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Introduction
Our recent works on Forward Physics and Diffraction:

>

1) PbPb — PbPby~ (UPC)
extraction of 4y — -~ cross section

2) PbPb — PbPbyu™p~pt ™
direct production and double scattering

3) PbPb — PbPbpp (UPC)
~~ — pp as a background to J/¢» — pp process.

4) Production of 777~ pairs in

pp — pp7 T~ reaction.

5) Production of KK~ pairs in

pp — ppK K~ reaction.

6) Production of two pairs of 77~ in pp — pprta~ "7~ reaction
Three pomeron exchanges (1)

7) Production of pp pairs in

pp — pp(pp) reaction
interesting spin effects for Regge-like reactions.

8) Exclusive production of J /¢ meson in pp — ppJ /¢y and
semiexclusive processes (background).
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pp — pprtT

P (pa) p(p1) P (Pa) p(p1)

) : p () p(p2)

The four-body process amplitude written in terms of two-body Regge

amplitudes
Lebiedowicz, Szczurek, Phys. Rev. D81 (2010) 036003.
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pp — pprtT

The full Born amplitude of 77~ production is a sum of continuum
amplitude and the amplitudes through the s-channel resonances:

_ 7r—continuum TT—resonances
Mopp—ppr- = METZ oMM |y qre—resonances (1)

Absorption effects should be included in addition
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Tensor pomeron model

At present all amplitudes are calculated assuming tensor pomeron
model proposed by Nachtmann et al., Annals Phys. 342 (2014) 31.

>

vV v v Y

It is often said that Pomeron has vaccum quantum numbers.
This is true for color but not spin degrees of freedom.

Often vector pomeron is used in practical calculations.
Vector pomeron is inconsistent with Field Theory.

Tensor pomeron consistent with so called r5 observable
measured in proton-proton elastic scattering by STAR

C. Ewerz, P. Lebiedowicz, O. Nachtmann and A. Szczurek,
Phys. Lett. B763 (2016) 382.

for exchanges of the soft objects have been
proposed (vertices, propagators).

We keep checking whether it works for different other
processes.
So far yes!. Further tests are needed.
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Resonances
Scalar/pseudoscalar resonances:
P. Lebiedowicz, O. Nachtmann and A. Szczurek,
Ann. Phys. 344C (2014) 301.
Tensor resonances:

P,,
Q1\A 8 f
612/4 TT T 2

P/@A
P. Lebiedowicz, O. Nachtmann and A. Szczurek,
Phys. Rev. D92 (2016) 054015.
For tensor meson and tensor pomerons there are
7 possible couplings.
We have tried different of them. 6/43



pp — pprtT

The two (t- and u-channel) contributions must be added coherently.
P. Lebiedowicz, O. Nachtmann and A. Szczurek,
Phys. Rev. D92 (2016) 054015.
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pp — pprrTe
The PP-exchange amplitude can be written as
PP—rtr~) _ 4 () (1)
M( ) = M)\a)\b—>)\1)\27r+7r— + M)\a)\b—>)\1)\27r+7r— ’ (2)
where
M(Q\Abﬂxlxzww— =~ 30pNN 2(P1 + Pa)us (P1 + Pa)uy daix, Fa(t)Fm(te)
ap(t)—1 [F=(PD)?

1
X 20prx (Pt — P3)"* (Pt — P3)"* —— (—is1zap)
: Pt —m2 3)

4s43
1 ) oot
X 20prx (Pa + Pu)"(Pa + P)" 7 —(—iS20p) o ()1
S24

X 36pNN 2(P2 + Pb) s (P2 + Pb)u, Ixon, F1(t2)Fm(t2)

M()\l:))\b*,)\l)\zwﬂr— = 36PNN 2(pl + pa)m(pl + pa)u1 5)\1)\a Fl(tl)FM (tl)

ap(ty)—1 [ﬁw(pﬁ)]z

X 2ﬂP7r7r (p4 + pu)m(p4 + pU)ul (—i$1406;3) pa _ mgr (4)

