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Outline

¢ Introduction: central exclusive production, the Durham model...

¢ Production of lower mass objects, some processes of interest:

low/mid lumi

» Exclusive production of heavy quarkonium: Xc¢s Xb---

(brief reviews)

» Exotic quarkonium like-states: the X(3872)

» Exclusive production of meson pairs: 7, KK, n(")n(’)...

» Exclusive photoproduction: J /1), T ...
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Central Exclusive Diffraction

Central exclusive diffraction, or central exclusive production (CEP) is the
process

h(p1)h(p2) — h(pi) + X + h(ps)

e Diffraction: colour singlet exchange between colliding hadrons, with large
rapidity gaps (‘+’) in the final state.

e Exclusive: hadrons lose energy, but remain intact after collision and can
in principal be measured by detectors positioned down the beam line.

e Central: a system of mass My is produced at the collision point, and only
its decay products are present in the central detector region.
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‘Durham Model’ of Central Exclusive Production

e The generic process pp — p + X + pis modeled perturbatively by the
exchange of two t-channel gluons.

e The use of pQCD is justified by the presence of a hard scale ~ My/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

e The possibility of additional soft fo(@1,-)
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
S2 and S, . Seik

¢ In the limit that the outgoing
protons scatter at zero angle, the
centrally produced state X must
have J2 = 0T quantum numbers.

fg(3727 .. )

J, = gg axis =~ beam axis

* Protons can have some small P (scatter at non-zero angle), but 1if this 1s too
big, they break up — strong suppression in non .J f — 07 configuration.
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Heavy quarkonium CEP

e CEP via this mechanism can 1n general produce any C—even object
which couples to gluons: Higgs, BSM objects...but also dijets, light
meson pairs, quarkonium states...

e Quarkonium CEP provides a rich phenomenology:
— There are a wide range of conventional states, each of which
exhibits characteristic features in the exclusive mode, e.g.:

» Different angular distributions of the forward protons.

» Hierarchy in production cross sections of different J PC states.

— Could shed light on the various ‘exotic’ charmonium states

observed recently, e.g. Z(3930) = x2(2P) and X(3872) =?
(arXiv:1302.6269 — quantum numbers 177).

— Can also produce C—odd states via photoproduction:
vIP,OIP — J/v,T...
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Xc CEP
Xes: L=1,8=1,J¢ =(0,1,2)"" cc meson states, M, ~ 3.5 GeV.

* Production cross sections determined by unique CEP kinematics:

» X c2 :1n the non-relativistic quarkonium approximation coupling to gg in

a J, = 0 state vanishes (dominant configuration for CEP).

» Xc1 : Landau-Yang theorem forbids coupling of a .J = 1 particle to on-shell
gluons (true to good approximation in CEP). Additionally suppressed by specific
form of vertex. (Ronan’s talk)

® Measurements made by CDF and LHCb, by vetoing on additional activity in
given 7] range in the X. — J /17 channel (favours Xc(1,2)).
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X c CEP : comparison to data

e [.LHCb see: CERN-LHCb-CONF-2011-022 HKRS: arXiv:0909 4748
o(pp—pp(p 1~ +7))
Br(J /0 1 ) Br ey J707) LHCDb (nb) | SuperCHIC (nb)
X ci 0.80 +0.35 0.49
X c2 2.4+ 1.1 0.26

® See clear suj
inclusive proc

ppression in Xec(1,2) states. Do not expect to see (or find) in
uction.

® Good data/theory agreement for Xc(0,1) states (within quite large
theory uncertainty), but significant Xc2 excess:
» Theory: relativistic corrections? Sensitivity to low gluon ¢ (is
the Xc mass large enough to justify full pQCD treatment: ‘non-

HKRS: arXiv:0909 4748

perturbative’ corrections. Pasechnik, Szczurek, Teryaev: arXiv:0912.4251
» Experiment: inclusive contamination could favour Xc2 . Closer study

of cross sec

tion ratios as a function of meson P_1 will clarify situation.

HKRS: arXiv:1204.4803
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X c CEP : two-body decays
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Ye — 7w, KK, A\, pp...

HKRS: arXiv:1204 .4803, Lebiedowicz, Pasechnik, Szczurek: arXiv:1108.2522
¢ Xc1 decay cannot occur, while Xc(0,2)branchings are of similar

size = expect Xc0 dominance.
¢ (Exclusive) continuum background expected to be under control, at
least once reasonable cuts have been imposed.

