The CMS Precision Proton Spectrometer

at the HL-LHC

Enrico Robutti (INFN Genova)
on behalf of the CMS Collaboration




- ' -‘.L'w ‘/,
i (2 .‘ '
4

. b
A. 7 N Sy

Z v"f‘» VZ’?’ N \ \\‘
Il ”“‘,

/R ¢ -

&

q

Typical hard scattering event at LHC: >

proton dissociation
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Typical hard scattering event at LHC:

One or both protons may remain intact in the interaction 7
T o »* central — intact
n_ n . System — protons

P
D2 p/2
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Typical hard scattering event at LHC: q/ proton dissociation

One or both protons may remain intact in the interaction

e Intact protons interact via QCD (pomerons) or QED (photons) x
color singlet exchange : \

 Energy lost by protons goes into the creation of particles in n - »* central — intact
the central rapidity region . %, System—protons

* Reduced track activity in the central detector

e Scattered protons travel along the beam pipe and can be
traced by dedicated near-beam detectors

D2 p/2
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Physics opportunities

Tagging intact protons after the interaction allows the study of very rare processes

In particular, detecting both protons allows to study Central Exclusive Production (CEP)

e proton kinematics characterised by fractional momentum loss, & = (|pi| — |p{|)/|pil

e kinematic closure of the whole event by match with reconstructed central system
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Physics opportunities

Tagging intact protons after the interaction allows the study of very rare processes

In particular, detecting both protons allows to study Central Exclusive Production (CEP)

e proton kinematics characterised by fractional momentum loss, & = (|pi| — |p{|)/|pil

e kinematic closure of the whole event by match with reconstructed central system

LHC can be used as a yy collider:

p p
e anomalous gauge couplings in yy = W+W-(yy, vZ, Z2);
* W —
e direct search for DM via resonances in yy = X = yy; !
,y*
e direct search for new particles (BSM), via resonances W
(e.g. tt) or with missing mass techniques p p
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Physics opportunities

Tagging intact protons after the interaction allows the study of very rare processes

In particular, detecting both protons allows to study Central Exclusive Production (CEP)

e proton kinematics characterised by fractional momentum loss, & = (|pi| — |p{|)/|pil

e kinematic closure of the whole event by match with reconstructed central system

LHC can be used as a yy collider:

p p
e anomalous gauge couplings in yy = W+W-(yy, vZ, Z2);
* W —
e direct search for DM via resonances in yy = X = yy; k
,y*
e direct search for new particles (BSM), via resonances W
(e.g. tt) or with missing mass techniques p p

QCD physics: most dijet events from gg = gg = gluon jet factory
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The CMS Precision Proton Spectrometer (PPS),

originally conceived as a joint CMS-TOTEM project, is

designed to detect intact protons after the interaction,
in standard LHC running conditions

e tracking and timing detectors located along the LHC beam
line, at +~200 m from the CMS interaction point

e detectors hosted in horizontal roman pots, allowing sensor
approach to the beam (in the LHC plane) down to few mm
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The CMS Precision Proton Spectrometer

CMS central detector
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https://cds.cern.ch/record/1753795/?ln=en
https://arxiv.org/abs/2309.05466

PPS in Run 2 and Run 3

Various detector configurations starting from 2016:

e two tracking stations per arm; silicon strips, then replaced by 3D silicon pixels;
* one timing station per arm, two from 2023; CVD diamond sensors;

e major update to all detectors for Run 3
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PPS in Run 2 and Run 3

Various detector configurations starting from 2016:

e two tracking stations per arm; silicon strips, then replaced by 3D silicon pixels;
* one timing station per arm, two from 2023; CVD diamond sensors;

e major update to all detectors for Run 3

2023 (13.6 TeV)

35
I CMS
~ 301 Preliminary
= B LHC Delivered: 32.0 fb-!
8 25~ 1 CMS Recorded: 29 4 fb-'
E B PPS Tracker Recorded: 26.9 fb-1
E 201~ == PPS Tracker+Timing Recorded: 26.0 fb-!
8 15 .
° Detectors operational for most part of Run 2 and

