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Introduction Why we are interested in CEP ?)

Why are we interested in central exclusive xc¢ (xp, 77, jj) production?

@ Driven by same mechanism as Higgs (or other new object) CEP at
the LHC.

@ \¢, Jj and ~~ CEP has been observed | (CDF, DO, LHCb, Totem-CMS).

— Can serve as ‘Standard Candle’ processes, which allow us to
check the theoretical predictions for central exclusive new physics
signals at the LHC. (dimeson CEP: CDF, RHIC, ALICE-new data)

@ . production is of special interest:
@ Heavy quarkonium production can shed light on the physics of

bound states (lattice, NRQCD- - -).

@ Potential to produce different JP states, which exhibit characteristic
features (e.g. angular distributions of forward protons).

@ Possibility to shed light on the various ‘exotic’ charmonium states

observed recently (X,Y,Z) charmonium-like states.
Spin-Parity Analyzer | KMR -00, A.B. Kaidalov +KMR-2003 |

9 Detailed tests of dynamics of soft diffraction vr-02)



This is all about QCD with
all its beauty and complexities

What are the problems with this? .....
....it is not at all evident to experimentalists, who nowadays tend to prefer mining gold to going fishing.

(J.D. Bjorken, Int.J.Mod.Phys. A7 (1992) 4189-4258) %

in the CEP case: ... mining gold to mushroom picking.




ENTRAL XCLUSIVE RODUCTION PROCESSES
: - :
| -

e Elastic process, intact protons continuing down beampipe

e Exchange of colourless objects (photon, pomeron)

diphoton fusion y-pomeron fusion dipomeron fusion

(ce.bb.DD..))

(also searches for odderon...)



* Theoretically: a complementary and novel application of QCD.
* Experimentally: very clean signal. Data already taken at the Tevatron =~ im Pinfold)
(ij, v, 717, Xe, J/2, w77~ ...) and taken/looked for at the LHC. RHIC

Many plans for future measurements, lot of pQtential channels....
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(arecent review HKRS Arxiv:1405.0018)
(QCD mediated) .!

‘Durham Model of Central Exclusive Production

* Model via diagram shown: two gluons exchange in the t-channel. Use
of pQCD justified by hard scale ~ Mx . IR stable result due to Sudakov
factor: probability of no additional hard radiation.

* However must also include probability of no additional soft secondary
particle production, independent of hard process: the soft survival
factor s2, discussed before.

— Both soft and hard QCD must be included.

folz, )
o 7Y = 0™+ selection rule: l > D1
these quantum numbers are f ";; g-n)v/{,rn—a—m%_rl
dominantly preferred, i.e. only o | < ;f‘?// V.0, ' v
certain gg — X helicity “B & :
amplitudes contribute, not the | //;/ Ty
usual inclusive sum. | 4 > Do
fqlxa, 7

| KMR-00, A B. Kaidalov + KMR-2003 |




Calculating CEP : ingredients

e Soft Survival probability:
» Non-perturbative object, must take a physical model of hadronic
interactions, fitted to soft hadronic data. “State of the art” models roughly

Durham group, GLM, S. Ostapchenko, S-F. J

consistent.

» Recent TOTEM data on total, elastic and diffractive cross sections has
been imnorant omide for I.HC bpredictions.

e ‘Skewed’ PDFs: RPN S

» Correspond to gg coupling to proton for relevant kinematics
» In the CEP regime can be calculated via usual global PDFs.

0 AN 0 a t 1ag
e Sudakov factor: PRD 88, 034029 (2013) for latest results.

» Resums higher order logs in 0 /M~ ensurine IR stable result and
validity of perturbative treatment.

One step forward, two steps back (V.I. Lenin)

Important to include allém‘s correctly! |




Ye1 @nd x 2. general considerations

@ General considerations tell us that .4 and v.» CEP rates are
strongly suppressed:

@ y.1. Landau-Yang theorem forbids decay of a J = 1 particle into
on-shell gluons.

@ y.2. Forbidden (in the non-relativistic quarkonium approximation)
by J, = 0 selection rule that operates for forward (p | =0) outgoing

protons. KMR-01 (A. Alekseev-1958-positronium)

@ However the experimentally observed decay chain
X¢ — J /1y — pTp~y strongly favours x4 2) production, with:

Br(xco — J/Uvy) =1.1%,
Br(x¢1 — J/1y) =34% .
Br(xe2 — J/Uvy) =19% .

