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Upgrading the integrated performance of the LHC, while preserving the quality of the physics data
delivered to the experiments, is a real challenge for the high luminosity LHC (HL-LHC). This paper will give
an overview of the situation in terms of performance and so-called pile up density which directly impacts on
the reconstruction efficiency of the primary vertices at the interaction point. Both the present HL-LHC
baseline and its possible extension with the so-called crab-kissing scheme will be discussed in this context.
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I. INTRODUCTION AND MOTIVATIONS

The HL-LHC is being designed to deliver an integrated
luminosity of at least 250 fb~!/year in each of the two high-
luminosity LHC experiments ATLAS and CMS [1], while
operating the other two experiments, ALICE and LHCb, at
very low and moderate luminosity, of about 103! and
1-2 x 103 cm™2s~!, respectively. The ambitious perfor-
mance target for ATLAS and CMS cannot be met without
pushing to the extreme both the optics, namely f* [2], and
the nominal parameters of the LHC beam [3.,4]. It relies as
well on a number of very challenging new equipments and
key innovative technologies, such as: (i) new larger aperture
super-conducting magnets in order to preserve the transverse
acceptance of the two high-luminosity insertions at low S*
[5,6], and (ii) crab-cavities which are high-frequency RF
transverse deflectors, ensuring quasi-head-on collisions at
the interaction point (IP) despite of the crossing angle, hence
preserving the luminosity gain with 1/4* (see [7] which
introduced the crab-crossing concept, and [8] for proposing
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8-9 hours, the beam parameters, in particular the total beam
current, shall correspond to a so-called virtual luminosity
which would be about 4 times higher, of the order 2 x
10*> cm™2s7! if all the other parameters, for instance f*,
would be pushed to the limits since the very beginning of the
leveling process. The baseline HL-LHC parameters (25 ns
version [9]) are listed in Table I, including some key
quantities such as the virtual luminosity defined above
(taking into account the hour glass effect and the RF
curvature of the crab-cavity deflecting field), but also other
quantities which will be introduced later, such as the peak
PU density in time and space domains (taking 85 mb for
the inelastic hadron cross-section), the r.m.s. size of the
luminous region and the collision time.

TABLE I. Baseline parameters of the HL-LHC (25 ns version
[9]) and comparison with the nominal LHC [10]
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The next section will derive a series of general formulas
for a proper evaluation of the luminosity and corresponding
space-time PU density, assuming various possible topol-
ogies for the two-dimensional collision footprint. In par-
ticular, as part of the HL-LHC baseline, crab-cavities will
be assumed to be acting on the beam in the crossing plane
(“crab-crossing”), but possibly as well as in the other
transverse plane, the so-called parallel separation plane,
which forms the novelty of the crab-kissing (CK) scheme.
In the baseline scenario, with crab-crossing and luminosity
leveling with #*, Sec. III will investigate possible miti-
gation measures for the line PU density, acting on the bunch
length and/or the bunch shape. A direct comparison with
the CK scheme will be given in Sec. IV, while the last
section will be devoted to the analysis of the two schemes
in terms of leveling techniques and integrated performance.

II. LUMINOSITY AND PILE UP DENSITY:
A COLLECTION OF GENERAL AND
SIMPLIFIED FORMULAS

A. Parametrization of the collision footprint
with crossing-angle and crab-cavities

Let us consider two counter-rotating proton bunches,
each of charge N, assumed to be ultrarelativistic, and with
a line density p(z;,) normalized to 1:
|

/dzp(z) =1. (1)

The centers of the two bunches, z; = z, = 0, are assumed
to collide at the center of the detector z = 0 at time # = 0.
Two arbitrary slices z;, will therefore collide at time
t=—(z1 +22)/(2¢) and at a longitudinal position z =
(z1 — z)/2 inside the detector (with the conventions that
212 > 0 corresponds to the bunch head for both beams, and
that z > 0 is oriented according to the direction z; of the
first beam). These two slices of charge at 7, , = —(ct F z)
are assumed to be Gaussian in the two transverse planes,
with r.m.s. beam sizes which are given by:

01u(2) = \ el [T+ (/B2 2)

with € denoting the r.m.s. physical emittance of the beam
(assumed to be the same in the horizontal and vertical
planes), and taking into account the hour-glass effect at
the z position. Assuming these two slices collide with a
horizontal and vertical offset, namely &x*(z,¢) and
6y*(z, 1), respectively, the luminosity of this collision is
given by

2 2t *
R A

- m?fz]ﬁ*(z)e"p [‘ (%Z” - (550—(?5)) z}m_a + 2)p(—ct - 2)dzd. (3)

y

With a non-zero crossing angle, e.g., in the horizontal plane, and in the presence of crab-cavities acting on the beams both
in the crossing and parallel separation planes, the offsets 5x*(z, ¢) and 8y*(z, ) can be parametrized as follows:

* _ Ax
ox*(z,1) = 20,z + 27
8y (2. 1) = 5.1

where 0, denotes the half crossing angle (see Fig. 1), the
quantities a, | represent the beam rotation angles induced
by the crab-cavities in the crossing and parallel separation
planes, respectively, and the phase lags ¢, ,; , are
adjusted in the following way. In all the rest of the paper,
the crab-cavities will be assumed to be in phase in the
crossing plane, ie., ¢, , =0, and in antiphase in the
parallel separation plane, i.e., ¢, =0 and ¢, =z, such
that

{ 8x*(z,1) = 2[0xz — ;227 cos (wggt) sin (wrpz/c)]
t

2
8y*(z.1) szF"/C sin (wggt) cos (wggz/c)

[sin(wgpza/c + ¢y,) = sin(wrpzi /¢ + Py,)]
e [SIN(OREZ2/ € + By,) = sin(wgpzi /¢ + Py, )]

, with z,,=—(ctFz), (4)

|
Strictly speaking, crab-crossing and crab-kissing could also
be combined in the crossing plane, namely: (i) by restoring
a configuration of head-on collision in the parallel sepa-
ration plane [i.e., ¢ = 0 in Fig. 1(b)], and (ii) by increasing
the crabbing angle of one of the two beams while
decreasing it by the same amount for the other beam
li.e., fa,— % (ay £ ;) in Fig. 1(a)]. Such a configu-
ration would therefore result into a net asymmetry between
the two beams at the beginning of the luminosity leveling
process, in particular with a very high RF deflecting voltage
to be applied in the crossing plane for one of the two
beams [typically doubled with respect to a full crabbing
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(a)

FIG. 1.

Y

(b)

Sketch of the four-dimensional collision footprint in the presence of a crossing angle, and with crab-cavities acting both in the

crossing plane [crab-crossing configuration showed in (a)] and in the other transverse plane, the so-called parallel separation plane [crab-
kissing configuration showed in (b)]. The hour-glass effect and the RF curvature of the crab-cavity deflecting field are not taken into

account in these illustrations.

configuration corresponding to 6, = a, in Fig. 1(a)],
and an almost vanishing voltage for the other beam. On
the other hand, one advantage, at least a priori, would
be the development of only one type of structure and cryo-
module, i.e., for horizontal only or vertical only RF
deflections. However, the HL-LHC needs both types
anyway in order to cope with an alternated HV crossing
scheme, i.e., horizontal and then vertical, in the two high
luminosity insertions of the ring. A more symmetric layout
is then more favorable for the HL-LHC, i.e., with each of
the two insertions equipped with both horizontal and
vertical crab-cavities and the collision configuration
illustrated in Fig. 1. Therefore a possible variant with
crab-kissing collisions in the crossing plane will no longer
be discussed in all the rest of paper, although the following
developments could be easily reformulated in order to
study as well this configuration.

B. General expressions for the luminosity
and several pile up related quantities

Combining (2), (3), and (5), the two-dimensional density
of luminosity can therefore be written as follows:

PL

K(z,t)
Fre Loy x 2¢ Tp(ct +2)p(ct=2z),  (6)

where L, is the total luminosity integrated over the
collision of the two bunches

0*L N?
= = R
L // G oo~ dme g ™

R represents the generalized luminosity loss factor given by

R=2c // dzdtK (z,t)p(ct + z)p(ct — z), (8)

and the kernel function K(z, 7) is defined by

efill + (/)]

{ [0z = 57 cos (wggt) sin (oppz/c)]?
expq —

K(z,1) =

VI+ (/B 1+ /8

with g% and ﬂﬁ representing #* in the crossing and parallel
separation planes, respectively. From Eq. (6), follows
immediately the expression for the 2D PU density:

(2, 1) = poy X 2¢ plct+2)p(ct—z), (10)

P u K(z.1)
0z0t R

} ~ [w:;”/c sin (wgpt) cos (wgpz/c)]?
Xe"p{ eBi[L + (/B } ®

|

with p, = 6L, denoting the total number of interactions
produced on average in the collision (¢ being the inelastic
hadron cross-section). Finally the line and time PU
densities are given by

0u

()=/dt@ and w0 = [ dz2F . ()
N HAD= | a0
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and the rm.s. length of the luminous region and the
collision time can be calculated with the following 2D
dzdtz* ——

integrals:
// 8z8
// a’zdtt2 B2 8

C. Approximations and discussion

z lum — and

tlum -

Neglecting the hour-glass effect and the RF curvature of
the crab-cavity deflecting field [i.e., z/f* ~ 0, cos(x) ~ 1
and sin(x) ~ x in Eq. (9)], the expression for the kernel
function K(z,1) can be reduced to

(thﬂ ’

(13)

K(z.1) ~ exp {—(éx - 5’02;—3 X exp [-(5(”)’Z

where the quantities with a tilde keep the same meaning
as before but are normalized by the beam divergence

at the IP, namely 0, = 0, /\/¢/B%, &, = a,/\/¢/B% and

ay = ay/,/€/Pj. Using the above approximation, analyti-

cal expressions can then be derived for several quantities,
such as the line and time PU densities, and for the
generalized luminosity loss factor R. These expressions
are reported in Table II in the two cases of a Gaussian and a
rectangular bunch distribution, together with the introduc-
tion of key physical quantities, either well known such as
the Piwinsky angle, or new ones, such as the so-called time
Piwinsky angle.

