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1. Introduction

The emission of soft photons, that is, photons of energy w = 0, was treated in the seminal paper
F.E. Low, “Bremsstrahlung of very low-energy quanta in elementary particle collisions”,
Phys. Rev. 110 (1958) 974

There it was shown that the term of order w™ in the amplitude for the emission reaction can be
obtained from the amplitude without photon emission. To this order the emission comes exclusively
from the external particles. This is a strict consequence of QFT.

Many soft-photon approximations (SPAs) are based on this result.

Experimental studies trying to verify Low’s theorem have, in many cases,
found large deviations from the SPA calculations.

More experimental (ALICE 3) and theoretical work is needed in order to clarify this “soft photon problem”.

We started our investigations of soft-photon radiation with the processes: mnm® - nmny, m nt- mmty
P.L. O. Nachtmann, A. Szczurek, PRD 105 (2022) 014022, arXiv:2107.10829
We have discussed these reactions in the tensor-pomeron model. We have determined the kinematic
regions where the SPAs are a good representation of our “standard” model result.
[O. Nachtmann, “Photon emission in pion-pion scattering and Low's theorem revised”, EMMI RRTF]

in preparatory lectures
Recently, we have considered soft-photon radiation in the reaction: pp->ppy
P.L. O. Nachtmann, A. Szczurek, “Soft-photon radiation in high-energy proton-proton collisions within the
tensor-pomeron approach: Bremsstrahlung”, arXiv: 2206.03411, in print in PRD



1. Introduction

P.L. O. Nachtmann, A. Szczurek, PRD 105 (2022) 014022, arXiv:2107.10829
Considerations concerning the amplitude for the reaction mm® - m n° y in the soft-photon limit, w - 0.

Using only rigorous QFT methods (no model dependence is contained there) we have calculated
the terms of order w?!and w° in the expansion of the radiative amplitude.
Our term of order w° disagrees with that given by Low. We have analyzed this important discrepancy.
- Low's result corresponds to the expansion of the photon emission amplitude
of the fictitious process mn® - m n° y where energy-momentum conservation is not respected

From the theory side, we have a good model for the basic iir = i process.

This allowed us to construct standard amplitude for nir = ity (without anomalous terms).
The terms w!and w° in the expansion of standard amplitude are strict results from QFT
without approximations, given the on-shell mrr = nm amplitudes.

Suppose now that we have experimental measurement of photon energies w.

AT exp /d
If QFT describes experiment we must have for the ratio Rexp(w) = o p/ w
dgstandard/ dw
M fow@) =1 Iy =g, =0

A violation of these relations would mean a terrible crisis for QFT!
For higher w a value Rexp(w) # 1 would mean that there are soft photons from
“anomalous” terms present in experiment.



Proton-proton scattering in the tensor-pomeron approach
We consider the reaction  P(Pa) + p(ps) — p(p1) + p(p2)

at high energies and small momentum transfer /s> m,, +/|t| S myp.
This is the kinematic region where the amplitudes are governed by the Regge exchanges.

We use the model developed in C. Ewerz, M. Maniatis, O. Nachtmann, Ann. Phys. 342 (2014) 31,
“A model for soft high-energy scattering: tensor pomeron and vector odderon”.

This model has a good basis from nonperturbative QCD considerations

[O. Nachtmann, Ann. Phys. 209 (1991) 436].

We consider the usual Regge exchanges with charge conjugation C = +1 and C = -1:

C=+1 pomeron (IP), f; and a, reggeons

C=-1 odderon (O), w and p reggeons
We assume that all C = +1 exchange objects can be described as effective spin 2 symmetric tensor
exchanges, all C = -1 exchanges as effective vector exchanges.

ppa) o plp) plpa) o plp)
C =+1 exchanges C = -1 exchanges
IP?fﬂR’a’QIR ©7W]RJP]R,
p(py) ~ plp2) p(py) p(p2)
> Y > > O >




« Effective propagator for tensor-pomeron exchange

P
A (P 1 1 . . -
W)\ TS ZALV),KA(S7 t) — 4_8 g/iligl/A _|_ gl”’)\gVﬂ - §g,ul/g/£)\ (_/Lsafp)> ]P’(t) 1
P

t

ap(t) = ap(0) + apt, ap(0) =1+ ep =1.0808, of = 0.25GeV >
see e.g., A. Donnachie, H.G.Dosch, P.V.Landshoff, O.Nachtmann, “Pomeron Physics and QCD”, CUP, 2002

« Effective proton-pomeron vertex
1

p//< p Z'ngpp) (plap) = _i3BPppF1[(p/ - p)2] {5 [’Yu(p/ +p)y + 'YV(p/ +p)u] - iguy(]f—k ]é)}

i Bepp = 1.87 GeV ™!

PN, iDEPP (pf p) =D EPP) (pf )

We find from comparison to the TOTEM data:
* ep = 0.0865

« Fi(t) = F(t) = exp(=blt]) with b=2.95 GeV 2



. Reaction pp - pp plpa) o pp)

> >

We discuss the reaction C =+1 exchanges

P, for, asr
p(paa)\a) +p(pba)‘b) —>p(pla)\1) +p(p27)‘2)7 p<pb> - R p<p2>
> O——
The momenta are indicated in brackets and Ay, Ay, A1, A2 € {1/2,—-1/2}
are the helicity indices of the protons. p(pa) 5 2 L P (p1)
The kinematic variables are C = -1 exchanges
©7 WR, PR
s = (pa +1p)* = (p1 + p2)° p(p) _ p(p)
> O >

t = (pa —p1)° = (pp — p2)°

u= (pa —p2)° = (pp — p1)°

2 2 2 2

2 2 2 2
ma_paamb_pb7m1—p17m2—p2

The interchange p; <> py implies t <> u where u = —s —t +m?2 +m? +m3 +m3.
We are interested in the kinematic region
\/§>> mp, V |t\§mp, 8>>|mc2z|a |mg‘7 ‘mﬂa |m§|

There we can neglect the diagrams with p; <> ps.



« Off-shell pp elastic scattering amplitude

We use tensor-product notation.
The first factors will always refer to the p,-p; line, the second to the pp-po line.

MO (g, po, p1,p2) = MY + ME + MO+ M + MO + MO

2R

=i Fr(s,t) [V @ 1u(Pa + 1,06 + 2) + (Bot+ P2) @ (Bat #1) — %(ﬁcﬁr $1) ® (Bt B2)| —Fv (s,0) V" @,

where Fr(s,t) = ‘FPPP(S7t) +‘Ff2Rpp(S7t) +FG2RPP(Sat)
Fv(s,t) = Fopp(s:t) + Fuepp(8,t) + Fpppp(s, 1)

2 1

E(—isafp)ap(t)_l

and F]ppp(S,t) — [SB]P’ppF(t)]

* On-shell pp elastic scattering amplitude

(P(p1, M), (D2, M) | T 1P (Das Aa)s P(Ds Ap)) = MR shellpe (g 4)
= U X 'L_L2M(O) (paypbvplapQ) Ug & ub|on shell
= i.F7(s,1) [ﬂ17ﬂua U2Y,Up (Pa + D1, Pp + P2) + U1y ua (Py + D2) u U2y Up(Pa + P1)v — 2m127 U1l ﬁ2ub]

—Fv(s,t) w1y uq oy,

where 1 = u(p1, A1), g = u(pa, Aa), etc.



