.02

0.04

0.06

2
A E,plhs (MeV)

* OPE constraint: turns extrapolation into interpolation

* remains dominant theoretical error for muonic hydrogen

employed
in original pH
analysis



Model-dependent assumptions on two-photon exchange

| |
25 — 2P,

original error

—e- 25 — 2P,
25 — 2Ps
o 25 — 45,
25 — 4Ds
° 25 — 4P,
— 25 — 4P;
o 25 — 651
' 25 — 6D
' 25 — 851
o 25 — 8D
I 25 — 8D
' 25 — 12D
N 25 —12Ds
¢ 15 — 351 _
i
i
o electron combination
[ =]
] ] | ] | ] ] I ] ] ] ]
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Model-dependent assumptions on two-photon exchange

|0 times larger
error bar! more!

| | 1 | | 1 ZIS B QIP]
25 — 2P,
25 — 2P;
25 — 45,
25 — 4Ds

° 25 — 4P,
25 — 4P;
25 — 651
25 — 6D
25 — 85’_1;
25 — 8D
25 — 8D
25 —12D;
25 — 12D
1S — 351
electron combination
| ] | | | I ] | | |
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Model-dependent assumptions on two-photon exchange

current: O(|-few) = electron combination
times original
error bar , N

0.8 0.9 1 1.1

proton radius|fm]

70



Many manifestations of heavy particle symmetry:

prediction: small parameter:

1

- hydrogen/deuterium spectroscopy E,(H) = —§me(204)2 + ... (MmeZa) < me
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Many manifestations of heavy particle symmetry:

prediction: small parameter:

1

- hydrogen/deuterium spectroscopy E,(H) = _§me<2a)2 + ... (meZa) < me

) .. B—Dy/ 1 _
heavy meson transitions F (U = U) =14... AQCD K mp.c

Ny
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Many manifestations of heavy particle symmetry:

prediction: small parameter:

1

- hydrogen/deuterium spectroscopy E,(H) = _§me<2a)2 + ... (meZa) < me

- heavy meson transitions FEP7PW =v)y=1+...

AQCD <K My, ¢
1%
o
- DM interactions o(xN — xN) =? my < My

o
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Many applications of operator product expansion:

E.g., Fermi theory of weak interactions:

Vi 5 Vu\\ // "
\{ — d/\u
d/\\

iy —aga miy e / ) VV\J

short distance coefficient local operator
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Renormalization analysis for log-enhanced radiative

corrections
AT

do = H(M) HM) S J(p) x S(p)

hadron radiative
structure correction

2
numerically: oL? = alog? — ~ 1 = ol ~ a% . etc.
™m
electron energy: EF =1GeV
electron energy loss cut: AE = 5MeV

e correct
0 - through:
'S CC) 0.2 O (o)
S .=
L 5 1
-('é 8 «© -0.25 O (O{ 2 )
<
= B 0.3 0(1)
s U
S 035!




Comparison to previous implementations of radiative corrections, e.g.
in Al analysis of electron-proton scattering data

naive exponentiation of |-loop,
_ "E=1Gev] . (M*=MZin two-photon piece)
A AE =5MeV| .~

st

N
~ - 1 N
N

total radiative
correction
S S S ! |
¥ R R R S
I
-

Z . N . o Lo
- g naive exponentiation of |-loop,

P (M2=Q? in two-photon piece)
0 0.2 0.4 0.6 0.8 1

Q° (GeV?)

* discrepancies at 0.5-1% compared to currently applied radiative
correction models (cf. 0.2-0.5% systematic error budget of Al experiment)

* should be implemented directly in analysis, but doesn’t appear to
resolve anomaly (floating normalizations)

* model dependence in hard two-photon exchange remains
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Model independent prediction for heavy WIMP scattering

RJH, M.P. Solon, PRL (2014)

[—

<
N
~J

| Heavy WIMP EFT

[—

<
N
(o0)

Uspin.indep.
ek
-
L

ek

<
)
-

H
I
N
[E—

125 130
mHiggS (GGV)

- generally, expect WIMP scattering cross section
to depend on mass, spin, and electroweak quantum
numbers

110 115 120 135

- heavy WIMP regime: universal prediction for given quantum numbers (here
consider electroweak triplet)
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