By inspecting these various expressions, the duality
between line and time PU density becomes obvious via
the exchange between the two Piwinsky angles ¢ (stan-
dard) and w (“time” Piwinsky angle). In the case of
Gaussian bunches, acting only on the crab-cavities in the

crossing-plane to level the luminosity, i.e., increasing the
Piwinsky angle ¢ at y = 0 (no kissing), increases the peak
line PU density, i.e., shortens the luminous region, but does
not impact on the time PU density. On the other hand,
acting on the time Piwinsky angle y at ¢ = O (full crabbing
in the crossing plane and crab-kissing in the parallel
separation plane) reduces the collision time but does not
impact on the luminous region. This duality then leads to
even more interesting results in the case of rectangular
bunches. At ¢p =y = 0 (full crabbing, no kissing) it is easy
to see that the line PU density becomes triangular
(Erf(wu)/w ~2u/\/m at small y), as expected from the
convolution product of two rectangular distributions.
Although less obvious, the situation is in fact exactly the
same for the time PU density, as one may deduce by
evaluating the expressions given in Table II in the limit
¢ = w = 0, or more simply by using the duality principle
mentioned above. A more intuitive result is the time PU
density becoming flatter and flatter at y = 0 (no kissing)
and large Piwinsky angle ¢, as could be deduced from
Table II (Erf(|u|) ~ 1 for u > 1), or simply inferred from
the time invariant configuration of two coasting beams
colliding with an angle. Then, the duality principle
described above imposes the line PU density to become
rather flat as well, but at ¢ = 0 (full crabbing) and large
time Piwinsky angle y (crab-kissing). This turns out to be
exactly the case in view of the analytical expression given
in this case in Table II.

More quantitatively, in the case of Gaussian bunches, full
crabbing (¢ = 0), and in the presence or not of crab-kissing
(arbitrary ), the peak line PU density can be directly
extracted from Table II and is given by

a,MG o o
az( 2=0)=

Htot

Vo,

Hrot

Z

~0.56 x —

atgp=0. (14)

In the same conditions, the generalized luminosity loss
factor reads

TABLE II. Simplified expressions for the line and time pile up densities in the case of a Gaussian or rectangular bunch distributions
Quantities Notation Gaussian Rectangular (Heaviside step function ©)
Distribution p(2) ﬁ e 25 5-O(1 = [z|/L)
Bunch length r.m.s. o, o, L/\3
Standard Piwinsky angle ¢ utulo; w*;,—alL
“Time” Piwinsky angle W | /% oy | & 7
I

Generalized Loss Factor R W ‘/_ , Jo dzErfly (1 —z/L)le (%
Line PU densit Lo Vo G sty Brtly (1 = [2l/L)]O(1 — [2|/L)e~

ine ensity e Be o € - KLy b4 b4 eI
Time PU density Lo —V};j eGP T Erf[p(1 — et /L)]O(1 — |er] /L)e(FP
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1
R=——=<1

V14 y?

Therefore, the CK scheme offers a very attractive tool for
leveling the luminosity, at least at constant line PU density
for Gaussian bunches (which would not be the case by
acting on the standard Piwinsky angle ¢, instead of ). The
situation is even more interesting in the case of rectangular
bunches, leading in the same conditions to a peak line PU
density of the order of

at ¢p = 0. (15)

1
@3@:0y:w@maﬂ YR L ot .09 x Pt
0z 2RLy 23 o, o,
atgp=0 and w>1, (16)

where, according to Table II, we have used the asymptotic
expression R~ +/z/w for the loss factor at high w and
¢ = 0. This peak density is then reduced by almost a factor
of 2 with respect to the case of Gaussian bunches. Finally it
is also instructive to assess the situation assuming a
rectangular distribution with full crabbing but no crab-
kissing (w = ¢ = 0). In this case, following the expres-
sions given in Table II and after some algebra, the loss
factor is equal to unity, and the line PU distribution is
triangular with a peak density given by:

Opg Hiot 1 Hiot Hrot
0z (2=0) L 3 x o, x o,
at g =y =0, (17)

which is very similar to, and in fact slightly higher than, the
peak density obtained in the Gaussian case.

In summary, the CK scheme not only opens the
possibility to level the luminosity at constant luminous
region by acting on the crab-cavities in the parallel
separation plane, but it can also lead to a reduction of
the peak line PU density by up to a factor of 2 assuming
more uniform bunch distributions. This gain by a factor of 2
in terms of data quality may then be used, fully or partly, to
further push the maximum number of interactions allowed
on average per bunch crossing, namely p,, therefore the
maximum allowed instantaneous luminosity and in fine the
integrated performance of the machine.

