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Nucleon Compton scattering

 Different kinematical regimes:
- RCS: ¢ =¢7=0
- VCS: ¢* =—-Q* <0, ¢*=0 p p
- WCS: ¢ =¢*=-0Q* <0 [UH LS, structure functions]

see talk by F. Hagelstein

- (General VV) CS: any virtualities, the most general situation

* Low-energy (low-momentum) nucleon structure

- Is encoded in low-energy constants (polarisabilities etc.) that
parameterise the Compton amplitude

- Different regimes can be related through analyticity, this leads
to constraints relating different low-energy constants

* | will demonstrate how baryon chiral EFT copes with
reproducing data and fulfilling the constraints

e | will also discuss the details of the constraints
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Polarisabilities in Compton scattering: RCS

77—

* Low-energy constants, | |
expansionin v =p-q/M 15 j
and v' =p-q' /M z \

. . . S 107 |

* Describe the deviation from g | |
the Born amplitude S _| Born+anomaly |

5[ Scalar pols

° - Full V.L., Pascalutsa (2009) *
Can be CalCUIated/eXtraCted ﬁ V.L., McGovern, Pascalutsa (2015) |
(XPT, DRs, PWA) "0 0w w80 00 120 140

wiap [Me V]

DR review Pasquini, Vanderhaeghen (2018)
PWA: Krupina, VL, Pascalutsa (2018); Pasquini, Pedrotti, Sconfietti (2018) [see talk by S. Sconfietti]

* Conventional definition (in the Breit frame):

(2) 1 2 32 Babusci et al (1998)
Heg = —54m (ap1E* + Bari H?) Holstein et al (2000)
1 R 2, L - 2,
Hé?;f) =3 47 (’YElElU B X E+yvimi0o - H X H —2yyipaBjo Hy + 27E1M2Hz'j0z'Ej)

1 A = 1
”Hé}? =3 dm(ap, E? + By H?) — 12 47T(O‘E2Ei2j + 5M2Hi2]')

1 1
Eij = i(v@EJ + VjEi), Hij = §(VZHJ + V]Hz) 3/26



Proton RCS in BXPT Born+anomaly

Klein-Nishina
Born+anomaly

* See talks on Monday +7TIN loops
for details on BxPT Full

(V. Pascalutsa,J.Rijneveen)

* Delta Counting A = Ma — M > m,
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Proton RCS in BXPT Born+anomaly

Klein-Nishina
Born+anomaly

* No free parameters +7IN loops
Full

* Good agreement with data

* Scalar polarisabilities ‘e
are reasonable 12
[«

 Can be fitted to data;

l

8
6F
‘ MacGibbo
2 II.
0

_ o >qglobal average :':é
Improves the description, 3
results for scalar pols o el 5
stay the same within S S
error bars o (1077

* 1N loops alone cannot reproduce the data

* A-exchange and nA loops fix it

V.L., Pascalutsa (2009)
V.L., McGovern (2014)
V.L., McGovern, Pascalutsa (2015)




Proton RCS in BXPT

[nb/sr]

dQ

* Works well also at higher energies w ~ A (only NLO there)
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Polarisabilities in Compton scattering: VCS

c ¢?* =0, v ~0, ¢ = —Q* arbitrary (but not too large!)
* Experimentally accessible in ep — epy

A

[Vl
LA
YA
e

Bethe-Heitler Born VCS non-Born VCS

Expansion in v/ ; Born+BH fix the leading terms ~ »/~tand ~ "
Generalised polarisabilities (GPs) T A ;

- Parameterise the expansion in v/

.