= Xc(0,2) = 77~ (KTK7) could give clean exclusive signal
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Exotic charmonium-like states

TABLE 9: As in Table 4. but for new unconventional states in the of and bb regions, ordered by mass. For X{3872), the values
given are based only upon decays to # 77~ J/Ww. X({3M5) and Y{3%40) have been subsumed under X (3915) due to compatible

¢ 1 K f Z properties. The state known as Z({3930) appears as the y2(2P) in Table 4. See also the reviews in [81-84]
e A ‘zoology’ of XY o "

h b 1°k State m (MeV) T (MeV) JPE Process (mode) Experiment (#ea) Year Status
cnarmoniume-11Ke States X{3872)  SRTLA2+0.20 13406 17H/2°F B o Kixts™ J/y) Belle [85, 86 (12.8), BABAR [87] (8.6) 2003 OK
(=2.2) pp—ixtw S+ . CDF |85 (np), D |91 (5.2)
above the open charm B Kwl/0) Belle [0 (4.3). BABAR 53] (40)
B — Ki{D™ D" Belle [94, 95] (6.4), BABAR [96] (4.9)
threshold has recently B — K{v.J /) Belle [92] {4.0), BABAR [07. 98] (3.6)
B — K{ywi(28)) BABAR 98] (3.5), Belle [99] (0.4)
b b d B 11 X(3915) 39156+ 3.1 28210 0/2 B K(wl/y) Belle [100] (8.1), BABAR [101] (19) 2004 OK
een O Serve at e e 9 e pet e (wd i) Belle [102] (7.7)
Babar the Tevatron and X (3040) 3042+ g7+ Pt eteT o Jj(DDY) Belle [103] (6.0) 2007 NC!
? ete™ — Jfp (..) Belle [54] (5.0)
N7 7(3000) 3043 £21 52411 1 ete” — 4 DD) BARAR [27] (np). Belle [21] {np) 2007 OK
LHC (arXiv:1010.5827-
( Y (4008) 4008712 206207 1 ete” —+s(nta ) Belle [104] (7.4) 07 N
table) Zi(4050)* 4051755 gatee 7 B = K({x"ya(1F)) Belle [105] (5.0) 208 N
. . Y{4140) 41434+ 30 157 77 B — KiaJ/d) CDF [106, 107] (5.0) 000 N
® Many lnterpretatl()ns X(4160) 45673 ettt et (DD Belle [103] (5.5) 07T NC!

Zy(4250)t  4z4RTHY 177145, 7 B — Kzt y. (1) Belle [105] (5.0) 208 N
(m01€cu1ar States ° Y{4260) 4263 £ 5 1051+14 1 e = ylnT T JA) BABAR [108, 109] (8.0) 2005 OK

CLEO [110] {5.4)

tetraquarks, hybrids, Bell 104 (15

ete” = ixTrT J) CLEO [111] (11}

conventional...) on the e o () CLEO (1] (5.1)
*ee Vi4274) 42744750 got? B o KigJdi) CDF [107] {3.1) 010 N

! J LEAn 1 ! J 1 A
market and many X{4350) 43506150 133t 50 027 etem —etem(ad W) Belle [112] (3.2} 2000 N
? V'{4360) 4353 £11 96242 1 ete” = 4T T W(28))  BABAR [113] (np), Belle [114] (8.0) 2007 OK
quantum numbers Stlll Z(4430)" 444373 qo7rus B —+ K{nT1(28)) Belle [115, 116] {6.4) 07T NC!
. X{4630) 46347 7 o2ty 1 ete™ = 4(ATAD) Belle [25] (8.2) W07 NC!
unaSSIgned . V(4660 6412 48+15 1 ete” — y(mt T (28)) Belle [114] (5.8) 2007 N
Vi(10888) 10888.4£3.0 307735 1 ete” = (xTn T T(nS)) Belle [37, 117] (3.2) 2010 N
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The X(3872)

X(3872)
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e Discovered by Belle in 2003,
confirmed by Babar, at the
Tevatron and the LHC.

e Could be of exotic nature: loosely
bound hadronic molecule,
diguark-antidiquark (‘tetraquark’)
and hybrid (ccg - - - ). However,
conventional c¢c interpretation is O o200 a0
still possible. il ) - ML) (e

—
-
=
-
I
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e Possible JF¢ assignments were 17+ or 2.

e New LHCb data (arXiv:1302.6269) rejects 2" at 8 sigma level
— ne2(1' D) ruled out.

e Exotic interpretations still possible or conventional x 1 (2°P;)
charmonium?
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Insight from CEP

¢ In CEP the state X 1s produced directly, 1.e. at short distances:
gg — X (3872) and nothing else. — would be clear evidence of a

direction production mode.
¢ In an inclusive environment, for which additional soft quarks,
D-mesons etc can be present/emitted it should be easier to form
molecular state (arXiv:1305.0527, 1008.2868,0911.2016...). Will expect
additional suppression in exclusive case.