Comparison of the model with the total cross section data

The total cross section for unpolarised protons, obtained from the forward-
scattering amplitudes using the optical theorem, is

Otot (PD) = Im(p(pa, Aa), P(Po; A6)| T |P(Da, Aa), (D6, Ab))
! \/8(s —4m2) ,\z;b

S 160: I LI ||||| I T T T I T T TTTT | L I/IIII: The high_energy CrOSS Section
é 140 e pp ? il is dominated by the pomeron exchange.
g B ]
© 120 The reegeon and odderon effects are very small.
We get for large energies a total cross section
100 . _ ..
i for pp exceeding that for pp collisions,
80 Otot, (pp) > Otot (pﬁ)
60 We only need a reasonable description of the data
I for /s = 13 TeV as a prerequisite for the calculation
40 C e . .
g y of photon radiation in pp collisions.
20 :_ __________________________________________________________________________________________________________________________________________ .
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« Comparison of the model with elastic pp differential cross section data measured by TOTEM
[G. Antchev et al. (TOTEM Collaboration), Eur. Phys. J. C79 (2019) 785, Eur. Phys. J. C79 (2019) 861]
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B o, F=BTV B ppopp, =13TeV |
@ o TOTEM | 9 10E o TOTEM 3
,g i %, —— Sp= 0.0808, Fl(t) _ vg - ——- €, =0.0808, Fl(t) .
= | S — €p=0.0865, exp(-blt) | = 10g A\ & = 0.0865, exp(-blt]) -
s %, o =025GeV? B F N o =025GeV? ;
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 We find a good description of the data in the region 0.003 GeV? < -t <0.26 GeV?
with our single-pomeron exchange model
* For comparison, the results for €, = 0.0808 and the Dirac form factor F:(t) are shown
* In order to poduce the dip one needs the interference of various terms in the amplitude,
at least three terms: IP + IPIP + ggg [see, e.g., Donnachie and Landshoff, PLB 727 (2013) 500]



» Results for the pp = ppy reaction (diffractive bremsstrahlung)

(\/]'\0.047 ] '|""|"“|"||ﬁ /90.027 | 1 r r 1 r © T 7171 ]
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« The distributions in four-momentum transfer squared |t 2| where ti; is either t; or t;
and in transverse momentum of the outgoing proton p:, for the reaction pp - ppy

* We see that photons come predominantly from pp collisions
with momentum transfers between the protons of order Ptp ~ +/|t12| ~ 0.3 GeV

10



Proton-proton scattering with photon emission

We consider  p(pa, Aa) + 0Py, o) = p(P1, A1) + p(ph, A2) + v(k, €).
The momenta are denoted by pg, ..., k, the helicities of the protons by A, ..., Ao,
and € is the polarisation vector of the photon.

The relevant 7-matrix element is

P(Ps A1), (Pl A2), V(K €)| T1P(Pas Aa)s Dby Ao)) = (€)M (po ) Xas Do, Ao Py A1 Py Aa3 k) -

The complete amplitude is ./\/lffOtal) = M, (p},p5) — M, (p5, p}).

The relative minus sign here is due to the Fermi statistics, which requires
the amplitude to be antisymmetric under interchange of the two final protons.
For diffractive scattering the amplitude M, (p5, p}) can be neglected.

Therefore, we get with very accuracy, the inclusive cross section
for the real-photon yield

2m)46@W (p) + P+ k — pa — b)

do(pp — ppy) =

1 A3k / d3p) d3pl,
2\/3(3 . 4m12,) (27)3 2k0 (27)3 2p0 (27)3 2p

1 o VAN v * U v
*1 Z M (ph,p5) (Mo (p1,p5)) (—g"") where Zkv(e“(k, M) e (B Ay) = —g*

p spins 11



« Diagrams for the reaction pp - ppy with exchange of the pomeron IP (a - f) and the “structure term” (g)

7 (k) v (k) v (k)
P (pa) A\\r‘j\ p (1) P (pa) p (1) P (Pa) ,LJ‘H p (p})

(a) gp (b) %s (c) P |
P (po) p (ph) P (py) p(ph) () p () P (pa) P (p)
k
P (pa) P p(p) P (Pa) a p(p) P (Pa) -~ p(p)) (9) v (k)
(d) §1P (e) §IP (f) ;m P (p) P (ph)
P (D) o p (p3) P () D (Ph) P () P (py)

We have 7 types of diagrams. In the diagrams (a), (b), (d), and (e) the photon is emitted from the external proton lines.
The diagrams (c) and (f) correspond to contact terms. We shall call the diagrams (a), (b), (d), (e), made gauge invariant
by the addition of (c) and (f), the bremsstrahlung diagrams. All “anomalous” terms are subsumed in (g).

Our “standard” (diffractive photon-bremsstrahlung) amplitude is
standard _ a b c d e f
M b= MY+ MP + MO+ MDD+ MO+ M

The amplitude must satisfy the gauge-invariant relation k:“/\/l,(ftandard) =0
12



 We use the following standard proton propagator and ypp vertex:

i . p+my

= =1
p—my+ie  p*—m2+ic

@ ’LSF (p)

p
F1(0) =1
Fp € Fop
F0)=(——-1), = : = 2.7928
2(0) (MN ) h 2mp - pN
e >0, e=+vVA4mTaem
We take the form factors at ¢?> = 0 in order to be consistent
with the Ward-Takahashi identity:
(0" = p)" TP (0, p) = —e[Sp' (') — i ()]
We are interested in real photon emission where k = —¢q, k* = ¢*> = 0.

13



 The kinematic variables for the pp = ppy reaction are:
s = (pa +p)* = (P} + 13+ k)°
' = (pa +po — k)* = (P + p5)°

t1 = (po —p1)* = (pp — Py — k)
to = (pp — ph)? = (pa — Py — k)

2

2

 We get with the off-shell scattering amplitudes for diagrams (a) and (b):

k
(@) v (k) M@

p (pa) pPh)

(b)

—Uuy & ugr M(O)(pa - kapbapllap’Q) [SF(pa - k)r,(fpp) (pa - kaPa) ua] & up
ety @ U {iFr(s' t2) [Y* @ Ya(pa — k + P10y + 15) + (Bt #5) ® (Ba— K+ P1)

L e B4 20 ® (ot )] — Frr(s'1£2) 7 @70}

2
-5 v UF a
(pa — k)2 —m2 +ic O 2mp0“ K (0))ua] @

- [al’rl(jpp> (p/17p/1 + k)SF<p,1 + k)] ® ﬂ2’ M(O) (paaplhp/l + kap/Q) Ugq & Up
1

) it K+my
/ — ——o0,,,k" F5(0 ,
e[t (v, 2m, Tu 2(0)) (P + k)% —m2 +ic

< {iFr(s,t2) [v* ® Ya(pa + P + kDo + Pb) + (Bt ¥5) © (But ¥+ K)

_%(ﬁcﬂr Pt ) @ (Bt )] = Fv(st2) 7" @ Yo frta @ up

x|

]®ﬂ2/

14



Using the Ward-Takahashi identity we find

k:“./\/lﬁf) = —ely @ Gy MO (py — k,py, P, ph) e @ up
kuMEtb) = euy ®77’2’M(0)(pa7pbap/1 +k7p/2) Ug Q Up -

Now we impose the gauge invariance condition which must hold also
for the photon emission from the p,-p) lines in (a — ¢) diagrams alone:

B (M + MP + M) =0.

