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T Jutroduction

My interest An Sof{: = pkokn proo(uo)tiow an Hadvronde collsions
qoes Soack wione than 4O yaars. At that time we speculated
£hat 3°¥{ PL‘”{O"LS could have an \\anomalous// source, n the
mon — Arivial structuce O? the RCD vacuum. Think of the

“gluen condensate ! aﬁ ) ’C"‘S’LO‘WEO"S/” and the Lilee, Ha)/£e
v

J can say a LHle wmore en thes O{Mrfmj a discussion Session.

We published a mumdber of papers on this su@J‘eci’.



o O.N. and A Reter, "The Vacuum Shuchow in ®CD and
H&.o‘n‘OV\ - H Qobl,m ycaﬁ%mg g

L] Gw BO{Z‘, P. Ha«@erl) . N. ) \\Soft P"LOJ’UMS 4;\/\ kaobwvl—-/etaolf‘on

Wllistons S)lvxc(nro-lvovx nadiotion Prova Ho O CD vecuwm 24
2. lhys. C6F, 143 (4995).

® O.N. Spia correlations on 4, Dredl- Yan process, parton
Qu{:ang le 'QOt 3 and

y Z Phye. C 24,283 (198Y)

oftcer uncen veutional QCD Qfﬁec[-_s 'j
Ann. Pky;. 350 (2044) 347

e ON. © The QACH vacoum shucture and C;LS mani ﬁes(:qh'ons ¢

an N Own Cekﬁ(k.tmewt Pkysfcs ! ) Eds, §. D. Bass O““’
P A M, Gul cl«cn, E:J.C“w,s FrOM%L‘ErQS/ '1996,



l
Some. years ago Johanno» Stachel, foter Erm,m—Hwn%Cmger and collaBorators

shonted a seminan seues devoted 4o soft —pheton problems. and asked
,qi we asould Be inlerecled to contrifute. E,/ Hat Aime Conbo EIMQJ‘Z/
Auntons Szeczure L<, Photr L@@éedowc‘cz and| /mysd{i amene /&eavfl)/
tnvolved in Hhe theory of Mugh ~enengy hacronic soft diffrackive
reactions. That £s, we studied pomeron, odderon, Reggeon phystes.

It wag ¥en matucal ?&v"ws to s*ua‘7 Sogﬂ”pl’u‘)/—on pr‘OoQucéZon on

soft oiffractive reactions. Thése neactions ane  in a sense ‘

ANY
dean

processes Aot from He theorehical and expenimental sioes. We could
publish o umber of papers on Hus subsject 1ohere we wsed owr
tensor - pomaren model . Let me emphasize ot Hhis pocnt Hat He
2xpoimental séuo{)/ of soft photons in ouﬁ?rcccﬁive reoctions would
Pm{sz Qnorm0u527/ ;/F Hee ou&goﬁmg Profcms n neoctions Like

PY¥p — pt+y t P could ke measured.



Pootr Lebedowler, O. N., Anlboni S%c’&ur@,k)

results wi'leu'n the +ewnser - pemeron moded :

® “H«.‘gi/w energy ™0 Sc,aﬁeriwg without and with Fkojmn nqotfah‘anj
pRY 405, 044023(2022); 409, 099%01 (£) (202Y).

oV S‘ofbf)okobn nadiakon An 'Buglo —C’M.o)l.@y Pm%n——lorol-on
Collt Stons within Hhe 'feusar—Pamuon approach : Bfemss,lmuuméj
PRD 10_6, 034023 (2022).

® . Cevdrax excluguve oliff«rad—f ve pmoluc{n_‘on oae 23 SL'MSle P}ID}'DVL 21
,LCB‘\‘“QV\M%)’ Vm\[.m,\—-r)rol:on COU.L\SL‘OVLS' w[l'ecfln. +€_Q ’FQMSO !"-'FOM eroin
@/PVT‘OG.CLL){ PRLD i!g_?) O+49014 (2023 B 5

® ™ Ixclusive olifﬁrqc#,ve. gremgsjrmklut’ﬁ of one awnd two photong
at fc? rvdarot’m-p?o(ih'&e: PoSbR@Zli'I’[es ¥ar Qx(zvdmeu’tove sef-uoh‘es
A pp collistons ot Hhe LHCY, PL B 893, 138053 (2013),



