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Low’s theorem (F E. Low, PR A10 (1958)92y ) relates the
am'plzﬁu,ole for a process to that 7Por' the process with the
emcssion of an additconal photon in He Lim;l of zero

photon energy- Jtis a sbriet conRguence of QF T (gau,ge, invariance ! )

a + jf——-—a,c,,

- -~ L+ oy (k ))
A = w—350.
But ;zxpeﬂ'menfalfsfg Wanﬂmg to check Low)s theoyem cannol

measwure at w =

O. The quest;on 4s then: what are the Lk + D
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wWhe re Low )5 result ar)plfes‘ to o QCV@W L R Z
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As a modto of our 4nvestigations T would bke to cibe a weord
Oﬁ my teacher Walter Tht’ﬂ’ring who used o %

"JIf we have an appmximmfe rosult we do mot know where
it applies, um less we have the wxact vesult, But then

the approximate result {s mo Longer use*fulc//

Lot ws f&rsf consider sn this Spfr[{’ Fur@é« )gepfom‘c T'Cac,'z'fol/t;
6.8.,

et v o — e*»r/bf/:»re’

)

et + - —> e++/,(++/[')fi' e ‘f'b/.



Tyln‘cal olo'agfams arne as fallows‘:
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These are ®ED processes. We know the interaction and we
can calculate in periur bation H’LQW’/ (%ea(‘Z)/) %er/ﬂn‘mg.
Emission oﬁ an additional phqtan LS Fam’: 0f the radlative
Covrections to the Aasie process. We cam compare the exack
resuwll with any a,,/,ra,(zmaizon Based on Low’s theorem.

It may Be worth while 4o invite an expet o such radiative

cOTrecJuan Cazculaffons and ask hzm 7"0 7LaU< on Suo!m com,oar-c’sonﬁ.



N@hlr we. comsider /&aolf“owfc 7“99‘—67}50“5, e‘g.,
Pt P —— many hadrons at low Pr,
]0 + }0 —_—_— ma%y ﬁtoelfo?ls ai‘ /Z?Du) ,97_ . X(L)

We have a HLQO'/')/ for such neactions {CD, but we cannst
(}’Q&) Ca,gCMZaJZQ H’L(L @MPZ-[[:MO(BS ﬁOY SULOI/L PrOCeS.SeS. fqﬁom ffrsl‘,’

PﬁnC{PZQ‘S’ Th@ same «s fru_e %@f Q)(clusfve processes af

/&zrge c.m. energy V5" and small moment um fransf@ﬁ]ﬁb

But for these reactions we bave deve Lopee{ a moo/eg) baseo

on censiderations in QC_D, which

allows wms to calcwlate e
am,olifuelés‘ /(or the cases o'f no F};o/'an and one adotc'iionajphal’an.

We can then Compare the “exact  model resuwlt awith app ro x{weationg

Kosed on Low’s theorem.



2 Soft high-energy exclusive hadronic processes and the

tensor - pomeron model

\/\/Q are j,nferes%eol Aera AN QXclusL‘ve frocesseg af [%lrge <em.
Q%Qfgy \/;_S—‘ /@u{f .S"ma,zz ‘mofmen%um {ransﬁers Vl’f/

Exam?oles: P + P : P'*F,

T p —— - }das#c Scaa‘oufng
P+ p — p + X + P, central exclusive

Product con , CEP,
O'VL ﬂ’bé sSame /FDD{'L n? we hcwe PLLO&OVL Ano(u,ceel vaceggqg

YO+ p > Vrp, V=g,w,8. Jly,

X(*) + P —> D’Wn“ P DIS structur e ?umc%[ons.



These reactions can KLe descrifed with the help eﬁ

2 Xchange O»@,«)'ec‘ts :
3 J ;

? (C: -+ ’f) POmefd)’L/ Shofulo( o{Om;nan‘e a.{T /&f(fe Qnergd’es/
1)), (C—"— -4  odderon ()

R F2r > Azg (C=+1) |
g | SDR (e 1) }' reggeons

X (C“"” Pho%o*n
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Now J could Say many words about the J€Ve10)0menf@’f
Vi ous views o‘ﬁ the pomeron. J shall not do this but
Only p'r‘esenlL the model for the pomeron and the other
Sradronic exc&an%es which we proposeol i 2014,

C.Ewerz, M. Manlatis, 0. N., Ann. Thys 342 (2014 34

The model is Aased on earlier Anvestigations of soft high-eneqy
reactlons in RC) Using /fumcb[onae ,z,‘mf:egml technigues,

O. N., Ann. ?h/v_g, 209 (1991) Y36.

In our pregem{ iengor-pomeron mOot@ze we Jes’cr‘[fe;

P and ’?ZR ) Rag (C=+1 @(cl«anges) as e/#coﬁ\ve nank 2 symmehm‘c

tensor excha nges,

@ MOL wR ) 9R (C'*"I (&Ycl’xanges) as e{){ec{&/e \/e(,&or‘ QXC)’LCWLQQS.