@ \We should therefore seriously consider the possibility of x4 o)

(O.Teryaev et al; HKRS-2009)

| The effects of non-zero pr (especially for 2+ ). ...and especially without proton detectors!




LHCb 2010
I Move to 25 ns running doubles usable Iuminosityl HKRS: arXiv:0909 4748

sl i) | HCb (nb) | SuperCHIC (nb)
Yoo 13+ 6.5 20
Yo 0.80 + 0.35 0.49
\ez 2.4 +11 0.26

® See clear suppression in X¢(1,2) states. T R —

Do not expect to see (or find) 1 inclusive < #= REECIS B

= ar K"K )=13%

. Br(z., —> pp)=2*10" Br(y,— pp)= 6.6%107° Br{z., > pp)=6.7%10"
production. Br(n, - pP)=0.13%
LHCb Collaboration, arXiv:1307 4285
> Tagge ed forward protons: nnp."m ID of old and new heavy meson states,

detatled tests of absorption e

Measurement of the relative rate of
prompt ¥ .o, Xe1 and y .2 production
at /8 = 7TTeV

T(Xeo)/T(Xe2) = 1.19 £ 0.27 (stat) £ 0.29 (syst) £ 0.16 { pr model)} £ 0.09( B),

First CDF limits-2013

T(xe2)/o(Xa) = 0.787 £ 0.014 (stat) £ 0.034 (syst) £ 0.051 ( pr model) £ 0.047 (
® Good data/theory agreement for X¢(0,1) states (within quite large

theory uncertainty), but significant X -2 excess...

: : : S . FSCs- to veto proton dissociation- run-2

Bad guys-diffractive dissociation = ’
suy HERSHEL@LHCb, ADA, ADC-ALICE




Some CEP Samples

® CEP of light meson pairs (77, KK.n(")n(")...) : predict very different
behaviour for singlet vs. non-singlet mesons. Can shed light on the
component of the n.n. Interesting theoretical features of Durham + “hard

exclusive’ formalism. Remarkable theory expectations.

¢ 7/ CEP : experimentally clean signal. Further (differential) test of
approach. Sensitive to gluon PDF, benchmark for Higgs production.

® The Higgs boson: suppression in §g — bb BG. Jf © = 0%+ selection
rule gives probe of CP violating effects.

® Photoproduction (.//v, T, (25)), two-photon collisions, BSM objects,
glueballs...




[ CEP of meson pairs ]

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

1.e consider production of a paiwr of light mesons
h(py)h(p2) — h(py) + MiMsy + h(ph)

Where M ==K, pnn..

For reasonable values of the pair invariant mass/transverse

momentum, we can try to model this process using the pQCD-based

Durham model. Lower k] region: use Regge-based model

Lebiedowicz, Pasechnik, Szezurek, PLEB 701:434-444 2011 HERS: arXiv:1204 4803
—> Represents a novel application of QCD, with many interesting
theoretical and phenomenological features...

HKRS: arXiv:1304.4262, 1302.2004, 1204 4803, 1105.1626



Flavour non-singlet mesons  HKRS: arXiv:1105.1626

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

Flavour non-singlets (wtan—, %% K+ K—, p%p°...) :

T L = T =0 (MHV-technique)

2
_ s Ne 9
I =T,_ 2 cos2 ( 5 O 0 — C’Fa)

(31 diagrams)

k
where a,b= (1 —z)(1 —y) £ zy ’
g1({A1)
— J, = 0 amplitudes vanish. Strong -2 order of mag.
suppression in CEP cross section expected. (a)
g2iA2
Further suppression from radiation zero .
4

in JJ; = £2 amplitude.
T. Aaltonen et al, PRL 108, 081801 (2012), arXiv-1112 0858

Seen 1n CDF 7 data (E, (v) > 2.5 GeV, |n| <1
Experiment: N (7%7%)/N (yv) < 0.35 @ 95% confidence

Theory: o(m°7°) /o (yy) =~ 1%

I More results are expected to come I




Flavour singlet mesons

¢ For flavour singlet mesons a second set of diagrams can contribute,
where ¢¢ pair is connected by a quark line.

e For flavour non-singlets vanishes from isospin conservation ( 7= 1is
clear, for 7" the uw and dd Fock components interfere destructively).
e In this case the ./, = 0 amplitude does not vanish = expect strong
enhancement in 7’7’ CEP and (through 17 — 77'mixing) some 1m
enhancement . |77 rate is predicted to be large! |
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The gluonic component of the 7'(7)

e The flavour singlet 77’ (and, through mixing 77 ) should contain a 99

component. But no firm consensus about its size.