M

When .Sl:uol)/fvxg ~ as the simplest case — soft-photon production
in the reaction

T+ 7° —> W~ 4 W + Y
we looked in Hur framework of Hie fensor - pomersn model
ot the Lading and mext- to - feaoh'vxg terms in the p%{on
enecgy  w for w—> 0. We found surprises when we compared
suc resulbs to those n Hhe fameus papec of 1958 K)' FE. Low,

T)"-QSQ $u_rp{’Cgeg‘ KQ,C‘. S ‘kO SL\AOL)/ .SU’?t" Pl’\zO‘tOVL ‘l:fLeoremg

Ave . TigoTous AFT frame worlk .




Boobr Lebieds wicz, O. N, ) Aunbouni S?C?Ufek)
oxact vyesuds widhin QFT -

o ‘High-enmgy 77 scatfening wiliowt and wit photon naskiabior ’
PR D 105, 04y 022 (2022), Ercatum: PRI 109, 0R901(£) (202Y).

® ’ ~D(€’{m.ew\t VenSLons "? S"ff ’PL"OH’W‘ theorems aem?‘j*\ﬁécl al
XQ&O{.L‘VLS amal MQX* —’[‘o“/&ao’.{m% 1len,mg %)v* PI‘DVl"' ‘oc'o'n avml
Pion—‘ prD{ZDYL SCC(HQJu:v\.g,/ PR D _ﬁ) 0%y 04z (2024).

. Soft - PLLO%V‘ fazorem ‘@OT pLon - P"'D'I?OVI elastic SC&‘H’en‘ng
nevisitedl ', PRD 40, 094 028 (202Y).



M}/ 1o lk onlevy Ls based on these papers. J shall maﬂnly
disanss the %ollowing Teaoféong:

Tr—(Pod + ’\To(()g\ — ’ﬂ"(pﬂ‘i‘ Tl—o(Pz.)) (4.'1)

T (Pa) + Tpg) —> Ty + T(p)y +y(kg).  (1.2)

Let‘ w = Lo /&e {h@ pl'\obn w,m%y AL -)Bue, Cem, 57' SJrQWLa
We are Auterested v Hhe Amit w0 — O. The classicol papers
JQoﬂ.ivxg wiHh Hus sapt" pl«»lfon Lmit one

F.E.Low, Brewmsstrahlung of Verylow Energy Ruante. in Elementary
Port; cle Collistong ”) PR, ’_’j_‘?> 9?7y (4958),

S, Wetndgerg, S Infrared Photons omd Gravitone ”)
P.R. 140, B516 (1965)



o ?"OPZ to convince you A amy talk Haat Low and Wu‘n@er3
P""-S@’LJC ?“He’ different versions O'ﬁ 30%‘ pkojwm theo rems.
T shall alse show you thei+ nelation.
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Framewor k

We considec 4t Teackions (1.4) and (4.2) n QCD plus Leading

ovder in elermeagmeHsm. We use only exact QF T methods
An Hus «framewm“k.

8 Qner%y - momew{:um oonse,rva{ t.OVl)

® gauge in ku:amce)

® nvauwawnce unden Pa"ﬂ:{f)’ ('P) ; OLta.rg,a wnjugaﬁon [C)/cmo(

time reversal (T),

® fhe 9?’“@"“165601 Wacd "‘d"'“{?t‘l")’ #w He plon ﬁc’e@ds, whedh An A €D
are com‘PosL{;e Local felds,

¢ omafyh‘ci%/ properties of amplitudes, ¢ parkicular Hie
Londont (',oyLoL'L'L'A'OVLS.



2 Kinemakics and phase space
We start with e elastic neaction

T lpa> + WCpey —7 1 (p)+ T2(p, ),

Pat Pe = po+ pz.
We set as usual

(2.1)

5= (pa+ Pﬁ)z = (P«‘f Pz_)z/

£ = (pamp)” = (Pe-p2)>. (2.2)
We Look ot +he reackion (24) in The com, sysf'em and consicler
a Jixed value of He com, energy squaree . Then the energles amd
a@:so z.ud'e vaeues U’F —J'e«x mowmenta avre /,Qéxecl,. For ec,%iven 'fnt%ﬁa.e
cmf«rgwaﬁ‘m we can only vacy P = ?;4/1?4]/ 1B il ailn

divection of pa. The phase space As the unit sphere.