Exampze.‘ hug}q energy ’]T'}O alcw{'ic Sca&erfwg,
Leow{ing QXolfLam.ge: P

P-(—})O;) ‘r'p(r),,) TP ](c‘ego[:

R ? @Y(X) = R;u(’x))
- — —_ — >
™ (pe) T (pe) Fev G2 9m = 0

(Oud; l[fng Lagfang toaVLS W,olo anol 7?]TT/' .
) . — <> <> , @
”Z’PPF (/X’) - B/Z)PNN EV{X) Z—: % (x)[)//&av+xv9/‘_ 2’/. g/‘ y)()) :}%[x))

Z';'”'"[x) = 2 /3per B (")(j 9N - 7% 33&3“)

[ 76033, %0 + (3.3, 760) 760 - () o 50)- As0) ()|



Here ey and fprr are coupling constants with values known
From phemmenofog/:

-4 -
ﬂ’IPNN = 1.87 GeV ) //g'ﬁ’rrﬁ; 176 Gev .

Fr‘OWL HLQ COu,()lCng Lag f'angians we ge{: AN *MLQ ,S%rwlaml Way Hie

vertices where we Anclude 4n aldition suitable form facz—of's'&
The Q,ﬂ?ec,l{\/e 'P Profgagaqﬁof- £S CI'LOSQVL SULcLl as ’fO 8we ‘f e
0/859('\/'@02 ?9336 ‘z@ehqviour aﬁ e am,oL,‘éu,e(eS:
AP A A ()1
"’A/M’) 2¢ )\ (/S'%) = ’q;(g;tx gvk+3#9\gvn fgﬂvjx)) (’4°/§D</; ) "
Xp(t) = 1.0808 + wit , op = 025 GeV ™",
RALL M,\Z.se numbecs CO me Pf@m e .Do;mackie ’LanG{Sl‘L‘DF}e (DL> FL'ZS
fo Hte Pp ano‘ Trp ’L‘ofa/é’ Cross Seo)c[ons; See e.g.
A. :Don'nachie/ H G. _DOSC[/\, TV, Landsho jﬁﬁ, 0. N. )\\790%4 eron ?A}/ﬂ‘cg and AQC,Df
cuy, 2001,

/



The DL a!;prOacl'L ass umes, hawaver‘, o vector couplCni

Oﬁ H/Le POmef‘OrL ‘60 Fr'oEOVLS ancl pfon{, _’B“f M(s View ()rege,n{_g
seriows f)ro«@lems‘) as it glves taken at face value, opposite sgn

Aor PP and PP total cross sections, whick (s, D’fcwrse/ un,okysfml.

Oue tensor pomecron ga‘ves aw)coma'}[can)/ the same result fm—%&z

pomeron parts o{f the pp and PP total cross sectiongas it should be.
FA:’VLCLZZ,)/ j can menll,'t'on, 'l‘ha{.’ Q€So A‘VL% %ologra,pkt‘c

app roach to R CD a tensor character far He pomern is (Jreferreol.
See e, g

Brower, Polchinski, Strassler, Ton JHEP 42 (2007) 005
Domokos, Harve)/, Monn PRD S0 (2009) 126 0’15)
Iajcrakfs, Qa'ma'mmrt[) SI’HM‘)/CLL(, PRD 9y (2014) ov5 005,



5 Applications of the tensor - pomerom model

.B/ now we lqave maeie. %Z{Ze arnwm&er 0»# a.lapz(,'ca{‘[@ng of,
our {?CVLSO!"‘ pomemn 'YYLOO[G‘Q.

e Yp >t p Bolz, Ewerz, Manlatis, 0. N. , Sauter, Sclaé’m‘ng,
JHEP 01 (2045) 151.

