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The m easuram ent of di ractively scattered protons in the ATLA S Forward Physics
detector system placed 220 m away from the ATLA S interaction point is studied. A
param eterisation of the scattered proton transport through the LHC m agnet lattice is
presented. T he proton energy unfolding and its im pact on the centrally produced scalar
particle m ass resolution are discussed.

1. Introduction

D i ractive dissociation is one of the processes that can be studied at the LHC .D 1 rac-
tive physics is strong Interaction physics involving no exchange of quantum num bers other
than those of the vacuum . In experin ent this leads to an obvious triggering schem e relying
on the rapidity gap m ethod. H ow ever, one has to kesp in m ind that the gap has a certain
survival probability that depends on the interaction type and the centre of m ass energy.
In addition, also the di ractively scattered protons can be tagged. U sually, the protons
scatter at an all angles and in the collider environm ent they stay in the beam pipe and
travel through the m agnet Jattice of the m achine. A possible way to m easure param eters
of the di ractively scattered proton tra fEctory is to use detectors placed inside the beam
pioe, for exam ple by m eans of a rom an pot station or a m ovable beam pipe technigque.
The ATLA S Collaboration plans to have proton tagging stations placed sym m etrically
w ith respect to the Interaction Point (IP ) at the distances of 220 m and 420 m (A FP 220
and AFP420)and 240m (ALFA).TheALFA (Absolute Lum inosity ForAtlas) [[1]sta—
tions at 240 m w ill be devoted to the absolute lum inosity m easurem ent of the LHC at
the ATLA S TP. This m easuram ent w ill rely on the detection of the elastically scattered
protons. The AFP (Atlas Forward Physics) [[2] stations w illbe used for di ractive and

physics.

This work was supported in part by the ECO-NET Programm e: \To Study the Forward Physics at
the LHC and the Search for the H iggs Boson in D i raction" and Polish grants PBS-C ERN /85/2006 and
319/N-CERN /2008/09/0


http://arxiv.org/abs/0906.2868v3

2 R . Staszew ki and J. C hwastow ski

2. Experim ental Environm ent

Below , only the agpects conceming the AFP 220 detectors are discussed. In the m ea—
surem ent, the m achine m agnets play the role of m agnetic spectrom eter. T herefore, two
detector stations are to be placed around 220 m , nam ely one at 216 and one at 224 m .
Each station w ill be equipped w ith position sensitive and triggering detectors, horizon—
tally inserted into the LHC beam pipe. The position sensitive detectors w ill consist of
10 layers of the silicon 3D detectors [13] to m easure the scattered proton tra gctory. The
position m easurem ent resolutions are assumed tobe = 10 m and = 40 m In the
horizontal and vertical direction, respectively. This will allow the m easurem ent of the
particle tra gctory position and direction. A dditionally, the stationsw ill contain very fast
tim Ing detectors w ith picosecond resolution. T hey w illm easure the scattered proton tin e
of ight and indicate the interaction vertex longitudinal coordinate, z, with resolution
of the order of several m illim eters. Tn the follow Ing calculations, a reference fram e w ith
the x{axis pointing towards the accelerator centre, the y{axis pointing upwards and the
z{axis along one of the beam s was us=d.

T he scattered proton can be described at the interaction point in several equivalent
ways, each useful in a di erent case: (py;py,;p.), (E ;x3;vy),or (E ;pr ),

Xy = — y:—
. 7 p

whereE and m are the proton energy and m ass,p = (px ;py ;P-) is the proton m om entum
and pr = (pk;py) denotes the proton transverse m om entum . U seful variables are the
proton energy loss E = E ¢ E (Eg is the ncident beam energy), the reduced proton
energy loss, = E=E o, and the fourm om entum transfer between the incident and
scattered proton, t.

T here are several program s on the m arket calculating proton tra fgctordes through the
m agnets. In the follow ing the FPTrack program [l4]was used. This program com putes
the positions of particles using the LHC optics les which describe the m agnetic elds,
positions and apertures of the LHC lattice. These les were produced with help of a
principal beam transport program M ad-X [|S9]by the LHC optics group [l6].

Table 1
The LHC beam and the crossing region param eters at the ATLAS TP.