— Can shed further light by comparing to the rate of x.1(1°P;) production,

as seen by LHCb. Up to mass effects, cross section ratio should be given
by ratio of squared wavefunction derivatives at the origin |¢/(0)|*.

9/

Esposito, Piccinini,
ko <50 MeV| Or | 1w | 37 Pilloni, Polosa:

Herwig 10 | 19 | 802 arXiv:1305.0527
Pythia 3 21 | 814
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C odd states : J/v,¢¥(25),7,...

e Can also produce C-odd states exclusively, via vIP — V' . Can model

using pQCD framework:

do(yp — Vp) _ 16T em’ s (Q7)
dp? T 3aM>

where Q% = M?/4, x = M/+/sexp(—y), and I'.. = T'(... = ete™).

Simplified formula —

—> Sensitive to gluon at low x
Martin, Nockles, Ryskin, Teubner: arXiv:0709.4406....

. . 7H(Q?)
e However, other corrections to consider: %{ .
relativistic effects, My # 2m,, , real part of ) }" V
amplitude, gluon &k, , 2’ # 0, NLO....
e Also: ‘b-sat’ models for scattering of 9q x z

dipole off proton, may be more

/

tafl /

appropriate for this elastic process. D

Motyka, Watt: arXiv:0805.2113, Kowalski, M, W: hep-ph/0606272....
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e Can also occur in ep collisions:
vp — J/¥(T)p measured at
HERA.

e This can trivially be translated into
a cross section in pp collisions:
only difference is in e v.s. p EM
form factor.
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W [GeV]

e This can be fit well using a simple parameterization (expected from

do(vp = J/9(T) + p)

Regge)

dp?

5 bW,
x W7,e :

e Measured for energies up to W., ~ 300 GeV, i.e. |y,| <14 at/s=7

TeV.

— LHC can probe new energies at forward rapidities, but these fits should
give reliable predictions for these (seen by LHCb arXiv:1301.7084) .

4
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CEP of meson pairs

Consider production of a pair of light mesons
h(p1)h(pz) — h(py) + MM + h(p))

e At reasonable meson £, a pQCD treatment can be used, using the
‘hard exclusive’ formalism to model gg — MM subprocess.
Theory: relevant amplitudes display many interesting features.

e At lower k| enter the soft regime, and must use Regge theory

double Pomeron exchange.
— Experimentally can probe transition between theses regimes.

e (")n(") CEP : sensitive to gluonic component of
e mm(K K...) CEP: background to X — 7 (K K)

HKRS: arXiv:1304.4262, 1302.2004, 1204.4803, 1105.1626
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Perturbative regime

e For reasonable meson k| model g9 — M M process using “hard

exclusive’ formalism. Amplitude 1s written as
Brodsky, Lepage: Phys.Rev. D24 (1981) 1808....

1
Mo, a, (5, ) = / de dy $(@)d(y) Toyn, (2, : 5, )

where T, x, is (pert.) parton level amplitude and ¢() is (non pert.)
wavefunction for collinear partons to form parent meson.

e The allowed parton-level diagrams depend on the meson quantum
numbers. Leads to interesting predictions...

k3
¢ For flavour non-singlet mesons 100
(7w, KK...) diagrams of type
shown contribute. Vanish for J, = 0
gluons. => Strong suppression in 92(A2)
CEP cross sections expected. (BL(7) > 2.5 GeV) ks

Seen in CDF Y7Ydata (arXiv:1112.0858): N(n%7nY) < 0.35 @ 95 % confidence
Theory: o(m’m°)/o(y7y) ~ 1%
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Flavour singlet mesons

e For flavour singlet mesons a second set of diagrams can contribute,
where 44 pair 1s connected by a quark line.
e For ﬂavour non-singlets vanishes from isospin conservation (7= is

clear, for 7 the v and dd Fock components interfere destructively).

e In this case the J, = 0 amplitude does not vanish => expect strong
enhancement in 7'n’ CEP and (through 7 — 17’ mixing) some
enhancement to. 7’7 rate is predicted to be large!

g(A1)

g(A2)

10 ¢

0.1}
0.01 |
0.001 |

0.0001 F
le-05 L
le-06 |

1e-07 L

00 25 [pb/GeV], EL > 2.5 GeV, |nu| < 1, v/5 = 1.96 TeV
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The gluonic component of the 7'(7)

e The flavour singlet 7’ (and, through mixing 77 ) should contain a ¢g
component. But no firm consensus about its size. Thomas, arXiv: 0705.1500...
— The gg — n(")n(") process will receive a contribution from the

g9 — 99499 and gg — gggg parton level diagrams.
—> Use 1(")n(") CEP as a probe of the size of this 99 component.

g(A2) < g(A2) g(A2)
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e Find that the relevant gg — ggqq(gg) amplitudes do not vanish
for J, = 0 incoming gluons —=> no suppression present. Enter at

same (leading) order to ¢ component.
Kroll, Passek-Kumericki

e Taking the central fit of arXiv:1206.4870, we would expect a ~
order of magnitude increase in the n(")n(’) cross section!