III. THE BASELINE SCHEME WITH
CRAB-CROSSING AND g* LEVELING

The main disadvantage of the CK scheme is however its
cost in terms of new hardware. First of all additional crab-
cavities are needed for rotating the beam as well in the
parallel separation plane (or, in order to work at constant
number of crab-cavity modules, assuming more voltage
available per cavity, and/or higher beta functions at the
crab-cavities, and/or assuming flat f* optics with

eventually so-called long-range beam-beam wire compen-
sator [11-15] to reduce the crossing angle needed in this
case, see later in Sec. IV). Then, in order to produce more
uniform longitudinal bunch profiles, a double harmonic RF
system working in bunch lengthening mode would be
needed, which was already kept as an option for other
purposes in the HL-LHC, but would definitely help to fully
exploit the potential of the CK concept. Therefore before
implementing the CK scheme into the HL-LHC baseline,
immediate mitigation measures shall first be investigated,
namely acting on the bunch length and/or the bunch profile,
and assuming a luminosity leveling scenario with #* as in
the present HL-LHC running scenario.

A. Performance vs bunch length and bunch profile

One key ingredient to push the integrated performance of
the machine is the ability to maximize the leveling time,
namely T, during which the instantaneous luminosity can
be sustained at its maximum allowed value, presently
Liey = 5% 10** cm™2s™!. Assuming marginal emittance
growth during this process, and for any luminosity leveling
technique, the leveling time is directly given by the ratio
k = L/ L1y between the virtual luminosity as defined in
Sec. I and the leveled luminosity [16]:

1 NIOI
Tew=|1-—F%) % , 18
)i W

ETbeum

where T, corresponds to the actual beam life time at the
leveled luminosity Ly, considering the total hadron cross
section oy (6, & 100 mb), two high luminosity insertions,
and a total number of circulating protons N, at the
beginning of the store. Keeping the geometric loss factor
R as close as possible to 1 for the minimum possible f*, i.e.,
maximizing the virtual luminosity at constant current, is
therefore very important in order to preserve the leveling
time, and then the integrated performance per fill. The
sensitivity of this parameter with respect to the r.m.s. bunch
length ¢, and to the bunch profile (Gaussian or flat) is
showed in Fig. 2, using the relations (8) and (9) with the
HL-LHC parameters given in Table I, and assuming
400 MHz crab-cavities with “full-crabbing” in the crossing
plane and “no kissing” in the other plane, i.e., @, = 0, and
a; =0 in Eq. (9). Depending on whether the machine is
equipped with a single- or a double-harmonic RF system
working in bunch lengthening mode, the bunch profile was
assumed to be purely Gaussian in the first case, and was
approximated by the following pseudorectangular distri-
bution in the second case:

p(zio,) = %GXP {—% (W)T, (19)
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o, = 7.5 cm, Gaussian profile (HL-LHC baseline)
b R =0.83, Tj¢y;=8.6h

d

ian or p rect: lar profile
R=0.70, Teye;=7.8h

Loss factor R

06

6,=12.5 cm, pseudorectangular profile
R=0.54, T}eye = 6.5h

n n I Y L I I
0.06 0.07 0.08 0.09

Ll Lo n L | -
0.10 011 0.12

r.m.s bunch length o, [m]

FIG. 2. Generalized luminosity loss factor R [see Eq. (8)] at the end of the luminosity leveling process (full crabbing, no crab-kissing,
p* =15 cm) as a function of the r.m.s. bunch length ¢, [m], including the hour-glass effect, considering the RF curvature of the crab-
cavity deflecting field, and using the HL-LHC parameter set given in Table I (except for the bunch length). The solid line assumes a
purely Gaussian bunch profile (single harmonic RF system), while the dashed curve corresponds to the case of a double harmonic RF
system, which is simulated by considering the pseudorectangular distribution parametrized in Eq. (19).

which is normalized to 1, and parametrized such that its
standard deviation is precisely o,. For the range of bunch
length of interest, i.e., in between 7.5 cm and 12.5 cm
r.m.s., the situation is very similar in the two cases. Beyond
a r.m.s bunch length of 7-8 cm, the luminosity loss factor
drops rapidly, not only due to the hour glass effect at f* =
15 cm but also due the RF curvature of the crab-cavity
deflecting field which makes the compensation of the
crossing angle no longer efficient for the particles in the
head and tail of the bunch, namely located at
7~ £ 400 Muz/8-9 cm and beyond (halfway in between
the zero and peak of the sine RF kick). A r.m.s bunch length
of 10 cm corresponds to a sort of threshold, not only
because it hits the capture limit of a single harmonic RF
system running at 400 MHz, but also because it leads to a
reduction of the leveling time above a significance level of
lets say 10%, from 8.6 h to 7.8 h (see Fig. 2), corresponding
to a loss of integrated performance by 1% on average per
fill of 8.6 h.