We obtain then:

c - a b
k“ML) — —k“ML)—k“ML)

= ety ® ty [MO(pa — k, py, 01, D) — MO (Do, o, Py + K, Ph) e @ uy
We get
MO = etiy @tz { — iFr(s,t2) 27" ® Yal(po + Ph)u + 2(#s+ V) @ Yu — 70 ® (ot 15)]
'(2pa + 2pp — k),u o / / ! ' 1 r /
+ AFr (s, ta, ) [’Y ® Ya(Pa +P1 — k;po +p3) + (Bot B2) @ (Bat ¥1— K) — 2(%"‘ pi— K) @ (Bt ]52)}

S

2pa + 2py — k .
_ Spb )“Afv(s,tz,%)v ® Yo fUg @ Uy -

15



We rewrite the amplitude M,(,La+b+c) = /\/l,(fb) + M,(Lb) + ./\/l,(f)
in a way which is more suitable for numerical computations.

We use the following relations:

]éa_ % + mp Z v
(pa — k)% —m2 + ic O - o, " 12(0))

1
= 2pg -k + k2 e

F»(0)

{2pau — bk + (ku— Fyp) + - om [ (Pap K — (Pa - k)vu) + 2myp(kp— Kyu) — (Kky — kQ'Vu)]}ua

p

i T+ E+m
™ v VkVE 0 1 p
v (T om, " >(0) (p) + k)2 —m2 + ie
s {20 = O = B [ 2000, K — () — 2y — 0 K — (ki K — k2]
20 -k + k2 +ie pooH g 2m,, H a pAtwH H H
Exploiting the properties of the Dirac spinors,
Pallq = Mply, U1r P17 = U1rmy etc., we can write
7 4
standard) (a+b+0) ] (d+e+f) J (a+b+c) J (d+e+f> J
Mot _ 5™ (o -3 (M s M)
7j=1 =1

Here T and V stand for the tensor- and vector-exchange diagrams, respectively,

and j and j’ are just labels for the subamplitudes in the sums.
16



For 7 = 1,2,4 we have

MR = ety ® g {iFr (s, t2) [v* @ Ya(pa + D1, po + P5) + (ot #5) @ (Bat #)) — 2m21 @ 1]
X a
s o sy ey e
a c) — — ; 1
/\/l( +b+ = ety ® Uy {iFr(s, t2)

—2pq - k+ k2 +ie
X [7* @ Ya(pa + P — k, oo + 05) + (Bt #5) @ (Bat $1— K)]

F5(0
X [/{7”— Ky + % (2paM K —2(pa - k)’YM + 2mp(k,u_ k'Yu) - (%ku - k27,u))] ® 1}“@ @ up
p
(a+b+c _ _ . 1
= / / t
M euyr @ Uz {z]:T(s, 2)2]?'1 h k2 + e
F5(0)

X [ - (ku — Tu k) + 2m, ( - 2p,1u K+ 2(]?/1 . k)'Yu - 2mp(k,u — T K) — (k,u K — k27,u>)] ®1
X[ @ Ya(pa + D) 4 kypo +05) + (Bt #2) @ (Bt Bi+ F)] fua @ uy

We have

M(d+e+f) Jj M(a+b+c) j

T4 = T4 for y=1,...,7

(Pa; Aa) < (Pp: Ap)
(p], A1)+ (ph, A2)

where we also exchange the order of the tensor products.

All subamplitudes are separately gauge invariant: k“/\/l(Ta’ :bﬂ)j = 0.

17



« The term j = 1 has singularity for w - 0.

* Thetermsj = 2 and 4 have no
singularity for w - 0.
The main term here comes from the
anomalous magnetic moment F(0).

* Thus, the term j = 2 will win over the 2
and 4 terms individually for w - 0.

We find that the pole term (j = 1) only
dominates over these non-singular
terms individually for very small k,:

ki ~wS2m:/y/s=0.15 MeV

do/dk | (ub/GeV)

1‘2-\ T ] T T LI L B B T T T
i pp—ppY, Vs=13TeV 1
il bremsstrahlung ol
) [yl < 4 al
3 b g
08\ j=2 .
\ =4 '
-\ _
0.6 \
\
0.4 T
: ’,'\'\
\"\
0.2} e TSN .
G_ | | | ! | ! ! | ! ! I ]
0.2 0.4 0.6 0.8 1
k| (MeV)

Explicit calculations confirm the order of magnitude of this estimate.

do/d® (ub/GeV)

1‘2_ T T T T T T T T T T T T T T
}\ pp —>ppY, Vs=13TeV 1
1 bremsstrahlung _
[\ Iyl <4 ’
1\ —j=1 i
L \\ ------ j=4
0.6 \ —
i \\
0.4 \\ -
~
AL
i e
e N st ) V&N\_—\¢\_ B
G ————— il I | ! I | | !
0.2 0.4 0.6 0.8 1
o (MeV)

* In the literature such small values for w as a limit for the dominance of the w* term are mentioned:
In [V. Del Duca, High-energy bremsstrahlung theorems for soft photons, Nucl.Phys.B 345 (1990) 369]
it is argued that for hard high-energy elastic processes Low’s orginal result gives a reliable representation
of the radiative amplitude only in the vanishingly small region w < m?/Q in the limit Q — oo .

Here () is the scale of the hard process and m is the charged particle mass.

But since there only hard processes with photon emission are considered these arguments do not apply
to our case. We consider exclusive soft process pp — ppy with soft photon emission.
We have, of course, to take all contributions with different labels j into account and add them coherently.



 We show the complete result (total)
including interference effects
and the results for individual j terms,
except for j = 3 and 5 which are very
small and can be neglected.
The coherent sum of the amplitudes
with j = 2 and 4 is denoted by 2 + 4.

» There is significant cancelletaion
among the terms j =2 and 4
due to destructive interference
(not due to a gauge cancellation)
and their sum is harmless,
well below the term 1, at least
for k, <100 MeV and w < 2 GeV.

This leads to a much larger region

in k., and w where the pole term (j = 1)
gives a good representation

of the radiative amplitude.

* It is essential to add coherently all the
various parts of the amplitude for soft
photon emission in order not to miss
important interference effects!

do/dy (ub)
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* Insmall k., and w regions
the Dirac term from ypp vertex
function dominates while for larger
values the anomalous magnetic
moment of the proton (Pauli tem)
plays an important role.

For the complete result all
contributions to
M(standard)
|

with Dirac and Pauli terms
have to be added coherently.

« We get the integrated cross sections
for /s =13 TeV and in the k; range
1MeV < k| < 100MeV:

o =0.21 nb for |y| < 3.5
and o = 4.01 nb for 3.5 < |y| < 5.
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T
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T =
S
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107’
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Soft Photon Approximation (SPA)

We shall compare our “exact” model results, which we call “standard” to two SPAs.
We consider only the pomeron-exchange.