Pr= P/IB (2.3)

Jsllo wL'vxg Low we use as enerqy vartadle

V = /£ - Z‘Yn::__ :FD‘.FG*F".PZ'



WE’, olomo{e Jd«e ow-sL\elL OW\plI'IZuo(e Z")’

(o)

M0ty = K, T2 | T 77, s>
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Now we %O ’1‘0 4&@ Iu,acfc‘on WEM p[wi:on nao(Ab.Jf[on
T (Pa) + WUpe) —> gy + TR ) + y(k 2),
Pat P2 = P/“‘ Pz{—i- ke, (2.9)
Here aJe Se.'['
S = (Pa+ P‘fb)z = (?'1/+le+ [<)2/
i4 = ( (> S { - = _ ( z
P Pd ) (PG Pz"l( )/

i‘z = (PG'sz)z: (Pa."P./—L:)z. (2.5)
We shall cowsider 22ad ond virtuad \oko}:on et ssCort amd Iw_c]uu‘e
ALY 0 , A 0, (2.¢)

For' Co %iven value o/? < wkai' are -MQ '?'LQL paﬂ.o,meters o—f,
e meockion (24) for swoll R, soy W'l a=tm; Guotit), in e

c.wm. system !
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A Cvaewfeu{ Sei O'F such pamme)cers A5 givevx ﬂ,}, He %rwz»vea"w‘
/& PZDLS *"&Q ‘u.vu'[: \/eo{'trr‘ F/)\"/ - ﬁ'l/lﬁﬂ‘

(Wtase SP&C.Q O’ae (2.7) = {(/%) /P:fl)) /'( & qu’: o’# Rq) lﬁll,zi}.
(2.7)
We see s Qas()v)/ «@/ considecing (2.4) for given * in the rest
s>/stem C{F Pa™ - k = )04)“’ {)z/. In s Sysl'em ﬁ/ and ,’9:_/ are back
Eo/ /@‘aok Wi ’{’CXQOI lF,{l = ]?{[. The O‘hl)/ f‘f‘eeolom /eq,pt,us 4o var)/
Pi 4 any direction. The same 4s then also brwe in #re com. system
,Z'F k As small e_VLOugk.
< P




HQA"@ we dena{?e 49\.9 amplilsuote /éy

m)\ (Pa,,?%) f.(/, r)z/,l(3¢ (28)
We comsider meal and Eimelilke virtuaf Phalrvn 2mcselon
A >0 , A 20,

¢ 81 we M@%%’(‘Ome@l, a_lr@ao[)/'



3 QFT analysis of w1 — TH and T T Y

We fhave three olta.grrams i{%r— ?’I’LA

lr’(Pa) @\/‘/ X (k)
-

> (ps)
e A v
(@)
T T
O
Ty TG

y(k)
T':(Pa) ,@r_f >—
m@?@? o

T2 ) TP

%)

(@), (6) 1 pacticle neducisle
(<) 4 ()ar%fcle Srreduciéble



Jm OucC QFT cma,lys[s Me  akse
the %U. lofon r)ropagaf'or

#}te qo/ULU- Pion_ # phol—om

vertex fun cElown

He of?‘SheM pLove - Pt'ovx

Scaﬁeﬂfmj i 1k de
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Y Soft photon theorem 1

In Huis section we shall give the expansion of He amplitude
M, ovound Hhe phase-space pom{i (k=9, ]04) In a swall
%QL%L‘M&OMF*&.OOC{ of this phase-space point we sef:

ﬁ’ = f): . 'e‘l_L/)P:] ) ’e‘U—. ﬁl =D ) '&72_1_:0(0)).

JThes fnelcak@owr\aood has 6 OI{V“QV‘SiOVlS-Sckema{[C@Z[), (4.4)
we *rerar'eseni' it as «JBOZZOWS;
Zl. AN Below we shall S{'u,o{y

M (‘k:‘a,..) m)‘ ovn SMOLLOL’Y'ay
- 5‘}'0—7'1'1'143 fmm e Orfein..