—> The gg — 1(")n(") process will receive a contribution from the

99 — 99q9q and gg — gggg parton level diagrams.

—> 1 Use 1n(")n(") CEP as a probe of the size of this 99 component.
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LHL. V.A. Khoze, M.G. Ryskin, J. Phys. G42 (2015) 5. 055001

[ Example: exclusive .J/v'J /> production ]

* Heavy quark mass ensures this is perturbative. Highly topical as a probe
of (inclusive) double parton scattering, as well as tetraquark decays...

* Generically we write the CEP process

in terms of the gg — X helicity 9is
amplitudes, in this case gg — J/U¥.J /0. o
* In high subprocess energy (5 > M)

limit find that amplitudes with nitial-state 4,
gluons in J, = 0 config. vanish, while
numerically suppressed away from this

limit.

WAy

— Expect .J/4.J /1) CEP cross section to be suppressed below naive
estimates. Specific result of exclusive channel, relies upon
selection rule.



Recently LHCb have released the first exclusive measurement:
Observation of charmonium pairs

Ry produced exclusively in pp collisions

J. Phys. G41 (2014) 11, 115002 The LHCh collaborationt

Abstract

A search is performed for the central exclusive production of pairs of charmonia
produced in proton-proton collisions. Using data corresponding to an integrated
luminosity of 3fb~! collected at centre-of-mass energies of 7 and 8 TeV, J Jd fv and
J /4/n(285) pairs are observed, which have heen produced in the ahsence of any other
activity inside the LHCD acceptance that is sensitive to charged particles in the
pseudorapidity ranges (—3.5, —1.5) and (1.5, 5.0). Searches are also performed for
pairs of P-wave charmonia and limits are set on their production. The cross-sections
for these processes, where the dimeson system has a rapidity between 2.0 and 4.5,
are measured to be

oIV — 58 + 10(stat) + 6(syst) pb,
o U(25) - = ¢34 (stat) £ 10(syst) pb,
gV25)Y(25) < 237 ph,
gXeoXeo 6O an
gXelXel = 45 pb,
aXeaXe2 14 pb,

where the upper limits are set at the 00% confidence level. The measured JA)Jfb
and Jh)1(25) cross-sections are consistent with theoretical expectations.

—> Larger MSTW/GIJR) cross sections in fair agreement, within
(reasonably large) theoretical and experimental uncertainties, bu
interesting possibility that predicted cross section are a little low.

17



* Can compare .J/4.J /1) invariant mass distribution to LHCb measurement

dN/dMyy [Events/GeV]
14 — |

Ho = i'i'.l',rl'
ol [o = 2mr )
Mo = mr -'2 ...........
10 + # ] |
Normalized
to data 8- _
B
6 - {om |
!
4 F _
1 1 1 { { % i
[] 1 | ----------
’ ’ 8 9 10 1 -

—> Encouraging agreement, within experimental uncertainties. But
absolute cross section perhaps a bit higher in data.

* Outlook: during Run II we can anticipate (hope for) further, higher
statistics, measurements of this from LHCDb (defocused beams +
HERSCHEL): J/¢.J /¢, 1(25)¢(25). XeXe(?) - -



X3872) ¥

X(3872) analysis: motivation (gl

X(3872) is “a riddle, wrapped in a mystery,
inside an enigma; but perhaps there is a key”

1

What is it? LHCb JPC=1+* determination leaves

1c1(23P,) available as well as D°D*° molecule,
tetraquarks, ccg hybrids + combinations...

Observation of CEP X(3872) could lend
weight to charmonium interpretation:

* Prediction possible for ratio of CEP cross
sections o(4(2P))/c(x.1(1P))

» Tetraquark/molecule interpretation
requires additional quarks or D mesons -
available to inclusive processes only

» |fthe X(3872) is a combination of these
the proportion can be probed by the
CEP cross-section measurement

‘e ®

D°-D™ “molecule”  Diquark-diantiquark

\.

-

Most likely interpretation:
DD* mojecule with admixture cif

%cl(zp)

sospin violation production at

high energy y

N\

[ Gfitis not ', whereis x' % |

1/14/2014 Paula Collins, LHCb

1 Winston Churchill, 1939

10

19



Insight from CEP

@ In CEP the state X Is produced directly, 1.e. at short distances:

gg — X(3872) and nothing else. — would be clear evidence of a direct
production mode.