SPA 1 Here we keep only the pole terms oc w™? for M&a), . ,M,(,Lf) .
For real photons (k? = 0), neglecting gauge terms o< k,,,
and with p}| — p1, p5 — p2 we get
n Pap Pip ygm Yo m
M S5 M SpAL = GM(O shell) pp S,t o + o 4+
8 ' S R o R oy B o S oy

In the soft photon limit, w — 0,
the SPA amplitude can be factorized
into the hadron part M) (on shell)
and the photon emission part.

In the high-energy small-angle limit

w(p1, M)V u(Pa, Aa) = (Pa +P1) 00 »

(Pa + P1, 00 + p2) = 25,
1

we get MO SBNPP(s 1) — i85 Frpy (5, 1)0ninu000n,: Flpp(5:1) = [35PppF(t)]2E<—i30¢fp>)°‘ﬂ’(t)_1

K/l\'u’ SPA1 — i€882fppp(37t)5)\1>\a5>\2>\b B (ppa-uk) + (pzzluk) (pibﬂk) + (pizu]f)}
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SPA 1

We get the following SPA1 result for the inclusive photon cross section where,
for consistency, we neglect the photon momentum k& in the energy-momentum
conserving 6(4)(.) function

A3k do(pp — pp
dU(pp—>pp7) SPA1 — (27T)—32k0/d3p1 d3p2 e’ d(3p1d3p2 )
Pap Pip y4m P2u }
X [ — + — +
(Pa-k)  (pr-k) (po-k)  (p2-k)
Pav Piv DPou P2v
oy R TV PR A
e B) T B e B )
Here
do(pp — pp) 1 4c(4
— 2 5( ) + — Do —
d3p1 d3ps 2\/ — am2) 2m)3 2pY (2m)3 2p8( m) (P14 P2 — Pa — 1b)

XZ Z ’M(onshell)pp(s,t)P

p spins
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SPA 2

Here we keep the correct energy-momentum conservation relation
Pa+po=py+py+k.
We consider again real photon emission,
Mu _ M,u SPAY = M(a—i—b—l—c)l _|_M(d—|-e—|-f)1.

M[(Pa:b-i—c) 1 and M[(P)d:—e—i—f) 1

The amplitudes contain the pole terms o w

for w — 0 and are Sepafately gauge invariant.

We examine, furthermore, the approximation

—~ , Pa P
My, spaa = 185" Fppp(s,ta)dx 1,00, {_ PREATS }
1, SPA2 TICH ) INPHITY ba-B) )
| P’
8 Qf ’t ) ) {_ Doy - }
+1e38 Ppp(S 1) A1Aq YA2Ap (pb ] k) T <p/2 . k)

—1
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Comparison of our “exact” model
or “standard” bremsstrahlung
results with SPAs

In the left panels we show
two-dimensional differential
cross sections in the w-k, plane.

Large y is near the w axisandy =0
on the k, axis in accordance with
w = k. cosh y.

The phase space region w < k, is forbidden.

In the right panels we show the ratio

d2O'SPA2/dwko_
k =
R(w, + ) d2 Ostandard /dekJ_

One can see that SPA2 stays

within 1% accuracy

for k. < 22 MeV and w < 0.35 GeV
considering |y| < 3.5

andup to w = 1.7 GeV for 3.5 < |y| < 5.0.

k| (GeV)

k| (GeV)

pp = ppY, Vs=13TeV, |y|<3.5

d’c/dwdk | (Ub/GeV?)
0.1p 10

B 1
008 ....................................

I 107
0.06 |
0.04} 10°

107
0.02
10°
PRI T Lo L Lo —6
% 0.5 1 15 5 W
o (GeV)

pp —>pp Y, Vs=13TeV, 3.5<y|<5

d’c/dwdk | (Ub/GeV?)

Ol T3 10

B 1
0.08[

107!
0.06 o
0.04} 10°

i 10
0.02 o

i ‘ 10°

¥ ot 1 )

% 0.5 1 15 5 W

pp > pp Y. Vs=13TeV, |y|<3.5

R(w, k J_)’ SPA?2 / standard

pp = ppY, Vs=13TeV, 35<y|<5

15 2

o (GeV)

R(w, k J_)’ SPA?2 / standard

T3

15 2

o (GeV)

1.2

—_

1.2
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Comparison of “standard” results

to SPA 1 and SPA 2

(top panels)

Both SPAs follow the standard results

very well.

Surprisingly, the SPA 1 which does not have
the correct energy-momentum relations
fares somewhat better than SPA2.

Where the 1/w term gives a reliable result?

(bottom panels)

We show the ratios of the SPAs to the

standard cross sections:

dUSPA/ko_
do_standard/dku_

and

as function of k.and w, respectively.

One can see that the deviations of the SPA1l

dospa /dw

do_standard /dw

do/dk | (ub/GeV)

SPA / standard

from the standard results are up to around 1%

in considered region.

For the SPA2 the deviations increase rapidly

with growing k, and w.

—_—

———

pp—>ppY, Vs=13TeV
bremsstrahlung
3.5<|y|<5
standard

107 E
107 =
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1.15 /
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[ e SPA1 // 1
- ——- SPA2 / ]
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i A2 ]
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I bremsstrahlung ]
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1074 E
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Results for SPA 1 and SPA 2 using the high-energy small-angle approximation

 From the left panel we see that the SPA 1 is in very good agreement to our standard result
if we include there only the Dirac terms. We have checked numerically that both SPA1 results overlap.

 From the right panels we see that the SPA2 results are very close to each other.

do/dk | (Ub/GeV)
e

—
]
B

107

[—y
{1 B

\lllllll T T TTTTT

T [ T T T T | T T T T I T ¥ T T

pp —>ppY, Vs=13TeV
bremsstrahlung

Iyl <5

standard, complete result

— —- standard, Dirac term only
------ SPAI1, Eq. (3.5)

Il Il Il 1 Il L Il | Il L Il
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e
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]
b

107

\lllllll T T TTTTT
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pp —>ppY, Vs=13TeV
bremsstrahlung
Iyl <5
— —- SPA2, Eq. (3.4)
—— SPA2, Eq. (3.6)
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Other contributions

p (pa) p(p1)
The amplitude must satisfy: k:“/\/l,(f ) =0
(9) v (k) and has no singularity for k — 0.
() p (p5)

Central exclusive production (CEP), fusion processes

ppa) o~ ) PP _p(p)
Y P, for, asr
7 (k) v (k)
P, for, asm Y
) o) pm) .~ o)

MELW—]P’/R) _ MELVIP’) +M2P’7) _|_ML’YR+) +M,(LRH)

P(Pa) ) PP _ p(p)
PR; O + wr %P +]f2IR

O+ wr: B

O + wr; PR Lti,ib.(\/\V/(\/f/) 2R p,_w_,?‘v\V/(\k/)
P+ for PR; O + WRr

lasm] O+ wr; PR

p(po) " (h) pm) T ()

