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Abstract: <span>Heavy

particle expansions, familiar from heavy quark physics, have found important
applicationsin the analysis of dark matter candidates and their interactions
with the Standard Model. & nbsp;From a different direction, precision
spectroscopy of muonic hydrogen has challenged QED and required more precise
knowledge of proton structure. & nbsp; These problems have forced a closer
examination of the construction of general heavy particle lagrangians at high
ordersin the /M expansion, and in the absence of known ultraviolet
completions. & nbsp;Key aspects of this formalism, including the emergence of
Lorentz invariance from "nonrelativistic" lagrangians, are reviewed,

and severa applications are presented. & nbsp;& nbsp; A status report on the
proton radius puzzleis given. & nbsp;</span>
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I) Lorentz invariance in heavy particle effective theories

“what is a chiral lagrangian ?” implementation of chiral symmetries
on pions (nonlinear realization).

“what is a heavy particle lagrangian ?”
“what is SCET ?”

chiral symmetry 4 Lorentz symmetry
chiral lagrangian < heavy particle effective theory
nonlinear realization induced representation

* develop theory of induced representations for EFT

* find interesting disagreement with standard reparameterization
analysis starting at |/M*
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|) Lorentz invariance in heavy particle effective theories

“what is a chiral lagrangian ?” implementation of chiral symmetries
on pions (nonlinear realization).

“what is a heavy particle lagrangian ?”
“what is SCET ?”

chiral symmetry 4 Lorentz symmetry
chiral lagrangian > heavy particle effective theory
nonlinear realization . induced representation

* develop theory of induced representations for EFT

* find interesting disagreement with standard reparameterization
analysis starting at |/M*
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2) Standard Model anatomy of dark matter detection

* simple WIMP candidate: Lorentz scalar, electroweak triplet

* M ~TeV from thermal relic abundance. M>>mw : model-
independent analysis, predictive scattering cross section. But
estimates range over several orders of magnitude (!)

* large gluon matrix element:
2 loop required for leading analysis

"

1o

Events / 1001

— — — — 50
32 3 32 3 3 T 7!
s -3 = 3 o )
( j j (3 (_\\ 10 XENON-10(
=) )
- : = XENON-10¢
ﬁf’x o B {: ) 9 g 10 projected

XENON-1T

SI WIMP-nucleon Cross

WIMP Mass (GeV/c)

= prototype for QCD effects in general models
5
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2) Standard Model anatomy of dark matter detection

* simple WIMP candidate: Lorentz scalar, electroweak triplet

* M ~TeV from thermal relic abundance. M>>mw : model-
independent analysis, predictive scattering cross section. But
estimates range over several orders of magnitude (!)

* large gluon matrix element:
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3) Proton structure in atomic bound states

O 0.75 0.8 0.85 0.9
rl
p(r) ‘

Modern analysis of proton structure in NRQED

* identify conflicting definitions of charge radius, (small) double
counting in muonic hydrogen analysis

* isolate undetermined contact interaction >J<
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EFT and the little group
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recall the ‘“usual” construction of Lorentz
invariant field theory

\_D(IIT)(,. — A[(A)ublp(A_l'fI:)b

where M is a finite-dimensional (non-unitary or trivial)
representation of Lorentz

Straightforward to build general Lorentz invariant lagrangian,
L~ Wiyt 9, + ...
Can prove pedantically that the S matrix is Lorentz invariant:

Translation invariance:
U(r) = Y(r+a)

= conserved current _
oL

T‘”-!/ — ,If/ﬁ . ‘)II\I}”
I 9(0,,)" "¢

8
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Lorentz invariance of the lagrangian:

\If”(;IT) — ((S”[, + %UJ,“/ [Zux]ub) lpb(Ail:I")

= conserved symmetric current (Belinfante)

i L
(_);H/ — T;u/ o _/;()) (

i a3 SPSISY  SPSUSY P SHSY
5 Yr 0(0, W )[j ](:1;\11[; [()ﬁ()‘},()ﬁ 06,0503 ()“J()ﬁ()n
~ o ¥q

Define: H = [dze®

Pt = d’x OV
Er (0% — x7e%)

K' = Pr (1'% — 0%

|

9
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These charges obey the commutation relations of the Poincare
algebra, as can be shown e.g. by canonical quantization.:

[P', P = 0

P'" H] = 0

[J'H] = 0

[J', J7] = ek gk

J' K] = KR . . .
KK = —gelik gk Finally, consider the scattering

; ik pk operator,
[JH, PY] = ik ph } "
(K", PY] iHG§" 5 = §}(00)'§}(~00)

If we can show that for free particle operators,
|Hy, S] = [Py, S| = |Jo, S| = [K(,S] =0

then we are done.
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Assume (reasonably) P=PF, J-=J

and that we have shown K,H|=iP

Then [[' (J‘i-l{”f] — _flj()(Jf][{]f

A0,

[[\'s(ﬂ‘”f] = _tP(J'/,H." — _t]j()(J'l.Ilf

(Ko, Q) Q(t)] e MUK — Ko)e "ot Q(t)TQ(to) + Q) TQ(t) [e 00 (K — K)e o]
—0 as t—* 00, tp—*-00, by smoothness
condition (~ existence of S matrix)

[e.g. Weinberg, QFT vol 1]

So [Ky.S]=0  QED.
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Is this all we need?
U(x), — J\[(A)(,,b\IJ(A*l;Ir);, (3.8)

“...there is no advantage in considering transformation laws
more general than (3.8)"

[from a very good textbook]

But many particles have only a heavy-particle effective
description, e.g. proton, composite dark matter, ...

And many other particles are efficiently described by effective
theories, e.g. heavy quark, atomic electron, neutralino DM, ...

How does relativistic invariance work for these, ?

12
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The alternative: induced representations

Three classes of infinite-dimensional, unitary representations of

Lorentz, based on the “little group” for invariant vectors:
(Wigner 1939, ...)

k=Mo", k*>0  G={A|Av=1v}=S0(3)
(HQET/NRQCD)

kW= Ent ., k=0 G={A|An =n} = E(2)
(SCET)

k= Qs"*  k* <0 G={A|Ak =k} =50(2,1)
(tachyon effective field theory?)

These representations are known to implement Lorentz on

physical states - we want to apply them to fields
13
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nuts and bolts for induced reps:

For arbitrary A, define a matrix function of vectors p¥, p?=M?

such that 1
L n\H W — N7
([)) / v A[IU

Then the matrix

W(A,p) =L Y (Ap)AL(p)

belongs to the little group (p—p), and any representation of the
little group induces a representation of the full Lorentz group

o(p)i = DIW (A, p)]jid(Ap),

where D: A=D(A) is a representation of the little group

continuous variable p = infinite dimensional

14

Pirsa: 13100107 Page 18/87



2) Lorentz invariance for interacting theory

\_D(,‘(;I?) —> D[Hr([\ 'iD)](,‘b\Db(A*I;I,')

[Choose a definite ordering for covariant derivates.]