10|-

Run 3:
5_
: - - . . 1l . collected in Run 2
& & & NN & &
& & & fg’:te . collected in Run 3
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Proton reconstruction

2023 (13.6 TeV)
-220-fr

5
- CMS Preliminary

Oy ‘F
N I ' § = b&am axis

LHC magnet lattice = accelerator optics RP station

Proton kinematics obtained from reconstructed tracks in PPS

e Standard reconstruction: multi-RP tracks (tracks in 2 stations)
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Proton reconstruction

515_ CMS Preliminary = (1536-?21213 7N§
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LHC magnet lattice = accelerator optics RP station 02
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PPS
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Proton kinematics obtained from reconstructed tracks in

e Standard reconstruction: multi-RP tracks (tracks in 2 stations) A o
Kinematics at the IP using LHC optics transport matrix S __aasron
e Main terms: D) - e+ L) -0 7o :
y = Dy(&) - E+L (&) - GF+v (£) -
* Optics parameters depend on LHC running conditions; in particular T
from B* and beam crossing angle ax -
N DTS

L Lo SN
0 0.05 0.1 0.15 0.2 0.25 0.3
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Proton reconstruction

2023 (13.6 TeV)

5
- CMS Preliminary

I I am axis
e

Proton kinematics obtained from reconstructed tracks in PPS

Oy 4 ‘F
P \NI..—-—""-—“;
e il s = bea

LHC magnet lattice = accelerator optics RP station

e Standard reconstruction: multi-RP tracks (tracks in 2 stations)

Kinematics at the IP using LHC optics transport matrix
x=D(&) - E+L,(E) - OF
y = Dy(&) - E+L,(E) - G+ (£) - v
* Optics parameters depend on LHC running conditions; in particular
from B* and beam crossing angle ax

e Main terms:

JINST 18 (2023) 09,

P0O9009
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Precision timing helps to fight background from pileup (uncorrelated protons from other

interactions in the same bunch crossing)
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Physics results from Run 2

Observation of proton-tagged, central (semi)exclusive production

of high-mass lepton pairs

JHEP 07 (2018) 153

Search for high-mass exclusive yy = WW and yy = ZZ

production

JHEP 07 (2023) 229

Search for new physics in central exclusive production using the

missing mass technique inpp = p (£,y) X p

Eur. Phys. J. C 83 (2023) 827

Search for high-mass exclusive diphoton production with tagged

protons

Phys. Rev. Lett. 129 (2022) 011801

arXiv:2311.02725

Search for central exclusive production of top quark pairs with

tagged protons

07/06/2024
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arXiv:2310.11231
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PPS at the HL-LHC

Extension of the PPS program in HL-LHC would significantly improve physics reach:

More integrated luminosity
 Results from Run 2 and Run 3 limited by statistical uncertainties
Broader mx (y/syy) range

 Current acceptance in the range ~550 GeV - 2 eV (when both protons detected)

* In HL-LHC configuration, upper limit up to ~4 TeV (with horizontal beam crossing), lower limit
down to ~200 GeV (with vertical beam crossing)
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PPS at the HL-LHC

Extension of the PPS program in HL-LHC would significantly improve physics reach:

More integrated luminosity

 Results from Run 2 and Run 3 limited by statistical uncertainties

Broader mx (y/syy) range

 Current acceptance in the range

* In HL-LHC configuration, upper limit up to ~4 TeV (with horizontal beam crossing), lower limit

down to ~200 GeV (with vertical beam crossing)

Expression of interest submitted in 2021 arXiv:2103.02752

* proposal subsequently rescoped to re-use existing roman pot mechanics and to consider only
“*warm” locations (“cold” location at 420 m much more technically challenging)
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(when both protons detected)
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PPS at the HL-LHC

Extension of the PPS program in HL-LHC would significantly improve physics reach:

More integrated luminosity

 Results from Run 2 and Run 3 limited by statistical uncertainties

Broader mx (y/syy) range
 Current acceptance in the range (when both protons detected)

* In HL-LHC configuration, upper limit up to ~4 TeV (with horizontal beam crossing), lower limit
down to ~200 GeV (with vertical beam crossing)