@ |n an inclusive environment, for which additional soft quarks, D—mesons
etc can be present/emitted it may be easier to form molecular or 4—quark
states.

—+ Can shed further light by comparing to the rate of v (1°P;) production,
as seen by LHCDb. Up to mass effects, cross section ratio should be given
by ratio of squared wavefunction derivatives at the origin |¢5(0)|°.

» Also, can consider e g. the Z{34930) = v (2FP):
@ Above threshold: decays to DD, D*D~ and DD seen.

@ With veriex detection at LHCb and RHIC — exclusive open charm (DD..)
production.
@ Theory. roughly the same cross section and distribufions as y:2( 1F).

Good Luck to LHCb




Other processes: jet production

» Large cross sections, expect strong ¢¢ dominance, 1.e. 1solated gluon jets at
the LHC. —> possible clean probe of properties of gluon jets.

» 3-jet events: expect enhancement in ‘Mercedes’ configurations in 449

case and potential for (first) observation of QCD ‘radiation zeros’ in 999/4qq
channels. LHL, JHEP 1505 (2015) 146

» Proposals for measurements during Run IT with tagged protons, both during
low lumi. running with CMS-TOTEM, ATL.AS+ALFA (can expect ~ 10000
events for 100 ph~' ) and during normal running with CT-PPS and AFP
(detailed studies have been performed and S/B found to be viable).

i CD jet candidate
A\

: __,\.*' ol .‘,
CMS + TOTEM 80 B r e S
FenEvenl 1RI0NHTETY s | T i
JelE; =585 27 G i ] "
Con,- | B : Y

NPMizp] = 244 Gl MICMS ) = 210 Gal] = .y S
Ip CHE) =14 GeV ) B
FSE emply both sdes e

M(pp) = 244 GeV >
= M(central) R
E,=0.1 &=0.01 — e




[ Dijet production ]
* We need the amplitudes for
g9 — g9 and gg — qq

For colour singlet gluons. .J. = () selection rule = dominant
contribution will come from amplitude for incoming gluons with (++. ——)

helicities. These are given by

D N, 32mavg
M (g(£)g(£) = g(E£)g(£)) = N2 —1(1—cos20)

Other final state helicities give vanishing amplitudes

5ed 16Tax m .
+)g(+ ) = 5 T (Bh+1)6, —
M (9(F)9(£) = andy) 2N, (1 — B2 cos?0) Mx (Bh )/h‘h’

For massless quarks this vanishes! Helicity non-conservation along quark line

— Quark jets dynamically suppressed by selection rule MHV-rule

Dijet CEP as a gluon factory

22




Production subprocess

® If we consider the exclusive cross section ratio, we find

do(qq)/dt  NZ2—1m7 2 my

do(gg)/dt ~ 4N3 M2~ 27 M2

Additional suppression from colour and spin 1/2 quarks
® Taking e.g. mp = 4.5 GeV and My = 40 GeV we then get
do(bb)/dt

do(gg)/dt
% Huge suppression in b quark jets (increasing with M x ). Completely

~ 1073

unlike inclusive case. Sece also: [ — b | cDE-2008 |
02 Average outgoing proton transverse
o (lJ zl = 2) <pi> *’Ej;- momentum (sub-GeV? )
— o~ 5 ~
g (J z — 0) (Qi)d «— Average gluon transverse momentum
1 loon oo l'i‘p\;"g

» 9\ 2
dgjz:jzz(q?f)/dt - ‘?\fr_z —1 <pi_> 10—4
do(gg)/dt L6NZ (%) . ltiply oy g = 4 23

—> Huge suppression in light quark jets



Trijet production
® Consider three-jet production, proceeds via gg — ggg and 99 — 9499

® ¢qgg : configuration with ¢ becoming soft/collinear to q/q driven by
two-jet ¢¢ amplitude, which vanishes for .J, = 0 gluons and m, =0.
* More precisely, according to "“Low-Burnett-Kroll” theorem, thg

radiative amplitude M &, can be expanded in powers of r. = =9 as
I qq9g I P g =
] — vs
T _ _ T LT - .
N qqg — 1— E C nL g Vanishes