Claim: if we make the lagrangian invariant under this modified
transformation law, then the resulting S matrix will be Lorentz
Invariant

Proof: First notice that

0= Lxi = DRi il K = PPt ilH, K]
Ta e TR RIE gk
= [K', H| = iP
Since we have already demonstrated Lorentz invariance for the
free theory (g=0), Lorentz invariance of the S matrix follows as
before. ”
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2) Lorentz invariance for interacting theory

U, (2) — DIW(A,iD)]wy¥p(A™ )

[Choose a definite ordering for covariant derivates.]

Claim: if we make the lagrangian invariant under this modified
transformation law, then the resulting S matrix will be Lorentz
Invariant

Proof: First notice that

()_ (l],,,t_ (.)]—[—’—[H ["]—Pl—i—[H [—.,ﬂ]
=K =K+l K] = | H, K
= [K',H| =iP
Since we have already demonstrated Lorentz invariance for the
free theory (g=0), Lorentz invariance of the S matrix follows as
before. "
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Return to enforcing invariance under specified
generators

For a general v¥, rotations and boost look complicated.
Instead, consider

a) 3-parameter group of Lorentz transformations A that keep
vH fixed

Can choose L(p) such that W(A,p) = A

All other fields in the lagrangian transform “as usual”
and since we also have

vt — AP VY

we find invariance by treating all fields in the usual covariant

way, e.g.
2

—

Uliv-D+c— + ...
R Y

17
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b) 3-parameter set of Lorentz transformations A that shift v¥

A" = ol + gt /M U,.(x) — DIW(A, 'iD)](,,;;\IJ;;(A*l:I:)

These transformations take the place of “reparameterization
invariance constraints’ [Luke, Manohar 1992]

* note that we are not “reparameterizing” anything, i.e., we are
not shifting v#

* immediate extension to arbitrary spin

* inconsistencies arise at |/M* order in Luke-Manohar ansatz

U, = ljl(z-'. 1 D)), U, — eI,

D(v+q/M,iD — g)A"*W(A,iD + Mv) = I'(v,iD)
interplay of Lorentz and gauge symmetry: solution to
“invariance equation” is nontrivial starting at |1/M*

18
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In detail, must solve the invariance equation,

[(v+q/M,iD — q)B'"W(B,iD + Mv) =I'(v,iD)

which can be done order by order,

1 L (s
X=B"'"W=1+¢X,=1 +(f'{\ldy(” + — X% +...].

1
=1+ —T'W . ‘
" M " M2

if we can solve:
o . , . _ d o I O
ol = ll({‘Jr(//;\/./l)—r/)—l((‘./l)) = g~ | Jrv l

OiDH vk

.() l*[u] - .()['-(n [ ) +l‘-(u l]‘\'(l) + lw(u ‘_’)‘\'(‘_’} + + lx(l))‘\'(n) = }'(H]
01 DH OvH H H H H

( like Vp=E for noncommuting coordinates )

19
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b) 3-parameter set of Lorentz transformations A that shift v¥

A =0k 4 g M W, (z) — DIW(A,iD)|wy ¥y (A 2)

These transformations take the place of “reparameterization
invariance constraints’ [Luke, Manohar 1992]

* note that we are not “reparameterizing” anything, i.e., we are
not shifting v#

* immediate extension to arbitrary spin

* inconsistencies arise at |/M* order in Luke-Manohar ansatz

b, = 11({?. J'D)l,f’",. \I;“ — (Jnl-.rlpn

v+ q/M,iD — ¢)A""W(A,iD + Mv) = I'(v,iD)
interplay of Lorentz and gauge symmetry: solution to
“invariance equation” is nontrivial starting at |1/M*

18
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solution:

—~ (=™t 0 0 o
() T DDt D oy
) ml L s T 9D T i Dl

i

1 0
f'/)"(‘)'{ﬁ”’ — /l)“/l)’ ——Y'\"™ 4

-0 DH
provided, ‘
L}'(”) — 0
QiDlv H ‘
From the definition of Y, this is equivalent to:
() ~(n) () ~(n—1) ~(n—1) x~(1) rin—=2) x~(2) (1) v(n—1) ~7(n)
QiDlv " H gol vl T A Ay X A A XX Ly

and a solution requires ( like V.B=0 for VxA=B, with

noncommuting coordinates ) 9
0 = v,e"r" ——2Z")

diDr M

20
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In detail, must solve the invariance equation,

['(v+q/M,iD — q)B'W(B,iD + Mv) = I'(v,iD)

which can be done order by order,

- > 7 Ve l I - l (2
X=B"'"W=14¢X,=1+¢ {“4\},” + ;u'-“\!('h) +] .

1 S
=14+ —IW 4 [ 4+

A\ / \ / 2

if we can solve:
. . , . _ J . I O _
0l ill({‘ +q/M.iD —q) — I'(v,iD) = (/’”( | Jrv l)

i DH vk
0 0
Oi DH Ok

W(n—1) W(n—1) v (1) (n—2) v(2) W0) vin) — (1)
1 + DD XD 4 T2 D 4. L TO X0 = Y

( like Vp=E for noncommuting coordinates )

19
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solution:

~ (=™t 0 0 o
() T DDt D oy
) ml L Y S e 9D T i Dt

i

1 0
r'/)"‘")'!ﬁ’” — z/)“//)’ ——Y\"™ 4

- 0iDH
provided, ‘
L}'(”) — 0
QiDl ‘
From the definition of Y, this is equivalent to:
J ~(n) J ~(n—1) ~(n—1) (1) F(n—2) y(2) (1) y(n—1) (n)
GiDE NN T Tagmel T A A T A A A AR an

and a solution requires ( like V.B=0 for VxA=B, with

noncommuting coordinates ) 9
r7(n)

diDe 1

0 = v er”

20
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In detail, must solve the invariance equation,

['(v+q/M,iD — q)B'W(B,iD + Mv) =I'(v,iD)

which can be done order by order,

1 L
X=B"'"W=1+¢"X,=1+¢" {UA\'(” + — XY +] .

l
Q- 1. 7[‘(1) _ .
" M Jr M?

if we can solve:
o . , . _ d o I O
ol = .I({‘ +q/M,iD —q) — I'(v,iD) = ¢" [ +W l

OiDH vk
) pw_ 0
Oi D+ Ok

W(n—1) W(n—1) v (1) W(n—2) v (2) W0) vin) — v (n)
1 +T-DXD 4 -2 x@ 4. 4 7O XM = v

( like Vp=E for noncommuting coordinates )

19
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Can show by induction that a solution exists

In particular, can find an X that reduces to a given free solution,

n—1

i ) (-1)™ ., . 9 0 ) P
.\(ul ‘\fu) { ._) //)i\ ___/l)r,,, (/(}H] _/t,u) )
g e Z (m+ 1) - L 0iDv Qi Dvmey \Trmie Temi

m=1

7(n) — _()_ -(n)
9Dy

naive covariantization (0 =D with arbitrary ordering)

21
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Finally, turn the crank to obtain solution to invariance equation

1
[t ~ilp,

. [ ‘ [ .
[? = ——(iD,)* = siPyiv- D
9 1 . DI "/f’) :), " . D] . 9 ] SR
[ (1D, )%iv- D+ - )r/,f’).(:l).)“ F (v - D))" 'qr‘“(;',.:/)' ”_ﬂw(r""'-'/f).
4 2 | 8" 8 S (A
_f,’ o ] JLex l) 1 ,0 l)ﬂ v l);r v | N 4
t 2 .’.;‘ﬂ" \ ,‘i'("fr\‘ { \ |.(!”’," l I‘(,)J-J“*‘. .