- Are functions of Q2

Brir [107m %

— Can be considered generalisations
of RCS static polarisabilities

- Six GPs at O(y’) Guichon et al (1995)
Scherer et al (1996)
Drechsel et al (1998)




Static values of GPs

At Q° = 0four GPs are related to RCS static polarisabilities

P(Ll,Ll)O(o) _ 1 2

——\/3 Qg1
pMLMO () — _ﬁ S B
P(Ml,L2)0(()) = —ﬁ% % TM1E2
P(Ll,M2)0(0) — —ﬁ @ YE1M?2

* The remaining two vanish at ()% = 0; their slopes enter the
spin-dependent constraints below

. . . 3 T (b)
* VCS generalisation of static scalar S
polarisabilities:

—~T

I S
E |
il
ap1(Q°) = —aem %P(Ll L0 (()2) :E
«Q
BMl(Qz) = —Qlem %P(Ml Ml)O(QQ)
— definition specific for VCS! 00 00 02 s 04 oS

Q* [Ge V]
VL, Pascalutsa, Vanderhaeghen (2017) 8/26



VCS response functions

* Unpolarised cross section

- L

LA
LA
“A
L

Bethe-Heitler Born VCS non-Born VCS
1
d50' _ d50BH—|—B0rn 4+ V/(I) {Vvl [PLL(Q2) . EPTT(QQ)] + V2 /6(1 n 5)PLT(Q2)}
* Response functions Guichon et al (1995)

Guichon et al (1998)
PLL(Q2) _ —2\/6MGE(Q2)P(L1’L1)O(Q2>
Prr(Q®) = 6MGn(QY)(1+71) [2\/5 M7 PUELMIL Q2 P(Ml’Ml)l(QQ)]

PLT(Q2) — \/%M /1 g [GE(QQ)P(MI,MI)O(QQ) . \/EGM(QQ)P(LI,Ll)l(Q2)]

9/26



Proton response functions

 Compared with DR and data

- Good agreement with data,
large errors

— Prrdriven by 8u1(Q?%), tensions
at low @ due to different
static values

- More data at very low @* would
be very desirable

— Can one possibly determine
the slope of su1(Q%) (enters
spin-independent constraints)?

— Probably not

in BYPT
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Polarisabilities in Compton scattering: VVCS

e ¢* =¢*% =@ (forward scattering)

Related to proton structure functions and pH Lamb shift
Forward VVCS amplitude

T(Va QZ) :fL(Va Q2) T (gl* | g) fT(Vv Q2>
+id - (€™ x €) grr(v, Q%) —id - [(€* — &) x 4] grr (v, Q%)

+ 47 [Q* B + (apt + B )V7] + ...
+ 4dr(apr + ozLy2)Q2 + ...

Each of the coefficients can be considered a function of Q?
— generalised polarisabilities (different from those of VCS!)
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Nucleon VVCS Generalised Polarisabilities in BYPT

* Reasonable agreement with data (p: CLAS, n: Jlab E94-010)

* New data expected soon (especially on proton .7 ; seems
In agreement preliminary, see talk by K. Slifer; some
tensions are seen for the neutron, see talk by J.-P. Chen)

Proton Neutron

Yo (107 fm*)
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V.L., Alarcon,
Pascalutsa (2014)

1IN loops
TIN loops (HB)
Kao et al (2003)
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BxPT Bernard et al (2013)
Bernard et al (2003)

MAID 2007
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CS amplitude: tensor decomposition

* General CS amplitude
Trsns = €2e,(q, Nep (¢, N) a(p', s") M u(p, s)

* 18 helicity amplitudes parameterised by the CS tensor

M =3 Bile?,q % - ¢ q- PYTI, J = {1,..,211\{5,15,16}, P = (p+7/)/2

eJ Tarrach (1975)
Drechsel et al (1998)

« Tensors 7" multiply by 1 under photon crossing/nucleon
charge conjugation and do not have kinematical singularities

* |Invariant amplitudes have definite transformation properties:
i=1,2,3,8,10,13,18,19,21
Bi(¢*,q",q¢ dsa- P) =£Bi(d%,¢*,¢ ¢ s —a- P)|,_, s 77 911 12 14 17 20

59 9 / B 5 /2 p i=1,2,3,8,9,10,11,14,18,19,20,21
Bi(¢",q°,9-¢,q-P)==+DB;(¢",¢*,q-¢,—q-P)|._
i=4,6,7,12,13,17

