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| Structure of the presentation

e Introduction to PPS
* Proton reconstruction

e Physics analyses with proton tagging
* PPS in LHC Run 3 and beyond
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Introduction to PPS
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-~ PPS physics case

» Study central exclusive production (CEP) at the LHC S G :
* Protons remain intact (\

» Proton tagging provides: /’ )
* Full reconstruction of the final state Py g”’ o

e Strong background rejection

, central exclusive production (pp —>p®XXI®p)I | ‘14‘ TeV.
No acceptance Imacliald &
""" QED induced bb | |
= QCD induced vy §
""" QED induced vy a

* Exploit LHC as a photon-photon collider:

e Test QED processes (favoured at high mass)
e Search for BSM physics:

e Enhancements over high-mass tails
e New resonances
e High sensitivity to anomalous couplings
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" Precision Proton Spectrometer (PPS) o

CMS
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 LHC magnetic field bends protons that survived the interaction in CMS:

» Tracking and timing detectors installed in Roman Pots (RPs), to measure:
e Track displacement from beam center — Fraction of momentum lost by the proton (&)
e Time of arrival on both sides — Longitudinal coordinate of the vertex (z)
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~ Precision Proton Spectrometer (PPS)

Tracking RP unit:
2 vertical +
1 horizontal .

o btons that survived the interaction in CMS:
( ]

b Installed in Roman Pots (RPs), f2 maocien

T - 3 _ Beam pipe insertions that
N center — Fraction of moméntum Ic

h centet Fm\iunpm D@f mo m}m Ic approach the LHC beam
— Longitudinal cagrdinsts

- down to ~1.5 mm
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“ PPS radiation environment

CMS Preliminary 2017 LHC Sector 45 220 FAR
T I I I ‘ I T I I | I I T T ‘ I I I I | I I I I

y (mm)

e PPS detectors approach the LHC
peam down to ~2 mm

e High irradiation:
~ 5-10%° p/cm? for 100 fb"

* Highly non-uniform irradiation
e ~2 order of magnitudes difference
over less than 1 mm

Very challenging environment for
particle detectors
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e 2016 = 210-far + 220-near stations:
e Legacy TOTEM Si-strips (5+5 planes, 66 um pitch, 300 gm thick)
e 2017 — 210-far + 220-far stations for tracking + 1 cylindrical RP for timing:
e Tracking: Legacy TOTEM Si-strips + 3D Si-pixels
e Timing: 3 planes of single-layer scCVD diamonds + 1 UFSD (LGAD) plane
e 2018 — same as 2017:
e Tracking: only 3D Si-pixels
e Timing: 2 planes of single-layer scCVD diamonds + 2 planes of double-layer AT
) ------ A\, Bellora - Extending the CMS physics program with PPS - 9.1
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» Silicon 3D pixel sensors: — .E)M';I " =TT
e Optimal choice for high radiation hardness 56&&] ]
 Decouple thickness from drift path length *( L | a Bkl A
» Low depletion voltage (<10 V) e Jéx B
» Slim/active edge ! ! oz ]

» Sensors for PPS Run 2: Planar © !

 Produced at CNM with double-sided process
e 230 um-thick sensors

e 200 um-deep, 10 wm-diameter columns
 150%100 um? pixel size

o 2%2 or 3x2 matrix of 5280 pixels

- oxide [ metal B passivation

pSi [l ppoly-Si M npoly-Si [ ] p Si

\ A\, Bellora - Extending the CMS physics program with PPS -9 (& %
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" Run 2 data-taking

Integrated Luminosity 2016-2018
120 T T T T T

T T T I T T
CMS Preliminary i
B RP recorded (/ffb): 111.14

100 |

e PPS collected more than 110 fb’
during Run 2:
o Almost 100 fb-! with pixels
e ~84% of the CMS total luminosity
e Very stable running in 2017-2018
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Proton reconstruction

) A, Bellora - Extending the CMS physics program with PPS - 11 %



~— Proton reconstruction

4 )

RECONSTRUCTED
TRACKS PROTONS

N Jﬁ =

Pnom — P

Pnom

CONDITIONS

Algnment wrt. boam m(pp) = /s&:&  y(pp) = —ln !
p $2
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~ Detector allgnment

“far” RP unit 2018 (13 TeV) 2016 (13 TeV)
— 25 — 6
g CMS Pre/n%qmary r g B 7 T cMs-TOTEM
“near” RP unit & 20 7 : & Preliminary
-~ 15F L 4 : { :
outgoing L g
proton 0 2 ... “, .............. ................................ —
g
: o —
N
_10E B B aitt TERTIRRRRTTIS S ERRPPPPRRLY: ................................ —
—15 E ; : i
horizontal (plXel) RPS -4 _4 .......................... B —]
| ~20 + ;
_925 _6 | l | | l
vertical (strip) RPs ‘ 0 2 4 6 8
x (mm)