B. Line pile up density vs bunch length
and bunch profile

In addition, regardless of the bunch profile, a r.m.s.
bunch length of 10 cm brings the peak line PU density close
to its minimum at the baseline f* of 15 cm (see Fig. 3).
Indeed, working at constant y, and instead of an intuitive
scaling with 1/o., the peak line PU density saturates or can
even reincrease at low f* and for too long bunches, again
due to the hour-glass effect and due the RF curvature of the
crab-cavity deflecting field. At this optimal bunch length,
the gain in line PU density is however quite modest, in
between 20% at * = 70 cm (i.e., at the beginning of the
store), down to only 10% at f* = 15 cm (see Fig. 4), from
1.22 event/mm at 6, = 7,5 cm [Fig. 4(a)] down to about

1.09 event/mm, assuming Gaussian bunch profile with an
r.m.s. length pushed up to 6, = 10 cm r.m.s [Fig. 4(b)], i.e.,
at the capture limit by the existing 400 MHz RF system of
the LHC. Then a few percents but not more can be gained
assuming a pseudorectangular bunch profile [Fig. 4(c)].
As already announced, the CK scheme offers a net gain
by a factor of 2 and, more precisely, the possibility to flatten
the line PU density below 0.6 event/mm over the full
luminous region. As we will see in the next sections, this
net gain is however not only given by the new hardware
assumed by the CK scheme (additional crab-cavities acting
in the parallel separation plane, double harmonic RF
system), but also due to the new concept it introduces,

16 HL-LHC Baseline when the levelling
stops at B"=15 cm and p, =135

>~

g

E‘ 14

T

<3

X

212

g

N

2

o 10

S

N

HL-LHC Baseline when the levelling
08 L starts at "=70 cm and p, =135
R P R R H N S e i RN
0.06 0.07 0.08 0.09 0.10 0.11 0.12
r.m.s bunch length o, [m]

FIG. 3. Peak line PU density u,(z = 0) [mm~!] at g, = 135 as

a function of the r.m.s bunch length ¢, [m], assuming Gaussian
(black solid lines) or pseudorectangular (red dashed lines) bunch
profiles at the beginning (thin lines) and in the end (thick lines) of
the f* leveling process (corresponding to #* = 70 cm and 15 cm,
respectively).
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b, [mm-']

Hg [mm-]

02
z [m]

(a)

1, [mm]

12

0
z [m]

e L L " h 1
-02 -01 00 0.1 02
z [m]

()

T Y R TR 01 ’ 02
z [m]

(d)

FIG. 4. Line PU density u.(z) [mm~!] as a function of the longitudinal position z [m] inside the detector. These snapshots are taken at
the beginning (thin lines) and in the end (thick lines) of the f* leveling process, for different bunch profiles and r.m.s. bunch length ..
All these distributions are normalized to y,,, = 135, which represents the total number of interactions per bunch crossing at the leveled
luminosity of 5 x 103 cm™2s~! (see Table I). (a) Gaussian bunch profile with ¢, = 7.5 cm, (b) Gaussian bunch profile with
o, = 10 cm, (c) Pseudo-rectangular bunch profile with 6, = 10 cm, and (d) Pseudo-rectangular bunch profile with ¢, = 12.5 cm.

which is a leveling of the peak line PU density rather than
the luminosity itself. It is worth noting that this new
leveling concept has already been tested for the HL-
LHC baseline, namely squeezing f* during the store at
constant peak PU density, and therefore at gradually
reduced instantaneous luminosity (due to the natural
degradation of the peak PU density with f* at constant
luminosity, see Fig. 3). In this case, compromising on a loss
of integrated performance of a few percents, the peak line
PU density could however not be reduced below
0.9-1.0 event/mm, assuming as well a double harmonic
RF system and an increase of the r.m.s. bunch length up to
10 cm in order to reach the lowest value of 0.9 event/mm
[17]. In summary, a peak line PU density of about
1 event/mm seems to be an hard limit for the present
HL-LHC baseline and variants, even relying on longer
bunches, flatter bunch profiles and/or a sophistication of the
leveling scenario with f*.

IV. THE CRAB-KISSING SCHEME

In this section, the longitudinal bunch distribution is
assumed to be pseudorectangular [see Eq. (19)]. The
machine is equipped with two different sets of crab-cavities
per beam, acting separately in the crossing and the parallel
separation plane. In each of the two transverse planes, the
crab-cavities acting on the first and on the second beam are
assumed to be synchronized in order to establish the
collision configuration illustrated in Fig. 1.

A. The physical understanding of the CK scheme
and its natural association with flat optics

As soon as a sufficient “kissing” angle is introduced in
the parallel separation plane (noted  in Fig. 1), the head,
the center and the tail of the first beam only collide with the
tail, the center and the head, respectively, of the second
beam. These collisions take place almost simultaneously,
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contrary to standard head-on collisions over a finite bunch
length. Furthermore, since the charge density is assumed to
be more or less the same at the head, the tail and the center
of the bunch, the number of interactions is expected to be
rather invariant along the luminous region, which also
means a reduction of the peak line PU density at a given
running luminosity. Using another language, the CK
scheme offers a tool to level the collision time, and
therefore the luminosity at reduced line pile up density,
but also at reduced head-on beam-beam tune shift since the
interaction time has shrunk. This is another beneficial side-
effect of the CK scheme, which will however not be
analyzed in much more detail in the following.

