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' The Precision Proton Spectrometer
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L HC magnetic field bends protons that survived the interaction in CMS:

e Tracking and timing detectors installed in Roman Pots (RPs), to measure:
e Fraction of momentum lost by the proton (&) - tracking
e Longitudinal coordinate of the primary vertex (z) — timing

e More than 100 fb-! of data collected in Run 2
E
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~ The Precision Proton Spectrometer

ptons that survived the interaction in CMS:

nstalled in Roman Pots (R gaam pipe insertions that

the proton (§) - tracighg approach the LHC beam
primary vertex (z) —§imin down to ~1.5 mm

| 4

_dllected in Run 2
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' The PPS physics case

» Study central exclusive production (CEP) at the LHC —
* Double colourless exchange via QED (y) or QCD (IP) A
> Protons remain intact ' X
* Proton tagging provides: N 5%“3 "
e Additional constraints on the final state
® H H =102 central exclusive production (ppﬁp@X)ﬁ@p)l | ‘14‘TeVE
Stlrong background rejection | R o double-arm (il
> Exploit LHC as a photon-photon collider:  § *ENGEEHElEES ™ U7 -
» Test QED processes (favoured at high mass) £ BRGNS e
- Search for BSM physics: S0
° Enhancements over high-mass tails . e
° New resonances \\ ............ :
e High sensitivity to anomalous couplings 6070 10 200 ag System o
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Multi-step procedure: base measurement in dedicated LHC fill — corrected every LHC fill

e Alignment run: 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 (8*/ beam crossing angle) 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
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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 Qg D
/Qx\ /v,’c EASTOsm0 D,’C\ /0 \

OOvyLy
\E 88‘“’”‘\/

e Simplified version with leading terms:

x—‘x i’ ‘

@) Magnifications Effective lengths Dispersions
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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,, determined using elastic events in the alignment run

e D, derived with two methods:
* Determination of the ‘pinch’ point (L,, = 0) in min-bias events
e & comparison in (semi-)exclusive di-muon events
Es(utp™) = % (PT(IJJr)ei"(”Jr) + PT(IJ_)ein(u_)) oF

e Optical functions vary with the beam crossing angle -+ !
e This means variable acceptance during data-taking! o T

2017 (13 TeV) Tracks
- CMS-TOTEM Simulation™ ™ .: .." ", ;"
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gDi-Iepton CEP as a validation tool

» High-mass central (semi)exclusive production of lepton pairs at /s = 13 TeV
» .10 significance reached with 2016 data
* First observation of proton-tagged yy collisions at the EW scale

CMS+TOTEM 2016, L=9.4fb™, {s =13 TeV

* Now an essential calibration handle: O R | E
= Select high-mass muon pairs produced back-to-back o0 ew
» Use the correlation between di-muons and protons to | E

validate the PPS proton reconstruction: N\ e
thia ) g +)etn(et) —Yetnw™) °

S(uTu™) = ﬁ(PT(H ) €5 + pr(u”)e™ ) . - E
4 560\0‘ & No acceptance é
D Acceptance in 210-N/F :
-6 I:] Acceptance in 210-F —
B |:| Double-arm acceptance E

| | Lo L il

10° 10° - 10*
m('T) (GeV)
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%Di-lepton CEP as a validation tool

|
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'CEP of top quark pairs

o First search for exclusive top quark-antiquark pair P — > .
production with intact protons ﬁ .
* Low cross section - O(0.3 fb) in the PPS acceptance |
e Signal concentrated at low tt mass, where BG is dominant , t
- - -1 !
2017 dataset: 29.4 fb R
e Two tt decay channels studied: £¢ and £+jets
Lept et AP b 25 GeV, |n| < 2.4
eptons: > 30 GeV, |n| < 2.4 pr > 25GeV, |n| < 2.
pr > 30/20 GeV Z}}U, ) s i ZIQnTI g 3201(}(68\)/ ARG, £) > 0.4
|77| <21 tightLepVeto jet ID, loose PU ID e | | <24 ( ) tightLepVeto jet ID, loose PU ID
Qo b-tagging Deep CSV medium .Q_)‘ n - H b-tagging Deep CSV medium
Se SeIectioT: = 105 pair), m(60) > 20 GeV + | Selection:
e > 2leptons (= pair), m > e o —
. m(zi’ﬁ) off-Z (15 GeV) - only for ee, uu = . > ; IbeFit?gtS > 9 light jets
P — jets = ) =
« =1 proton on each side of PPS e =1 proton on each side of PPS
@5 ,
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29.4 fb' (13 TeV) I N F N
- CMS-TOTEM ¢ Data ]

- CEP of top quark pairs - ==,
2 e TroresEs g
> Background dominated by inclusive ¢Z events S :

In coincidence with pileup protons "
» Proton matching criteria used as BDT inputs
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" CEP of top quark pairs

» MVA approach used for signal/background separation CMS-TOTEM _ __ 294®7'(13TeV) |

e Cross section upper limits extracted from
multivariate discriminant distributions:

< 700

Obs. / Pred.

o
3

=)

{+jets

- Observed combined 95% CL limit: 0. 59 pb (1. 1432 expected)

-1 3 -1 | . |
o S o s AR RSN | Dilepton
- CMS-TOTEM ¢+ Data 1 B ,.F CMS-TOTEM + Data E |
- Dilepton channel g tt 4~ ™ E {+jets channel tt 1
- Post-fit Single t 1 £ 4 Posti e ! =0
- Fost S 'gt . S T rosth mm W+jets E
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%gExclusive Yy — yY