1
4s14

X 2/8P7T7T (pu - p3)u2(pu - p3)u2 (_iSZSQ;D)OtP(tz)*l

4523
X 30pNN 2(P2 + Pb) s (P2 + Pb )y Oxsn, F1(t2)Fm(t2)
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pp — pprtT

S; 0.1 T S; 17 —

g PP — PPTUTL V5= 200 GeV] 2 pp — PPTTT (5= 200 GeV]
t /<1t <2 p >0.15GeV hl<1 . <2 p >015GeV]

= [, U ~ v o L ’ -
g 008~ 0005<4t,<003Ge¥ | S 08 003<, <03 GeV |
\E [ Trecontinuum + §(980) + f2(1270): \E ]
S 0.06- i=1— 1 s o¢ A B
=) r A 2— 1 T " 1
s | / -1 8 ]
© [ 1 © i
0.04~ Trecontinuum | 04r /\ ]

1 N 1

[ ] [ 1 ]

0.0 i ) XL ]

- v 1 0.2 A\ 1

[ ~x /0 ] [ SR\ ]

VA | e J R R e

0 0.5 1 1.5 2 0 0.5 1 1.5 2

M (GeV) M (GeV)

Interesting (negative) interference of f,(980) and two-pion

continuum.
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pp — pprtT

=

pp —» PP TUTT Vs=1.96 TeV

nJ<13, lyl<1, p >04GeV
CDF data

0.

do/dM ; (ub/GeV)
(0]

Not completely exclusive data (protons not measured)

Protons must be measured to assure exclusivity of the process.
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pp — pprtT

’>" 407 L S A IR ’>" 407 L S A ER AR
8 [ pp - ppTUTT (s=7TeV ] @ [ pp - ppTUTT (s=7TeV |
(O] b vl<2, p,>02Gev 1 9 b vl<2, p,>02Gev 4
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F gy o tA
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[ {Hgi 3 I J\M ‘i 8
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The parameters fixed to the CDF data.
Warning: the data may contain dissociation !
Measurement of forward protons should be very useful to
understand or eliminate contribution of continuum.
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Photoproduction at HERA

VDM (vector dominance model) mechanism:

Y 0 |

p p

Can be inserted to pp collisions.
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pp — pprtT

photon induced production of p° resonances

P (Pa) p(p1) P (Pa) p(p1)

P ()

Dominant photoproduction mechanism in the 777~ channel.
P.Lebiedowicz, O. Nachtmann and A. Szczurek,
arXiv:1412.3677, Phys. Rev. D91 (2015) 074023.
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HERA data
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No freedom for 2 — 4 pp — pp,° processes.
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pp — pprtT

E: L B IR S: L
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with absorption effects included
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pp — ppriaT

photon induced continumm

P (Pa) p(p) _p(pa) (o) _p(pa) p(p1)

T (p) ¥

P () P (ps)

So-called Soding mechanism.
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Interference effect

’>\407H“H“w“w“‘
() i pp - pp T
% 300 Vs=7TeV b
5 L — total
E r p’(770)
S 20+ —— continuum —
ke o/ - interference |
5 [ ]
© 0

-1 L | | | |

Modification of the spectral shape (skewdness)
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pp — pprtw AT

Double resonance production:
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pp — pprimT

Single resonance production:

» Contribution to mechanism of diffractive production of
resonances
(f2(1270),f1(1285),f5(1500),fp(1710),f2(1950))

» Contribution to decays and branching fractions.
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PP — ppoo
The amplitude for this process can be written as the following sum:
M‘(]%;egsgingg? — M(PP—>(7(7) + M(PfZR—>(T{T) + M(fZRP—’””) + M(fZRfZR_)UUQS)

For instance, the PIP-exchange amplitude can be written as
— 00 f
MPP ) = M(Aa)kbekl)\zaa + MAa)\b—>A1)\2(7(7 (6)

with the t- and (-channel amplitudes

t
M()\z)\ba)\l)\zaa =

(—=1)TG(p1, A)iT PP (p1, pa)u(pa, Aa) AP H1r10181 (55, tl)”_g[lﬁl (P, —p3)iA

X i azg” (Pa, pr) i AP 22020222 (55 1) TG (p2, A2)iTEPP) (D2, Po )U(Pb, Ao ) ,

(7)
M():))\ba)\l)\zo’o’ =
i a Ppp) (P) pavi, 181 Poo) (c
(—i)a ([31,)\1)||_Ml,1 (P1,Pa)u(Pa; Aa)iA (s14, tl)lro,lg (Pa, pu) il
X II'EJZZZ (Pu, —pa) IAP) e2Bzi2v2 (555 1) TPz, A2)iT PP (2, Po)u(Po, Av) ,
(8)
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pp — ppp°p°