Expression of interest submitted in 2021 arXiv:2103.02752

* proposal subsequently rescoped to re-use existing roman pot mechanics and to consider only
“*warm” locations (“cold” location at 420 m much more technically challenging)

Proposal approved by CERN Research Board in September 2023

e PPS2 included in HL-LHC baseline; design of detector vessels and detector units started
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Several standard model processes can be probed, mainly in yy, to measure couplings and
check theory predictions

PPS2 physics reach: low mass

Fiducial cross section [fb]

Process 2 tags 1 tag
1] 2 219
bb 0.04 6.3
WHW~— 15 152
L 1.3 172
tt 0.1 0.65
H 0 0.23
HWTW~ 0.01 0.06
1.7 0.03 0.23
1y 0.02 0.15
Yy 0.003 0.19
07/06/2024

SM cross sections
for CEP processes
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PPS2 physics reach: low mass

Several standard model processes can be probed, mainly in yy, to measure couplings and

check theory predictions

Process

Fiducial cross section [fb]

2 tags

1 tag

J]

bb
WHW-
o

tt

H
HWTW-
77

Ly

2l

2
0.04
15
1.3
0.1
0
0.01
0.03
0.02
0.003

219
6.3
152
172
0.65
0.23
0.06
0.23
0.15
0.19
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SM cross sections
for CEP processes

pp = pbbp,pp = pyyp,
QCD and QED contributions

E. Robutti - The CMS Precision Proton Spectrometer at the HLLHC — LHCP 2024
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central exclusive production (pp —-p®XX®p) 14 TeV
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10 cedarees . ..... . .................... -

| = QCDinduced v |
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Integrated cross-section [fb]
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o
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50 60 70 10°

210°  3x10° 10°
mass cut on the central system [GeV]
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PPS2 physics reach: low mass

Several standard model processes can be probed, mainly in yy, to measure couplings and
check theory predictions

2

central exclusive productlon (pp —>p69XX(~Bp) | 14 TeV

!!'1

Fiducial cross section [fb]
2 tags 1 tag

J) 2 219 .

5o 0.04 63 SM cross sections

WHW- 15 152 for CEP processes

1.3 172 2
n - e pp — pbbp,pp = pyyp,
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10 cedarees . ..... . .................... -

| = QCDinduced v |
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: vertlcal crossing
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2 2

-« horizontal crossing

—
o
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o © o
A

_, Events with both protons in acceptance

4 : : ,
o 0.01 002 003 0.04 0.05 0.06 007 098
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PPS2 physics reach: low mass

Several standard model processes can be probed, mainly in yy, to measure couplings and

check theory predictions

. Events with both protons in acceptan

Fiducial cross section [fb]
Process
2 tags 1 tag
i] 2 219
bb 0.04 6.3
WTW— 15 152
L 1.3 172
tt 0.1 0.65
H 0 0.23
HWTW~— 0.01 0.06
7.7 0.03 0.23
1y 0.02 0.15
Yy 0.003 0.19
1 fb 14 TeV

—

<
N

CMS Phase 2 Slmulatlon

vertlcal crossing

-« horizontal crossing
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SM cross sections
for CEP processes

pp = P Ut p

a |
003 0.04 0.05 0.06 007 0?8

E. Robutti

pp = pbbp,pp = pyyp,
QCD and QED contributions

pp = p HWW-p

1’1

Decay-mode-inclusive,
using missing mass technique

Events with both protons in acceptance

- The CMS Precision Proton Spectrometer at the HLLHC — LHCP 2024
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r= ' - |==QCDinduced bb | 3
o 7]
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% |=—QCDinduced yy| =
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8
© "
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10 2 N ....'...'..'.?.?.!.y.-...,.‘.....................:....................... ...................................... .s_._
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DY N A I ed il
50 6070 10 210°  3x10° 10°

mass cut on the central system [GeV]

1N
-'J-ll-lni-lol-l.ln1.ln l-l1-lJ-Ll.rlJ-LJ-rl-Ll .

