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Tests of Chiral Perturbation Theory via low-energy =~ reactions
COMPASS@CERN: Primakoff effect to extract =~ cross sections
m-Compton scattering 7~y — 7w v: electric/magnetic polarizabilities
Radiative corrections to 7-Compton scattering (and u*p — p*p)
Chiral anomaly test: 7~y — 7~ #°

Neutral and charged pion-pair production: 7~y — 7~ 7%z°, 7t~ 7~
Radiative corrections to 7=+ — 37

Radiative corrections to proton and neutron magnetic moments
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Introduction: Primakoff effect

COMPASS experiment at CERN (S. Paul, J. Friedrich, B. Ketzer, B. Grube,...)

Primakoff effect:

@ Scattering high-energy pions in nuclear Coulomb field (charge Z) allows
to extract cross sections for 7™~ reactions (equivalent-photon method)

s—m?

2 Ebeam

do  ZPa Q- Q4 (s) Q. —
dsd@2 ~ m(s—mz) @t =) min =

@ s = (7 v invariant mass)?, Q — 0 momentum transfer by virtual photon
@ |solate Coulomb peak from strong interaction background
@ Different final-states 7=, 7~ 7%, 7~ 7%72°, 7t r 7~

allow to test different aspects of chiral dynamics (low-energy QCD)

@ Diffractive pion-scattering: meson spectroscopy and search for exotics
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Pion Compton-scattering

Structure of pion at low energies: calculated in chiral perturbation theory
@ General form of pion Compton-scattering amplitude in cm frame:

Ty = 87ra{ & B A ) +E ke Ky %[A(s, t) + B(s, t)} } t = (ki — ko)? J

@ Corresponding differential cross section:

do o > >
o = 55 LA DP + A(s,1) + (1 + cos fom) B(s, 1) | J
@ Tree diagrams (s-channel pole diagram vanishes, ¢ - (2p1 + ki) = 0):
As, 1) = 1 Bty = S~
b - b b - mgr _ S —t

@ One-loop diagrams (finite after mass renormalization):

t 2, 2 VAME —t+ V-t 2
A(s, t) = — —4omin YT T Y L2 >0
(80 =iy { 5 TeMain 2m, Z
@ Electric/magnetic polarizabilities = low-energy const. with ax + 8, =0
_ Br Myt _ O‘(f_ﬁf‘é_‘ﬁ)
A(S7 t) - < 07 Qr 67\' - 247{'2f7%m7\—

@ Combination /s — 75 = 3.0 & 0.3 determined via radiative pion decay
7t — etvey, PIBETA@PSI: axial-to-vector coupl. ratio Fa/Fy = 0.44
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Pion polarizability measurement

@ Two-loop prediction of chiral perturbation theory [J. Gasser et al. ('06)]

a(ls — Us) amy , 8/ -  _ 65 My
x—Br = =l + 05— T+ 22 ) In—
« 2422, + (47”(77)4{0 +3<2 1+4s 6+12)nmp

4 By 4, - 187  (53x% 4

2+ -2+ DAl —l) - —+ (T -

Tgllhth) =g+ 5 ()~ +(48 324)}

ar = fr = (57£1.0)-107*fm’,  ax + 6, =0.16-10"*fm’

@ COMPASS result: oy — B = (4.0 +1.8)-10~*fm® [PRL 114, 062002 (15)]

115E-pion beam

Xy = Ey/Ex inlab, cosOcm = 1 — 2xy8/(s — m2)

Analysis of data includes:

@ chiral pion-loop corrections A(s, t) ~ In?(.t.)

@ radiative corrections [NPA812, 186 ('08)]

@ isospin-breaking correction ~ (m2 —m?)in?(.t.)

@ previous results from Mainz and Serpukhov:
r — B = (12— 16)-10*fm?
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Radiative corrections to pion Compton scattering

Pion-structure effects small: necessary to include radiative corr. of O(«)
Start with structureless pion: extensive exercise in one-loop scalar QED
Include leading pion-structure o —@3- in form of yvy-contact vertex £, F*~
Virtual photon loops + soft y-radiation (w < ) give infrared finite result
T T T T T T T T 1 T T T

e pion Compton scattering: T+Y > T +Y A A=5MeV
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QED radiative corrections are maximal in backward directions z ~ —1
Same kinematical signature as pion polarizability difference a.x — B

Suppressed by factor of ~ 10
Relative size and angular depend. not affected by leading pion-structure
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Proton radius from elastic muon-proton scattering

COMPASS proposal [S. Paul, J. Friedrich, et al.]:

Measure proton charge radius r, = (0.84 — 0.88) fm in u*p — pu*p scatter.
Generalize Rosenbluth formula to massive muons (m, > +/—t =

do(17) 4ra?

g = 15~ (Mot m)] T [s — (Mo —m,)*]

X{[%%Wmi §] [amezo — 1G30] + 1(f + ) Gin}

Advantage of muons over electrons: much smaller radiative corrections

1 T T ] T T T
full lines: W p -> W p 8- B

dashed lines: " p-> " p ep->ep E,,=1GeV

>
T
|

Radiative correction [%]
Radiative correction [%]

infrared cutoff: 50 MeV =

infrared ﬁ:uloff. 10 MeV | |
0 0.1 0.2 0.3 -8 0.001 0.01 0.1
Q [GeV)] Q*[GeV?]

Analytical calculation of radiative corrections done for point-like proton:
Vertex corrections, vacuum polarization, 2-photon exchange, soft bremsstrahlung
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Extracting the chiral anomaly

@ 7° — 2+ and v — 3 couplings determined by chiral anomaly of QCD
@ Amplitude and cross section for 7~ (p1) + v(k, €) = 7 (p2) + 7°(po):

T'y37r = n 2f3 Cuvr€ p1 p2 p() M(s, 1), Far =98 Gev—?

_ 2 WiE — 3/2
a(s — m2)(s — 4m?) 2 2
CT[Q[(S) = (4;(;)671'4\/5 « 71dz(1 —Z ) |M(37 t)|
[ L e
BEoum >xd) [T AN
E + h.‘,.fl +lec ! ‘v\
20F .-~ +p resonance ’,' \v\ B
: .II \\
b / \
= 15 / 4
EX J
= | /
10f-
sk
07

12
s [m,]

p(770)-resonance must be included:

S t u
M(s, 1)(P) =1 046{ }
(s,) * mf,—s—i\/EFp(s)+ —t+ 2=

N. Kaiser (TUM) Chiral symmetry and low-energy pion-photon reactions



Extracting the chiral anomaly

@ Dispersive representation of 7y — w7 with p-wave phase shift as input
[M. Hoferichter, B. Kubis, D. Sakkas, PRD 86, 116009 ('12)]

471_2)(7?,\/,(570:F(S)-‘rl:(t)-‘1—F(U)7 U:Bmi__s_f7

ImF(s ~ . A
= )“”b”*/"'s@ oL ME(s) = [F(s)+ F(e)]snd (s)e 1

@ Relevant subtraction constant C = 3(a+ bm?2) is fitted to data and
matched via the chiral representation to Fs,
2

my
C=Fs 1 29 - In—=)\ = 1.087F,
3{+(4f)2< ”mp)} 3
I i | @ solid line: C = 9.78 GeV 2

I
|
I
I
I
|
/

! 1 dashed line: C = 12.9GeV 2

@ close to threshold, one-photon
exchange an important correction:
1 1-26%/t
@ Good theory waiting for good data
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Tree level cross sections for 7=y — 37

@ Coulomb gauge ¢- p; = €- k = 0, photon does not couple to incoming =~
@ No ~4r vertex at leading order

SE T T T

total cross sections: 7Ty --> 371

o, lub]

3 4 ”zi 6 7
/m,
@ Example: total cross section for 7~ (p1) + v(k, €) = 7~ n°7°
V/s—my
(0%
§) = ——5 dp /12 — 4m2 (u2 — m2)2
U[Of( ) 167r2f,‘§(s—m727)3 /Zmﬂ. A/ 71'(/1’ 7r)

LSEME — P NV (s B mE) g
2Mmz+/s

{(S+ me — )1 (s,,ﬁ,mi)}

@ (u? — m2)/f2is LO chiral mr-interaction, rest from 3-body phase space
@ How large are next-to-leading order corrections from chiral loops + cts?
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Neutral pion-pair production

@ 3-body process: 7 (p1) + y(k,e) = m(p2) + 7°(q1) + 7°(qe)
@ General form of T-matrix (in Coulomb gauge)
2er, - = =
T.Y4ﬂ-:ff2[6-Q1A1+6-C]2A2:|, A2=A1‘(S1<—)32,t1<—>t2) J

@ Amplitudes A; and A, depend on five (independ.) Mandelstam variables:

s=(o + K72 s =P+ @), 2=+ ®)° t=(n—kK t=(q—k? |
@ Convenient for permutation of identical neutral pions (s1 <> sz, t +> b)
@ Tree-level amplitudes:

A(tree) _ A(tree) _ 2m$r +S8S—8 — S
i 2 3/77,2T —s—tHh—0bh

Chiral corrections: [N. Kaiser, NPA 848, 198 ('10)]
Radiative correct.: [EPJA 46, 373 ('10); N.K. + S. Petschauer, EPJA 49, 159 ('13)]
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Neutral pion-pair production

@ Pion-loop corrections (example [)

o< T <

1 2m +s—s —
(47fr)2 3m2 —s—t; — b

Agl) = {(£+|n7)(51+Sg+t1+t2711ﬂ12)

1
+(S1+52+f1+f2*7m3r)[t/(3m727+5*31*32)*5}}

@ Loop function (from loop with two pion-propagators)

_ 2 —4m2 i
J(s)=4/ 2 :’"’* [mV's m”|+V|s|’;9(s4m§r)],s<0 or s> 4m?