 Note that
/ ]‘ / 1
q.q =§(q2+q2—t), q-P=2(s—u)=¢

13726



CS amplitude: low-momenta expansion

* Subtract the Born terms from the CS amplitude

* Non-Born invariant amplitudes are analytic functions of their
arguments around the threshold: Taylor series

* Crossing properties of invariant amplitudes constrain the
expansion coefficients:

B; = bio+bi2aq - q +biop(q® +¢7) 4+ bioc(q- P)* + O(kY), i=1,2,3,8,10,18,19,21
B = [bi,1 4 biaq - ¢ + bisp(® + ¢7) + bise(q- P)?] q- P+ O(k°), i—a6,712,17
Bi=b;3(¢> —¢*)q- P+ O(k°), i=13

B Drechsel et al (1998)
Bi =bio(q® — ¢%) + O(k*), i=9.11,14,20

* Use the general CS amplitude expansion to connect LEX in
different kinematic regimes!
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Spin-dependent constraints

* VVCS: only 4 invariant amplitudes survive (¢* =q¢°% =-Q°

Hq 1 q
o M (0,2 = = { (=0 + L) 16 @) + 5 (- ) (- B ) e, @2)

1
o € o5 $1(6,Q) +

— 6’/“0‘5 qa(p “q Sg—S8-( pﬁ) SQ(£7Q2)
M

* Spin-dependent amplitudes S1and Ss

S1(&,Q%) = qem M {—4ME By + Q* [Bs + M (4B1o + 2Ba1) + 4B1s] }

2
S2(&, Q%) = Qo M? {_%36 — 2B17 + M£(4B1g + 2Ba1) — Q7 B12}

* LEX for non-Born parts

S1(£,Q%) = dtem M {—8M?¢* by 1 + Q* [bs,o + M(4b1oo +2b21,0) + 4bis,o] + O(k*)}
S2(€, Q%) = e M°v {—4bi71 +4bioo +2bar o+ O(kQ)}

15726



Spin-dependent constraints

* Analogous relations can be written for VCS (12 amplitudes)
and RCS (6 amplitudes)

* Matching LEX relates expansion coefficents to GPs (VCS)
and static polarisabilities (RCS):

b8’0 — _6MP/ (Ml,Ml)l(O)

VCs: b — § [P/(Ml,Ml)l(O) . P/ (Ll,Ll)l(O)i| + 1 1 7y
21,0 = 5 o o] TM1E2
1 1 1
p— b - —
b1,0 o~ B 2,0 NIVE (ag + Bum)
1 1 1 1
b7.1 o ST Y0 100 = 7 (vmiE2 + YE1M2)
; 11 ( ) b B 1 1
17,1 = o AN TM1E2 — TM1M1 18,0 — . 2’YM1E2

* All coefficients entering LEX of the VVCS amplitude are
expressed through VCS and RCS

16/ 26



Spin-dependent constraints and sum rules

* Constraints for non-Born VVCS amplitudes
S1(€,Q2) = Mo + MQ? {’YEIMQ _ 3Mawn, [P’ (Ml,Ml)l(O) _|_P/(L1,L1)1(O)] } +OkY

£55(6, Q%) = —M2€ {0+ vm1m1 — 3Maem, [P/ (0) — prELLVI(0)] L4 (k)

* Dispersion relations (non-pole VVCS amplitudes)

n 2\ 1 > / §' e’ ' 02
ReSlp(V, Q ) — %P ‘. dg 5,2_52 ?gl(ma Q ) x/:QQ/ZMf/
1

Re[€S:(6, @)P] = - P e gy Ml Q)

Drechsel et al (2003)

* Using DRs one can express these constraints through
moments of structure functions: sum rules

/ ’f?v 2 M? 1 F(M1,M1)1 1 (L1,L1)1
1(0) = R r3) + == § gy — 3M [P0 4 P ALY )]

511 = —Vp1EL 4+ 3Maem [P/(Ml,Ml)l(()) B P/(Ll,Ll)l(O)]