Extra terms missed by “covariantization” of free result,

. N _ ,"]:;-")| | 1 5 L,
[aive (4 D) | 4 ! | ~ (1D )" oD o - D
2M M= & 2

)

| | 5 11D 3 9 9 s
| — (¢ D )iv - D+ — (¢ )+ (v D))" O /MY
M2 14 o]

Not related by field redefinition

22
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Finally, turn the crank to obtain solution to invariance equation

1
[t ~ilp,

. [ ‘ [ .
[® = ——(iD,)* = siPyiv- D
i 1 . 9., "//) :), " " ] . ] ( ' ( ), g
[ = 2(iD1)%v- DA — [ [ffj,o,(:/), )2 + (iv - /))—] -{iw'(,',.;l)'l i:iﬂ'; GBI,
.f,' ,_\_:' ﬂr\ /) 1 e l)ﬂ 1 l)“ Tl _\.J‘
| 2 .’.;‘ﬂ" \ ,‘i'("fr\‘ { l |.(!”’," l |.(l“I; Y .

Extra terms missed by “covariantization” of free result,

\najve ' oy | L \ 2 L, .
IIII”\'[#'.EI’)J | 4 7 | - [_"f)l]‘_ ',!:_:) o D
2M M= & 2

)

| | 5 1D 3 9 9 Cr
| — (¢ D )oiv - D+ — (¢ )+ (v D))" O /MY
M2 4 o]

Not related by field redefinition

22
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Explicit example: heavy fermion

Irreducible representation of little group on Dirac spinors with

]A Yy = Yy
(arbitrary spin: convenient to embed in products of Dirac
spin-1/2 and vector spin-1)

Extract rest mass via

Yo(x) = 7MUY ()
a) \ doesn’t change v (rotation) Av=v

bo(z) = Ay (A1)
b) A changes v (boost) Av=v+q/M

e

(“;,-'r’(.r) — (,iq-.;. (l + %(T!,Vw(/\_ {']))“V) -(;"‘,,(A*].I')

23
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1/M* NRQED:

rewlip . Pt D oB - [0E o (DxE-ExD)
T T oy TRy ORI g s SE
(D0 B} D'e-BD' o-DB-D+D Bo-D
Fewg E w2y WE F Ol YE
(D', |8 x B)'} ,B? - E? , E* D*D E+E-D
MR AR A (17,7 C B A
(D0 E|) 9°0-E| | ,{D'|Ex B}
texag A texag A/ texay A
Do - (DxE-ExD)D oo ED ,o - B0 E|
- iexed A s A P x0T
{ ,|E 90 B B9 E| B 0B
ex104 V1 cexny E Cxi129 A cxd V1
Lo Ex[)E-8xB|\
Foexnyg A\ .
Invariance under:
s i llzq-D+fq-DD‘ oxq-D | D- Ly
2M?2 VR Ve N2

I
M

1 |
B— B ¢xE. E-E+.qxB. D~D+ qD. D,

24

,|Blo - OF

> l)f 1 (l‘

M
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With formalism in place, simple matter to enforce Lorentz

invariance:

. 1y , 50) iy ®)
|‘[_; i D l'fl": ( cp+ch .'Jnfr'\|) { {q]’) I’)n"; : ( = Cf ]llr'\r»)
b | 8 |

- Q* -
{ f!'f'( <« B | 2!,'”") Oy ] 2(31;, | [&FD] { ](Ir'\])
8 2 :
J P 1
folgooxd0-E €+ €D r”||\;\\)
ol

( 0
FED (¢ E xe)y 4+ (Exea)¢ +oxq- Hd"')!)"(l: 20 + 16¢ \") ‘,-

/
New non-renormalization theorems:
DY, '-}(‘-) . X
REIEY! | Cp T Cp,
ai Q
DLC Y -) { aCr
32¢xy Q% = 4ep(Q = cp) +4Qcp — 2¢42
:’;2('\“ (b) T ]f';:.

320 vy e cr) 4 ep bew

A subset of these required in muonic hydrogen analysis

25
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1/M* NRQED:

r iJ D D- I D' I o B ‘ |0 E ‘ o (DxFE - FExD,)
’ (1Al ] (' ot (1 (Tl
U aar s o TP o SE
D o B De - B o-DB-D+D Be-D
‘ 0
Cwiy E Cway E Cp'pd WE
(D' |0 % B} ,B? - E? , E* DD E+E-D
NI YV A .V A B K
- {D|0-E|) 90-E| | ,{D'.|E x B}
texag A FexadT texay A
Do (DxE-ExD)D oo ED ,o - B0 E|
T iexed 0 i A P x0T
,|E 90 B ,|B 80 E) ,|E'e - OB ,|Blo - OF
Fexiod Vi Fexng A Fexig Iz Fexisg Vi
{ Lo E x [ E - x B\ (_
[ ( it
N1y A/ J

Invariance under:

—igw [ iq- D { iq- DD* o xq-D I D* {
e SWE WL YE WE f

l ] I ]

B — B ”q/ E, E— FE+ ”q.fB. D — D 4 ”ql),. D, — Dy 4 q -

24
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Dark matter

26
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Heavy WIMP effective theory

Consider e.g. the neutral component of SU(2) electroweak triplet (Weakly
interacting stable pion, wino LSP, or other)

Universal properties emerge in the limit M >> mw, described by the
relevant heavy particle effective theory (+ SM)

] S St
: 3§ : 3 : 3§ S
: : ) B B
E.g., Scattering on nucleon is completely 33 3§ 3 L
determined, up to controlled corrections - :
L D SERURELT
mw /M., Af D/ My, Mp/ My ... > € - €

27
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Heavy WIMP effective theory

Consider e.g. the neutral component of SU(2) electroweak triplet (Weakly
interacting stable pion, wino LSP, or other)

Universal properties emerge in the limit M >> mw, described by the
relevant heavy particle effective theory (+ SM)

] LT
X —— | L -
= § .3 3. 3§ T
E.g., Scattering on nucleon is completel () i, (%) )y
- ca_ ering on nucleon is comple gy 137 3 5% \
determined, up to controlled corrections - ,
mw /M., Af D/ My, Mp/ My ... > € - ©
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Heavy WIMP effective theory

Consider e.g. the neutral component of SU(2) electroweak triplet (Weakly
interacting stable pion, wino LSP, or other)

Universal properties emerge in the limit M >> mw, described by the
relevant heavy particle effective theory (+ SM)

- - - " :_? ,H"a‘*y‘\f‘f“
. . SN R CENe
E.g., Scattering on nucleon is completely oE 3 3 L
determined, up to controlled corrections - .,
mw /M., A§ D/ My, Mp/ My ... > € - €
27
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Renormalization analysis required to sum

Multiple scales: large logarithms

170 GeV
() log !:';r ~ (1 GeV)log : (}vl\-'

Consider effective theory at each scale:

. SM
P iiiniianuseiines baine anesconsatry ey ey
(/)” y SRI
']H,H; ~ ’IH,;,. N P REREERPrS
(/),E,Q:“) cu,d, s, c,b, g
M. MM e
(/),EJ(“):[)) U, d, S, g
AQ(f]) ............................................