CMS Phase-2 Simulation

100 fb" 14 TeV
== 420m minimum acceptance
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1 | - L T~ ﬁ—*

0 0.05 0.1 0.15 0.2 0.25.
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PPS2 physics reach: high mass

Tagged protons may be a powerful tool in studying various BSM scenarios where new
particles are produced In yy interactions

10"

10°}

ALP search In
pp = p Xp, X = yy

[ [Tev]

Pb-Pb

102 h—aa
Z-~a

3
IOlol
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PPS2 physics reach: high mass

Tagged protons may be a powerful tool in studying various BSM scenarios where new
particles are produced In yy interactions

13 Hap ected Sounds af 93% CL (% CL bounds 5 3008 & ) g NL-LIC
— R el

. , 3 008 — S
R AQGC inpp = pyZp « = iom
. v
10°} Yg ] é
'_I,.—| . L Blcccssnnflessssssssssssssssssss sffesssssnfemmmendisssssssssssssssssssssfnmnnnnnd :.Q
> Ler ALP search in . =
t.'o' ‘ J-u- 3
B pp = p Xp, X = yy
Y
102l h—taa -
Z—ya Bla— ) =0.25 e N N | NN T S G s = =Y t T 1 )
Bla— 1) =0.5 & 10°M Gev ) ¥ (107 GV
B{a—y)=1
034 o i s o> CMS Phase-2 Simulation 100 fb™", 14 TeV
m, [GeV] : E"'""""""';;p';'pwwb'(ww;'éuw)'""'g
a F B Standard Model §
AQGCinpp = p WW-p § | =_ B 2,/A° = 17107 GeVY -
r 1025— — B 28 /A%=1*107 GeV E
P T z
o N -.-* -
§ 10 — - E
I = — 5
E - — _ )
L 1 L T e T I T I T e

0 002 004 006 008 01 012 014 0.16 018 0.2
min&cut (§ < 0.20)
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PPS2 physics reach: high mass

Tagged protons may be a powerful tool in studying various BSM scenarios where new

particles are produced in yy interactions

33 Hap ected Sounds at 93% CL
— 0%
3 000n

10"

AQGC inpp =2 pyZp
LEP
i“ 18,
10°} g v
C
']"_' | L N S S AU SN S, J—
> Ler ALP search in .
t,lo' . J-".
B pp = p Xp, X = yy "
S~ "
102l " h—taa -
Z—ya Bla— ) =0.25 B e e VSN S S ¢ s
B{a—~y)=0.5 & oM Gevd)
B{a—y)=1
1075 107 i0° T

m, [GeV]

AQGC inpp = p W-W-p

DM searches with
missing mass technique

Events with both protons in acceptance
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- B 20 /A°=1"10°GeVY 1
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E —.——-.-_._-.-h.-.-.- E
I —_ — i
_ — i
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0 002 004 006 008 01 012 014 0.16 018 0.2
min&cut (§ < 0.20)
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PPS2 physics reach: complementarity

Ultra-peripheral collisions in heavy ion interactions are a
copious source of yy interactions

 High photon flux proportional to Z4, lower luminosity wrt. pp

1034 [ ] ] —
. . bPb, L =6 X 27 cm_zs_l, § = 9. e
* Large cross sections in the low mass .- ;= ™" " 0 e s e —
P 1032 '
<< — 10 pp, RP 220 m ---- |
. range, my, = 300 GeV for Pb-Pb 5 e
|
: e T 10%0 ]
| ow pileup conditions T —_— |
L. 10% s
gé: 1028 _
1027 \j
1026 S
10 100 1000
M, [GeV]
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PPS2 physics reach: complementarity

copious source of yy interactions

e |arge cross sections in the low mass
range, myy = 300 GeV for Pb-Pb

| ow pileup conditions

PPS2 may be able to tag protons in pA interactions

07/06/2024

1034

— 1033

!

E. Robutti - The CMS Precision Proton Spectrometer at the HLLHC — LHCP 2024

Ultra-peripheral collisions in heavy ion interactions are a

 High photon flux proportional to Z4, lower luminosity wrt. pp

. —
. - -,

PbPb, L = 6 x 10" cm™ 2571, \/s = 5.52 TeV
pp, L =2x10% cm™2s7 1, /s = 14 TeV ——

pp, RP 220 m - --- |
pp, RP 220 4+ 420 m ----- |

-

.
-~
.~
\.
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e |arge cross sections in the low mass

range, my, = 300 GeV for Pb-Pb

| ow pileup conditions

 VBF/VBS events tagged by forward jets

Ultra-peripheral collisions in heavy ion interactions are a
copious source of yy interactions

 High photon flux proportional to Z4, lower Iumlnosrcy wrt. pp

1034 [

L.