We write the amplitude as

Miarg—A dopp = (62’2)()\3))* (E(p’j)()m)) MBS s xapp (9)
where e(”)()\) are the polarisation vectors of the p meson.
MR o 2(p + Pa)yiy (Pr + Pa)us Sasxs Fa(t) Fun(t)

N 2
X {VP3P1N1V1 (3137 t17 pta p3) Aﬁ;ﬂ;z(pt) \/ Papziizve (524a tZa _pt7 p4) |:Fp(pt2):|

~ 2"
VP (st —Pu, Pa) AY) (pu) VP22 (S5, 1, Py, P3) [Fp(pﬁ)}

p

2(P2 + Po) iz (P2 + Pb)ws Oz, F1(t2) Fu(t2),
(10)

where V... reads as

V,umc)\ (57 t; k27 kl) uun)\(kJ-’ k2) 36PNN aPpp(_iso‘;?)ap(t)_l

o Yoo (t)—1
+ M_ngZRPP aszPP(_Isang) 2R

21/43



oo and p°p° production

pp - ppOC — TTCTTTE IP and IR pp - pplp - TETTCTE IP and IR
Vs=200 GeV 5= 200 GeV reggeized
> 10 K

VS =200 GeV.
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pp — pprtw AT

P (Pa) p(p1)  ppd) p(p1)
PR 3t PR
— — 7" (p3) — — 7" (p3)
Y ot Y
> =7 (pa) &~ -7 (p)
P, R gm "o X
—~ =" (ps) &~ — 7" (ps)
Y s

> — 7 (ps) > — 7 (po)
PR P.IR
0 (py) p(p2)  pp) P (p2)

Only the first type of diagrams was included
R. Kycia, P. Lebiedowicz, A. Szczurek and J. Turnau,
Phys. Rev. D95 (2017) 094020.
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pp — pprtw AT

(M zas6) + Msazey + Mzesay + Mseza)

+ o+
mn—\mn—\mn—\.\,m

)

M azser + Masasy + Myeasar + Mesaay)
(12)

)

)

M a3e5) + Masesy + Me3as)y + Myesasy)

_F

(
(M zaes) + Mysasay + Myzeas) + Mseas)
(
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pp — pprtw AT

M 3456y
M a3s6y
M 3465y

M a3e5y

Fr(t3s)

Arp(S13,t1) p—) Arx(Sas,a5)

™

Fr(tas)

Aﬂ—p (514, tl) W A7'r7r(s357 t35)
43 —

F.(t
Arp(S13,t1) (taa)

™

Fr(taz)

2
t43 — mz

Arp(S14,11)

m Arr (3467 t46)

A (S36,t36)

F7T(t56)
r086) A (806, 12) (1
o, — mz "\o(S26,12) (13)

™

Fr(tse)
W Arp (S26,12) (14)

s

F7T(t65)
A5 A (s05,10) (15
t65 — m2 p( 25 2)( )

™

Fr(tes)
m A (S25,1t2)(16)

™
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pp — pprtw AT

The subprocess amplitudes with the Regge exchanges are given as

IS aj(t)_l i
WP(S t) - Z UJSCnp <S > Fﬂp(t)7 (17)
j=P,fr
(-1
Ans= X sl (2)7 R0, as)

j=P,fr

where the signature factors are np =i and n,, =i — 0.86.
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pp — pprtw AT

\s=7TeV, ATLAS
------- triple-Regge

—_— 20

H
2

i
15
AL AL L LU AL B R AR

107

o
=
o
I
o
N
o

Large 4« invariant masses
Good measurement for ATLAS (!)
ALICE has too narrow range of rapidities and cannot see it.
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PP — PPPP

The continuum (nonresonance) contribution

P (pa) /;\ p(p1) P (pa) /f:\ p(p1)