28
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(EW symmetric) heavy scalar effective theory:

Operator basis

.{),J'

, Dip=Dy—v'v-D

Building blocks: by (),

Everything not forbidden is allowed:

o D D! v (D], Wag (D1, (D] Wasl}
Lo “"1”” “onp TOgps TRoTgr e TR TVE
, o WOW, L, wdfWReW,, L, Te(WWL ), Tr(var W W)
PR T TR T TRt T e et 16
9 , €W W, 2 W W, o s T (W, W)
T 42CA TWE F a5 TE F92Cas [GA?
2, €00, Te(W,a W) 1
"2t TE N

Lorentz invariance: cp=ce=1, cu=cp

=Through O(1/M?3), heavy gauged scalar determined by 2

numbers (mass and “charge radius”), plus polarizabilities

29
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Standard model interactions

r  H'H QT QL QLT QtS. Dy Qufiv - DQy
i SM 0y CH Y meQ Ve CX R CDeQ VE
~uppiv-Dug o dpdiv-Ddp o QL Hdp +he.  QrHup + h.c.
CDu ‘/5 CDd .ll,: CHd .ll,: CHu 1[..
2 (i GAPGA, L G eatIGARGA e GAGA ey, G G
b ogie bgse, - e - bgse ., -
T VRO R TY VE S THVE /3542 1613
Lorentz invariance: CoO = Cy

All of these are suppressed by |/M
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Low energy theory

Operator basis
L=Ly +Lsm~+Lposm+ ...,
Heavy neutral scalar:

o4 )
A | g / I (4 ’; |
Lo “:-_u 0 v - d— - i O(E/'“H') Pv,Q=0
y ')\l“..) 0)

SM interactions: cp=0 (reality constraint)

| :

" ¥ (”) (2 (2) (0) ~(0) (2)

Ly, sM !'”I_i f,):'r‘),. E ()ErJf ¢ Clq .f'ff() L ¢y Oy 4 r, fﬂff() ) ...
1%

q

Convenient to choose basis of definite spin

():'(]f:I myqq . ()1,“I ((:'}r‘,, )
o . ] l /o 2) ' ’ ] ’ 2
(){Iq” q (".{Ni/)r } /H.m “:)> q. ()Z-H (:"'”'\(-' ¥ \ /”,m (('-,_.1;)..
( (
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Low energy theory

Operator basis
L=Ly +Lsm~+Lposm+ ...,
Heavy neutral scalar:

ki :
v | : g | v 3 |
L,,” l’\):,_() 0 A '() : i ()(E/HJH) l’\),._(‘) 0
¢ ')\l“..) 0)

SM interactions: cp=0 (reality constraint)

v l Ty (0) (2 (2) g ll(} (0) 2) v
Lr'J“.HN] !}’f‘.(.)‘_(}‘.{z { ()Erf + Il';' l“f’()!",f { () { f 2 f'”f,() {

q

Convenient to choose basis of definite spin

()(lt]f] myqq . ()1,“1 ((:'}r‘,, )
e ' ’ l /o 2) ' A ] ’ 2
O =g (~.“';/)'= g™ ;1,9) q. 057" GAMGAY, 4+ g (GA,)?
d )
31
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Universal mass shift induced by EVVSB

W Z 7

o [ d'L | 5 | Y e | P
i¥0(v - p) _f,:/ : J2 — — + J2 [ . i o - O(1/M)
<] 2m)t v - (L+p) L¢ —mj "\L*=m% L*-mj ]2

heavy particle Feynman rules

: 1 . 5 O .
OM = X(v-p=0)=asmy —5.]“) + sin” %J;f

L, Oy g
Mq) = Mig=0) = axQ*myy sin® == + O(1/M) & (170 MeV)(Q’

Different pole masses for each charge eigenstate in low-energy
theory (or residual mass terms)

32
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Universal mass shift induced by EVVSB

W Z 7

o [ dlL | 5 | a 2 [ §2
o (v p) _f,:/ : J? — g o J3 [ e . — + =< | | + O(1/M)
=) @2m)Eo-(L+0p) L¢ — mg S\ L*=m3  L*—mj ]2

heavy particle Feynman rules

: L 5 O .
OM =X(v-p=0)=asmpy —5.]‘3 + sin” %Jg)

; L O .
M) — Mg=0) = ug(i)'m”':-;in'.l—; - O(1 /M) &~ (170 MeV)Q?

Different pole masses for each charge eigenstate in low-energy
theory (or residual mass terms)
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Matching (M=mw)
Heavy particle Feynman rules simplify matching calculations

quark operators

(0 \ C I (0} ! ¢ | \ h
o) N CrplUh
e ry LAY I L1 )
. = N 4
2 ” 2 (3 + ( ) et ) &
el ( . o) C |- Vis . ; s .
1 3 1/ 3 31 ) R ——— :

= - = - = - L WP,y
: 3 : 3§ : 3 G
*( w0 '(3' A
=) =) { O N
i) | | ]l =3~ R (g
f R 6(1 £ 7] 3 {
) Vil e I — — = -
(pty) = ( fe) | ! ! =
I i (1 \ y‘ ‘ ( (
112 ( e | 'I‘ € i‘i ‘[é‘-) El
(i, — 1) Y6 T ) a
| 10! — 3 () | 1
F“ ]\' \
33
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Matching (L=mw)

Heavy particle Feynman rules siinpitfyoperaers

quark operators

L r l ] ((]} I- 1 )

'“‘T s = W - { J‘Ec e — V; 10
Cp(fe) = ¢ [ iﬁJ Lo oo 5 " 17

. 2 . 2 y I (3 4 (

2) (2) 91
() =€ [_S] ) ciplu) =C [q =|V.» Tl P

() [ 1 | 8+ dz,+ 223 :
m ol gt 3+ 4z, + 2x
Ggulpiit=C 4“ f—*4 —‘%] '
T Ly, L1 =P {

(2) o) 32 i 4(2 + 3z,) I

D) mo el {300 Mo g !
Cq (.ul) (4 I [ 9 Of o ‘](1 +‘f,'4)'1 og ”J.u.‘(l +‘r_’) e X

1(12¢)— 36z! + 362 — 1222 4%, — 2) T Bry (=34 Tz})
- - y e El A
Bz, — 1)8 e Gt ™

4Bz’ + 24z} — 104z} — 35z} + 2027 + 132418
9(x? = 1)2(1 + x) '

33
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T™F T T TT
E.g. full theory: SR IR |
68 ﬁ) éi%) %1?