2my

4
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Neutral pion-pair production

@ Pion-loop corrections (example 1V)

P = <

2m2 +s—s;— S my; 1
AgIV) — W—i(_47rf )21 2{£+|nu 7§+J(3m§r+s—s1732)
m2 —s 2(s — m?
+ - ( ) 2{(S1+32—5—m727—t1—t2)

2mi —t — b (2mE —t — b)
x[J(mf,+s—s1 —sg+t1+t2)—J(3m,2,+s—s1—sg)]

+2m§r[G(m72,+sfs1 — S+t +b)— GBmM2 + s — s sz)]}}

v

@ Loop function (from loop with three pion-propagators)

2
s—4m2 sl i
W—ZWS—M&J} , §<0or s>4m?

™

G(s) = {In
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Neutral pion-pair production

@ Corrections from chiral counterterms: higher-dimensional operators,
incorporate unresolved short-distance dynamics of Goldstone bosons

@ Complete counterterm contribution:

b
3
2 _ _ 2 e _ m2
+15 — 2551 + (S — 251 + 25, — t1)lo + M (s — 6sp + t1 — 2t + 6m7)

Ao _ 1 1
1 (47rf7.-)2 Sm%—S—H — b

2
{51(31 +8—s—m)P2+ [32+s12+s§

12 _
—ESmfr +204m (s +2m- — sy — Sz)}

o \_/alues of Iow—erlergy constants: /1 = —0.4+ 0.6, /» = 4.3+ 0.1,
3 =29+24,0, = 4.4+ 0.2, determined with improved empirical input

@ Uncertainty induced by errorbars of ;: about +5% for i (s), mainly ¢4
@ Chiral resonance amplitudes for v* — 47 [Ecker+Unterdorfer, EPJC 24, 535 ('02)]
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Neutral pion-pair production

@ Total cross section for 7~y — 37

a 1 T . 2
= =
O'[ot(S) = 323f472 /dLU1 dwz/ dX/ d¢|k X (Q1A1 + q2A2)|
T (S = m,,) 1 0
z2<1
— T T — 1 7 Ni » ©n'7°Ni (COMPASS 2009)
[ g °F preliminary Cross Section of T-y—m 7’1" obtained by PWA'
E total cross section: Ty --> T T < 16 COMPASS 2009 - PWA Result
3 J £
[ A=
% 14
L=
EpI= 1 1=
» e E
o > 0.8~
e E
Jd 0.6—
- g B F
L e 0.4
[ e E
[ g 02f
o E | | EL . . ]
3 4 5 6 7 0.45 05 055 06 065 07 075
1 my [GeVie?)

@ Enhancement of oy (s) by factor 1.5 - 1.8 through chiral corrections

@ Suggestive explanation: 7*7~ — 7%z final state interaction (1 + 0.20)?
1 _ 3mx mf, - - 3[73 924 33
3@ - =50 {1 * 36n22 (Z‘ M ?)]

= (=1 =
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Charged pion-pair production

@ 3-body process: 7 (p1) +y(k,e) = 7 (p2) + 7 (q1) + 7 (ge)
@ Photon couples to all charged pions: — many more diagrams

K IF R

A("ee)— 2m2 -5 —S+Hh+b S—S81 —S+0bh
L 3m2 —s—t — b t —m2
plree) _2S—2ME —s1—S+htl S-S —Sth

2 3m§,—s—t1—t2 tg—mfr

Mk;< | (Tb) '(m :
v‘\& : (ITb) : E (IIc)
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Charged pion-pair production

@ Total cross section for 1=y — 7~ 7

7 T T T

T 127 COMPASS 2004
6 total cross section: Ty --> T TR 4 = F ny—>nnnt +
© 1O from wPb — mwPb
St e 0. ¢ Fited CPT Intensity
— / “®F <+ Leading Order ChPT Prediction
g 4F /A r
= v 0.6/~
© 3 // - C
s~ 04
2f / B r
£ B 02F
L L 10| S SRR S s
% : s 6 7 045 05 055 06 065 07
s m ] m., [GeV/c?]