9 n=0 /
where 'y and (' are given in terms of the Born-level amplitude M/ qaq

—> First non-vanishing term 1s n = 2 giving

do99 3 | do999 1
— ~ Lk while — ~ —
dL, dL, /E g
For. jz — () j_ncgn]iug g]ugng Usual (singular) IR behaviour

See also VA Khoze, M.G. Ryskin , WJ. Stirling, Eur Phys J. C48 (2006) 477-488, hep-ph/00607134
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5@ 4
SuperChic vl Sl(."’l?‘ \ ’

i i EDS Blois 2013
A MC event generator including®: R

e Simulation of different CEP processes, including all spin correlations:
® Xc0.1.2) CEP viathe xo — J/¢y — p™ ™ decay chain.
® Xp0.1.2) CEP via the equivalent xyp» — T+ — p" ™ decay chain.
® X(b.c)s and n ) CEP via general two body decay channels
e Physical proton kinematics + survival effects for quarkonium CEP at RHIC.
o Exc:lusive J/1» and T photoproduction. + /(25
e v CEP.
o Meson pair (rm, KK, nm...) CEP.

— Additional processes to add, but also theoretical improvements to be
included.



Survival factor

e Survival factor, S, : probability of no additional soft proton-proton
interactions, spoiling exclusivity of final-state.

e Not a constant: depends sensitively on the outgoing proton p vectors.
Physically- survival probability will depend on impact parameter of

colliding protons. Further apart — less interaction, and S5 — 1 .
by and p. : Fourier conjugates.

— Need to include survival factor differentially in MC.



SuperChic v2

New MC for CEP close to release. Based on original SuperCHIC, but
with significant extensions.

¢ Theoretical developments:

» Correct inclusion of Sudakov factor TD. Coughlin and TR Forshaw, THEP 1001 (2010) 121
» Consistent treatment of “skewed’ gluon PDFs LHL. Phys. Rev. D88 (2013) 3, 034029
» Full (differential) treatment of soft survival effects

e L HAPDF interface.

e Complete calculation performed “on-line’, and structured so that
additional processes can be easily added.

2/



e Processes generated:

New
New

New

New

» SM Higgs boson

» Jets: gg, heavy/massless ¢g, ggg, massless gqg

» Double quarkomia: .j /4.7 /1), J/1)(2S) and 1/(25)1(2S5)
» Light meson pairs: 7w, KK, pp, n(")n(’), ¢¢

» Xep: two body and J/v, T + 7 channels

p Te. b
» Photoproduction: .J /4, 1/(2S) and ¥  HERAfit

» Two-photon interactions: WTW—, y7u~ and eTe™

28



® Averaged survival factor given by (in impact parameter space)
Opacity, relates to prob. of no inelastic scattering

(52} — [ d?by; d?by; [T(s, by, bos)|? exp(—Q(s,b;))  One-channel for
el [ d2 by d?bg; [T'(s, byg, bay)|? Hlustration

in P | space this 1s equivalent to N ‘Bare” amplitude

{SQ.LJ = )r dgph_ dgng_ |T(S, P, pQJ_) + Tms(ﬂ, P11, ]JQJ_HQ
- Jr dgl)lJ_ dQPEJ_ |T(S!' le_'.- pEJ_]|2

where “screened” amplitude 1s given by

res t dﬂkJ— F !
T {:Splj_‘pgl):g/ 8’}1’2 Tﬂl(Ski)T{S‘p lLFPEJ_)

-_- :u}r -_-_ -_-- p It
Xy
A§O=-M

P, "Dy

)
22000200 00o0oooog

‘Rara’ amnlitnda ‘Sereened amnlhimde’



7~ CEP

]

LHL, VA. Fﬂloie and M.G. Ryskin, arXiv:1312 4553

® The observation of such a process with tagged protons also provides
additional information about survival factors...

2
S off
da/de [nb], vF = 13 TeV, no &7
G0000 T T T T T T
No CULs --w-----
. Ml.pe = 05 GeV ——
HOH00-F p1L > 0.5 GeV, pay > 0.8 GeV —— |
TR P = 0.5 GeV
70000 |
60000 |
H0000 |
40000 |
30[]0[] 1 1 1 1 | 1
0 0.5 1 1.5 2 2.5 3
@

2
S< on
defd¢ [nb], /5 =13 TeV, p; 3 > 0.5 GeV
1400 . T — T
model | —--ee- .
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maodel 4 _I—' -
1000 - f -
T _I_l !_:—-'_ o
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600 - = | E
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400 L =l
200 L i il 1 1 I
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]

LHL,VA. Klloie and M.G. Ryskin, arXiv:1312 4553

* Distribution in angle ¢» between outgoing protons strongly effected, in model

dependent way.