® PP — PP, Spin dependence. Ewerz, Lebiedowicr, O.N.,
Szezurek, PL B 763 (2016 ) 382,

Jn Hhis paper LOe could show that fhe data on the S(,'m.ﬁZe gfc'm ﬁli}o

in pp elaskic scattering from the STAR experiment at

Sut are P@tf2czﬂ7/ C,om’oaJcE@le, with our zfer\sar”pomerom ansSalz.
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® Pho‘fo }oroducffon ool /&JN x DIS ;
,Brfbgﬂf'; Ewerz, Glazov, O.N, | Schmitt, PRD 400 (2049) 114 007,

jrn 4’&_[5 Pape(‘ we Cowlcl S‘fLOb\] ‘ML&A" a vedor Pomeron
OLQCOun.ples cemplebeb/ An the total pkofoa@sarph‘on Cross

secktion and in Hhe shuchure fumcjr_o'ons Oﬁ DIS. In comhfasf,
wiHe Hie tensor pomeron we 3615 excellent Ftl's. J show

this fI)GY‘ the case d/)e O._;zaf /a’p) /for neal pho*ons.



Fit results: photoproduction

150t

100"

III

s Reggeon exchange contribution

» FNAL tagged photon beam
= Astroparticle data
H1

W [GeV]
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o pp—> pXp CEP neactiomns
X
% 4o Lebiedowicy, 00, Secaurek, Ann, Phys, 344 (2019) 307
90 — - , PRD 91 (2045) 02Y023
T fo 42 - » PRD 93 (2044) 054015
Tt — — , PRD 94 (201) 034 01%
g% with proton oliss. — - ;) PRD A5 (201%) 034 036
PP — = ~PRD 9% (2018) 094 027
KTk~ = | PRD 98 (2048) 014007
Kt KT wa b —u — PRD 99 (2043) 09034
£, >t -t = , PRD 401 (Z020) 03Y 008
b — KK, piu” — - , PRD 101 (2020) 094 612

f,‘(/IZ‘aﬁ, £ (19 20) Lebiedowicz, (-?uulgeé, ONi, Rebhan, S2ceurek, PRD 102 (2020) 11406 3



. 16
@ CEP of pp 4n ultra pen'p)aeraz ﬁaea\/y lon collisions,

Klusek- Gawenola, Lebiedowicz, 0.0, Saczurek, PRD % (2617) 99Y029

Many thanks 9© to all colleadque,s with whowm J had 1%?,

plea sure to collaborate on these projecl's.

In my opinion CEP reactions deserve dotailed studies with

the mew detector, which is sfudied Here, for e LHC. Lel me
just mentiom the goodl possibilities to search for odderon effects
in CEP of st‘ngle?‘ and doudble ¢ Pinal states X.

The @’s come out at ow pr and their K*, k7 decay produds
are then also at fow pr. I J understand it correctly,

this &5 the Tegion where the new detector will Aave Aigh

sensitividies,
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Y Saff EHO‘EDV\S AN »e)(c),usive pro cesses

J hope to have convinced you that we have @ decent meodel

for oo lasive High - energy reactions af Large c.m. energy '
and small mementum trans fers Y|t| . The interactions,

7l>pp, TPTF’)T) e{‘tv) are olescrigeol ,»@7 cou.dglz‘mg Lag?‘angzqmg'
Jt is easy to include photons: we follow the rules cf minimal

substitution,: When ever we have a g{er[\/akivg n the Lagm.ngiam

we replace If Ay the cormﬁpﬂkung Ovariant derfvative . Thy s:

QT30 > (e £ de A o) ¥ (x),
a/k’qu (X) > (9/‘ + AL ﬁ/‘(x) > "-I/P(X)‘

Ths ?Cvas without mew free para mefer:.f', i o well ol@fined WOy, from

the W the Pymrm vertex, from Ppp the Pypp vertex, efe.
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Now Piotr Lebiedo wice, Antoni Secaurek amd /myse.ef stacteo +he
pﬂ?g‘eci’ fo Calcu?,alle Phofon emission /for‘ Somée QXC&,LSL‘VQ,
neactions Avour tensor pomeron modef . The idea 4s o lompare
our “oxact! moded results wiih app roxi mations Hbased on

)

Low’s theovem. We sfarted Ao consiolor a scmple byt semewhat

academic, case : %Z‘gk energy T T elastic QCaHem‘ng without

ond with ‘phof’on radtatlon.

+ —
08 (Pq) + T (pgy —— TT+(P17+ T':.(Pz) )

+ _
7 (pa) + T (pe) —— 1+ (p,) + T (p2y + y(k),



7T"‘( P

Pa t Pe = P+ p2

S = (prpe) - (ptp:)”
A= (pp) = (p-p)?