Param eter B eam C rossing region
%0 166 m 117 m
Vo 166 m 117 m
20 75 mm 53mm
%0 302 rad
0 302 rad

Yo
Eg 077 Gev




Transport Sin ulation and D i1 ractive Event R econstruction at the LHC 3

T he interaction vertex is described by its coordinates (Xq, Vo, 2Zo). T hese coordinates
have G aussian distributions w ith zero average values and dispersions: ., vy, 2z,
Spectively. ITn the simulation, the beam particle energy and its m om entum direction
w ere generated according to G aussian distributions w ith appropriate m eans and the dis-
persions: g, for the energy and X7 ¥ for themomentum 1In (x;z) and (y;z) planes,
correspondingly. Values of these param eters for the nom inal 7 TeV beam energy and
standard LHC optics are listed in Tablk[l. The calculations were perform ed for both
beam s: keam 1 that perform s the clockw ise m otion and beam 2 which does the counter

clhckw i mtatinn

—
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Figurel.TheLHC beam pro lsat2l6metersfrom ATLAS IP forbeam 1 (a) and beam 2
(b), forthe 7 TeV LHC optics.

Figure[l shows the LHC beam pro les in the (x,y) plne at 216 m away from the
ATLAS TP obtained with the FTPtrack program for both beam s and the 7 TeV LHC
optics. A s can be obsarved, the beam s are m uch w der in the vertical direction than in
the horizontal one.

Table[d sum m arizes the beam s spreads follow Ing from a two din ensionalG aussian  tto
the beam pro lesshown n Fig.[Il. The (10 { 15) beam envelope gives a natural lin it for
the distance between the detector fram e and the beam centre. In the horizontal direction
this corresponds to about 1 { 2 m illin eters. O bviously, this distance plays a crucial role
for the di ractively scattered proton detection and hence, for the experim ental apparatus
acceptance.

It is In portant to see in which range of the energy, E , and the transverse m om entum ,
Pr = JPr Jj the detector can m easure protons. T he geom etric acoeptance for xed E and
pr values was de ned as the ratio of the num ber of protons that crossaed the detector to
the totalnum ber of scattered protonsw ith a given E and pr . O nly the e ects of the beam
pipe aperture and the distance betw een the detector and the beam centre were taken into
account.

F gure[d depicts the geom etric acceptance as a function of E and p; for beam 1 for the
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Table 2
The LHC beam spreads from a G aussian t to the beam pro lesat2l6m .

Param eter Beam 1 Beam 2

88 m 121 m
569 m 421 m

X216

Y216

& 1000 100
oo,
L

% 800 1M s0 é
O, 3
o
1 600 1§ 60 9
«C

400 M 40

200 -{H 20

0 0

0O 0656 1 15 2 25 3 35 4
pr Gev/c]

Figure 2. T he geom etrical acceptance of the detector placed in the LHC beam 1 at 216
m away from the IP as a function of the proton energy loss ( E ) and its transverse
momentum pr for a 3 mm distance between the beam centre and the detector active
edge.

standard 7 TeV LHC optics. T he acoeptance is above 80% in the region lim ited by:
200 E < 1000Gev]; 0< pr < 25 [GeVv=]
which corresponds to
003< < 0:14; 65< t< 0Gev’=C1]

W hen the geom etrical acceptance requiram ent is lowered to 60% , thisresults in a w der
range of the acoepted proton energies and transverse m om enta. T he range enlargem ent
isseen (cf. Fig.[d) or200< E < 600G &V and pr < 3G eV /c. Thisgives the lim its:

003< < 0:i14; 10< t< 0 Gevi=L1:

T he presence of two detector stations on each side of the ATLA S detector allow s the
m easurem ent of the proton tra fctory elevation angles, x ® and y?, in the (x,z) and (y,z)
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planes, respectively. From the FPTrack calculations, it follow s that the position and slope
of the tra fctory at the detector in one transverse direction is independent of those In the
other direction, ie. x and x° values do not depend on y, and yj and vice versa. This is
a re ection of a negligible role of the sextupole and higher order m agnetic elds in the
standard LHC opticsbetween the ATLA S TP and the AFP 220 stations.

'_(j 200 T T T T T T 8 200 T T T T T T
a b
150 ) T A 150 - ) .
C|>_| g é_l
X 100 | . X100 .
50 - 50 ]
0 - 0 ]
-50 . -50 .
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Figure 3. T he x-direction chrom aticity plots forthe LHC beam 1 (a) and beam 2 (b) for the
standard 7 TeV LHC optics. T he lines of constant energy corresoond to 7000, 6825, 6650,
6475,6300 G eV from left to right, respectively. T he angles were changes from 400 rad
to 400 rad (from top to bottom ).

5 0 5 10 15 20 25

To illustrate how the proton tra fctory positions and slopesm easured by the detectors
depend on the proton energy and its tra fctory slopes at the IP the chrom aticity plots
were prepared. The plts shown i Figure[d were devised by plotting in the (x x°) plane
the lines corresponding to the constant E and xJ at the 1P.