' M g5 | (dL) { . | v o T (L)
i & / ' l v-L+i0 ov-LA ,‘(]J (L* —m?, 4 img’;’ (L)

electroweak polarizability*€ensor

in background gluon field

Electroweak gauge invariance is immediate:

.
"] = v+ O(v- L)

2 ps

‘N” [,"f;:,{r’ - (1 - ‘L)

Fock-Schwinger gauge (x.A=0) in dim.reg. :

! ' ;
1S (p) by /[f."fﬂ 1A (g)
P o—m . p—m p—q —m

i i i i
ol /{rff/ll[t/f,‘-__»l iA(q)) iA(go)
. P )

n P i m P — fo—m

34
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Solution to RG equations

():'(]{I myqq . (l‘_,“' ((’-‘,'”‘,,)2 :
2)jur . ; l ;- 2) 1 v ] 1 2
O =4q <~.“';/)’= /_f,rf“;/)) q. 03" GG, 4 [,,“ (GA,)?
( (

i ”.u. X_‘\.“ d {_Hﬁ‘] ZAH]"[M
' W ! d |n;_;‘;.r ! KA
!

dlog i
J
0 0
. . _ gl /t) 0) :
Spln 0: ri.“"{;) e (111) ? ‘ | 0 0
I'Jl“'“("".': J| ' RIEYRY
: 2y, o =2 1(5/9)
(0)
(0) (0) ) (1et)
¢y (i) = ¢y () ~[":m(}”) Ym (1 )] 2]
s (j10)]
gl
Spin 2:
| | o | 0 ;
Diagonalize anomalous dimension matrix )
(familiar from PDF analysis) %) - i | i
M 3
1 i | Ay
As check, can evaluated spin-2 matrix elements at high '1. T Ie. 3

scale (spin-0 and spin-2 decoupled) 35
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Integrate out heavy quarks

(~2 g + = €1 yg
- N e’/

n1=4

(0) (0) La n i _(0) | n .
r.jl"'(;;;,} r‘fjl (ft5) (| | : log : ) t,r“ll," (1t5) P Foa (11 + - log f )} FO>ah)
) iy ) O Iy

r_:ll':w”!” r‘l.ll,:,}(,m.) FO(a),

Lo ny,

¢y () = & () = — log —éyy) () + O(@*),
3 1 [Ovrut, Schnitzer, 1982]
D (up) = &2 () + O(a), [Inami, Kubota, Okada, |983]

Contribution to gluon operators familiar from h—gg

Heavy quark mass scheme enters at higher order

Charm quark treated similar'l?/ (after running to mc)
6
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Integrate out heavy quarks

A A RV
-~ —— JJ) g(_/

n;=4

(1)) (0) | ! Ty, L_(0) ] i N
[.,L.ll_{;“’} ."L)“ (ﬂh) (l } : ll)f_s‘ { ) ’:,,w.lllilﬂ (l”‘) {l = (1 (1 1 1 > |“f—’, { )} | C)(,‘f'r)
9 i 9 5 [in

r'lll'lf"l‘,rm} r‘l.llr:,}(,m.) FO(a”),

Lo My, (>

r'-:_vl:‘UM,} r“l.gg;.(!!i.) 2 log "I\;,‘””']' i C””L’)'
3 1 [Ovrut, Schnitzer, 1982]
f'\lf,"l‘!fn} f"i'f),;(!”n) L O(a). [Inami, Kubota, Okada, 1983]

Contribution to gluon operators familiar from h—gg

Heavy quark mass scheme enters at higher order

Charm quark treated similarl?/ (after running to mc)
6
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Spin - 0

Kk L !
<3\;(l‘_)‘,l,‘,,,, \(/‘)> — — (/‘.!:l‘.w - _lg,lw”‘,j\!) + my _l.(jmx

TN N
Spin-0 operators determine contributions to nucleon mass

3 o
MA (1 Ym ) E {.\"m,,r,rr; \) t (N ((.'””,]“|.\ )
\ :_)l'l [ /

q

I nr (0 ary (0) ”“\U*‘], . (0) "\ ()
(N0}, |N) ma Sy n s oy (NO; (1) [N) = my fe; n(10)
significant uncertainty in this quantity
(0) .(0) . .(0) Mg , , \
’“‘\'{./,,_‘\' ; ./,;__\') ~ Ln,\' ’ ’”,\',/_.,-“\ {\4~\ - Lll) 25

(0) . ()
. (.'.;‘\"(/I) ~1- Zq w,d,s -/rf.;"\-"

but NLO, NNLO corrections significant
37
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Parameter-free VWIMP-nucleon cross section for pure states
(“wino”,“higgsino”)

o\
ol oo  —————————
Giey 17
e\ 10 tfi.ple'r had
..... eV 2 Der
172 Ge\ \ 51074 r " b
5 Gev \ E ; el d
14 Gl | > o Db s
M Gy e 107 i
011
(155 l(' 50
(o~ LBl . e

105 110 115 120 125 130 135
my, (GeV)

(Numerical benchmark: low velocity, spin independent cross section
on nucleon)

39
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Parameter-free VWIMP-nucleon cross section for pure states
(“wino”,“higgsino™)

e\
ol oo . ————————
GeV 17
Gl 10 tfi.plef had
..... e a Der
72 il ‘ — 10-4 r , pert
5 Gev \ E ; V) 1
14 Ged | > ol P 4 ot
b Ged E' 1049} il -
011
10-5
oMb NN

105 110 115 120 125 130 135
my, (GeV)

(Numerical benchmark: low velocity, spin independent cross section
on nucleon)
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Dependence on strange scalar matrix element

ricm™)

¥ y
LN &0
16:0)

1] o
my(GeV)

Robust cancellation between spin-0 and spin-2 amplitudes, the former affected by higgs mass,
and quark scalar matrix elements

M (MeV)

L(MeV)

40
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Dependence on strange scalar matrix element

ricm~)

b} b
LNy &)

W0 160
m(GeV)

Robust cancellation between spin-0 and spin-2 amplitudes, the former affected by higgs mass,
and quark scalar matrix elements

M (MeV)

L(MeV)

40
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- strange quark scalar matrix element the subject of recent controversy

t work

A 0 | lattice average (soo loxi)
Ellis, Clive, Savage, PRD 77 065026 (2008)
summary plot: Junnarkar and Walker-Loud, 13011114
Y toy lat
| N -
My + My
\ " Ly : Ity -+ 1y )
2ig N Py -JJ‘IHH t r{r” P} \‘u t . pl(tu 4 el _)\_H]I,‘J .:__ (0
) o
(1) (1)) - [
{ ~ 5 - 1
f”.\'(.fu v .f.n' v) & 2N () g e .\ . 1
d S LS \
Hi\’ N Zim N o) v .
Ny, -+ My 169 pINIVED
1000 120 140 1601 1800 )

my(GeV)
Hill, Selon, PLB 707 539 (2012)

- lattice results still noisy but converging on small value compared
traditional SU(3) Ch.P.T.