— 10% [

Phase-2 CMS upgrade will enhance the coverage in the forward region

e |LHC as a vector-boson collider, complementary to yy

e Similar events with intact protons may be tagged by PPS2

- The CMS Precision Proton Spectrometer at the HLLHC — LHCP 2024
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PbeL 6><1027cm2 1\/ 552TeV _
pp, L=2x10% ecm~2s7!, \/s =14 TeV ——

pp, RP 220 m -
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M, [GeV]



Detector locations

Debris cgilimators (limiting high-mass reach)

<
>S
@
|_
CMS
1 19K . S LK :S_Tﬂ
l 01 QA 028 os!Tcp o [ ﬂ Q7 08 09 010, . loni
TAXS  ZMOXFA  MQXFB MQXFB 2xMQXFA IN‘:XX DFM TAN k21(M0M: MBA MBB MQML  MBA MBB "MOM/C MBA MBB MQML/ MBA MBB MMgﬁL' MBA
s )f WM] | L= 2 ; . i . — -
l. L WL ] oo . i i il i
1 nL -d_j:n_d.b_nd___m_.& PP 24
S
Roman Pot (XRP) Stations: O BLM
‘O_IW Pair of vertical pots (preliminary position) —
. . . . Horizontal pot l ///
Three locations selected per side, with available b N\ S
. . . ‘/ -L-'"/~ ) '"_5 ¥ “:/ ‘ ‘ . ' collimator
space, in the LHC straight section ke A 4~;’. Lz fom (1 ot

- \)
/;’,‘r (S —— WWOWW"RW‘B ‘\'r”-\\gq\‘“/b§ |
= A, G716 ’!/"' “,ﬁ = a@‘ . T ‘?‘ ¢/ v

In each location, two horizontal roman pots & /. ﬁ f

e At 220 m, two additional pairs (top-bottom) of £ / e o
vertical roman pots, for detector alignment UAP

without motors

* All positions precisely defined, including patch
panels and all services

Cooling patch panel

Detector electronics patch panels
(partly integrated in the XRP support frames, partly between the near and far units)
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End of fill
conditions

B No acceptance
[ Single arm, 196 m
] Single arm, 220 m
] Single arm, 234 m
B Double arm, 196 m
B Double arm, 220 m
B Double arm, 234 m
I Double arm, mixed
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Detector acceptance

3 Vertical Horizontal
= f ) HLLAC, 14 Tev S ™ U HLLAG, 14 Tev
S | w2 =250 prad %eﬂ-) N @/?2 = 250 prad (Ho?i.)
o p*=20cm_ - p*=20cm.
m —
o 2_ 1 2
1;—
0 0
_1_ -1
_2- -2
_?02 Y 1;03 3 [ T T l;o‘ 1 _?02 1;53 1:)4
186 2749 m [Gev) 601 4018 M [GeV]
8 1_ v LI L LA ALY | v LB LB ALY | 8 I LI L ' ' LN
5 S 0.f
30.9:— ? §0.9L
§ o 3 Q -
& 0.8:— —‘: 2 0.8P
0.7k = 0.7f
0.6:— — 06; q -
0.5 E 0.5}
0.4 0.4} \
0.3 3 03f 3
0.2 02f E
0.1 E 0.1 3
Ll 3
e

2 11 1 saal 9
10* 10° 10*
M [GeV] M [GeV]

Two different beam crossing
schemes in the |IP foreseen
during LHC operations

e — different proton acceptance in
the two cases

 Double proton tag can use
different stations on the two sides

e Larger combined mx acceptance
compared to current setup
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2 mm

Detector packages

Each roman pot will host both tracking and timing
detectors (or 4D detectors)

New design for detector vessels

e Cylindrical housing, maximising available space

07/06/2024

e Larger thin window
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Detector packages