Multi- -step procedure: base measurement in dedicated fill, then corrected fill- -by- il

e Alignment fill: determine the beam position and the relative detector positions
e Low intensity (2-3 bunches), detectors closer to the beam, vertical RPs inserted
e Data collected for each LHC setting that will be used during future data-taking
e Elastic scattering kinematic properties used to find the beam center

 Corrections: match dedicated observables to their alignment fill counterpart

CMS-PAS-PRO-21-001
CERN-TOTEM-NOTE-2022-001
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- Proton transport
 Reconstruct the proton kinematics at the IP (d*) from the measurements at the
RP positions (d)
 Propagation modelled via the transport matrix T, containing the optical functions:d =T - d*
X el et Q) [N 700
/Hx\ /v;c L' 0 O D;C\ /0;\

OOvyLyDy

\e/ s -4 D'\/

e Simplified version with leading terms:

x—‘x i‘ '

Magnifications Effective lenths Dispersions
CMSTRASFRO-21-001 A, Bellora - Extending the CMS physics program with PPS - 14 :
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~ Optics calibration

* Precise knowledge of the LHC beam optics is needed for proper reconstruction
 Nominal optics calculated with MAD-X (accelerator simulation based on LHC parameters)

e Further calibration with data:
* L,, calibrated using elastic events in the alignment run

2017 (13 TeV)
» D, derived with two methods: g;_CMS - TR
* Determination of the ‘pinch’ point (L, = 0) in min-bias events N3
e Validation with the uu sample E e i
* Optical functions vary with crossing angle NI i w
» This means variable acceptance during data-taking! A B U
‘2(): I 2 3 "z-i:':;' 5 6 5}( ‘

CMS-PAS-PRO-21-001 Q Q Q
CERN-TOTEM-NOTE-2022-001 A\, Bellora - Extending the CMS physics program with PPS - 15 e
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'Validation with exclusive uu events

e Select two oppositely charged u:
°* Dt > 50 GeV

10 92.3 fb™' (13 TeV)
e m(uTu~) > 110 GeV '

50p b m @ ™m™m™m™™ T T T T T T

. 2 4 CMS-TOTEM

* Low acoplanarity T sob =0

* 1—|Ap(uTu7)|/m < 0.009 35
 No close tracks to the uu vertex 30 Isackgmund shape

e (Closer than 0.5 mm zg

y Compute the '3 from pu with: 15 ISignal shape (pp—puiip MC) + background
1 + i
Sx(utuT) = ﬁ(pr(w’)ei”(” e pr(u)etnw )) 12 *

e Compare with the proton

* Use results to further improve the
proton & reconstruction

) _____ CMS-PAS-PRO-21-001
e CERN-TOTEM-NOTE-2022-001
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PPS mass/rapidity acceptance

n

|
' 2018, 1:)3Tev 5
o /2 = 130 urad
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" Reconstruction strategies

2018 (13 TeV)

t; 0.04 CMS Simulation Preliminary I
5] : :
: - = single-RP ]
e Single-RP protons: gow et

e Use data from only one RP — partial reconstruction

X * Yy
=—n 0 = - :
£ =500 =

o Lower & resolution, less sensitive to systematics B S

7002 | I |

 Multi-RP protons: o s o1 on 02

2018 (13 TeV)

 Combine measurements in 2 RPs (same sector) " [ONIS Sumdation Pretminry B
: . 2 8§ 003 [MULFRP ]
i q 002 SO N B
9q

systematics

»TE 2
* Minimize Xl 7 Zi:RPs Zq: X,y [

o Better resolution, higher systematics (at high &) . _f/’—’ﬁ:

—0.01 e ........... ........... —
_0‘02 i |
0 0.05 0.1 0.15 0.2
3
A CMS-PAS-PRO-21-001 : X X
/) CERN-TOTEM-NOTE-2022-001 A\, Bellora - Extending the CMS physics program with PPS - 18
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Physics analyses with proton tagging

Z\ I~
2 S
3
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éProbing AQGC with exclusive yy - V'V

o Search for anomalous WW /ZZ (VV) exclusive production at high mass:
 Exploring the hadronic decay channel (each V' decaying into a boosted and merged jet)
e Require intact protons on both sides
e L ook for non-resonant enhancements over high-mass tails (AQGC/EFT)

 Why not aiming for SM production?
o ZZ not allowed at tree level

 WW exclusive production concentrated in the low mass region:
e Higher QCD background
e Qut of reach with the Run 2 trigger thresholds on jets
e Dedicated trigger will be used in Run 3

) _____ CMS-PAS-SMP-21-014
e CERN-TOTEM-NOTE-2022-004
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'Selection on central variables

Trigger:
e Combination of triggers based on the highest jet p and sum of the p of all jets
o >99% efficiency for m(j j,) > 1126 GeV