Pascalutsa, Vanderhaeghen (2015)

em
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Spin-dependent constraints: verification

* Empirical verification
- No data at present on the slopes of VCS spin GPs
— Still, sum rules provide constraints on other quantities

/ KN, o M? 1 7 (M1,M1)1 /(L1,L1)1
11(0) = SR (1) + == § ——miarz — 3M [PTLAI(g) 4 pELE1 ()]

DR: Drechsel et al (2003)

2
_ VSum rule l

BChPT

* Prediction for the slopes of GPs

- Overlap of sum rule and Lt
Ye1m2 bands

- DR and xPT results for the
spin polarisabilities and slopes
of spin GPs are consistent with
the sum rule

Pascalutsa, Vanderhaeghen (2015)
VL, Pascalutsa, Vanderhaeghen, Kao (2017)

Vermz (107% fm?*)

d
7 (P(Ml,M1)1+ P(Ll,Ll)l)Q2=0 (GeV'S)



Spin-dependent constraints: verification

* Empirical verification
- No data at present on the slopes of VCS spin GPs
— Still, sum rules provide constraints on other quantities

511 = — Ve 4+ 3Maem [P/(Ml,M1)1<0) _ P/(Ll,Ll)l(O)]
DR: Drechsel et al (2003)

« Prediction for the slopes of GPs : M s

— QOverlap of sum rule and
Ye1e1 bands

- DR and xPT results for the S
spin polarisabilities and slopes
of spin GPs are consistent with DispRel. |
the sum rule i

Pascalutsa, Vanderhaeghen (2015)
VL, Pascalutsa, Vanderhaeghen, Kao (2017)

6 P TR [ A E S SRR
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6 . Puzzle

* Sum rule for S2 can be represented as a constraint on dr7

11 = V151 + 3Maen [P/(Ml,Ml)l(O) B P/(Ll,L1)1<O)}

DR: Drechsel et al (2003)

* Shows the i, puzzle

- The values of GP slopes !
are from DR calculation

Bernard et al

MAID

- The sum rule seems to “:g
prefer the smaller value o

of 5LT g

&

- Waiting data from JLab!
(preliminary: our results
are in agreement, see
talk on Monday by K.Slifer)

Disp.Rel.

Pascalutsa, Vanderhaeghen (2015) I ]
VL, Pascalutsa, Vanderhaeghen, Kao (2017) 0.0 0.5 1.0 1.5 2.0 2.5 3.0

St (107% fm®)

20/ 26



Back to constraints: scalar amplitudes

* VVCS amplitude

Hq 1 q
o M (0,2 = = { (=0 + L) 16 @) + 5 (- ) (- B ) e, @2)

1
ol e g 81 (€, Q) +

7

173" 4ap- 55 =50 pp) 52(€>Q2)}

e Scalar amplitudes 7; and T5

Ti (v, Q%) = ttem {Q° B1 —4M?V° By + Q* Bs — 4MvQ® By}
To(v, Q) = Ctem 4M?Q* {—Bs — QB }

e LEX: need to be expanded up to k*

T1(&,Q%) = tem {Q%b1,0 — 4M>E% bo g + Q* [—b1,24 — 21,25 + b3.0]
—(2M &) b3 2c + (2ME)?Q? 01,2¢ + 2,20 + 2b2 2p — 254,1]} + O(k%)
T5(&,Q%) = —em AM?Q? {boo + Q% [=b2,24 — 2b2.2p + b19,0] + (2ME)?baoc } + O(K°)
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Scalar constraints

* After connecting with RCS and VCS expansion, this becomes

T (&, Qz) = Q2 Bari + 52 (g1 + Ba) + 54 [OéEl,u + By, + %(OZEQ + 5M2)]

1 1
+ Q¢ lﬁMl,u + E(4BM2 + ags) + i (=0T + Yamrimi1 — YELEL — YM1E2 + YE1M2)

3 1
_aem\/; (2P/(L1,L1)O(O) n P/(Ml,Ml)O(O)) I A (ap1 + Bart) — 20em (2M)2hs

1 3
+ Q4 IEBMQ — Qem _Pl (Ml,Ml)O(O) 4+

5 + O(k°)