Finally the thinner the beam in the parallel separation
plane, the more important is the impact of a given “kissing
angle” on the collision time (which explains the terminol-
ogy of “Time Piwinsky angle” introduced in Table II), up to
a point where infinitely flat beams could even cross without
interacting with each other in the physical space. This is
one of the two reasons why flat optics (with the plane of
highest f* corresponding to the crossing plane) are very
favorable for the CK scheme, with, for the same effect in
terms of PU density, less voltage needed for the crab-
cavities acting in the parallel separation plane [see also the
second terms on the right-hand side of Eq. (9)]:

The second reason is that, at constant product f% x ﬂﬁ, i.e.,
constant virtual luminosity, the crossing angle, and there-
fore the crabbing angle a, needed to preserve the head-on
collisions in the crossing plane, could in principle be
reduced for flat optics, and even strongly assuming the

1, [mn!]

implementation of electromagnetic wires for compensating
the long-range beam-beam interactions [11]:

a, x 0, o< 1/1/B5 o<\ /B) at constant f x f. (21)

B. Possible CK configurations for the HL-LHC and
their requirement in terms of crab-cavity voltage

The possibility of flat optics has therefore been inte-
grated in Table III, where a few possible HL-LHC
configurations have been down-selected and analyzed in
terms of peak line PU density and crab-cavity voltage
requirements. As already discussed for the baseline crab-
crossing scenario with round optics (Case a), the peak PU
density reaches its maximum in the end of the leveling
process with f*, and this maximum has been reported
accordingly in Table III. A net gain by a factor of 2, already
at the beginning of the store, then preserved all along, is
actually within reach for the three other cases analyzed
where the CK scheme has been implemented (see also the
next section for a detailed description of the leveling
process and techniques, and the performance reach in
the case of the CK scheme). Furthermore, as shown in
Fig. 5, the three cases studied for crab-kissing are in fact
extremely similar in terms of line PU density, while the
optics, crossing angle and/or crab-cavity usage are very
different in these three cases. In particular a zoom of the
line PU density around z = 0 shows that a density of
0.61 event/mm reached at the center of the luminous
region is probably a minimum for the CK scheme, assum-
ing an r.m.s. bunch length not exceeding 10 cm and a total
number of interactions of ., = 135 per bunch crossing.
Below this minimum two bumps of density starts clearly to

1, [mm']
070

065

. N . .
-02 -01 00 0.1 02
z [m]

(a)

FIG. 5.

0.00
z [m]

(b)

Line PU density [mm~!] vs z [m] (a) normalized to pt,o; = 135 (£y = 5 x 10°* cm™2 s7!) for the four HL-LHC configurations

described in Table III, with the black solid line corresponding to case a, and the red solid, dotted-dashed, and dotted lines associated to
the cases b, ¢, and d, respectively. The beneficial impact of the crab-kissing scheme (last 3 cases) is very clear compared to the present
HL-LHC baseline (first case), and only a zoom (b) can actually help in appreciating the tiny differences between these three cases.
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TABLE III.

Peak line pile up density for the HL-LHC beam (worst case at L, = 5 x 103 cm™

2 —1

ST, 1.e., fiy = 135) and need in terms

of crab-cavity (CC) voltage for a few selected configurations in terms of bunch profile (Gaussian or pseudorectangular), colliding
scheme (crab-crossing or crab-kissing), optics (round or flat) and crossing angle (with electromagnetic wires assumed in the fourth case
to mitigate the long-range beam-beam interactions at smaller crossing angle).

Cases Case a

Case b

Case ¢ Case d

Colliding scheme Crab-crossing

Crab-kissing

Crab-kissing Crab-kissing

Bunch profile Gaussian Pseudo-rectangular Pseudo-rectangular Pseudo-rectangular
(6, =115 cm) (o, =10.0 cm) (6, =10.0 cm) (o, =10.0 cm)

BB wire compensator No No No Yes

Optics Bi/Bj = 15/15 cm BB =30/10 cm

Full crossing-angle 590 (12.50) 590 (12.50) 500 (15.00) 370 (11.00)

CC voltage [MV] in x plane 12.0 12.0 10.2 7.5

CC voltage [MV] in || plane 0 114 8.1 8.1

Peak line PU density [mm™!] 1.22 0.61 0.61 0.61

develop and the peak density is no longer reached at the IP
but on either side (where the “crab-kiss” is less efficient due
to the RF curvature of the crab-cavity deflecting field but
also due to the hour-glass effect which increases the beam
size at the head and tail of the bunch).