! / =10 FMS I52.9 fb"I (13 Tev_)
Selection: i 8 310°f =3vc;t T
e > 2 V-tagged (37 < 0.75) AKS8 (large radius) jets o102 md .
* |nGnJj2)l < 2.5 @ 10° [ f:ﬁ:;w a¥/A?=1"10° GeV?
e pT (il’]Z) > 200 GeV § 106 : +;1(;1—;V\;V:t,aagh\2=2*10'5 GeV*7
e 60 GeV < Mpruned (i, j2) < 107 GeV - A i

°* InG1) —n(2)l < 1.3 10 -

* pr(1)/prr(2) <13 1

e a=|1-A¢(j,)/m| < 0.01 1000 1500 200%5]??8(99{9]00
e 1126 GeV < m(jij,) < 2500 GeV
e > 1 proton per side of PPS (in acceptance)

e Backgrounds:
e Main: QCD di-jet production (simulated with Pythia8) + pileup protons

14 [ ' ' ' ]
1.2 -
"
0.8 -
06 . . . -

1000 1500 2000 2500 3000

Data/Simulation

e Others: tt, W /Z + jets (Madgraph/Powheg) + pileup protons mG) (GeV]
A CMS-PAS-SMP-21-014 Q v = Q .
/} CERN-TOTEM-NOTE-2022-004 A, Bellora - Extending the CMS physics program with PPS - 21
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Wwizz separation

CMS Simulation Preliminary

0.12

= yy—WW, a° /A’=1*10° GeV?

01— w

- W—2Z2Z, ag/ A2=5*10" GeV~?
0.08—

= YW—ZZ, ag/A2:5*1 0° GeV?
0.06 — TY—WW, avCV/A2:2*1 0° Gev?
0.04—
0.02—

B I 1 | 1 1 1 " 1 i I 1 | 1 1 | i i I i

%O 100 150 200 250 300

cos(r / 4) * m(j1) + sin(r / 4) * m(j2) [GeV]

e WW /ZZ separation based on [sub]leading jet pruned mass m(j;)[m(j;)]
e No dependence observed on anomalous coupling value

) ______ CMS-PAS-SMP-21-014

r CERN-TOTEM-NOTE-2022-004 A, Bellora - Extending the CMS physics program with PPS - 22



https://cds.cern.ch/record/2803716

<R

'Proton matching: signal regions

° DP VS. VvV matching with: _ CMS-TOTEM Simulation _Preliminary
. 8 al/A® eV? 25
» Mass match ratio: g M wweraTen I
1-m(VV)/m(pp), S T L =
m(pp) = /5¢1¢2 N - - :
- Rapidity difference: of 15
y(pp) —1y(VVE) 02k
- —10
y(pp) =zIn| = 3
fz 0.6
C 5
o Two signal regions: v _ .
: ; 1= . -
e &: both protons from the interaction ST 08 06 04 02 0 02 04 ©
\ 1 - m(WW)/m(PP)
e 0: one proton mistakenly chosen ———
from pileup
/} ------ CER?\II\-/ITS(;'IEQI\S/IiI\(g$-E2-;;3021ZA:OO 4 A\. Bellora - Extending the CMS physics program with PPS - 23
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‘Background estimation

CMS Preliminary 52.9 th™ (13 TeV)
: il sl

20 Region A Region B |

3 1.5 2014 Regionc ] |
s E b a < 0.01 a > 0.01
sl M & &
= 0.5 ] - - . .
s e Signal region Signal region
~0.5[ B 2 Region C Region D
i 4 a <0.01 a > 0.01
T & &
R R I I I T (11 =m@V)/m@pp)| > 1.0 (|11 -m(VV)/m(pp)| > 1.0
1- m(WW)/m(pp) or or
M8 Proliminary _____ ssawtaten y@p) —y(WV)1>05)  ly(pp) - y(VV)| > 05)
g : - 2018, Regions B+D 18 ; . .
S 16 e Fully data-driven background estimation:
5 050 14 '
e . 2 sidebands method
Y ° * Ny = N¢c X Ng/Np
e ‘ o (Other sidebands considered for systematics
—1.5:—- ‘ 0
i 3 -2
) ------ A\, Bellora - Extending the CMS physics program with PPS - 24
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'Results

CMS-TOTEM Preliminary 100 fb™ (13 TeV) CMS-TOTEM Prel:mmary 100 fb™ (13 TeV)

c 100 I | | I | | I I = < 100 I | | | | —
2 90E = = 90F 3
% 80;— — Prefit background + uncertainty _i aqc-; 80;— — Prefit background + uncertainty _i
O 705 = 0 70E =
6 O%— ----- Prefit bkg. + expected signal (a_/A“=5*10" GeV™) _; 60 ;_ ----- Prefit bkg. + expected signal (a§l1\2=1*10'5 GeV?) _;
50F = so- ¢ L R
i S Se—r— wr Tomencsoa
o= ] 30E 1=
20E E 20- i -
10E- = 105 e 3
0= 2075 907; 07; 907[9 207 0= s 207 075 23016 23077 3071201 2017 901[9 07; 01|8 2076

ergwgyfeg o ) Z feg eregl/l/ Z Z/ergwgvfejireg.zg 89, o WW W Z feg M Werg o Z Z/ergwg‘/fegireg.g 89 4