Here we assume the VMD relations in the V - y vertices.
Vertices occuring here are discussed in:

Ewerz, Maniatis, Nachtmann, Ann. Phys. 342 (2014) 31,
PL, Nachtmann, Szczurek, PRD 101 (2020) 094012
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The vyP-exchange amplitude can be written as

MOP) (—i)ﬂyir,(,zpp)(p/l,pa)uaZA(W)WJ( )ZF(PV v)(k7q1)Z'A(P)ﬁp,a6<32,t2)

p prkp
_ (P
x i iT 5P (D, o )up

_ v 1 1 ap(t
= ul’r(,ypp> (p/hpa)ua E E< - Z3204]13) P(t)= 2’F$§)p) (pé,pb)ub

Xt [2‘1%*7(7517’*32,?5 )T 0 (ky —q1) = beyery (b1, K2, 02)T ) *P (K, —a1)

dominant term: bp+(—Q3%,0,t2) = 62BP(Q%)F(PW) (t2)
The Ansatz for the IPyy coupling functions for where Q% = —t; is the photon virtuality
both real and virtual photons is discussed in

Britzger, Ewerz, Glazov, Nachtmann, Schmitt, — 250 — -
PRD 100 (2019) 114007. §_ i
o

p(p)

—
=]
(5]
TTTAT

< we 127GeV Q—O E
—— W=104GeV, Q_3zGeV2
----- W=282GeV, Q*=8GeV? |
............... W =82GeV, Q*=15.5GeV*]

E:i -------- W =82 GeV, Q?=25GeV? 1
NQ TP—>Yp
eliminary

N | —— tensor pomeron fit
The coupling functions a and b were B o EEen exchange
determined from the global fit to HERA  ©
inclusive DIS data and the total
photoproduction cross section o,

and from HERA DVCS data.

—
S
il

//
/

150

do/d|t| (nb/GeV?)
2
/"

T 1 1 ‘ L

100 - - 1=

The t dependence of yp subsystem - 1
is from fit of the model to the FNAL data k K Eg;ﬁ;ﬁ%ﬂggﬁon beam -
on real Compton scattering yp = yp 50 - A HI - 107
(and also to DVCS data), ; e ZEUS ] EFIT 1 (thin lines)\* S SR
Fif ) = FEM(@) x FEm(t) ot TTmmei ] el 2D

_ 10 10 1( '

= exp(—bert]/2) W, (GeV) It (Gev2) 28



» Comparison of diffractive bremsstrahlung to CEP fusion processes for ALICE 3 kinematics
Preliminary results! 3.5 < |y| < 5.0 and 1 MeV < k, <100 MeV

S 10—1_ T T | T T T | T i E 5\ 1 T | T T | 1 T T ‘ T T | T E 9 10_1§| | | L | T T T 1 | L | LI L Ig

: =13 TeV : _ : : :

2 poppoppy Vs © 138 pp—>ppY, Vs=13TeV 18 | ppoppy, s=13TeV i
> 0 I MeV <k <100 MeV 19 35<ly| <5 1 9

2 ., bremsstrahlung ~ ----- IR-IP fusion -?L 3 ' % 107 3.5 <Jy[<5 E

B 107 —— yIPAR fusion - O-P fusion § S 107 3 I MeV <k < 100 MeV’

- — . - y-IP fusion J = C 3 .

[ e v-IR fusion —ﬁ i % 10°F TS~ —— -

10 e ——————=| B 2L ST St = =

S ] E i [ o7 = / .................................................................................................... i

e J L /:_/ :I/ ________________________ -

10_4%.. """""""""""""""""""""""" _ 10_3¥ 3 | ] gpertTETREC L EEemesSsaae -|

E e E T — E w05l i

E e EEERR ] E e ] q """""""""""""" g

B or NIl e e X 10 i » $10 E

_5 --v—l" 1 | 1 1 | 1 | l /| 1 1 _4 1 i “I"‘—l‘— i l | 1 1 1 ‘ I I | l 1 I _6 l‘- i I\]"'\~ 1 | 1 i | i | 1 1 1 1 | | 1 l 1 | l 1 1 1 | 1 1 1 |_

1033 4 15 5 9% 002 o002 006 o008 o1 Y0 05 1 15 2 25 3

y k 1 (GeV) o (GeV)

» Diffractive bremsstrahlung wins with CEP fusion processes in the soft-photon limit and large |y|
« The bremsstrahlung via the y exchange (QED process) is about a factor 200 smaller then the diffractive one

* The y-IP/IR contributions are important in midrapidity region, |y| < 4.3, and k. > 35 MeV, w > 1 GeV.
The purely diffractive IR-IP and O-IP contributions give much smaller cross section there.
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Preliminary results!

lyl < 4
1 MeV < k; < 100 MeV (left)
100 MeV < k, < 1 GeV (right)

* Photoproduction is very important
at midrapidity region and large k.

» Absorption effects due to strong
proton-proton interactions and
possible interference effects
between various mechanisms
should be included
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Diffractive excitations of the protons (N* resonances)

example of " () example of
signal M. | background
, lOW *
P o N ) T p) P NS
P P
) ") () N*
§ S \ \ \ T
8 i pp—>ppY, Vs=13TeV ]
S 41 - 2
= - bremsstrahlung . d*o/dM, 10w
N - .
> [ 35<y<5 ] > 37
= 3L 1 MeV <k; <100MeV ]
o | i
E?— - non-resonant term - -
o i 1 45
S~ E
o) 21 - i
=) i i i
1i 1 4
|l \ L1 \ i B
0= 1.5 2 2.5 3 e
M., 1ow (GeV)

pp—>pp Y, Vs=13TeV, 1 MeV <k, <100 MeV
dy (Ub/GeV)

N* candidates are (satisfy the Gribov-Morrison rule):
N(1440) JP=1/2+, N(1520) J°’=3/2-, N(1680) J’=5/2+

BR(N(1440) - py) ~0.04 %

BR(N(1520) —» py) ~0.3 -0.5%

BR(N(1680) — py) ~0.2 - 0.3 % « a sizeable cross section
pp = pN(1680) was estimated at CERN ISR @ 45 GeV

If these processes contribute significantly to our reaction
then we should see them in the M, 0w distribution
(possibly distorted by interference effects) as a resonance
enhancement at M, = my+ over the non-resonant term

pp—=>ppy, Vs=13TeV, 3.5<y<5

dzc/dMYp lowdk L (ub/GeVz)

0.1 —— 10
1072 i

non-resonantiterm

107 0.06
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10 i
0.02 i
107 LS = N A S To®
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(GeV) 34

yp low



Conclusions

e We constructed a model for the pp — ppy reaction for high energies and
small momentum transfers using the tensor-pomeron approach.
The amplitudes corresponding to photon emission from the external pro-
ton lines are determined by the off-shell pp — pp scattering amplitude.
By constructions, the contact terms have to satisfy gauge-invariance con-
straints involving the previous amplitudes.

e We have taken care to write the formulas for the pp — ppvy amplitude in
such a way that they also apply to soft-virtual photon production,
for instance, pp — pp(7* — ete™).

e We compared our “exact” or complete model results to SPA results.
For the region 1 MeV < k; < 100 MeV and 3.5 < |y| < 5.0 we find that
the SPA1 ansatz with only the pole terms oc w™! agrees at the percent
level with our complete model result up to w = 2 GeV.

e Diffractive CEP reactions with v emission like
p+p — p+ p+~ via the fusion processes (e.g. 7P — v, OP — ~) and
p+p—p+7at +7 4+ p—+ could be studied at the LHC.