With four crab-cavities per beam per IR side as recently
integrated into the HL-LHC layout, and an engineering
specification of 3.3 MV per cavity but with a good hope
that 4.0-5.0 MV remains within reach [18], the CK scheme
can presently be fully exploited only with flat optics (see
Table III), with lets say 2 H x 2 V crab-cavities installed
per beam per IR side, and the most performant cavities
“oriented” according to the crossing plane. This situation is
however not ideal in terms of RF margin (except in the
fourth case of Table III with flat optics and beam-beam
wires), nor in terms of backward compatibility with the
present baseline, i.e., preserving head-on collisions till a
crossing angle of ~600 prad. Hence optics and layout
design studies have been relaunched to make the crab-
cavities more efficient, by increasing the p-functions at
their respective location, but with possible impacts on
impedance mitigation needs, and also field quality and
machine protection to be reassessed with twice less cavities
in a given transverse plane but at increased f-functions
(see, e.g., [19,20] where these aspects are discussed for the
present baseline configuration).

V. LEVELING TECHNIQUES AND
PERFORMANCE EVALUATION
OF THE VARIOUS SCHEMES

The aim of this section is to analyze the CK scheme in
terms of leveling concept and, ultimately, performance
reach. Profiles will be given for various quantities during
the store, including of course the integrated performance.
The discussion will be limited to the two HL-LHC
configurations described by the cases a and c of
Table 111, i.e., the HL-LHC baseline with round optics,
crab-crossing and luminosity leveling with f*, and a
variant with flat optics, assuming new hardware for the

implementation the CK scheme (but not necessarily includ-
ing beam-beam wires), and a new leveling technique which
is detailed hereafter.

A. Leveling

A certain number of leveling techniques have been
proposed so far and analyzed for the HL-LHC. Each of
them presents however some drawbacks, or even clear
weaknesses, which can be of very different nature, namely:
(i) a poor dynamic range in the case of luminosity leveling
with the bunch length, (ii) possible life time and/or
instability problems in the case of luminosity leveling with
the parallel separation at the IP (still to be confirmed during
the LHC Run II), (iii) a line PU density well beyond limits
(up to 5 events/mm) but a strongly reduced head-on beam-
beam tune shift in the case of luminosity leveling with the
crabbing angle at minimum f*, (iv) and conversely a more
reasonable luminous region but a maximized beam-beam
tune shift (up to AQ,,;, =~ 0.03 at the beginning of the store,
including head-on collisions in LHCb) in the case of
luminosity leveling with f* with full crabbing angle (see
Fig. 6). According to the LHC Run I experience and a
beam-beam limit probably sitting at or beyond AQ,, ~
0.03 as demonstrated in dedicated machine experiments
[21,22], the last option (iv) has then been retained for the
present HL-LHC baseline, at least for leveling the lumi-
nosity delivered to the ATLAS and CMS experiments. In all
cases, however, none of the above leveling techniques is
able to act coherently both on the luminosity, the line PU
density and the head-on beam-beam tune shift, simply
because none of them is based on a reduction of the
collision time. This point really marks the conceptual
difference of the CK scheme with respect to any other
luminosity leveling knobs proposed so far.

In the CK scheme, three well-distinct leveling periods
can actually be distinguished during the store. During the
first period, both the luminosity and the peak line PU
density can be leveled to a prescribed value, e.g., Ly, =
5x 10** cm™2s7! and /i, = 0.61 event/mm, respectively,
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0.32 L - CC leveling case (initial footprint) (0‘31~ .32)
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0.315

031F
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0.295F

0.29F

0,
(a)

028 028 029 0295 0.3 0.305 031 -02

02

FIG. 6. Leveling the HL-LHC luminosity by acting either on the crabbing angle (dashed line) at constant (minimum) #*, or on f* itself
(solid lines) at constant (full) crabbing angle: main pros and cons in terms of line pile up density (b) and beam-beam effects [as illustrated
in (a) for the corresponding tune footprints up to 6¢ betatron amplitude]. The line PU density is in particular well beyond the limits for
the first option, of the order of i, ~ 5 events/mm at the beginning of the store, although the situation would be very favorable in terms of
beam-beam tune shift. The beam-beam tune shift is on the contrary maximized for the second option, reaching up to AQ,,, ~ 0.03 at full
current and assuming three insertions providing head-on or nearly head-on collisions (i.e., including the contribution of LHCb not
equipped with crab-cavities but running at rather large #* and therefore rather small Piwinsky angle).