—> CEP provides a potentially sensitive probe of the g9 component
of the 7, 7 mesons. Cross section ratios can pin this down further.

HKRS: arXiv:1302.2004 NLO contribution to v*y — n(’)
1000 do(n'n’)/dMx [pb/GeV], /s = 1.96 TeV, ¢cz 05 Q*Fy ,(Q?) [GeV?], aj(uo) = —0.12, a§(po) = —0.04
T | | 0§ (12) = —19 3 | af (no) =19 ——
100 | a§ (1) =0 —— | a§ (1t0) = 0

0.4 a$ (1) = —19
10

0.1}

0.01 |

0.001 L

0.0001 —— . . . . ] 0 . . . . . . . . .
6 8 10 12 14 5 10 15 20 25 30 35 40 45 50
Mx [GeV] Q? [GeV?]
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The low k| region....

pP1 —»

= > p
e The scale of the meson pair

production process 1s set by the

meson k| . i
¢ As this decreases (and cross .
section 1ncreases!), a
perturbative treatment cannot be
trusted. - - p (P)

P2 —»

e Can model process in this regimes using Regge theory: double
Pomeron exchange picture.

e Important theoretical uncertainties in such a model ([P — MM * form
factor, ‘rescattering’ corrections, additional exchanges in the t-
channel...).

e Data can test these non-perturbative models, and could probe the
transition to the perturbative region...
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The SuperCHIC MC

A MC event generator including®:

e Simulation of different CEP processes, including all spin correlations:

® Xc(0.1,2 CEP viathe x¢c — J/¢y — u*u~~ decay chain.

Xb(0,1,2) CEP via the equivalent x, — Ty — u" ™~ decay chain.

X (b,c)s and n, ¢y GEP via general two body decay channels

Physical proton kinematics + survival effects for quarkonium CEP at RHIC.
Exclusive J/¢ and T photoproduction.

~vv CEP.

Meson pair (77, KK, n1...) GEP. Plans to develop further:

e More to come (dijets, open heavy quark, Higgs...?). Herwig++, updated
survival factors....

— Via close collaboration with experimental collaborations, in both
proposals for new measurements and applications of SuperCHIC, it 1s
becoming an important tool for current and future CEP studies at the LHC.
Suggestions for additional modes etc to include/study are welcome!

Wednesday, 15 May 13



Summary and Outlook

¢ CEP 1n hadron collisions offers a promising and complementary
framework within which to study Standard Model and new physics
signals.
¢ Exclusive processes during low pile-up/luminosity LHC (selected
with rapidity vetoes) can serve as ‘standard candles’ for the exclusive
Higgs, and other new physics, but are of interest in their own right.
e Many observables to look at/work on:

» C - even quarkonia (Xc, Xb ,"c,b...)

» Photoproduction of C - odd states ( J/v, T, Z(?7),...)

» Exotic bound states

» Light meson pairs

>

4

>

>
e Hopefully many more CEP results to come 1n the future!
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Back up




e Higher yp, mass means cross section is more perturbative and so is better
test of theory, although rate is ~ 3 orders of magnitude smaller than ..

e J assignment of y,, states still experimentally undetermined: CEP could
shed light on this.

e Calculation exactly analogous to . case

2
> . > 2 (p1)  (PL) 1

— Do not expect to see xp1, Which is strongly suppressed by xp, mass.

e Measurement of ratio of x, to vv (E, = 5 GeV) CEP rates would
eliminate certain uncertainties (i.e. dependence on survival factors).

e Predictions for x, CEP via the T~ decay chain (at y, = 0):

/s (TeV) 196 | 7 10 | 14

= (pp— pp(T + 7)) (Pb) | 060 | 0.75 | 0.78 | 0.79
o 0.050 | 0.055 | 0.055 | 0.059
L) 0.13 | 0.14 | 0.14 | 0.14