Thank you for your attention |



Applications of the tensor-pomeron model

* Photoproduction and low x DIS Britzger, Ewerz, Glazov, Nachtmann, Schmitt, PRD100 (2019) 114007
“vector IP” decouples completely in the total photoabsorption cross section and in the structure functions of DIS

s yp->mntmnp Bolz, Ewerz, Maniatis, Nachtmann, Sauter, Schoning, JHEP 01 (2015) 151
interference betwenn yp - (p%-mr+m-)p (pomeron exch.) and yp - (f,(1270)-m+n-)p (odderon exch.) —» n+m- charge asymmetries

For a tensor (vector) pomeron the mtm- pair is in

3 = —qt :) — =TT
L antisymmetric (symmetric) state under the exchange m+ «— -
}Cs" @ % C=* Since the pomeron has C = +1 the m*mr- pair must be in
 —7- it antisymmetric state. This gives a further clear evidence against
(A P, a vector nature of the pomeron.

- in antisymmetric state mtn- in symmetric state

* Central Exclusive Production (CEP), pp-pp X, P.L., Nachtmann, Szczurek:
X: n, n, f,(980), f,(1370), f,(1500) Ann. Phys. 344 (2014) 301

o4 PRD91 (2015) 074023

m+r- continuum, f£,(1270) -» i+ - PRDY93 (2016) 054015, PRD101 (2020) 034008
ntm-mtmn, popd PRD94 (2016) 034017

p° with proton diss. PRD95 (2017) 034036

pp PRD97 (2018) 094027

K+K- PRD98 (2018) 014001 1

¢ > K+K-, utu- PRD101 (2020) 094012 | 444 h

66 — K+K- K+K- PRD99 (2019) 094034 | CoCc on EXCnange

f,(1285), f1(1420) P.L., Leutgeb, Nachtmann, Rebhan, Szczurek, PRD102 (2020) 114003
K0 K® continuum vs f(1950) P.L., PRD103 (2021) 054039
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Applications of the tensor-pomeron model

Ewerz, P.L., Nachtmann, Szczurek, PLB 763 (2016) 382

Studying the ratio r, of single-helicity-flip to non-flip amplitudes

we found that the STAR data are compatible with the tensor
pomeron ansatz while they exclude a scalar character of the
pomeron (the scalar-pomeron result is far outside

the experimental error ellipse).

2m, ¢s5(s,t)

TS(S t) V—tIm[p1(s,t)+P3(s,t)]
rs " (s,0) =

rPr (s ) = —% [i+tan (S (ap(t) - 1)]
s (s,1) = —% [z + tan (g(alp(t) - 1))} , 15 (5,0) = —0.064 — i0.500

(—0.28 — i2.20) x 1075

Problem with the vector pomeron:
F (F"afi}

@,

P -
&

PlPs,5:) PPz, 43)

Plpise)

r“—j 2\
e PCpy; 50 PPy, 4y)

Helicity in proton-proton elastic scattering and the spin structure of the soft pomeron

STAR data: Adamczyk et al., PLB 719 (2013) 62
[single spin asymmetry Ay in polarised pp - ppl

V5 =200 GeV,  0.003 < |¢] < 0.035 GeV?
T T ‘ L T T T T d i ’ : i i : L T 1 L :
vzl 1 | —— Stat. Error
0 i 0.05p----. Stat.+Syst. Error | .
L 2K i I e tensor pomeron :
Fo----- Stat.+Syst. Error 1 r 4
| o scalar pomeron _ -
" | e tensor pomeron A B e |/ [ .
£0-0.2 . T
g
= \/
041 .
g | 0051 : s
L ‘ I BT
-0.6 0.05 0 0.0l -0.005 0 0.005  0.01
Rer, Rer,

pp
Otot —

\/W) Im [¢1(s,0) + ¢3(s,0)]
Vector exchange has C = -1.
It follows

Utot|1Pv = Utot|JPv

In our opinion a vector pomeron is not a viable option.
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General QFT relations for pion-pion scattering without and with photon emission

» We consider the reaction, both on-shell and off-shell,

7 (pa) + 7 (p0) = 7 (p1) + 7°(p2) ) o orim

Here p,, py, p1, p2 are the four-momenta of the particles.
We have always energy-momentum conservation e T el
d % ™ (py) m(p2)

Pa T Db = P11+ P2

As kinematic variables we have the masses of the, in general off shell, pions,

an energy and a momentum transfer variable: 2 _ 2 2 _ 2 2 _ 2 2 _ .2
& mi =p,, my =py, mi=p;, ms=p

SL = Pa " Pb T+ D1 - D2

2 2
t = (pa—p1)° = (Pb — P2)
Following Low we use here s, instead of the more usual Mandelstam variable s:
1
s=sy + 5 (mi +mi +m? +m3)

* The scattering amplitude for mn® -  m° can only depend on the above variables

_ 0 2 2 2 2
T(paapbaplap2)|on shell or off shell — M( )(SL7t7ma7mb7m17m2)

For the on-shell amplitude we have m2 = m? = mj = m3 = m2.
35



- For the photon-emission reaction 7 (pa) + 7 (ps) = 7 (p}) + 7°(py) + v (k, €)
we have from energy-momentum conservation: pPq +Pp = P+ ph+k

T (Pa) 1) v(k)
I N ). T @ ey T T
> RN > ud
~T Sa - = > /ﬂ b
= oy s

) (@) TS TR (b) TS Ty (C) A

The amplitude is (7~ (9}), 7" (ph), (k. )| T |7~ (pa), 7™ (pp)) = (€*)* My
With the 7w — 77 off-shell amplitude, the pion propagator A, and the yrm vertex I'y we get:
for the diagram (a) M = —e M@ Al(p, — k)2 Tx(pa — k. pa)
M(O’ @) = T<pa - k,pb,pll,plg)
= MO [(pa — k,pp) + D1 - Ph, (0o — P5)*, (Pa — k)*,mZ,m2, m?]
for the diagram (b) M = —eT'\(p). 0} + k) Al(p) + k)*] MOD)

M(O’b) = T(paapbapll + kap,2)
= M(O) [pa “Py + (pll + k7p’2)7 (pb _p/2)2am72r7m3r7 (pll + k>27m72r]

The amplitude M must satisfy the gauge invariance relation KMy = k> (/\/lg\a) + Mf\b) + ME\C)> =0
and using the Ward-Takahashi identity

(p' —P)/\ Ca(p',p) = A_l(plz) — A_l(pQ) we find

M = —eM O 4 epmOD) 36




The expansion of the photon emission amplitude

Here we discuss the expansion of the amplitude M of the reaction
7 (pa) + 7 (py) — 7 (p}) + 7V (ph) + ~(k) for small k where we set £k = w.

We shall in the following assume that all components of the photon momentum
are proportional to w, k¥ o w, with w — 0.