< - &

0 7




For (4=0, Z:l_l_ =0) we have Hhe kine mahics of Hhe neackon

without roliation , T (py+ Wlpe) > 7 (o) (p, ), For (k, 2, )
we have He kinem akics of Pko%on radiafion with

/

P = P"—'e" 2 sz: Pz—"ez, (4.2)
eA T ‘gz = [(1

Qs erd «@7 eyuu\,%\/—- momemﬁ tAm OBV\SQJL\/&%L’OVL
Pat po = p/+ P+ k = pitpa.

Workc'wg in the o S)/sl-em e find eam)’ tre four vectors Z,IZ
COrrespovxol{ug to (l.(, ﬁu_)- | a7 > /




IP4)P4 ”'?4]?4
/S”(P,,-J—FL)Z‘ ) Pf;._.;._«f; 5 lP»:l— ’—sq——-'m:_l )in]"i,
(4.3)
__f_l_'_k_ Pirk
N Vs \
s BRI T *Blt)
’Fj]r PZ Po‘i" A,L. 41 (le() ZA/
P4‘£4 = 0+ G1»?) , Pz‘fz_ = 0+ 0'/&)2).



Jo /@@/ PT‘@@SQ we Sei', AN 4’6&. CeM Sysl'em WLH/L w ZO:

4 .\ —

we (i’i > RIS Dl 1A= oy,
(4.5)
We keep R E ond /e,u_ ,fcxeo[ and consider the expansion of the

nadiative amPLquoie 'Fb\f' w —> 0. Jhat £s, we consicler m,\ on
¢ ﬂ,a.)' g*/'ou\.hw; 01’ +E\_g_ on%cn. /—Vl -w& phase §yoace{(‘& 24_._)}
0«? Lourse, wWe shall 9?/{: a Laurent Qxfav‘s“’n ’ﬁor m, .

We ,'Luvusl'ra%e uu.'s ¥9r He term m;a).

D)
A L

NDW we come ’[:0 —W\,Q @(P&’VISCOVK Oi ‘l’&a ampul:ua[e. mA 760)’. 6\)_9'0.



This %fves us our fmal vesult for neal WLwl'o'n emission

Pa P4A ow

mA (Pa;Pﬁ) P‘n Pz, L‘)" ¢ [—_’2— B I-D:_Z: mc )(V/"t—-\) (54

1 (en)
~e gy paleck) Ao (k)] M, 1)
p ol 9 (on)

—le [Pa)‘ jk —P@A] 2V M- (v t) w"°
a Pa ke

‘Z_e[(Pa Pd)l() [Pa_’e ):] P > - JJ»{, m( ()V/t)

F Ol (4.14)

veE L= ZW‘; ) t = (PQ‘P4)Z= (P@."Pz>z.
Wit (4.41) we have given e Laurent expansion of M, Yo o ovolers 5
ok w° around #e phase spase polnt (420, £,,20) comesponcling #o k=Op%p, plp, .



(on) .
T/q,e C’cm,)Zf, ll,uolﬁ m[v,‘t) c0n'B§F0y\als ‘J’O er /GQSLC Proce,:f
T~ (pad+ Tlpe) —> T (py)+ T (p2).

The pole term ¢ wt in (4.4) <4 éxac%l): Weo‘ngerg 's
soft = phaton term. He writes

: Hence Jc&a efffecf a{ aﬁ:ackc‘nj ané saff" P)w*:on Aine to a-r
afﬁz%r'ar)/ ala’qgvmm AS simpl)/ Ao Sumo@)/ an extrn factor,

%e%'zm P'Yl/‘/ [Pﬂ‘z*i?mii\ ) (4.12)

4

the suwm n.unm‘vlg over all @O}ana'e Lines in -er origimﬂ OUCLg{aW’w
HOJLe az,n = +/[ (.'4 )fo*ran ou%oing (,{ncoming ) d«argeo{ th’c)e.

In ouwr work we have %ven fhe mwd: +o /feag(mq term, O/uw®),
to W@cn@era 5 pole terpn,




™~

—

5 Soft photon theorem IL

Now we want to discuss Low’s version cr‘z soft - photon theorem.

Low Onz?/ discnsses m?\ (pq) Pe, P"I/ PZ/ ) OLI‘,‘ e %i\/en [))’LQSQ’

Space )ODW"{‘ P‘I ) Pz ) k. He %L\/QS an aP‘orOXLYYlaJEE QXPFQS“OVL

'{50"' m) at this Pawn’:

/
Pe P4 (own)
M it ) = e[ 2 - 2] )
ve- k Lk
[P“\ Rk + PflA P;'.[,( ~ Pés— PZ\ m (V,_):l'B +(>/(1<).