» Results show no excess over the BG-only expectation in both WW and ZZ

e Main systematic uncertainties:
e Signal and BG: proton & and jet energy scale

» BG-only: mainly affected by low statistics in the sidebands

) CMS-PAS-SMP-21-014
< | CERN-TOTEM-NOTE-2022-004
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— Results
e Limits on fiducial anomalous production cross sections:
o(pp - pWWp)O.O4<E<O.2,m(WW)>1 Tev < 67(53J—r§3) fb
o(pp - PZZP)0.04<§<0.2,m(WW)>1 Tev < 43(623(3)) fb

0 0 0 . I I F i - 100.0 fb™" (13 TeV)
e Limits set on dim-6 AQGC parameters: with/without unitarization == sy — ot
TR . : . 3 = Preliminary | py €.00ctod 95% CL limit + o
e Unitarization — EFT cross section diverges at high mass I | Dol cLimi 20
‘Slinnina’ \otri ' - E -
* Prevented by ‘clipping’ the distribution (cannot be done on ZZ channel) x = ~
- Also converted to 2D limits PN
—1 500 é— ________
o 157, CMS-TOTEM Prefiminary 100" (137eV) . CMS-TOTEM Preliminary 100" (13 TeV) | 1200 100.0 fb™ (13 TeV) ‘ T
bé :g:;:g:: b§ : :E:f:;:j ' c% 1000 £ grlg_S;TOTEﬁn gfssé\tlggj gg;gt it 50 T125 0 125 250 375 500
B [ + 10 Expected B [ +10 Expected @ 800 E iminary I Expected 95% CL limit + 16 aZ/A? [x 107 GeV?)
s 10 [ 20 Expected S ek Bl 120 Expected Y5 0 J U S— . _ Expected 95% CL limit + 25 0
= £ 2 400" | ;
% % I X200
2 S | B
¥
600
-800
~1000 | 5 5
qp00 B Ly cov b e By e
10°""900 200 300 400 500 10900200 a0 400 500 —%00  -200 100 0 100 200 300
laZ/A? (x 107 GeV™)| laZ/A? (x 107 GeV?)l al/A? [x 107 GeV™?]

CMS-PAS-SMP-21-014 A. Bellora - Extending the CMS physics program with PPS - 26
CERN-TOTEM-NOTE-2022-004 A
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~ Results

» Limits also converted to dim-8 AQGC parameters (fy o..7/A%)
e Under the assumption all couplings are zero except one

<R

Coupling | Observed (expected) 95% CL upper limit | Observed (expected) 95% CL upper limit
No clipping Clipping at 1.4 TeV

[ Faro/A| 66 0 (60.0) TeV™ 70.8 (78.2) Tev *

[Fara /A 5 (214.8) TeV™ 306.8 (306.8) TeV ™

[fara/AY 8(9.0) Tev™ 11.9 (11.8) Tev™™

[/ A 73 0 (64.6) TeV™* 91.3 (92.3) TeV™*

[Fara/A 36.0 (32.9) Tev™ 43.5 (42.9) TevV™

[ ars /A 67.0 (58.9) Te\ 83.7 (84.1) TeV™*

sz /A 490.9 (429.6) Tev™* 613.7 (613.7) Tev~

e Comparison with other analyses — not very straightforward
 Dim-6 limits: 15-20x tighter than CMS Run 1 exclusive WW analysis with unitarization

e Dim-8 limits: limits on some parameters are close to CMS results in same-sign WW or
W/Z channels, after unitarization

CMS-PAS-SMP-21-014
CERN-TOTEM-NOTE-2022-004

A\, Bellora - Extending the CMS physics program with PPS - 27 9.1
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e Full Run 2 dataset, 102.7 fb™"

e Extending Phys. Rev. Lett. 129, 011801
 Matching requirement in the mass and rapidity

between yy and protons:

— \/56152 Yyy = _ln(

» Main background. inclusive yy production + pileup | o MOyl <25

* One candidate observed:

e BG prediction of 1.1 events with 2 matching e 1—|Ap(y1y,)/m| < 0.0025

CMS-PAS-EXO-21-007
CERN-TOTEM-NOTE-2022-005

Exclusive yy - yy
= Search for LbyL scattering with proton tagging

$1
$2

) Event selection:
« > 2isolated y (H/E < 0.10)

pr(y1,v2) > 75 GeV
e 100 GeV for 2017/8

* m(y,y,) > 350 GeV

» 1 proton per side of PPS
within acceptance

A\, Bellora - Extending the CMS physics program with PPS - 28
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€aﬁl’

for
FMM{RUH@Zdaﬁkﬁﬂ 102.7 fb!