T he chrom aticity plots indicate few things. F irstly, there is a non-negliglble di erence
betw een both beam s. T herefore, properties of both have to be studied . Secondly, the grids
created by the energy and angle iso-lines do not fold. Hence, it is possible to obtain the
energy and the transverse m om entum of a proton from the m easurem ents of the proton
tra fctory In both stations. In particular, assum Ing a xed interaction vertex position (no
an earing) the energy of a proton at the TP can be deducted solely from the m easured x
and x° values.

3. Transport P aram eterisation

Tn order to unfold the proton energy from the detectorm easurem ents a param eterisation
ofthe FP Track transport calculationswas prepared. Theain was to describe the FP Track
results analytically. Tt was requested that:

the param eterisation has a sim ple functional form ,

the param eterisation precision has an accuracy which is better than the assum ed
detector spatial resolutions.
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To nd the param eterisation form , events unifom ly distributed over the (E ;xJ;v0;
X0;Y0:Z0) Space were generated. Subsequently, these events were used In the FPTrack
transport calculations. T he transport results w ere the Input data to the param eterisation
search procedure. Itwas found that the follow ing param eterisation fiil 1lthe requirem ents
outlined above well:

=A + 8B + oC + 8ZOD + zF 1)

=A, + (Bg + oCs + 0zZDg + 2Fg ; 2)

where = fx;yg,s denotes the slope either in x or y direction and all the capitalised
sym bols are polynom ials of energy, ie.:

A =a%+a%E+a®E*+ a"E’+ aWEY; (3)

Co =+ dVE + PE?+ PE: (4)

The values of all the coe cients were found by tting the formulae to the FTPtrack
calculations for sin ulated events.

T he accuracy of the m ethod was estin ated by plotting the di erence between the
value given by the param eterisation and that given by the FPTrack calculation. The
accuracy of the position param eterisation was found to be of the order of a m icrom e-
ter which is 10 tim es less than the assum ed detector resolution in the horizontal plane.
The di erence between FPTrack and the param eterisations for the tra fctory angles was
found to be Imm ited to about 50 nanoradians. O ne has to rem em ber that the average
m ultiple Coulom b scattering angle was estin ated to be about 500 nrad. An exam ple of
the param eterisation accuracy is presented in Fig. [4. In this gure the distributions of

Y= Yparam Yeprrack @0d ¥ = Vo . Veprras are shown forsingle di ractive events
generated with PYTH IA [I8]. T he accuracy estin ations for these quantities are displayed
since they represent the worst precision cases. N evertheless, the results are well con ned
w ithin the ranges given by the detector resolutions. This con m s the param eterisation
quality.

One should note that the procedure outlined above can be easily repeated. In par-
ticular, it can be applied to the les describbing the actual LHC collision optics used for
experim ental runs.

4. Event R econstruction

Since there is a correlation between the proton m om entum and them easured position of
the proton at the AFP 220, the reconstruction of the proton properties at the interaction
vertex from them easured coordinates of the proton tra gctory at the AFP 220 is possible.

A proton at the interaction vertex is described by six independent variables: E , x9,
yg ; X0, Yo and zg. T he detectors deliver two pairs of transverse coordinates separated in
Jongitudinal direction by a xed distance of about 8 m eters. In general, the unfolding
problem is an illstated one. In the present case it requests the inversion of the 6 to
4 m apping and its solution is only possible with help of additional assum ptions. The
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Figure 4. T he param eterisation accuracy estin ation exam ples (see text). Pictures show
the uncertainty on they (a) and y° (b) param eterisations of the beam 1 transport.

sin plest one is the assum ption ofa xed position ofthe Interaction vertex. In the follow ing
the positions xg = yo= Oand zp = 0orzg= 216 ¢ were chosen,where isthe proton
tin e of ight.

To m ake the m easurem ent simulation as close to reality as possible the detector ef-
fects were taken into account. Protons traversing the detector station undergo m ultiple
Coulom b scattering in the fram e and the detectorm aterials. T he sin ulation of the proton
tra fctory position m easurem ent also takes into account the assum ed detector resolutions.
Thesee ectsm ay Jead to a considerable change of the proton tra ctory param eters (slopes
and positions). Hadron interactions in the detector or its fram e were neglected as they
are not in portant for the present study.