A9
e |



~ <~ =TT
(@) éﬁ){fz)

= T e

T (Pe) t,

¥k
TF"\(E&)s _ /i — =T (@)
(6) P@,)
bf(k)
Q

" L)

P /T)‘Vp,)
() Fl)
U - T \Tr—(
ipe) R
(k)
rr K e —_— < /7T+(F’7)

lf) P&,)
_— > — S~ — -
T (pPg) a2

Y (k)

5 47 P, A (e pe) = (pep ) 4,



The Qnaﬂ?/fc‘c ex pressions Jor our O[[G,gr'amg ae Qs foapws;

ey, | T [T oy, T(pa)y = M (s, 4)
= 4 2 1 . ) A (+) —
2 popr 7t = 4 (g s po
2 . _
= 225 [2Bp F ()] (is ot YR (D)1

Ymg ~4
[1- 75+ e (mt)t ]

2

Fo(4) = (4= /w2 )", md= 05 Gev®,

21
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= 5“{1 )

2. B . 3
(Z(Pa“"[’«)"/é) P€+[°z) Y (/Fa'f‘]oq ) Vet §

(k) =m2 *
tt)"’{
m;"”:—'efzﬂm Rt)) < (~isedp) i,
[Z()O + P4 P@+Pz“1«)?- _ é- (pa+p,,>&(%+p;l<)] (Pé’%)?; "™

< tlled:
GO&MSQ /CVL\/@F'CQMCQ LS /ful,ﬁ

< '/\ - O
@) (&) (<) 2 —

(e) (£) A 3
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Prpf)roxima%c’ang based on Low’s resutt for w=% —0:

Low1 (0) Pa.}\ i
m) = e (5,4, )[ k) + o)
+€,,m(o)(/$/ £) [M _ Paa

@g*) | (Pz'k)

Low 2 _ (o) Pas Pix Pea Pz
MA em //S,i‘ )[ ([)ak) (p,,k) i (ng) (?zk)})

i( = /ML\W_ /t,,) /tz).

For 44— 0 we have m/\LDW4—~? m;ﬂwz and both go to
the exact result M, . But for finite k there ds

no unique  low yesudbt’




5 Nfumercfcal ﬂesulfs 7‘:07‘ Y[(RYE SCG.‘HIQY’L‘/lﬁ

J anm \/Qf')/ grafefu'l ‘éO /PL'O‘}:F /f@f' PT‘OO‘.U.CI:I'Lg L a S)'lOY'Zf

Iime mice results which J can vmow shew you.

o Total and Mkotal clastic cross sections 1ear’ T T scai'ter[;g
® Rapidity distribulion of J in wWhT Y.

® Distributions in w and 4, .

o Acor)lanam',{r/ distribu t lon.

o Twodimensional distribution of

Riw, k) = 0" (0, k, Y/ 6 (o, k).
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FIG. 3. The distributions in transverse momentum of the photon and in the energy of the photon.
for the 77771~ — 71" 71~ reaction calculated for /s = 10 GeV (left) and for /s = 100 GeV (right).
The calculations were done for (1.1). The black solid line corresponds to exact model, the red

lono-dached line carreannnde ta Fa (1 7 the red chart-dached line correanonde +a Fa (1 )
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FIG. 4. The ratios ¢™°% /o for (1.1). The meaning of the lines is the same as in Fig. 3. The red

long-dashed line corresponds to Eq. (1.2), the red short-dashed line corresponds to Eq. (1.3).
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6 Conclusions and out look

® We have c)xplainea{ the tensor - pomeron mode £, *ﬁef "Lfgh‘energy
Sofl: hadronic reactions. The moded allows us to calculate
)011.91[,0»4, messl‘on A:w SUL(/L\, PrDCELS,SES‘.

¢ We tave sJuoLCeol the nea.cJ:[oM /”_,—r ™ — " m and

Tt —— gt Y n detail and fo~e Compare_o( Hie

“@(Qct‘:” model resubts wil a.rpr-oxc'mafc'ons /Qo.seel o

Low’s +theorem.

™

® Tor photon wmowmenta 4 + 0 Hhere £s mo me'(i/u,e ‘\Low vesult"

® It should ke s*raig(rd'ferwarof to Svluo(/ in fhe Same Ry
the processes pp —> pp and pp —> PP Y-

¢ To shd/ An His wa/ processes Lke pp r)Tl‘*’lTﬁ,Q and
Pp—> pTT ’\TﬁVX LS n 'o-n'wci‘ole pas'si-gle But much more d&ff&cult‘
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