T D 1 L4 400 /A

ng’YYY = GFLWF "VF;)GF PT + (ZP;WF VPP})GF v

between vy and protons:

or LbyL scattering with proton tag _

~3-4x more stringent limits observed

(expected) on 4y coupling parameters:
1,1 < 7.3 (7.1) x 1071* GeV+
1,] < 1.5 (1.5) x 10713 GeV+

* One candidate observed:

» BG prediction of 1.1 events with 2o

CMS-PAS-EXO-21-007
CERN-TOTEM-NOTE-2022-005

sive yy = yy

2 (x1075) (GeV"’)

oductio

matchin 1500 pe 1o e

g1 (x10713) (Gev™) |

P

D

).10)

0025

W|th|n acceptance

A. Bellora - Extending the CMS physics program with PPS - 29 (g X
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gExclusive Yy — VY

AnnA \JL\/‘:\ 4 - B L L. A L At Ay . -

o _byL scattering with proton taggi ;
' = d o 102.7 fb~™ (13 TeV)
o I | | | | | | ‘ | | T 1 | L | L
° > — -

2 CMS - TOTEM Preliminary

o Phys. Rev. Lett. 129, 011801 Lo
» Matching [ mass and rapid : :

Limits also set for ALP production (yy — a — yy)
as a function of m,p and its coupling f~1: 10"
strongest limits in the 500-2000 GeV range

IJIIlJI]

T TTId

A Nanw o e S [ L - - AT, P e~ L . —— Observed
‘ [ Expected = 10

1072

. ‘ ‘ ‘ E_ 1 Expected = 20 —E
‘500300000200 4400 600 800 5000
2 Marp (GEV)
Y CMS-PAS-EXO-21-007 . Q .
/) CERN-TOTEM-NOTE-2022-005 A\, Bellora - Extending the CMS physics program with PPS - 30
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%Searching for missing mass with Z/y

* A novel technique to search for new particles at the LHC:
° Jse the so-called missing mass: )
e [(p + pzl?rzl) (pV +pp; +ppy t)]

» Search for missing mass produced in association with
a Z boson or photon in proton-tagged events

e Exploit the high-precision proton momentum
measurement from PPS

» Search for weakly interacting BSM massive particles
e (QED interactions are favoured over QCD processes
e Broad invariant mass spectrum explored (600-1600 GeV)

)’ CMS-PAS-EXO-19-009
g CERN-TOTEM-NOTE-2022-003

A\ Bellora - Extending the CMS physics program with PPS - 31 (g
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‘Searching for missing mass with Z/y

CMS-Totem Preliminary

Event selection E pp— ppZéqu méulti-multi
Z—-ete /Z->utu Photon
> 2 leptons (SF OS) = 1 isolated photon
n(@)| < 2.4 In(y)| < 1.48 (CMS barrel) 0
Im(£€) —my| < 10 GeV _
pT(Z) > 40 GeV i :
et e
> 1 proton per side of PPS 812 * } |
. e g wﬂ###?aaww*«*wsww* ﬁ b
e 2017 data, 37.2 fb'integrated luminosity PP R - D'H It

0 500 1000 1500 2000

e Signal modelled with a simplified dedicated MC generator Missing mass [GeV]

* Main background: non-exclusive Z /y production + protons from pileup
e Data-driven estimation by mixing uncorrelated protons with MC
)' CMS-PAS-EXO-19-009

5

.
.

(1

— CERN-TOTEM-NOTE-2022-003

A, Bellora - Extending the CMS physics program with PPS - 32 ¢
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‘Searching for missing mass with Z/y G

37.2 o' (13 TeV)
AL A B L |

231! (13 TeV)
—r T T T ]

T

— I AL I T i~ HE AL AL L

89121 CMS-Totem Preliminary —— Observed S, oL CMS-Totem Preliminary —— Observed |
é—’ ppZX Tgs EXP ] é—J ppr Ogs EXp
= 0.10F 95%CL = 1.75F 95%CL ]
o 68%CL o . 68%CL 1
E E 1.50F ]
_, 008 ] o F 5
% : % 1.255— —
o 0.06[ ] @ 1 0of .

]

=

~

n
T

EDEII I IBD[}II I I1DDEII I I12DEII I 14l}ﬂmx[é:$ﬁ -EDEII I IEEID. I ITDD{]I . I12[]Ell I .14ﬂﬂlm;llg§3]-
» Bump search over missing mass e Setting 95% CL on fiducial
spectrum cross section as a function of my

» No major local excess/deficit observed
e |arger dataset will be analysed

) CMS-PAS-EXO-19-009
< | CERN-TOTEM-NOTE-2022-003
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'CEP of top quark pairs