by acting individually onto two machine parameters. The
first knob is the kissing angle (i.e., the voltage of the crab-
cavities acting in the separation plane) set to a nonzero
value in order to reach the specified peak PU density. The
luminosity is then already reduced with respect to its virtual
value (together with the beam-beam tune shift). If the
luminosity, i.e., the total number y, of pile up events, is
still too high with respect to its prescribed value, the second
knob to be used is then either f* or the crabbing angle, and
possibly playing on the first and second knob iteratively in
order to match simultaneously the two constraints on p
and fi,. In all the rest of the paper we will limit our
discussion to the case where f* is kept constant, set to its
minimum during the CK leveling process. This means that
the leveling will be achieved exclusively by using the
crabbing and the kissing angles, a, and ¢, which also turn
out to be two orthogonal knobs for the two quantities to
level. In this configuration, the first leveling period ends up
when head-on collisions are reestablished in the crossing
plane (a, = 6,), and the kissing angle has already been
reduced accordingly in order to keep matched the two
constraints on y, and 1, despite of the proton burn off. A
second period then starts, where the kissing angle continues
to go down, but cannot be reduced as fast as it should be to
keep the luminosity constant, unless violating the constraint
imposed on the peak line PU density. Hence, the luminosity
starts to decay during this second period, but not as fast as a
natural decay at constant machine parameters. This second
period ends up when the kissing angle reaches zero, which

means that head-on collisions are reestablished as well in
the parallel separation plane, and the third period starts with
the natural decay of the luminosity.

Considering three possible HL-LHC configurations, with-
out or with CK scheme (cases a and ¢ of Table III), and
extending the second case to a third case where the
instantaneous luminosity could be pushed for 1-2 h up to
Ly=70-75x10%* cm™2s7! (ie., pp ~ 180-200) at
ji, = 1 event/mm, the time evolution of the most relevant
quantities are showed in Fig. 7, namely: #* and the voltage of
the crab-cavities in the two transverse planes, together with
the corresponding instantaneous luminosity and the peak
line PU density in stable beam. The corresponding integrated
performance profiles are then reported in Fig. 8. At constant
Hior» the integrated luminosity delivered by the CK scheme is
slightly smaller. However, after 68 h of stable beam, which
corresponds to the average fill duration targeted by the HL-
LHC, this performance loss hardly exceeds a few percents,
which is certainly marginal compared to the benefits in terms
of quality of the delivered data (a factor of 2 gained in peak
line PU density) and therefore useful luminosity. In an
optimization process between the machine and the experi-
ment detector, it is then legitimate to think that a certain
fraction of this gain in data quality could be redistributed to
further push the instantaneous luminosity, e.g., up to
Ly = 7-7.5 x 10** cm™2 57!, and therefore further improve
in the end the integrated performance of the machine by
20%-30% (see Fig. 8) at constant or even still slightly
improved data quality (f2, < 1 event/mm).
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FIG. 7. Evolution of #* (a-b) and crab-cavity voltage program (c—d) in stable beam (SB), and resulting profiles for the peak line PU
density (e) and the instantaneous luminosity (f), for three possible HL-LHC running scenarios, namely: the baseline f* leveling scenario
(black solid lines) and a first crab-kissing scenario (red solid lines) corresponding to the cases a and ¢ of Table III, respectively, and the
same CK configuration but where the luminosity and the peak PU density are pushed up to £, < 7.5 x 103* cm™2 57! (4, = 200) and
f. < 1.0 mm~! (red dotted-dashed lines). Any possible source of emittance growth is neglected in the above calculations. The beam
current decay is assumed to be dominated by the proton burn off due to the collisions in the two high luminosity insertions, assuming a
total hadron cross section of 6,,; = 100 mb per insertion.
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VI. SUMMARY AND CONCLUSIONS

This paper proposes a novel colliding scheme, the so-
called crab-kissing (CK) scheme. Relying on crab-cavities
acting on the beam in the two transverse planes, the CK
scheme opens new possibilities for controlling both the
quantity and the quality of the physics data which will be
delivered at the HL-LHC, i.e., the total number of inter-
actions per bunch crossing (pile up) together with their line
density along the luminous region. A first evaluation of the
CK scheme in terms of beam-beam effects has also
demonstrated its viability [23].

With this unexpected connection between pile up density
and crab-cavities, these challenging RF devices are and
remain more than ever a keystone of the HL-LHC project.
Although the crab-kissing concept has now reached a
sufficient maturity, and first simulations of the new detector
have already confirmed its benefits in terms of primary
vertex reconstruction efficiency [24], the present optics and
layout version of the HL-LHC is not yet sufficiently
optimized for proposing a backward compatible imple-
mentation of the CK scheme, with namely: 2 Hx2 V
crab-cavities per beam per IP side, both in the ATLAS and
CMS experimental insertions, instead of, e.g., 4 H cavities
for ATLAS with horizontal crossing and conversely for
CMS with vertical crossing. Indeed such modifications
would be optimal to fully exploit the CK scheme with flat
optics, but definitely counterproductive to maximize the
integrated performance of the baseline HL-LHC round
optics. This difficulty is not strictly speaking a show
stopper to the scheme, but maximizing the performance
of flat optics at the price of downgrading the potential of
round optics presents obviously a certain level of risk that

cannot be overlooked at this stage of the project. This is the
main reason why conceptual work has been relaunched to
reoptimize accordingly the optics and layout of the HL-
LHC, basically to increase at constant #* the f-functions at
the crab-cavity location and therefore make them more
efficient at constant voltage, but of course with pros and
cons which will have to be carefully evaluated for a sound
implementation of the CK scheme into the HL-LHC
baseline.
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