® In particular true when larger values of proton p. are selected. Cancellation between
screened and unscreened amplitudes leads to characteristic “diffractive dip’ structure

® Largely independent of production subprocess in central region.

Novel probe of the models
of soft interaction

V. A Khoze, AD. Martin and M.G. Ryskin, hep-ph/0203122
LHL, VA Khoze, M.G. Ryskin and W.J. Surling, arXiv:1011
30



.CDF Collab., Phys Rev.D77:052004.2008
Tevatron cross sections
® Can compare results of the MC with the CDF measurement.
® See clearly how both soft survival effects and Sudakov factor (non-pert.
and pert. physics) are crucial to describe data.

do/dM;; [pb/GeV], /s = 1.96 TeV, parton level Probability to produce colour singlet dijet
R = | | | Sudakoy. S2 ] state drops strongly with M
woo b 2 . ]

v, CDF data —s—

1« Soft survival not included. scale
of Sudakov factor frozen

-— 1€— Soft survival included. scale of
Sudakov factor frozen

Prelimin ary TL|_I_ Soft survival included. scale of

' L ' ' ' ' Sudakov factor
40 60 20 100 120 140 160 _
M;; [GeV]

Made with particular choice of S? model and PDFs —> more measurements
(different \/s... ) needed to test theory further...



J /2, photoproduction: results

¢ We find: LHCDb acceptance, jt " jt  decay including spin corr.
2<nt <45 -
‘,/; = 7 TeV 1/; = 13 TeV =P
gEam @ E" 12 Vet M
olpb] | o 278 405 e
{Sfik ) 0.77 (.79 gﬁj\%
e | HCb measure:

gl TET (9 <t < 4.5) =201 £ 7+ 19pb
recall these predictions are (roughly) the lowest values in good agreement
with the HI1 fit (can be up to ~ 40% higher).

— Predictions with screening effects favoured.

2.2
¢ Photon virtuality has kinematic minimum Q% min = fl ;’
" — <




Summary and Outlook K3

o Central exclusive production: “hard diffractive” process, requiring non-
trivial combination of soft and hard QCD. Can produce in principle any
object that couples to gluons —» wide menu of processes to study

#® [HC Run II has the potential to greatly increase our understanding of
these processes. Please see the Forward Physics and Diffraction yellow
report for status and prospects!

® new ‘SuperChic 2° MC. Builds on previous MC, but
with significant changes/extensions > just released (hep-ph 1508.02718)

® Currentlyactive studies are in progress, both on the experimental and theory sides.

5K
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EXCLUSIVE LAND
AVAILABLE = =

Complete thiiforrh formore information

i &

We are looking forward to new
LHC Run II exciting adventures in
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Taking this envelope of values, we find a ~ order of magnitude
variation in the 7(")n(") cross section!

gg contribution enters at same (LO) order as ¢¢q , and 1s not
dynamically (.J. = 0) or colour suppressed.

— CEP provides a potentially sensitive probe of the gg component
of the 77, 7’ mesons. Cross section ratios can pin this down further/

[Ead“ﬂﬂ uncertaintes. (Peter Kroll, Kornelija Passek-Kumericki 2012)
dainn") dMx [pb/GeV]. & = 1.06 TeV, deg
1000 @ T T T T T
- af(uf) = 0.5
100 L afipdi=0 —— |
af(pd) = 0.5 a%"{lu.é} -9.5 il 9.5
- a(ny) fa(mz") 2.7 12 66
! o) fa(m"7") 570 16000 | 100000
. a(n' ) e (~y) 3.5 100 (60
f a(n'tf — 4~)/a(v~) | 0.0017 | 0.040 0.33
0.01 | a(nn — 4v) /o(~yy) | 0.0025 | 0.012 | 0.066
0.001 | L . A A
: HERS: arXiv:1302.2004
0.0001

6 5 0 12 11
My [GeV] (CDF, TOTEM-CMS, LHCb -prospects)


http://arxiv.org/find/hep-ph/1/au:+Kroll_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Passek_Kumericki_K/0/1/0/all/0/1

[ Xb production]

* Higher X» mass means cross section is more perturbative, and so is better test

of theory, although rate is ~ 3 orders of magnitude smaller than for X¢ .