L.A. Harland-Lang (IPPP, Durham) 7/24
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ne.p Production

e gg — n vertex calculated as in x case, but normalisation set in terms of
S-wave meson wavefunction at the origin ¢s(0), which can be related to
[ot(nc) and T(T(1S) — p* ™) widths.

e Amplitude squared has Lorentz structure
Vo- 2 o pf | p3, sin®(9) ,

.e. it is suppressed relative to xo rate by a factor ~ (p2 )° /2 (@2 )*, with
a characteristic azimuthal angular distribution of the outgoing protons.

e An explicit calculation gives:

Vs (TeV) | do/dy,(nc) (pb) | do/dy,(np) (pb)

1.96 200 0.15
/ 200 0.14
14 190 0.12

L.A. Harland-Lang (IPPP, Durham)
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JI = 0T selection rule (2)

@ In the limit of forward protons (p, = 0), the CEP subamplitude becomes
pL =0

+Q!

X = Ggwwwzig:fwwwzih JEQ. Q2 611V,

—Q1

(Jﬁ
CEP:

5 Q1L
Qﬁ%uww )

pL =70
@ If we consider the on—shell gg — X vertex V,,,, then we have the equality

51V = Vi + Viy = (e (+)es (+) + e**(—)es(—))vw = v++ Vo

On-shell gg — X:

X % / Even under P
=

€y i&rmﬂi)mmﬁﬁ\ J. =0

€ (+) e (+)

— Fusing gluons/object X have zero J, along gg axis, and are in an even
parity state. Only J, = 0 on—shell helicity amplitudes V.., V__ will
contribute (up to small O(Q% /M%) corrrections fusing gluons are
on—shell).

K v

L.A. Harland-Lang (IPPP, Durham)
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Forward proton angular distributions
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Figure: distribution (in
arbitrary units) within the
perturbative framework of
the difference in azimuthal
angle of the outgoing
protons for the CEP of

different J* cC states at
V'S = 14 TeV. The solid
(dotted) line shows the
distribution including
(excluding) the survival
factor, while the dashed
line shows the distribution
in the small p; limit
excluding the survival
factor.

— Measurement of azimuthal angle, ¢, between outgoing protons and

proton p, distributions via forward proton taggers would allow a clear
discrimination between the different J states, as well as possibly probing
different models of soft diffraction (which will predict in general different
distributions).

L.A. Harland-Lang (IPPP, Durham)

Wednesday, 15 May 13



@ ~~v CEP: represents clean signal, with less of the theory issues related to,

e.g. xc CEP. — ideal ‘standard candle’.

@ Sensitive to gluon PDF in the low-x,Q? region, where there is a large
uncertainty (recall ocgp ~ (xg)*).

|

L.A. Harland-Lang (IPPP, Durham)

>Pp

1.5GeV?)

zg(z, Q*

MSTWO0SLO
MSTWOSNLO
CTEQS6L
MRST99
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vy CEP: comparison with data

@ CDF vy data’ for E, (y) > 2.5 GeV, |n(v)| < 1. They find o, = 2.4870%
(stat) 32 (syst) pb,

@ Theory predictions: 2.2 pb (CTEQ6L), 1.42 pb (MSTWO08LO) and 0.35 pb
(MRST99), with approx. uncertainties ~ ~ 2.

@ 797% BG observed to be small, in agreement with non—trivial Durham
prediction (follows from J, = 0 selection rule): N(z°7°)/N(yv) < 0.35 @
95% confidence — supports our result (Theory: o(7°7°)/o(y7) ~ 0.01).

N o0F — 8 22 2 _ . XS, i . .
>l b) pp — p+yV+p = 20} ¢)pp —> p+YY+P > 18} d) pp — p+\V+p
o 10F 2 -
- + Data =181 + Data O 16F + Data
(3 16| T SuperCHIC MC 8_ 29 SuperCHIC MC I\ e 2 SuperCHIC MC
Q44 g T (Normalized to data) 0 1611 (Normalized to data) o 14F (Normalized to data)
QT T 14} _—
212f P g 12}
C - > 12 :/// 77 10
o) 10 [ (NN 10 :// 7 _,9 B
T g c g
Ho8p 8l o i
6F 6 I 6f
o a N
2F pd. G —I— 2h 4
S = S N . N 0000 i HTT
0 15 20 25 0O 0102030405 06 0.7 O 05115 2 25 3 35 4

vy invariant mass (GeV/c?) bt - A¢l (rad) p of central system (GeV/c)

’CDF Collaboration, T. Aaltonen et al., Phys. Rev. Lett. 108, 081801 (2012) 1112.0858. (plots

taken from here
L.A. Harland-Lang (IPPP, Durham)
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