» First search for top quark-antiquark pair production T
with intact protons T
. . T |
* Low cross section - O(0.3 fb) in the PPS acceptance ~ »— —
o Signal concentrated at low tt mass, where BG is dominant “TomsTorem
e 2017 dataset: 29.4 fb "y
o Two tt decay channels studied: £¢ and £+jets "
» Proton matching criteria used as BDT inputs .| cws-orew™ =7 | o= F
or kinematic fitting constraints o | | gl Lz,
0.05; ? +jets channel [ Jafter kin. it | (g - mg )
/} ------ CER?\IIY'II%'II?EAI&-I[I%I'T:EZ-;-(?ZOZ?- 002 A\, Bellora - Extending the CMS physics program with PPS - 34
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CEP of top quark pairs

» MVA approach used to tag exclusive tt events
e Cross section upper limits extracted from

CMS-TOTEM preliminary 29.4 fb™ (2017, 13 TeV)
T Ilil\l IIII|IIII|\III

multivariate discriminant distributions:
- Observed combined 95% CL limit: 0. 59 pb (1. 1432 expected) | |
£ 700 e AT 0T manlieTey
S | CMS-TOTEMpreliminary ¢ data ] B | CMS-TOTEMprelminary ¢ data -
:é 600:— dilepton channel 0 ttbar _: :;:) - f+jets channel -“.b;;rl o . dilepton
2 [ postfit single-to . Q4 postfit single-to —
s Sl -

— yy—ti (norm. to 6=25 pb) _]|

—— yy— tt (norm. to 6=25 pb)

---- Median Expected
\:l 68% expected

combined [ 95% expected
200 —— Observed
EIII IIIIIIIlIIIIl\III
100 1 2 3 4 5 6
o
o . 95% CL on S [pb]
o ﬂUncertainiy ]

e T T ¥ S -S| R (V- S S B - S kR

BDT output BDT output

CMS-PAS-TOP-21-007
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PPS in LHC Run 3 and beyond
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' New detectors for PPS Run 3

 New tracker with 3D pixel silicon sensors:
e Different technology wrt. Run 2
e |nternal movement system to improve radiation tolerance

 New timing detectors:

e Only double-diamond
detector planes

 |[mproved electronics to
optimize performance

e Add two detector stations
per side of CMS

peiiiy Phweld W




PPS in HL-LHC

» New proposal for HL-LHC:
e Extending the mass acceptance range in two stages E

(350 GeV —2 TeV in Run 2+3) ;

1. 133 GeV — 2.7 TeV with the first 3 stations F :

2. 43 GeV - 2.7 TeV adding the fourth ]

» Extend the current SM and BSM physics program ot ]
» Final decision on detector technologies to be taken ™

220 m

s o gp 4196 m, 234Mm . T . 420 ny—--
01 02A Q2B 3 ]| 0P m"[ i) o6 (%] | |07 08 109 010 e a1

TAXS  DQKFA  MOXFB WQXFB 2:MOXFA MBXF [OFX DFW uQY NI DFBA [2xMQM ! MBA MBB MQML  MBA MBB [MQM/C MBA MBB MQML/ MBA MBB M0]| MBA

i (Y ol bt BT 1 T : i

Eﬂ__ il WMWE e gLl 8L S : il : |
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~ Summary

 The CMS PPS tracker and proton reconstruction performance in Run 2 was
studied and specialized techniques were developed for proton reconstructions

* Protons are now being used for SM and BSM physics analyses, opening up
new strategies for the CMS physics program:
e Top quark pair production
e Anomalous vector boson pair exclusive production
e High-mass diphoton exclusive production
e Missing mass in association with Z boson or photon

» PPS has prepared new detectors for Run 3 and is willing to take part to HL-LHC
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Thanks for your attention
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o X . ” , s "
I > tes 'é ——
% A B 3 -
s g P §”J \ | X l;‘ :g X
§ ¢ — ’ g 4 #
é ||;"_, o -y > —_—— N ) " Pz > 3 > Fi m ;:'L:_—____:
Elastic Single/double diffractive Double pomeron Central <.axcluswe Exclusive Slpgle-dlffractlon

scattering dissociation exchange production photoproduction  with central system

e t-channel processes, common denominator: colourless neutral particle exchange
e |t happens either via QED (y) or QCD (IP) processes
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~ PPS nomenclature

CMS
central detector F{omap Pots

LHC sector 56 , o

TAS DA exuiexwy
= J[ofedod P = = = =
i — [T ] < 1| b2 "D4 & Q6

| ".__, i ] — — r- :|  — r- / 4 :|  E— |:
beam 2
e . ¢ < 1 1 | E

<— [HCsectoras ~ 2om  Gations

TCL4J—L TCLSJ—L TCLEJ—L

* 2 sectors (45 and 56)
* |n each sector: 2 tracking stations + 1(2) timing stations in Run 2(3)
e In each tracking station: 2 vertical RPs (only for special runs) + 1 horizontal
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Strips detection efficiency
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Multi-RP proton efficiency

Sector 45 (13 TeV) Sector 45 (13 TeV)
@ & F
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Fill-by-fill alignment

2016 (13 TeV)