2 mm

Each roman pot will host both tracking and timing
detectors (or 4D detectors)

New design for detector vessels

e Cylindrical housing, maximising available space

e Larger thin window

Most services in common between tracking and timing:
e vacuum (~10 mb), cooling (~-30° C);

e common readout “motherboard”
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Detector packages

2 mm

detectors (or 4D detectors)

Detector

New design for detector vessels

Each roman pot will host both tracking and timing

e Cylindrical housing, maximising available space

Fluence map, 196m station

P Larger thln W|ndOW ] Fluence map, 234m station |
Most services in common between tracking and timing: |
 vacuum (~10 mb), cooling (~-30° C); % |
e common readout “motherboard” |

Proton fluence highly non-uniform over the detector area R o

e — [nternal vertical shift system necessary to distribute radiation damage

07/06/2024 E. Robutti - The CMS Precision Proton Spectrometer at the HLLHC — LHCP 2024
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Detector technologies

Baseline design exploiting detectors being developed for CMS Phase 2
e Similar position and timing resolution required

e Similar radiation doses expected, although much less uniformly distributed
e Smaller occupancy wrt. hottest regions in CMS

e Same readout chain and integration in DAQ

07/06/2024 E. Robutti - The CMS Precision Proton Spectrometer at the HLLHC — LHCP 2024
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Detector technologies

Baseline design exploiting detectors being developed for CMS Phase 2
e Similar position and timing resolution required
e Similar radiation doses expected, although much less uniformly distributed
e Smaller occupancy wrt. hottest regions in CMS
e Same readout chain and integration in DAQ

Tracking
 Based on Inner Tracker design

6 planes of 3D silicon pixels

e Front-end: CROC
= 50x50 ym= pixels

e 2 or 3 chips/module

- T

21.60 mm
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Detector technologies

Baseline design exploiting detectors being developed for CMS Phase 2

e Similar position and timing resolution required

e Similar radiation doses expected, although much less uniformly distributed

e Smaller occupancy wrt. hottest regions in CMS

e Same readout chain and integration in DAQ

Tracking Timing
 Based on Inner Tracker design e Based on Endcap Timing Layer design
6 planes of 3D silicon pixels * 5 double-layer planes of LGADs ‘ -

e Front-end: CROC
= 50x50 ym= pixels

e 2 or 3 chips/module

07/06/2024

e Front end: ETROC
= 1.3x1.3 mm?2 pads

18.6 mm

e 2 or 3 chips/module

— i T

21.60 mm
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Summary/outlook

PPS has demonstrated the feasibility of studying physics processes with tagged forward
protons in high-luminosity interactions at the LHC

e Efficient operations throughout Run 2 and Run 3 data taking

 Several published results, more studies in progress
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Summary/outlook

PPS has demonstrated the feasibility of studying physics processes with tagged forward
protons in high-luminosity interactions at the LHC

e Efficient operations throughout Run 2 and Run 3 data taking

 Several published results, more studies in progress

The physics program may largely benefit from HL-LHC conditions

* | arge increase In integrated luminosity, extended proton acceptance
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Summary/outlook

PPS has demonstrated the feasibility of studying physics processes with tagged forward
protons in high-luminosity interactions at the LHC

e Efficient operations throughout Run 2 and Run 3 data taking

 Several published results, more studies in progress

The physics program may largely benefit from HL-LHC conditions

* | arge increase In integrated luminosity, extended proton acceptance

Proposal to extend PPS program in the HL-LHC era approved
* New locations for detectors established

e Complete redesign of the detector system in progress

Only forward proton spectrometer foreseen for the HL-LHC
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Summary/outlook

PPS has demonstrated the feasibility of studying physics processes with tagged forward
protons in high-luminosity interactions at the LHC

e Efficient operations throughout Run 2 and Run 3 data taking

 Several published results, more studies in progress

The physics program may largely benefit from HL-LHC conditions

* | arge increase In integrated luminosity, extended proton acceptance

Proposal to extend PPS program in the HL-LHC era approved
* New locations for detectors established

e Complete redesign of the detector system in progress
Only forward proton spectrometer foreseen for the HL-LHC

Aiming to be ready for the start of HL-LHC operations!
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