Al A
m‘/ v, P, IR
—<—— p(p3) ——— p(ps)

t a0
e—>—— p(py) oe—<—— p(ps3)
7 P‘, R Y, P, R

P (ps) Nk S P2l TP N bk S (P2

We do Feynman-diagram calculations with well fixed rules (!)
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PP — PPPP

Different exchanges are possible:

Even at the LHC the subleading regeons are important.
We include P (tensor), f, (tensor), a, (tensor) and w (vector)
exchanges

(Cl> CZ) = (17 ) (P + R+> P+ R+)
(C1,C2)=(-1,-1): (O+R_ +7,0+ R_ +7);
(C1,C)=(1,-1): (P+ R, 0+ R_ +7);
(C1,C2)=(-1,1): (O+R_+~,P+Ry,).

(19)
(20)
(21)
(22)
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PP — PPPP

The full amplitude for pp production is a sum of continuum amplitude
and the amplitudes with the s-channel resonances:

o pp—continuum pp—resonances
Mopp—pppp = Mpp oo+ Mpp—pppp - (23)

No pp resonances are well known (to us) except of 7. and x.(0)
mesons (see PDG).
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PP — PPPP

METTPL one = (1)(P1 A)ITEPP (1, pa)u(Pa, Aa) i AP 018 (sy
X T(pa, Aa)IT S (P4, o) i AP (p)IT TP (pr, —ps)
+rP) (g, pu) iA® (p0)iT T (pu, —p3) v (P, Ag)

x iAPezbzrz(sy, 1) G(p2, A2)iT PP (P2, po)u(Ps, Ab) -
(24)

No absorption effects.
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PP — PPPP

10‘5;“”“”‘_H_H_H_H
104; Vs=13 TeV, no absorption

E ——pp - pprrm.
Gk — PP - ppKK
E——PP-ppm

——— —————
F Vs=13 TeV, no absorption

[ ——Pp - ppTCTC.

E — pp - ppK'K

F —DPp-ppp

dcr/dy3 (ub)
&
Lol 4
dc/dydiﬁ (ub)

10 E
F 3 10g

F ] A
1k . E
F E 10k

102F

10 | —
i 10%E

IR, el

10—47:

Surprising effect of the dip at ygiz = 0.
New effect for spin-1/2 final state particles
Good separation of t and u diagram contributions.
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y3Xy4 Space

dzcr/dy3dy4 (ub)

Completely different character

The dip is everywhere on the diagonal
(ATLAS can do it, ALICE not really).
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Mpp-distribution

/>\103§‘H “““““““:9103?” T Ty
8 F Vs=13 TeV, no absorptiory] 8 F Vs=13 TeV, no absorptiory
L —— PP — PPTIT. _ L —— PP — PPTIT. t

5 W — pp - PPK'K 1 5 9 — pp - PPK'K
= F —— PP - PP P 12 F —— PP - PP P ]
< a < a
S 10 1 & 10 Iy, Iy <25
o 1 © B
B 1 1 B8 1! 3
e} F 4 T F 3
10%E E 10 E
102; ] 1025 —
37“\”‘\”‘\”‘\‘”: 3:“”“””4\‘”:
10°5 2 4 6 g 10 9% 2 4 6 8 10
M,, (GeV) M,, (GeV)

Different slope for pairs of pseudoscalar and for spin-1/2 hadrons.
We explicitly include spin degrees of freedom in the Regge calculus.
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Role of subleading reggeons

3 103: LI E 3 103§ LI S e s e E
S f[pp-ppm 1 2 fpo-pppm ]
© T (s=13 TeV 1 & T (s=13 TeV 1
2 10°F Agre = 1 GeV 3 J310F Agre = 1 Gev E
S F —— IP exchange E) F —— IP exchange E
il 10; — IP, f,, & a,z exchanges b '8 F — IP,f,. &a, exchanges b
1F E E
107 3 E
2l

10310 10

Y, =YY,

Even at /s = 13 TeV a sizeable effect of subleading reggeons.
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Mpp XY diff