(cf. Alarcon et al., 1209.2870)

- beneficial to also have lattice constraints on charm scalar matrix element

41
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Mixed cases

With the scale separation M » mw, can argue that “pure states” are generic: effects of higher
states suppressed by mw/(M’'-M)

Intricate interplay of mw/(M’-M) suppressed higgs exchange versus pure-state loop
corrections

Again, analyze in the M,M’ » mw limit.

Inclusion of additional multiplets introduces residual mass and
direct Higgs coupling

L=hyliv-D—dm-— f(H) h,+O(1/M)

43
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bino-higgsino

10°+ 0.1 10~ I

1040 [0~ 0.1
2 10-4 0.01 17 41
= 41 { \ 7
S W 02 0 02
- e
& 107 had
m pL‘I‘I
104
pure singlet pure doublet
- e ]
l” k! | ] I T R T T T W
-4 =2 0 2 4 6 8 10

Pure states recovered in limit of large A / small K

|0-parameter space of coefficients reduced to 2-parameter space

Direct detection just beginning to probe largest of these cross sections

44
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wino-higgsino

" 43
10~43F 0.1 0 |
l” 461 e l(} 45 0.1
. pure triplet
& - 1047 0.01
= 10747} P R
— f 4 -0.2 0 0.2
1049 ¥ had
i » pert pure doublct
v ol e
( 50 L L i " L L X
10 -4 -2 2 4 6 8 10

.A/|(-ITI‘H)2.'HH'|

Pure states recovered in limit of large A / small K

| 0-parameter space of coefficients reduced to 2-parameter space

Direct detection just beginning to probe largest of these cross sections
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wino-higgsino

451 1o~ l
10 0.1
10-46| 10~ 0.1
. pure triplet
& ) ; 10-47 0.01
=107 . : .
2 NG -02 0 02
B 10-4F S ;’f”'”' \
|0-49 had
“. ﬁ w pert pure doublet
50 i
10-50L T :

420 2 a6 s 0
A/l(Arkr)* mw]

Pure states recovered in limit of large A / small K

| 0-parameter space of coefficients reduced to 2-parameter space

Direct detection just beginning to probe largest of these cross sections
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bino-higgsino

10°%+ 0.1 10~ I

1040 [0~4° 0.1

a 0.01

2 10 001 1047

= -0.2 0 0.2

— 48

& 1074 had
0-49] o PL‘I‘I
l pure singlet pure dOI-E)_I_L:

-

[(-50 e

-4 -2 0 > 4 6 8 10

Pure states recovered in limit of large A / small K

|0-parameter space of coefficients reduced to 2-parameter space

Direct detection just beginning to probe largest of these cross sections
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radius puzzie

e S - inferred from muonic H (for a review, R. Pohl
CREMA 2010 Moriond 201 |)

CODATA 06

CODATA 02

—— zfit,p,n,
i an - extraction from e p, e n scattering, TITTNN

- . z P
. S Blunden and Sick 05 d:‘l ta
— Sick 03

- SELEX 01 - previous extractions from e p scattering

. Rosenfelder 00
Lo Mergel ot al 96 (as tabulated in PDG)
» Wong 94
s— McCord et al 91
iy Simon et al 80

—— Borkowski et al 74
. Yuetal 72
Frerejacque et al 66

Hand et al 63

4 . ! 4 I 1 4

085 09 095 1

47
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muon g-2 hadronic uncertainties

Theory Error Budget

a,(EW) = 154 (2) x 101

a (HVP-LO) = 6894 101"

a,(HVP-NLO) -98 (1) x 10"

a”(HLBL) 116 ( x 10 1 Most
105 I 10-11 challenging

oa™ = * 48 x 1017

EXP —
da, =

il - 1< 1" 1 0L BNL EB821
v 16 x 10-11 FNAL New g-2

Aaz=aFP-a ™= 316 (79) x 1071

HLBL: Compilation

W. Marciano, arXiv, 1001.4528

Nyffeler 1001.3970

[Slides stolen from M. Ramsey Musolf, [ e
Confinement 201 2]

New Total

Asymplopia

49
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possible resolutions and side effects:

* option |: experimental issue in muonic
hydrogen !

e central value would imply dramatic shift

* option 2: systematic shifts in both electronic hydrogen (correlated
errors?) and electron scattering (rad. cor., Q* extrapolations?) ?

® would imply ~5 O shift in Rydberg

® related basic issues in lepton-
nucleon scattering, e.g. signal process
for vu— Ve oscillations searches

“onbaomonad

=)
-

-

=

m
°

o
=

0.5 1 1.5 2
m, (GeV)

* option 3: new structure effects in muonic hydrogen ?

e related effects in electromagnetic contribution to nucleon masses
® potential impact on muon-proton scattering

* option 4: something else ?

51
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possible resolutions and side effects:

* option |: experimental issue in muonic
hydrogen !

e central value would imply dramatic shift

* option 2: systematic shifts in both electronic hydrogen (correlated
errors?) and electron scattering (rad. cor., Q* extrapolations?) ?

e would imply ~5 O shift in Rydberg

® related basic issues in lepton-
nucleon scattering, e.g. signal process
for vu— Ve oscillations searches

“onaomonad

=)
-

-

=

m
)

L)
=

0.5 1 1.5 2
m, (GeV)

* option 3: new structure effects in muonic hydrogen ?

e related effects in electromagnetic contribution to nucleon masses
® potential impact on muon-proton scattering

* option 4: something else ?
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possible resolutions and side effects:

* option |: experimental issue in muonic
hydrogen !
e central value would imply dramatic shift
* option 2: systematic shifts in both electronic hydrogen (correlated
errors?) and electron scattering (rad. cor., Q? extrapolations?) ?

® would imply ~5 O shift in Rydberg | ==

® related basic issues in lepton-
nucleon scattering, e.g. signal process —=
for vu— Ve oscillations searches 1

“onbaomonad

=)
-
-
=)
m
°
o
s

m, (GeV)

* option 3: new structure effects in muonic hydrogen ?

e related effects in electromagnetic contribution to nucleon masses
® potential impact on muon-proton scattering
* option 4: something else ?
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historical interlude | H = Hy+ AV,
: » Z Z
AV ~ — rf'irp(r) e ea
) . ". _ ,..'| ’.f

[)(7') [Friar, 1979]

Semiclassical picture: multipole expand and carry out perturbation theory:

2 Z .
4E, = | o0 Za (<r) — S 9 + (Z0)* Frmw + (Zow)? Fan)
e = | dr rp(r)

p2(r) = [ &r'p(l 0 — 2 p(r)  ecc
Demands assumption for charge distribution, nonrecoil expansion ( ~ mp/mproton <« | )

Not clear how to merge in model-independent way with “polarizability”

=> Enter effective field theory (= QM + relativity + calculus)

52
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historical interlude | H = Hy+ AV,

' o Z Z
AV ~ — /rf';rp(_r) (”’| _ :‘)
. et T

[)(7‘) [Friar, 1979]

Semiclassical picture: multipole expand and carry out perturbation theory:

2 Z .
4E, = 511 O Za (<) — Z3E ) + (Z0) Fams + (Zow)* Fun)
e = f d’r rip'¥(r)

p2(r) = [ &r'p(l ¥ X p(r) e
Demands assumption for charge distribution, nonrecoil expansion ( ~ mp/mproton <« | )

Not clear how to merge in model-independent way with “polarizability”

=> Enter effective field theory (= QM + relativity + calculus)
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NRQED d;: two-photon exchange

- - -— - - -—{r}—b—r—h
I 1 | ) ] I ”
. | i ] =] L
y S —_ {0 B 0 G +
I I | ) ‘r))
-

: e ety
r > o 8 : -j) 0 v N
O -

- to reproduce large momentum regions, include four-

fermion counterterms
f/\ ) i f/-) '

Ly = Ve !/ P(;“J,,(;"‘Ji v, + —=YIG Wy - (_;-"",l]jr—r' Ve + ...