For k = 0 we have p| = p1, p5 = p2, with py, ps corresponding to 7w — 7 on-shell reaction.
But as we go to k # 0 we also have to change p}] and pj.
We set: pj = p1 — 1, pp = pa — la.
Energy-momentum conservation gives: for k=0: pg+p, =p1+ po
for k#0: patpp=pi+pot+k=pit+p—h—la+k

This gives the conditions: Iy +lo =k, (p1—0L)* =pF=m2, (p2—1)* =p5=m?>.

Now we make the assumption that we consider only small deviation pll

of p} from p; and p, from py. That is, we assume 1, > to be order w. I,

Working in the overal c.m. system the above equations P1
is solved with [ playing the role of the 2 free parameters.
@ Expansion of the photon-emission amplitude in &k alone Pa Pb
around k£ = 0 is not a good idea, since k alone p,2
does not specify the final state completely.

One possibility is to expand in & and 17 | b2
which are independent and together
specify the final state completely. 37



We can expand the amplitudes in powers of w. We get with s;, and ¢,

MO = MO (p, — k,py) + Py Py, (o6 — P5)% (pa — k)2, m2,m2, m2]
= M(O)[SL—(pb+p1,k)—(p2'11),t—2(pa—p1,k—l1), m2 — 2(pa - k), m2,m2,m2] + O(w?)

0 0
= {1 - [(pb + P1, k) + (p2 ’ ll)] @ - [2(pa — D1, k) (pa ll)] ot 2<pa : k) aTnQ } M 0>(s,;,t,m2,mi,mi,mi) M2 —m2
MO = MO[pg - py + (p) + k. ph), (o — ph)*, m2, m2, (p) +l<r)2 w]
- MO [sp — (p1-k),t —2(pa — p1, k) + 2(pa l1), m m2 m + 2(p1 k),mi] + O(wQ)
0 0 0
= {1-(p1- k)a — 2(pa — p1, k) — 2(pa - 11)] 8t+2(p1 k) 0m2} MO (sp,t,m2,m2, m2,m2) , ot O(w?)
1 ml_mTr
To determine Mg\c) to order w? we use k:)‘/\/lf\c) = —e MO @) 1 ¢ A0,0)
To order w we get
0 0
k)x () — k) —— 2 0 k 2 ck (0) t 2 2 2 O 2
M7 = e{(pp + p2, )8813 +2(p )8m§ + 2(p1 )8m2} MO (sp,t,mg, mz,mi, m7) m2—m2=m2 +0W?)

and we can read off the term of order w° for Mg\c):

c 0 0
M(A) = e{(pp + p2)x Z*'Qpax T2

m2=m2=m?2 + O(w)

0
+ 2p1a Om2 } M(O) (SLa t m?m mfr? m%? m?r)
1

When adding the amplitudes M&a), /\/lg\b), and /\/lg\c) the off-mass-shell contributions vanish up to O(w?).

+ O(w?)
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(2pa — k))\

—2(pqg - k) + k2
(2p] + k)

2 k) + K2 Ow)

A[(pa - ]f)2] FA(pa - kapa) -

+ O(w)

TaA(ph, Py + k) Al(p} + k)?] =

Now we collect everything together and we obtain
My = M+ MY+ MY
2 oyt (2pa —k)a (2p1 + K)a ]

_ O (g, 4 m2 2 _
eM (3L7 7m7r7m7r7m7r7m7r) [2(]7@ . k) — k2 2(p/1 . k) + k2

0 a
+26—M(0) (sLat7m3ram72r7m3r7m72r> [ - (pb ’ k) Pax +pb>\]

sy, (pa : k)
9 Pax Pix
5,9 4 (0 2 9 9 9 B B . B
2€8tM (s, t,mz,mz, ms,mz) [(pa 1, k) — (Pa ll)] [(pa Al k)} + O(w)

In the first term we should, for consistency of the expansion in w up to w?,

make the following replacements:

(2pa — k))x Pax 1 2
a k® — kx(pg - k
2(pg - k) — k2 — (po - k) + 2(pa - k)2 [Pax A(p )
(2p} + k) D1 1

2 K+ k2 (oK) 2001 k)2 [p1x (211 - k) — k) — (2l1x — k) (p1 - k)]
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For real photons (k? = 0) and dropping gauge terms o k) we get:

_ Dax  Pi1x (0) 2 2 2 2 | _
My = 6[(]9& k) (p1 k)]M (S0 b Moy ) L(9(&)1)
1 (pb : k) 0 }
— l1-k)—1 -k 2| — Pa —
+e{ L pially - k) —lix(pr - k)] +2[ —p > pa ) + poa] D57 i ouh
\
—2[(]0@ — P1, k) - (pa ’ ll)] [ Pa - P1x ]Q}M(O) (8L7t7m7277m7277m7277m3r) i
(Pa-k)  (pr-K)7Ot° 7
+ O(w)
The terms of order w™! and w' are determined by the on-shell amplitude M),
Low’s result reads:
Low __ Pax — Pix (0) 2 2 2 2 | _
MA — e[(pa ] k) (p1 ] k>]M (SL7t7m7r7m7r>m7r7m7r) J O(W 1)
(py - ) (p2 - ) NI 222 2 o
- ax a 7t7 ’ ) ) 0
+e| (o 5)P T (py )P + Pox + P2x] 8sLM (sp,t,mz, mz,mz,mz7) i O(w”)
+OW)

We agree with the w™! term but disagree with the w® term.
What is the origin of this discrepancy?

@ Low’s result corresponds to the expansion of the fictitious process © ()™ (py) — 7 (p1)7° (p2)y (k)
where energy-momentum conservation is not respected. 40



* Tensor-pomeron model

Propagator for tensor-pomeron exchange
1

1 . —_—
P T zAMV) FG/\(S’ t) 4 (g,mgw\ + GurGuk — §g/u/gm\) (—zsafP)O‘P(t) L
AVAVAVAVAN, s
HYD e A pomeron trajectory: a(t) = a(0) +at, «a(0)=1.0808, o =0.25GeV 2

Pomeron-pion coupling

Ko, o™ . . 1
po LE) (k) = —i 280 Fat[(K — k)] [(k’ F R+ Ky = 7 g (K + )2

/LVW\/Q » m2 , ,

% Bprr = 1.76 GeV™ ",  Fy(t) = —s——, mgy = 0.50 GeV

/;\ N mg —t
T Tt scattering The general off-shell 7~ 7" scattering amplitude is
TP e TP MO (st m2, mE,m3,m3) = M+ MY+ MmO

. [ 1
P, fom, PR MY = iFp(s,t) |2(pa + D1,y + p2)? — 5(]9@ +p1)*(py —l—p2)2]
i [ 1

) _ ) = iFp(s,t) |2(2s + )% — 5(—t +2m2 + 2m7)(—t + 2mj + 2m§)]

1
where Fp(s,t) = [2/8P7T7I'FM(t)]2 E(_@-safp)alp(t)—l
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For the on-shell amplitude we get

MO T (5 b om2 m2, m2,m2) = MOT 7 (s1)