Pp - pp M@
Vs=13 TeV

ydﬁ

Region inside of the ridge seems promissing in searches for

resonances
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MppXYaitt

pp — ppTTTT PP - pPp P
Vs=13 TeV, aoldM34dydm (Ub/GeV) Vs=13 TeV, ac/dM34dydm (ub/GeV)

S\ r>\ 10
[ T
() 102 @ L " 10?
O Q 5
N—r N—r [
3 3 [ . 10
= = gL
[ 1
4, ‘?u E | 10
2 k s ’ij 10?
—— 0 10°
4 2 0 2 4 4 2 0 2 4
ydm ydm

Quite different picture for #*7~ and pp
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Proton-antiproton asymmetry

Let us define the asymmetry:
oy do/dns —do/dng
Aol = G5 s = do /s

Relatively large coupling of w mesons to nucleons leads to
asymmetry.

(25)

Similar type of asymmetries were observed e.g. for tt at the LHC.
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Proton-antiproton asymmetry

Ay ()
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LI e
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pp — pp(fo — pp)

The resonances in pp channel, produced diffractively, are not well
known.

Scalar resonances:

fo(2020), f5(2100), fo(2200) states with I€(JPC) = 0+(0+) are
potential candidates.

The PP-exchange amplitude through a scalar resonance fy, — pp
can be written as

—fo—pp 1 : «
M()\Zfb—f»o)qup)\)s)m = 36PNN Z(pl + pa)ﬂl(pl + pa)”l 5>\1>\a Fl(tl) 4_51(_|8105;3) Pt
x [(PPlo) maviiizva(qy ) A (pag) G(pa, Aa) TPP)(p3, pa) v (ps, As)

1 .
X 4—82(—'52043)%“2)71 36pnn 2(P2 + Pb) s (P2 + Pb)us Oann, Fa(t2)

(26)

40/43



A resonance at low invariant mass

S oF : — 30.0"7‘”_”_”‘
() t \@, 13 TeV no absorptlon =1 (s=13 TeV, no absorption
Q o PP - PP D, Ay =0.8 GeY = pp — PP M. gy = 0.8 GeV
g 1 ). hl<25 Z0.04- ). hl<25 B
=3 E p[s,pm>0.lGeV 2 PP, >0.10CeV
3 0.2 —— total 4 B I — tofa™
s Ly - continuum O 0.03F - continuum N
o r —— f,(2100) [ —— f,(2100)
B 0.15 ° [ °
© L
b 0.02- , —
0.1 VAVZRNAY
L AR
b 0.01- ooy E
0.05 : I A
[ r I
£ [ R AT 1
0 % 2 0 4
Yo =YY,

Here f5(2100) was included with the strenght fitted to old WA102

data.

In principle, there could be also tensor f, resonances

(e.g. f2(1950), useful to explain Belle data on vy — pp)
Klusek-Gawenda, Lebiedowicz, Nachtmann, Szczurek,
Phys. Rev. D96 (2017) 094029.
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Conclusions, pp — pph™h~

» The Regge phenomenology was extended in practice to 2 — 3,
2 — 4 and 2 — 6 exclusive processes.

» The tensor pomeron/reggeon model was applied to many
reactions.

» The dipion (dikaon) invariant mass has a rich structure which
strongly depends on kinematical cuts (continuum, resonances,
interference).

Difficult to precisely predict.

» Disagreement with the CMS data for 77~ probably due to
large dissociation contribution.

» Purely exclusive data expected from STAR, CMS+TOTEM and
ATLAS+ALFA.

» Search for glueballs requires partial wave analyses.

» Four-pion production is also interesting.
Double resonances, three-pomeron continuum
Search for single resonances (fo(1710)).
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Conclusions, pp — pppp

» pp continuum production has quite different characteristics
(do/dM and do /dygi) than continuum for 7+t7~ or KTK .

» These are predictions of the Regge model with tensor pomeron
embedded into spin structure, and experimental confirmation
would be very useful for the model.

» Due to the presence of C = —1 exchanges (w exchange) we
predict asymmetry in p/p rapidity distributions.
The asymmetry is however small for narrow rapidity span of real
detectors.

» Resonances close to the threshold Mg > 2m,, (several exist)
may disturb identification of the continuum behaviour at ygi ~
0, where the dip was predicted.
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