(2M)2 ﬁMl + aembB,O

T(&,Q%) = Q*(api+ Bun) + Q%€ [OéEl,u + Barip + %(OZE2 + 5M2)]

1 1

1
+ [6(04152 + Bar2) — i (Orr +vE1EL + YM1E2) + (27)2(0@1 + Buri)

3

. > <2P’ (Ll,Ll)O(O) L p (Ml,M1)0(0)> ~ e (2M)2b19,0 4 O(k6)

* Three new constants that didn't appear before (in RCS or
VCS or VVCS)

22/ 26



New constraints, new constants, and sum rules

 b4,1 is in fact related to higher-order GPs and can be
extracted from a calculation of VCS:

1 d -
by1 = ——A3(0,0, M
4,1 QMdf 3( y Uy €) o

- We did it in BXPT and thus verified the constraint for the @*¢”
term in 71 (¢, Q)

e b3,0 and b19,0 characterise doubly-virtual off-forward scattering
(e.g., lepton pair electroproduction)

e Two of the new constraints can be recast into sum rules:
those containing b4 ; and bqg

e These constraints can be reversed and used to calculate the

unknown constants |
VL, Hagelstein, Pascalutsa, Vanderhaeghen (2017)
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Sum rules from the new constraints

* Sum rule relating b4 ; and the slope of the generalised Baldin

sum rule:
e2(2M o
MA@ = S5 [ dra i@ @) = la + 6@
/(2) ]. ].
M (0) = Bumip+ E(45M2 + ag2) + Vi (=0T +YMmim1 — YE1EL — YM1E2 + YE1M2)

- aem\/g (2P’(L1’L1)O(O) + pr MM 1>0(0)) + (a1 + Bart) — 20tem (2M)?by 1

(2012

* All these quantities are measured (although there appear to
be no measurement of M,”(Q?) at small Q* < 0.3 GeV? that
would make the slope better known; also the slopes of the
VCS GPs are not well determined)

* The second sum rule relates b19,0 with the slope of the
electroabsorption cross sections or and oL

VL, Hagelstein, Pascalutsa, Vanderhaeghen (2017) 24726



Constraint for 03

 This constraint relates 03,0 with the slope of the subtraction

function for 17 (€, QQ) and cannot be written as a sum rule

Tl(ov Q2) —

B Q° +

1

3
2

65M2 — Qem _P/ (Ml,Ml)O(O) +

(2M)?

* The knowledge of b3.0would constrain the slope, possibly
reduce the uncertainty of the pols contribution to yH LS

* b3 seems to be small in BxPT (not so small if extracted
empirically [superconvergence relations/DR/datal)

Source ZT7(0) Qemb3.0 Bar2/6 26841 1/M? recoil 1074 fm®
7N loops —0.06 0.001 —1.40 1.36 —0.02
wA loops —0.10 —0.005 —0.44 0.37 —0.02
A exchange —1.98 0.11 —0.75 —1.42 0.08
Total —2.14 + 0.98 0.11 £0.05|-2.594+0.59 0.31 +0.50| 0.04 +£0.01
Empirical —0.47 3.96 —4.10 —0.36 0.03
estimate [41] Eq. (34) DR [35] |DR [36, 37] |PDG 2016 [42]
VL, Hagelstein, Pascalutsa, Vanderhaeghen (2017) 25/26
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Summary

One can connect different sectors of Compton scattering
using the analyticity constraints

These constraints sometimes can be written as sum rules,
connecting measurable quantitites

Spin-dependent constraints can provide new information on
spin polarisabilities, including ot

Spin-independent constraints connect the slope of the Lamb
shift subtraction function to that of the VCS 3,1 (Q?)and an
unknown constant that might be measured in lepton pair
electroproduction

Baryon ChPT fulfills these constraints (checked at NNLO)
It also does well in reproducing data (RCS, VCS, VVCS)

New information on low-energy structure of the nucleon!
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