<R

2018 (13 TeV) \
§(g) 05 L - — 04 T ; —
(x) CMS-TOTEM Preliminary é i : : CMS Preliminary 2016 {[3 T{JV)
- g : - CMS-TOTEM Preliminary
0.4 = * i : : : : ’ = R T
L 09 N O SRR SRS — = : : . : ]
i 8 f :
= E
0.3 = b —0.1 — 1
s
0 ] o =
02— B . =
! —0.1 - -
0.1 _0.2 1 1 | | 1 } | 1 } | 1 t | 1
5 10 15 0 3 6 9 12 15
z (mm) zy (mm)
2018 (13 TeV) 2018 (13 TeV) 2018 (13 TeV) ‘
E 05 CMS Preliminary I I ] E 0-5 CMS Preliminary Tl . E 0 CMS Preliminary ' l "]
= L 60<z<62mm]| = L 100<z<102mm| = L 16.0 < z < 16.2 mm
N R S S e I ] s v B I S
// 15 1 4 5 6 7 8 9 1011 12 13 14
Bt SR N R e 1 7k | _ r (mm)
. [ P R B P S T R B B [P R T R B .
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~ Optics calibration

035 2017 (13 TeV) 0.6 CMS - TOTEM Preliminary o, =120 prad 2017 (13 TeV)
wr - . . . T — 104
- CMS Preliminary E » Contour points 3
0.3 g/ Contour min-lyl| ]
3p 0.4 - 1
- — T ® X, Ccrossmg
0.25— . e, | - Contour fit 3 10°
- 0.2~ T  omm Min-y points fit| I
0.2 - - e - Profile mean-y
- O—"----------- FOPoSoE ) :’!1:“ """" Sy = o 10°
0'15:_ Crossing angle C _;;_’ - 7
o4 ——— 120prad 0.2 - ]
- —  130wrad I - "
0.05/— 140 prad | —0.4 —
0_ PRI (N S ST NSNS SRR SO N ST SR S S ST SR N RN SN | | _0 6 1 . I B R | 3 1
0 0.01 0.02 0.03 0.04 0.05 0.06 ) 2 2.5 3 35 4 4.5
X (m) ‘ X (mm)

 Horizontal dispersion calibrated for different crossing angles:
e |nterpolated for values in between
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Vertical effective length

2017 (13 TeV)

E CMS Preliminary Optical functions
;: 0 Lx necar RP sector 56
e s R L}; far RP sector 56
Ly, near RP sector 56
SO I > NGt I Ly, far RP sector 56
T Other RP locations
—100 —
—150 -
_200 | 1 1 | 1 | 1 | | 1 | | | 1 | | 1 | | 1 |

0 005 01 015 02 025 03
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' Proton t reconstruction

Four-momentum transfer squared t = (p’ — p)?:

Je;z + 8;°

2 )

t = to(§) — 4piom (1 — &) sin?

to(§) =2 (mz + p%om(l — i J(mz 7 p12wm)(m2 + p12wm(1 b 6)2))

2018 (13 TeV) 2018 (13 TeV)
— —~ 0.8
2 CMS Simulation Preliminary l O °‘> CMS Simulation Preliminary l Y
> 0.2 [ T e I 1 % o7 S T
9/ : : 9 - [ multi-RP
< <
5 05 [
: 2
qa) é 0.4 .........................................................
y* 0.3 ...........................................................
01 H g
y*, I* . 0.9 T e ST S
y*, ¥, beam. div. . ‘— — — — simplified model
L y*7 $*7 beam. le, det res. 01 R EE TR R e TR LR T
—0.2 - - - I : : : :
111 l 1111 I | - 1 L1111 | L1 0 Ll 1 l 4 | | 1 |
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
1] (GeV?) 1] (GeV?)
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'Data and Monte Carlo

e Data: full Run 2 dataset, with two inserted RPs per sector
Year Integrated Luminosity [fb-'] Fraction of CMS total

2016 9.9 28% |
2017 37.2 90% |
2018 52.9 89%
Total 100.0 73% |

e Signal MC:
e Exclusive WW/ZZ produced via Forward Physics MC (FPMC), dim-6 AQGC model
e Multiple coupling points to scan sensitivity

e Background MC:
e Main: QCD di-jet production (simulated with Pythia8) + pileup protons
o Others: tt, W/Z + jets (Madgraph/Powheg) + pileup protons