@ o (S) for /s < 6m, almost unchanged in comparison to tree approx.

@ Suggestive explanation: 7~ 7~ — 7~ 7~ final state interaction (1 — 0.02)?

my m2 - - 3[3 324 3
a=— 1o ——= (f 425, - =222 42
2 167rf,%{ 127r2f72r(1+ 278 2 +8)] J

@ Analysis of COMPASS data for v/s < 5m, agrees with ChPT prediction
First measurement of chiral dynamics in 7=+ — 7~ 7~ «+, PRL108, 192001 ('12)

@ Agreement on level of full 5-dimensional phase space distribution
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Radiative corrections to neutral pion-pair production

@ Chiral 7t7~ — 7= transition amplltude factors out of all photon Ioops

A Lk ok
= <& & L

soft photons In(m_/22)

++ soft photons cm frame | —|
— — — — virtual photon loops

sum of contributions

radiative corrections [%]
! =)

1= \~\_\ ST r— e ]
2 S~ ] 4
A -
I o U E N
33 4 5 6 7

12
s (total cm cncrgy/mn)

@ Radiative correction to total cross section varies between +2% and —2%
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Radiative corrections to charged pion-pair production

@ 42 irreducible photon-loop diagrams: virtual photon connects two differ.

charged pions, all couplings of incoming photon [FeynCalc + LoopTools]

KEK kKKK

Radiative corrections to total cross section o (m "y — 7 r 7~

—— photon loops 10] soft photons + photon loops
3 L—"- ~ = soft photons cms . - - one-photon exchange
_ 2 — - = soft photons ~In(m,/21) _ electromagnetic counterterms
% % 6 BN sum of elm. contributions
% ! S —-=- sum + isospin breaking
5ok N
R N R T ———— 2o Ty T
R .
—2 DR -
L3} A=5Mev Tl
3 4 5 6 7 3 4 5 6 7
V5 (total em energy / mz) V5 (total em energy / my)

Photon-loops almost constant, near threshold Coulomb singularity «/v
Coulomb singularity causes kink in #t7~ and 7~ 7~ mass spectra
One-photon exchange is sizeable, compensated partly by leading
isospin-breaking correction §; = 2(m_o/mx)? —2 = —0.13

N. Kaiser (TUM) Chiral symmetry and low-energy pion-photon reactions



Radiative corrections to magnetic moments of proton and neutron

@ Measured values of proton/neutron magnetic moment extremely precise

h
pp =1+ rp = 2.7928473 i = 0 + 1y = —1.913042,  in units of % J
p

Large anomalous magnetic moments xp, kn arise from strong interaction,
but at given expt. precision electromagnetic effects play also a role: 103

Adapt Schwinger calc. for leptons 6= 5> to nucleons with structure Fi »

™

p2
b1

On-shell vector-vertex: v F{7(t) + 5 o7 g, FY"(t) with t = (p2 — p1)2 < 0

Project out Fz(”)(t), careful limit t— 0, Wick-rotation, angular integration
a1 M2 oo
Jammemld =g [, o [/ T=E L]
Inclusion of wavefunction renormalization factor Z, from self-energy
sub-diagram leads to infrared-finite and gauge-invariant result
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Radiative corrections to magnetic moments of proton and neutron

@ Radiatively induced magnetic moment: ¢ = 1,0 and x = 1.793,-1.913
= 24 4x% 4+ x4 3) (X2(10+3x2) 3>~] 2

—2X—X e+ | ———— —4x -3~ | = | F{(xM

/ {[( Va+x2 V4 + x? 4 1 (M)

4 [(% —3x — 2x3>c+ (’(2(127\/%’;2) —4x— 3x3> g] Fy (xM) Fo (xM)

2

c
+|( —=——=(16+x% — x* —8x—3x3+x5)7
[(x/4+x2( ) 8
(X (641652 — x*) — 32x — 185 4 20 ) 2 | F20em)
VAt 32] 2

@ Numerical values of s and corresponding integrands (without «/)

form factor | dipole DRA1 DRA2

10%-65p —847 349 342 | [| "

10% -k 1.37 1.34 1.34
dispersion relation analyses

T 05 T
=M =o/m

@ Photon-loops with internal A(1232)- |sobars Rarita- Schwmger formalism
@ Convent. AN~-vertex + propagator: éxp = —0.9-1073, dxp = 1.2.10~3
@ Using spin-3/2 projected versions: §xp = 0.0-1073, dx, = —0.8-10~3

e Estimate of genuine strong parts: | <5 = 1.797, £5"" = —1.915
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