\f" p

gQ0

- perform matching at a convenient point, e.g. all external particles
onshell, at rest: hadronic part is forward Compton amplitude

57
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NRQED d;: two-photon exchange

-——— — - - f——
- - —— - -
1 i ] =] L
Y = | K o % +
- i ' : ) r))
{ | | J
S8 < y ©)
i E( _'J) 8 : 3 ) \i}r
% >~ 50~

- to reproduce large momentum regions, include four-
fermion counterterms
f/‘ s
—] (‘,‘""b
'\l'_’ P

f/') '

“:‘;'}ifﬁl:‘;") . (.,";rri,&'(_;"‘;r, 'JF .

L. ‘
' M?2

(l“.-‘"r]' (:‘"I',-l- l:-"l', .l_

- perform matching at a convenient point, e.g. all external particles
onshell, at rest: hadronic part is forward Compton amplitude
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- model independently, in small lepton mass limit, 2-photon

contribution to energy is
‘ universal hadronic parameters
m; WZa) dd,

AFE(nS) - N / \
™3 mem, \

i - TN Ty 2 Am
(Za)’? — — my, — (dav — | logmye + co +cymyp + ...
mnd ms

‘H
3
s T TNy
~ (L) — J{][l[llngmf Fco+cymy A }
e my,

- for electronic hydrogen, contribution is numerically large compared to experimental error, but not
compared to present theory error

- loose constraint co = 10* from 1S-2S hydrogen-deuterium isotope shift

- unfortunately, for muonic hydrogen my/mm, muy/(ma-mp) not small. What reasonable
values can dd> take ?

co+ -~ 1000 = SE(2S) ~ 0.1 meV

(note bad units: excitation scale mm, ma-mp << mp)
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- model independently, in small lepton mass limit, 2-photon

contribution to energy is
‘ universal hadronic parameters
m(Za)? ddy

AE(nS) - = / \
mn" Me My \

gdm
my, — (da — | logmye 4+ co +cymyp + ...
m.

3
N (S 1Y
~ (Za) i 100 log my 4 co 4 cymyp + ...
e my,

- for electronic hydrogen, contribution is numerically large compared to experimental error, but not
compared to present theory error

- loose constraint ¢o = |0* from 1S-2S hydrogen-deuterium isotope shift

- unfortunately, for muonic hydrogen my/mm, muy/(ma-mp) not small. What reasonable
values can 0d> take ?

co+ -~ 1000 = SE(2S) ~ 0.1 meV

(note bad units: excitation scale mm, ma-mp << mp)
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- model independently, in small lepton mass limit, 2-photon

contribution to energy is
a2 universal hadronic parameters
m>(Zo)? dedo

T -
™3 mem, /
m> my L
IS . o i -
(Za)® — m,— (5o — | logmy +co +cymy + ...
)
3
me m

mnd ms

g T My
~(Za)’—=—<100logm¢ 4+ cog + cyme + ...

Tt m;

AFE(nS)

P

- for electronic hydrogen, contribution is numerically large compared to experimental error, but not
compared to present theory error

- loose constraint ¢o = |0* from 1S-2S hydrogen-deuterium isotope shift

- unfortunately, for muonic hydrogen my/mm, muy/(ma-mp) not small. What reasonable
values can 0d> take ?

co+ -~ 1000 = SE(2S) ~ 0.1 meV

(note bad units: excitation scale mm, ma-mp << mp)
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forward Compton amplitude

- QCD input summarized by amplitudes )
of forward scattering

W (q, k) f/u'].f'r-“"’{'pl'nlnn(f.'..-')|l'{.l“(.r].f"([]]} proton(k, s))

i
ke ke
Mg ) i\' : ]l' . y
u,(f.'}{ ( g 4 : {f ) Wi(r, Q) 4 (f.'“ ,,qr/'”) (f.'” ,{lq“) Wolw, Q)
q- {q- {q-

| ”I“!-(L):\:"Lq.'v-‘;'i:"",u ‘_‘.‘;;'V?“/"r' T ..j',u-q.‘w:!""f}'

f H.‘“'-!J}-‘:"{i_q"w-i‘?‘%: E-.';t-ﬁp':‘;'r/ { _A!;J-H.w"’lz}'}”n(l‘)

- four invariant functions of photon energy Vv and invariant Q2 two spin-independent, two

spin-dependent

- in DIS, just interested in imaginary part, but here need the whole thing

frm, T, 2mm, ) y 2 2 | y 1y, y m, Ay (Zev) =
- - Fo(0)+4ms Fi(0) = - ‘ (”’.' log m? log ) }
A 2mempA msA Moty |3 e — ms: A A Methy,
I ,,

", . - [ QF [(1 + 20B)YW (2im,Qu, Q%) — (1 ‘1",)m;'_H'_‘lﬁ'_’.'m,‘(L)‘r_{L)"J

de/T—a2 [ dQ il e Sk U
my J Jo (C=F AT + 4m=T1"
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dispersion relation with subtraction:

- Wi (Vv,Q?) not determined by imaginary part

o ImWy (V) Q%)

V212 — v?)

Wi (v, Q%) = W,(0,0Q%) /

- no intrinsic meaning to “proton contribution” and “non-
proton contribution” to W/(0,Q?)