)’ CMS-PAS-SMP-21-014
< | CERN-TOTEM-NOTE-2022-004
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~— Conversion to dim-8 limits

e Conversion done following the aé)proach of Eboli et al., Phys. Rev. D 93 (2016) 9, 093013
MW M,0 M,2 M,4
$003 = o T N g Fl

w MI%/ [ 52 fma 2fM,3 fms Swa,7]
/ &

waz " Gwan T ASwhw Ty s

Mﬁfc\%/ szv fM,o fM,z Sw fMAlZ

DRD (2 e o oA

e
My, cy Sw fM,1 1fM,3 _ Sw fM,s i Sw fM,7
{1 -

aé = —

AMES e 18 = < gy
C 2c2 A2 2 A2 ¢, A% © 4c2 AZ

e Assume all couplings to be 0 but one
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'Conversion to dim-8 limits

e Further imposing: far o = 2 - fy2 — vanishing WW~Zy coupling

Coupling | Observed (expected) 95% CL upper limit | Observed (expected) 95% CL upper limit
No clipping Clipping at 1.4 TeV
ay / A?| 43 (3.9) x 10°° GeV * 5.2 (5.1) x 107® GeV 2
al / A?| 1.6 (1.4) x 107> GeV 2 2.0 (2.0) x 107> GeV 2
af / A?| 0.9 (1.0) x 10> GeV 2 -
al/ N?| 4.0 (4.5) x 107> GeV 2 -
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Dim-6 limits: 1D

95% CL limit on o/6,q0

95% CL limit on 6/,

S
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Dim-6 limits: 2D
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~ Track reconstruction algorithm

e Only events with =3 planes with clusters are considered:
 No reconstruction if =60 hits/station or =20 hits/plane

* Tracks are fitted with a straight line:
e x*/NdF < 5 is required

e The combinatory procedure starts from 6-planes tracks and
proceeds to fewer-plane ones

o |f number of tracks = 10 the event is discarded @ = ______
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' Plane efficiency measurements

e Efficiency characterisation
— mandatory task!

. CMS Preliminary 2018 Sector 45 220 FAR Plane 4
T T T T ‘ I T T T ‘ I I I I ‘ I I I I I T T T

e Efficiency evaluation as:

e Two-step procedure: " F E

1. Evaluation of the efficiency map o =
of each detector plane 2 E
e Use data collected during physics run B E W
e Frequent measurement (every ~fb-1) ”

. Nys6(k)
N3(k) + Nyge(k V k)

o
[6)]
[\
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~ ‘Radiation’ efficiency measurement

CMS Preliminary 2017 LHC S
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2. Evaluate the detection efficiency of the entire DP:
o Reference sample taken at the beginning of data-taking used to model the track distribution

 Compute the detection efficiency as the probability of having at least 3 efficient planes,
assuming the plane efficiency computed in step 1

e DP efficiency — average efficiency over all reference tracks binned in x, y
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Efficiency during data-taking
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T £ ARRRRRN RN g -
‘E;.’s— Llnt_210fb1 % E
e S
B :
3 z
2
g
of
I
: LHC Sector 45 210 FAR
-2 LHC Sector 45 220 FAR
_3:_ 04 LHC Sector 56 210 FAR
0‘- ‘-4‘- 2‘ 03 —=— LHC Sector 56 220 FAR T T L
x (mm) X (mm) 0 10 20 %0 40 Imegraiesg Luminosity (ﬂ?‘?

R 6CMl'.:‘, P.;'eﬁmi:naryl2018 LH|C Selclor45 220 FAR 6CM‘S Pt"eﬁmJ"nary‘2018 LH|C Selclor45 220 FAR PR —— T —— -

1S = T IR RN RN L R R E :I‘ T R R LR AR

s - S _ ]

- j_ Lint = 50.3 fb1 j_ Lint = 57.8 fb'1 s . . -
| » Average efficiency in the irradiation
2 of
peak
) 1 — recovery due to movement of
the RPs during Technical Stops
-3 -31
0 x (mm) 0 X (mm)




— A new tracker for PPS: sensors

e Sensors for PPS Run 3: o e b |
e Produced at FBK with single-sided process R ]
» 150 pm-thick active bulk o H
80 um handle wafer (after thinning) 1| - P
e 5 um-diameter columns —_—
e 150% 100 #mz piXG| sjze (same as Run 2) Metal to be deposited after thinning
o 2%2 matrix of 52x80 pixels (same as Run 2) _ randle water o be finned down

* Requirements: e
* Viept <10V e Wafer bow < 200 um : , : -

e Vg >50V e [(25V)/I(20V) < 2

e Production statistics:
e 468 sensors produced
e 238 (50.9%) passed the requirements
* Allin Class A [I(Vgep; + 20 V) < 16 uA] A \
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—— A new tracker for PPS: mechanics

 New detector package mechanics developed in Genova
Key elements:
e Slots for 2 additional planes (currently not in use)
e Sliding rails to allow ‘vertical’ movement (~5.7 mm range)
e Support for stepping motor + position sensor

I B
=
I N
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PPS RPix Motors Control
Welcome!

« Pixel movement system fully designed and installed in the LHC tunnel

e Remote movements in ~500 um steps over a ~5./ mm range will distribute the irradiation
and extend the detector lifetime

e Highlights:
 Monitoring and control performed via Raspberry Pi micro-computers

e Network connectivity provided via 4G network
e Safe software implementation, with web GUI and DB logging
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