*.J assignment of Xb. states still experimentally undetermined: CEP can shed
light on thus.

e Calculation very similar to X¢ case

p) () 11

MY (Q2?)° 400 100

* xs(nP) — Dx (about 0.25 of all hadronic decays (CLEO-2009))

Vor|* 1 [Vis]* v;.\2m1:<

Xb1 - eeX (Rarbieri et al (1979). NROCT )

* Measurement of ratio of X to 7YY CEP rates in same mass region would
eliminate certain theory uncertainties (survival factors....).
* Predictions for X» CEP via Y~ decay (at y,, = 0):

Vs (TeV) 1.96 7 10 14

2= (pp — pp(T + 7)) (pb) | 0.60 | 0.75 | 0.78 | 0.79
e 0.050 | 0.055 | 0.055 | 0.059
o 013 | 014 | 014 | 0.14




X at LHCDb

Very recent arXiv:1404.0275

B(X (3872) — ¥(25) 7)
B(X (3872) — J/¥ 7)

— 341 1.4

“...The measured value agrees with expectations for a pure charmonium interpretation of
the X(3872) state and a mixture of charmonium and molecular interpretations.
However, it does not support a pure DD* molecular interpretation of the X(3872) state ...”

yet | wuold continue, citing Eichten, Lane & Quigg hep-ph/0511179

“ ...but the mass of X (3872) is too low to be gracefully identified with the 23P4
charmonium state, especially if Z(3931) is to be identified as the 23P; level...”

* Loosely bound molecules promptly produced at high energy hadron colliders
require a miracle in final state interactions. Close-to-threshold-hadrocharmonia
should also be very unlikely formed in such collisions.

AD Polosa RN seminar, 08/04-2014



Gluon jet dominance
From the above considerations, we expect dijet events to be almost
entirely (colour singlet) 99

CEP of dijets offers the possibility of observing the isolated production of
gluon jets at the LHC.

Wit FEITRL F - gom
A LLry L) .

CMS + TOTEM event displays  (2012)

These dijet and trijet events are the cleanest ever seen at a hadron collider, and remind one of
LEP events. But these dijets are nearly all gg, while at LEP there were all gg.

4} Clean probe of properties of gluons jets (multiplicity, particle correlations...)

Dijet CEP as a gluon factory 0




The gg — qqq, ggq amplitudes for a given helicity config. are known,
and have (relatively) simple forms (can be written down in ~ 3 - 4 lines) MHV

Consider amplitudes for J, = 0 colour-singlet gluons (and massless

quarks for simplicity)...
yi| <5 v§ =200 GeV

qqq, ggg normalised to each other

#: g-b quark angle

do / dé (for ggg between arbitrary gluons) deor / dr
s Ig
der/d¥, arbitrary units, +F = 200 GeV der/drg, arbitrary units, % = 200 GeV, by R = 06
0.001 : : : . — 0.0 : : : . . . . . .
999 — 999 —
qggq —— 0.001 qg — A
0.0001 1 1 48
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: 00001 F
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— M(qdg) ~ M(q0) - Pag | o]

+ collinear | e + soft

Preliminary

le-12
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Theoretical improvements

¢ Sudakov factor:

.@;4%2 x (_;L.z} 1-A
T ; — PX — _J‘ sl f dz > P =) + P J
(Q1.p) L"*P( -/{;’il 'Ifi Gy o z |zFgg(z) Zq: 2g(2)
with A =%k, /Mx TD.Coughlin andJR. Forshaw, JHEP 1001 (2010) 121 HKRS-2010

Different value taken in Durham results before the CF paper, but this
correct prescription used after. Accounted for in MC.

e Skewed gluon PDF often related to standard unintegrated gluon by

r — [ a [
"%t ., ()7 )i, p?
folz, x', Q7 , 1) Rgr:?l G lrﬂh QIIVT(Q,L, p ]]

with ‘skewness factor’ Rg. However more exact form can be readily
implemented 1n MC:  LHL Phys Rev D88 (2013) 3, 034029

d
01y, (2 2.q2) VI@L )
d1n(()7) [ 22 1) VI(Qr.4#)

dr [! oy i
— dy y'*(1—y)'"*g (—..f.’.?g)
T Jr/4 4y

folz, 2/, Q1 ,p*) =

with H (5.3.Q°) =