A sinple and fast m ethod of the proton energy unfolding from the detector m easure—
m ent is proposad. This m ethod uses the assum ption that the values actually m easured
are equal to those delivered by the param eterisation. This allow s to calculate x from
egs. (@) and (J). Since both equations are considered for the sam e particle, they should
give equal values. Hence, after sin ple algebra one gets:

(x Ay Fy7o XOCX) (B:>x + zoD sx):

0

= (x Asx FSXZO XOCSX) (& + ZODx) (5)

where all capitalised sym bols are describbed by egs. [3 and [4.
T he solution of the above equation is equivalent to nding the zero of the function £ (E )
given below :

f(E )= (X Ay Fyzo XOCX) (B;>x + zoD SX)

0

(X Asx FSXZO XOCSX) (3 + ZODX): (6)

Tt was obsarved that for obtained param eterisation and simulated events the function
f (E ) has only one zero. T herefore, the equation

ftE)=0
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can be easily solved num erically using for exam ple the bisection m ethod [I7].
T he energy unfolding procedure was tested using the same PYTH IA generated data
sam ple. T he proton energy was reconstructed w ith the help of the di erent additional

assum ptions listed below :

the \m easured" tra fctory coordinates were an eared according to the detector res-
olution,

the Interaction vertex transverse position was exactly known,
the Interaction vertex longitudinal position was exactly known.

T he results are presented In F igure[d. T he energy reconstruction resolution (the thick
solid line) decreases from 9 G €V for 6000 G €V protons to about 3 G eV for 7000 G €V pro—
tons. It isdom inated by the detector spatial resolution which in uence, m arked w ith the
thick dashed line, decreases w ith proton energy from about 7 G €V to about 1l G &V within
considered energy range. A Iso, the Im pact of the multiple Coulom b scattering (dotted
Iine) gets am aller w ith increasing proton energy. Its contribution to the resolution isabout
25 GeV at themaxinum . For proton energies greater than 6800 G &V the uncertainty
on the interaction vertex position in the transverse plane (the thick dash-dotted line)

all effects — B field variation
— — — detector resolution multiple scattering
— + — X0 unknown S z0 unknown

=
o

=

Energy rec. resol. [G €V ]

_1 ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! !

6000 6200 6400 6600 6800 7000
P roton energy [G €V ]

Figure 5. The proton energy reconstruction resolution for beam 1 as a function of its
energy. The overall resolution is m arked w ith the thick solid line, the in uence of: the
detector spatial resolution { the thick dashed line, the vertex position in the transverse
plane { the thick dash-dotted line, them ultiple C oulom b scattering { the dotted line, the
vertex position along the beam axis { the dash-dotted line, them agnetic eld variation {

the solid line.
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dom inates the energy reconstruction resolution. The in uence of the Interaction vertex
position along the longitudinal axis (the dash-dotted line) is sm all In the whole energy
range discussed.

Since the scattered protons can traverse the whole beam pipe volum e the In uence
of the possible In perfections of the m agnetic elds was studied. The m agnetic elds of
the lattice were varied by  1%o of their nom inal values. It should be pointed out that
assum ed variation is about a factor of 10 larger that the m achine acocepted and about 50
tin es Jarger than them easured values [|9] of the higherm ultipoles at the reference radius
ofl17mm away from the beam pipe centre. Variation of them agnetic eld values gives a
an all contribution to the energy reconstruction resolution and for 6000 G €V protons it is
about 0.3 G &V and increases to 0.7 G &V at 7000 G €V . This contrlbution ism arked w ith
the sold line in Fig.[H. T he other e ect of the variation ofm agnetic elds is the o set of
the scattered proton reconstructed energy. This o set, on the absolute value, decreases
IJinearly from about 1.3 G &V to approxin ately 0.1 G &V for proton energies between 6000
and 7000 Gev .

Another in portant experin ental factor is the detector alignm ent. It is required that
the detector stations w ill be able to m easure the scattered proton tra gctory elevation
angles w ith precision ofabout 1 rad. This mpliessa 10 m precise alignm ent. Tt tumed
out that the 10 m m isalignm ent of the stations results an o set of the reconstructed
proton energy. This o set has the Jargest value of about 5 G €V for protons of 6000 G &V
energy and decreases to zero w ith proton energy increasing to 7000 G &V .

5. Central E xclusive P roduction (CEP )

The AFP detectors can be usad to m easure the exclusive central production of scalar
JFC = 0'* particles (for exam ple the H iggs boson or som e supersym m etrical particles).
T he central production can be viewed as a two stage process. In a rst step each of
the incident protons em its a color singlet ob fct. Subsequently, these ob pcts interact
w ith each other giving a centrally produced system . T he incom ing protons rem ain intact,
traverse the m agnetic Jattice of the m achine inside the beam pipe and can be detected in
the AFP detectors. T he centrally produced system decays into the AT LA S m ain detector.
Hence, this gives a unigque possibility to m easure all the particles belonging to the nal
state (a com pletely exclusive event m easurem ent).