- can analyze at low momentum using NRQED: double
scattering of proton off external static electromagnetic
field

6l
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Previous analyses employ a “sticking in form factors” (SIFF) ansatz

) ) (-
W1(0,Q7) 2(—-1+cp®) A Ve (@ 2cpew + 2¢ar + can) A
; ; Q* , Y , Y \ 34T
2a0p(2 + ap) + 51/ 8a,F1(0) = 8(1 + ay)F5(0) + M f_:,)’ ..
2 l I,
5 ) dm L MQ? 1
2 (14 Q2/0.71GeV?)'

e.g. Pachuckii 1999

- assumes ad hoc separation into “proton” versus “non-proton”

states and assigns form factors to the former

- model dependent extrapolation, wrong behavior at large Q?

caution is warranted..
63
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This ansatz fails dramatically for experimentally accessible
spin-dependent structure function

. ()* M
[ = i S, = 19 H,
(
~ 08 GeV?  fos o g [ffom Bernard 2007]
Drell Hearn g 0.4 CLAS EGla
e e Soffer-Tervaev (2004)
012] — Burkert-loffe T
roton ) HERMES e
§1(0,Q%) — SProten(, 9 i Q> 0.1 G sipe 7~
I / { )ll]l“{‘{'“' (n,)_) s Jieral, Xpt
v
., ( !;2 (6 \
.04 \\
data (unsubtracted dispersion 002 | ! .
. ."l Bernard et al, Xpt
relation) 0
(0 0.5 ! 1.5
O (GeV’)
64

Pirsa: 13100107 Page 79/87



From the bully pulpit:

“we believe that the uncertainty assigned to this contribution
(<0.004 meV) is underestimated by at least an order of

magnitude. [RIH,G.Paz 201 1]

Not easy to find significantly more with “reasonable” functions. But an
unsatisfactory state of affairs (cf hadronic LBL in muon g-2)

[Pineda, 2005, Nevado, Pineda 2008]
[Carlsen,Vanderhaegen 201 1]

[Walker-Loud et al 2012] ...
For example, Q* term studied in a single-parameter ansatz for

W(0,Q?)
[Birrse, McGoverne, 201 2]

Wl ((), (2.2) — VVF““L‘((), (23) + (1_73'/5]\1533 ( | —

claimed uncertainty of 0.001 meV on LS difficult to reconcile with our
current state of knowledge
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. R v [ dv”? TmW, (/' ()?
Wl (v, Q%) / (v, Q%)
J2 (Q2)

I ]/’3(]/"'—3 ]/3}

real photon terms expanded at small v:

lim Wa(r, Q%) =0

Q2=0

. = ) 1
Wi(1,0) = =2 4 W (—f’”f,- Fepeg + 20y — _;f-‘u) Ot

Combined with pole and subtraction terms these determine continuum contributions:

i
" 2M
Wit (1,0) = 0.

Wt (v, 0) (@ + B) + O,

Finally, insert into matching formula for dz, and determine:

unambiguously determined by NRQED

_A_
m?(Za)” my r -

— _”_,,.-{ log my [M? (5a — 3) Jov = 3a,(1 + ap,) + 2M*(rlp)*] + ...}

OF(nS)

[Khriplovich, Sen’kov |998]
67

Page 81/87



Pirsa: 13100107

Summary of leading radiative corrections to nuclear structure

[Pachucki] [Borie] [Hill, Paz]

Contribution ‘Hl"l. |2tl|‘i\’vl'. i'.’?%H This work
SEvertex 0.0099 | —0.0096 0.0108
. ‘\‘lllwllrll v
’”‘;;H ‘ 0.016
Y Db r”‘,‘i"!;m[s_:‘ 0.035 0.051 Model ])v])viltlt'lll
r\"l‘\{nlﬂllwlllwlll []“l{ ‘I"| [Carl'son’
Total \ 0.025 l 0.042 \

TABLE I: Comparison between this and previous works for
O(a”) proton structure corrections to the 277 —25 Lamb shift

in muonic hydrogen, in meV,

Model-dependent part is largest (this statement is convention dependent)

68

Page 82/87



Pirsa: 13100107

Summary of leading radiative corrections to nuclear structure

[Pachucki] [Borie] [Hill, Paz]

Contribution ‘Hl"l. |2tl|‘l\’vl'. i'_’IiH This work

SEvertex 0.0099 | —0.0096 0.0108
- ‘\‘lllwllrll v
’”';;H ‘ 0.016

SE™O SE, "7 0.035 | 0.051 |Model Dependent
\"lwnlﬂllwlllwlll []“l{ ‘I"| [Corllson’
( v, . i h

Total ‘ 0.025 l 0.042 \

TABLE I: Comparison between this and previous works for
O(a”) proton structure corrections to the 277 —25 Lamb shift

in muonic hydrogen, in meV,

Model-dependent part is largest (this statement is convention dependent)
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Summary of leading radiative corrections to nuclear structure

[Pachucki] [Borie] [Hill, Paz]

Contribution ‘Hl"l. |2tl|‘|\’vl'. '_’ill This work

SRvertex 0.0099 | —0.0096 0.0108
. ‘\‘lllwllrll v
M'_”” ‘ 0.016

SE™° SEVHCT 0,035 | 0.051 |Model Dependent
\"I\{HIHII\IIIHH []“l{ ‘I"| [Corl'son’
( v, . i h

Total ‘ 0.025 l 0.042 \

TABLE I: Comparison between this and previous works for
O(a”) proton structure corrections to the 277 —25 Lamb shift

in muonic hydrogen, in meV,

Model-dependent part is largest (this statement is convention dependent)
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Investigate the impact of modified structure corrections and
larger uncertainty on the two-photon exchange contribution

Pohl et al compilation
(Nature 2010) RJH, Paz reason for change
vertex correction -0.0096 meV -0.0108 mismatl:c.h ol
definitions
)
051 ' I
two photon (d3) 0.05 ~ 0.05 +/- 0.05 model dependent
“recoil finite size"” 0013 0 double counting
total 210.001 1(45) 209.987(50)
-5.2262r? -5.2262 r?
extracted radius 0.8421(6) 0.841(6)
H CODATA06 0.876(8) 420 3.50
e-p Sick 2005 0.895(18) 290 280
JLab 2011 0.875(10) 330 290
Mainz 0.879(8) 4.60 3.80
Hand e-p| CODATAIO | 0.8775(51) 6.90 4.60
ep 0.870(26) l.lo l.lo
ep, en 0.880(20) |.90 |.90
ep,en,ppNN | 0.871(10) 290 2.60
69
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Investigate the impact of modified structure corrections and
larger uncertainty on the two-photon exchange contribution

Pohl et al compilation
(Nature 2010) RJH, Paz reason for change
vertex correction -0.0096 meV -0.0108 mismatl:c.h 0.
definitions
)
051 '
two photon (d) 0.05 ~ 0.05 +/- 0.05 model dependent
“recoil finite size"” 0013 0 double counting
cotal 210.001 1(45) 209.987(50)
-5.2262r? -5.2262 r?
extracted radius 0.8421(6) 0.841(6)
H CODATA06 0.876(8) 420 3.50
e-p Sick 2005 0.895(18) 290 280
JLab 2011 0.875(10) 330 290
Mainz 0.879(8) 4.60 3.80
Hand e-p| CODATAIO | 0.8775(51) 6.90 4.60
ep 0.870(26) l.lo l.lo
ep, en 0.880(20) .90 |.90
ep,en,ppNN | 0.871(10) 290 2.6
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EFT and the little group:

® consistent implementation of Lorentz invariance in heavy particle EFT

® extends to arbitary order, arbitrary spin, and light-like (n2=0, SCET) expansions

Heavy particle EFT and weakly interacting DM

® universal cross sections: (small) targets for future experiments

® Simplified computations, e.g. 2-loop matching for gluon operators
NRQED and proton structure

® definition of charge radius in presence of radiative corrections,and connection
to scattering observables

® model-dependent assumptions in previous analyses

® discrepancies still present, further analysis of e-p scattering underway, await
more data
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