(5.1)
VLE papet i pe = s 2mp = (patperk),

£z, (P =) = (Pa'“Pztl”l‘)- (5.2)



We e'mPhastze *Wtaf LDW)j Tquz,f (5~") is not an eX}Dansiow
Oﬁ 'yn,'\ (Pa) r)g) ,94" r)z/) l.() O(.Y"OM.‘V\O) a PhaSQ’SPaCQ POL‘YL":

o’ﬁ o radiation. LDW/S reswlt (5.1) %Eves an apprpximarte

~ /
gXPYes§Con «]Q‘Df‘ mA at « %Cvevx Pka;efg\oace, Pom)f p,’, p,_,k.

—ﬂueré [( £ /?c'xeoP /@7 Qm%y—-momew%uvn COnser\/afc'om

Pat pe = pit pl+ k
/ifor %Cven P"/' VZ/ \/aa")/fng onl)/ k (n (5.4) violate s enerqy -
mo ment umt  con servat on,
COmpartng, (Y.41) amd (51) we see cleo.rl), ot low’s and

W&Cn&@rﬂ)s versions g/f, so?t-'(.)l&o{'om {L(QOFQM.S are a(,fﬁge)zemt‘,
TJo ses their nelation we Qxloomal. Low )3 QPPYOXL'ma{'Q, @(fressiorz

around ’HAQ pkase Space poin‘l" ﬂ/‘~‘ P, p,fr- Pz, k=0 oﬁno rodiation.
We. gz£ Heon (',Ompze,ﬁe a.,gﬂreemem}: withe our resy)t (4.11).

3
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6 Lonclusions

W@. ko«,\/e clc‘scusseol the (reo.c,lziong
T (pa) + TO(pgy —> T (pay + Tro(Pz))
ond

T(pa) + WApg) —> T-(p! )+ Ty + Y (k) (6.2)

Jor k> 0. For small enough k e phase space o (6.2) (s given
/(97 { (4, i’;/ )5) where we consider fﬁz €, il S)/sjrem angd
Pir = f):l/lii.’l varies over the unit sphere. We set = W,

() In Sec. 4 we have given e X pangion "’? the OMPI: tude f"‘" (6.2), m,\;

O\rowﬂo‘ Hz P}'tase- sloace \oain't' (k = O) f>\4 ) Corresponoe t‘VClS to %e @QSI'C
Q,Qagl'lb process (6.1 ) . This Wpansion is a Laurent secies. The pole term
o< wt is given @y Weim@erg s Version of e soft ~photon Heorem,

We have calewlated He nexto ﬁzaal[nj ferm oc (° of flis secies.
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(ie) Low's version oji e seft ~ photon theorem Ls mot an expansion

a(f s kind Aut givee an approx(’ma’ke wa‘QS‘Ston 3807- m}\

of a %Lven phase ~ space point.

(it8) What £s ?reci/u.en)cl/ calledl Low)s theorem Is in nealh@/

the soft - photon theorem in the version of Weinberg ;
sea (54) awd (4.41).

) ‘ .
(v) We ave shown Jow we get from Low's Jormula., giving

an O.pp/f’oximo«,te Mpression /1261" WlA at Q gfx/ey\ pkager Q}oace
point, to the Laurent sxpansion of M, around a

phase - space point of mo radiation.
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(V) \/\/e_ haue o(A'scusseel o owl papers 0.2,50 ‘L'&-Q @(Pa‘nS'[DVL «c:lk) Oﬁ
He Owes section *«FOY‘ mwNnN — T\’l’l'(y. In He same Spt‘rff as
summarised 4 (£) we have hreated 60 Teactions

me — u’p ool ﬂ-pf—>1—r)95.

(vi) W= hope fat wilh Hs ,c'm/esh'gah'om we could clartfy e
meaning of Low’s and Weindorg's versions of soft -photon

theo rems and Mhelr )2229»1: Con_) L Part/.‘c\ﬂar‘, concerm‘vg e

next to /&a@Lc‘mg terms,



Thank you for

/ou'r otten ‘t‘i oTL .1