Such events were sin ulated In a sin pli ed way. In the generation the four m om entum
transfer, t, and the reduced proton energy loss, ,were distrdbuted according to e ** w ith
b= 6GevV “and I, respectively. Later, the proton transport to the AFP 220 detectors
was sim ulated using the FPTrack calculations.

In Figureld the geom etrical acceptance for di erent m asses of the centrally produced
system for various distances between the detector edge and the beam centre is shown. A s
expected , the geom etrical acceptance strongly depends on this distance and for a realistic
distance of 3mm (m arked w ith the dashed line in F igureld) it varies between 0 and 30%
form asses changing from 300 to 800 G &V .

N ext, them ass of the centrally produced system was estim ated using the detectorm ea—
suram ents and the proton energy reconstruction described in section [4. For the Central
E xclusive P roduction process the produced system m ass determm nation from the reduced
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A cceptance [5 ]

0 ) . _
200 400 600 800
M issing m ass [G &V /7]

Figure 6. The geom etrical acoeptance of detectors at 216 m away from the ATLAS
Interaction Point for C entral E xclusive P roduction process as a fuinction of the produced
particle m ass. The solid lines depicts the acoeptance for active detector region at the 2
mm distance from the beam centre. The dashed, dotted and dash-dotted linesm ark the
acceptance curves for the 3,4 and 5 mm distance, respectively.

energy losses of both protons, ; and 5, is possible via [I10]:
M, = S 1 27

where s is the centre of m ass energy squared.

T he m ass reconstruction resolution as a function of the centrally produced system be-
tween 300 and 800 G &V is shown in Figure[] for the 3mm distance between the detector
and the beam centre. The in pact of several experin ental factors is also depicted in
this gure. The m ass reconstruction resolution, after an initial jim p at the acceptance
edge, very slow Iy Increases from 5 to 8 G &V with increasing value of the produced sys—
tem mass. The In uence of the multiple scattering, the beam energy variation and the
proton direction angular spread is sm all and below 2 G &V . In fact, the resolution value
is dom inated by two factors. First one is the detector spatial resolution which gives the
contrbution ranging between 2 and 6 G &V and which dom inates for m asses above 500
G &V . The s=cond one is the uncertainty on the x, coordinate of the interaction vertex,
whose In uence practically does not depend on the produced system m ass and which is
the m ost In portant factor for m asses below 500 G &V . The eld im perfections, estin ated
asdescribed previously, have a am all in uence on the reconstructed m ass resolution which
isabout 0.7 G &V at 300 G &V and saturates at the value of approxin ately 1 G &V at 500
G eV .Alo, In this case the el variation resulted themass o set which isabout 1l G &V
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all effects — B field variation
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Figure 7. The centrally produced particle m ass resolution determ ined w ith outgoing
protons as a function of the particle m ass. T he overallm ass reconstruction resolution is
m arked w ith the thick solid line, the in uence of: the detector spatial resolution { the
thick dashed line, the vertex position in the transverse plane { the thick dash-dotted line,
themultiple C oulom b scattering { the dotted line, them agnetic el variation { the sold
line, the beam energy and the proton direction angular spreads { the dashed Iine.

In the considered m ass range. The In pacts of the Interaction vertex position and that
of the detector m isalignm ent, not shown in Figure[d, are sn all and below 0.5%0 of the
produced m ass value. T he detector m isalignm ent introduces the reconstructed m ass shift
which aln ost lnearly increases w ith the produced m ass value from about 2.5 G &V at 300
GevV to65GevV at800Gev.

6. Sum m ary and C onclusions

A param eterisation of the proton trangport through them agnet Jattice of the LHC was
devisad. T his param eterisation has a sin ple functional form and enables fast and easy
calculations.

A proton energy unfolding procedure from the proton tra fctory position m easurem ents
was prepared. T his procedure allow s the reconstruction of the scattered proton energy.
T he procedure was used to reconstruct the m issing m ass of the centrally produced scalar
system . The m issing m ass reconstruction resolution weakly depends on the produced
m ass and reaches about 8 G &V at them ass value 0c£800 G&V.

T he proton energy unfolding procedure can be used for the rst level triggering of the
apparatus at the LHC environm ent.
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