- i[]:ﬂ”(&t) + ‘Ffzﬂ@(s’t)} {2(1?@ +p1, e+ p2)? — 1(pa +p1)°(py +P2)2}

2
+F e (8,8) (pa + 1,06 + D2)

4m2 —t 3
_ y 2 7r 2
= 8is {FP(S,t) + Fran (s t)] [1 - s + 1652 (4
4m?2 —t
+25F 5 (5,1) {1 - T}

The total cross section for nm scattering is obtained from
the forward-scattering amplitude using the optical theorem:

1

s(s — 4m?2)

ImM(O)”_”JF(s, 0)

Otot ,m—m+ (S) -

o, (mb)

60

50

401

30

201

— IP
................. IP + f,

O  opposite-sign pions
—— 1P+ fz[R + p,IR

e  same-sign pions




* Photon emission process 7~ (p,) + 7" (py) — 7 (p}) + 77 (ph) + v(k, €)

. 5; ) ) ) (v, o) s = (Pa+ps)” = (P} +ph + k)°
™ (Pa ™ pl ™ \Pa ™ )1 T a ™ pll
ahe +§+ +§+ =" SR t1 = (pa — P1)* = (0o — 1 — k)
(

C) P, for, pr ty = (pb _p/2)2 — (pa _p/1 o ]{)2

M = M +M<“> MY

and similarly for M )\ yee, MY

Mg\d) _ _ME\(L)

Pa P} < Db,D5

M(Ae) _ _Mg\b)

Pa 7p/1 Hpb7p/2

(EA)*Mg\ﬂ'_W"——)ﬂ_ﬂ'J’_’y) M(f) M(C)

(™ (1), 7 (P2), Y (K, )T (pa), 7 (po)) =
M = MO MO+ M+ M M+ M)

Da,P} Db ,D5

i <M§a) + MO+ M(;)) =0
i (M(;” + M+ M&f)) =0

The inclusive cross section for the real-photon yield:

1 &k d’py  &p

- 4 -+ — > -
do(n™n" = n n"y(k)) = 2./s(s — 4m2) (271’)32]60/(277)32]7/0 (27)32]7,0
tonn '7)(M(7T at—r ’Y)) (_g)\p)

x (2m) 46 (py + Py + k — pa — pp) M ™ 43



We use the standard pion propagator and the standard vmm vertex function.

This gives

2pa - k)A

A a — k 2 T o — ]{3, W) = (

[(p F 1T pe) —2(pa - k) + k2 L These relations are exact for w — 0
(2p] + k) ( up to corrections of order w.

2p) - k) + k2

TaA(ph, Py + k) Al(p] + k)?] =

Now we can calculate amplitudes ME\Q) and Mg\m in terms of off-shell amplitudes M%) and M(%?) with the P exchange:

a a 2]?@ - k a . 1
MG = —e M _2(<p ) 3:,{2, M = iFpl(pa + py — k)2, 2] [2(pa + 1 = ko +05)° = 5 (Pa + 01— K) (o +p’2)2}

b 0,0) (2p7 +k)a b 1
MY = —e mMP?) ( L ) o | MY = iFe(s,ta) [2(pa + Py + koo + 15)? — 5 (Pa + P+ k)2 (P + 1))
For /\/l P we have the QFT relation: k’\./\/lg\clg = M(O @) 4 e /\/l . To order w® this eqution determined /\/l uniquely.

M) = —ieFp(s,t2){ = 8(pp + Py)r(Da + D1y Db + Ph) + 2(pa + D)2 (P6 + 1h)?

1 1
+(2pa + 295 — k)x (2 — ar(t2)) ge(st2) - 2(pa + Py — kypp +05)* — 5 (Pa +p1 — k)*(po + p5)%] }
~ (2pa +2pp — K, k) 1

e A

. %)oqp(tg)—2 o 1]

We choose for our standard model the simplest solution. But other solutions are possible.
There “anomalous” terms, not directly related to the 7w — 7w amplitude, could come up. 44



Soft Photon Approximation (SPA)
We shall compare our “exact” model results for photon emission in * m scattering, which we call “
to a frequently used SPA (what we call SPA1).
Here we keep only the pole terms oc w™?! for /\/l @) /\/lg\f ).
This amounts to the following replacements, using k:2 =0, p| — p1, b — D2

standard” results,

ME\“) N GM(O)TP_W+ (S,t) Pax

M(d) N _GM(O)W_W+ st Pox
(po - F) ’ Y
(b) _ (0)r~ 7™t ¢ Pix M(e) N eM(O)W_Tr+ st Pax
M/\ — eM (37 )(plk) A ( ) ka)
M =0 M =0
We get
D D P p In the soft photon limit, w — 0,
/\/IE\Tr 817;A1_>7T N eM@m " (s, t){ aAk D\k bAk + 2>\k: the SPA amplitude can be factorized
(Pa-k)  (pr-k)  (pp-k)  (p2-F) into the hadron part M(©) (on shell)
Ak and the photon emission part.
d — d3 d3 2
0 SPA1 (273 2k0 / p1a p2
[ Dax Pix  Pba n D2 } [ Pap Pip Doy n D2p i|(—g>\p>d0-(ﬂ-_ﬂ-+ — ")
Pa-k)  (pr-k)  (o-k)  (p2-k)IL(pa-k) (1K) (po-Fk)  (p2-F) d*p1d®py
where
do(r—n+ = 7—1+) | . the photon momentum k was, on purpose, omitted in 5(4)(,)
d>p1d®pa

2)46@ (p1 + pa — pa — pp) IMOT T (5,12
2 oG i) P ) (2r gl o) O Pt P2 = pa = )| (s,t)]
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Results

do/dy (ub)

Tt — trty, Vs=100 GeV Tt - Ty, Vs=100 GeV
d’c/dodk| (Ub/GeV?) R(®, k), SPA1/standard
T T —~ 0.0lpe 106/-\10 =T 1.1
- Tt > Tty 1 % ly=4 y=6 % |y = 4 V=6
10°E Vs =100 GeV, ® < 40 GeV 10 F ; :
g 0.1 MeV <k < 1 MeV 1 <~ 0.008F 10 = gk
102 —— 1MeV <k <10 MeV 4 ~ 1.05
. 10 MeV <k < 100 MeV 1 10° .M_| _
10; 0.006 | \ 6 [ e
1} o - 1
10—1; 0.004 , .......................... 102 Ab
10-2i ____________ 10 k : I ] 0.95
: 0.002 | D R Ty
10_3§ = L A
—4: e L g .- N 0.9
10% 2 4 6 g 10 1 2 3 4 10 1 2 3 4
y o (GeV) o (GeV)

The distribution in rapidity of the photon in the reaction mnt - mrty for different k. intervals.
Plotted are the results only for positive y since the distributions are symmetric undery - -y

Two-dimensional distribution in the (w, k.) plane with different rapidity ranges.

The accuracies of SPA1 have been determined.
d? OSPA1 / dwdk | We find reasonable agreement for k; < 10 MeV and w < 0.5 GeV.
R(w7 kJ_) = 02 / dwdk For larger values of k| and w the discrepancies between the standard result
Ostandard/ QWARNL 4 SPA result increase rapidly. 46

The ratio:
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