= Search for LbyL scattering with proton tagging

» Full Run 2 dataset, 102.7 fb"’
e Extending Phys. Rev. Lett. 129, 011801
e |mproved photon ID

e Matching requirement in the mass and rapidity
between yy and protons:

= 568wy =30 (2)
 Main background. Inclusive yy production + pileup

» One candidate observed:
 BG prediction of 1.1 events with 2o matching

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

p " " p

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

* [n(ry,v2)l < 2.5

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

« m(y.y,) > 350 GeV

* 1—[A¢p(y1y2)/m| < 0.0025

» 1 proton per side of PPS
within acceptance

WE-Heracus-Seminar - A. Bellora = The CMS PPS: recent results and status - 14

b
.
s


https://cds.cern.ch/record/2810862

" Exclusive yy - yy

e Search for LbyL scattering with proton fag
* Full Run 2 dataset, 102.7 fb™’

D i Ann 0
LYY = ¢, E, F®E FP° + {,F, FYPE,,F°’ 1
8 1fuv po 25 uv po
f nd ra|

between vy and protons:

Best 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:
e BG prediction of 1.1 events with 2o- matchin

CMS-PAS-EXO-21-007
CERN-TOTEM-NOTE-2022-005
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" Exclusive yy — yy

» Search for LbyL scattering with proton taggir-

> Full Run 2 dataset, 102.7 fb-’

Extending Phys. Rev. Lett. 129, 011801

» Matching requirement in the mass and rapid
Limits also set for ALP production (yy = a - yy)

as a function of m,;p and its coupling f~:
very strong limits in the 500-2000 GeV range

—Z’_

4

e Main background: inclusive yy production -

* One mﬂﬂcﬂa
 BG prediction of 1.1 events with 2o matching

observed:

CERN-TOTEM-NOTE-2022-005

f1(Tev?)
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102.7 fo~! (13 TeV)

100

101

1072

CMS — TOTEM Preliminary

I lIIIIII

I |

IJIIllIl

—— Observed

---- Expected Limit
[ Expected + 10
[ Expected + 20 T

600 800 1000 1200 1400 1600 1800 2000
MaLp (GGV)

CMS-PAS-EX0-21-007 WE-Heraeus-Seminar - A. Bellora = The CMS PPS: recent results and status - 16
&

T PTOOITPErSIuE o PSS
within acceptance



https://cds.cern.ch/record/2810862

<R

%SSearching for missing mass with Z/y

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

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

» Exploit the high-precision proton momentum
measurement from PPS

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

D
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‘Searching for missing mass with Zly =y

37.2fb" (13 TeV)
T | T T T

5§ | CMS-TOTEM o]
Event selection =[G >
S 4000-PP— PPZ(up)X D Background_
u>J B I Signal (1 pb) |
AR e+e‘/ Z - [,l"'l,l_ Photon I f"“""ﬁeﬂﬂ my = 1TeV |

> 2 leptons (SF OS) = 1 isolated photon i ﬂf R’%
pr(£4,25) > 30,20 GeV pr(y) > 95 GeV w0 f \ .
In(®)| < 2.4 In(y)| < 1.48 (CMS barrel) i ff{ ’-R\ |
m(£€) — my| < 10 GeV s
pT(Z) > 40 GeV . 0 ”
1.2 I
o 1l
> 1 proton per side of PPS § 11
0.8 j |

e 2017 data, 37.2 b integrated luminosity
e Signal modelled with a simplified dedicated MC generator

 Main background: inclusive Z /y production + protons from pileup
o) e Data-driven estimation by mixing uncorrelated protons with MC

1000 1500 2000
Missing mass [GeV]

o
01_
oL
o
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© 0.175} ]
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e Bump search over missing mass

spectrum

 No major local excess/deficit observed

EPJC 83 827 (2023)
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‘Searching for missing mass with Z/y

2301 (13 TeV)
T ' T

. CMS-TOTEM |
51 pp = ppyX

A"
w

95% CL limit on Otig [pD]
o o
— ——TT

—
o
L e

o
o

0.0

—— Observed 1
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95% CL |
68% CL

N ‘ | . L
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s . 1]
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e Setting 95% CL on fiducial

cross section as a function of my
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'Anomalous yy - VV into hadrons

» 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
* Look for non-resonant enhancements over high-mass tails (AQGC/EFT)

» 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 prepared for Run 3
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'Anomalous yy - VV into hadrons

» Full Run 2 dataset, 100 fb-" < oo W TOTEM 0073 T
~ 90k —
« WW /ZZ separation based on £ o - Ovservedama E
m(’l) VS. m(]2) - ;g%: ----- Prefit bkg. + expected signal (a '/A?=5*10" GeV?) E
» Selection based on: 50f- E
= MaSS matCh ratlo 40§ —— Prefit background + uncertainty ]
« Rapidity difference 3 E
? TWO Sig nal regions: 182 o SR T - s o | | | ;
° . both protons from the interaction 3210030y W L 2y 2 W ey
e 0: one proton mistakenly chosen from pileup
e Main backgmund: Event selection:
- QCD di-jet production | S ZVERECAGRES 0 mliGa) s b
combined with pileup protons InGuj2)l < 2. 11~ A0 (j1j2)/ml < 0.0
- Data-driven estimation with * PrUujz) > 200 GeVo e 1126 GeV < m(jijp) < 2500 GeV
, , . * [n(Gy1) —nGy)| <13 « =1 proton per side of PPS
o) ABCD’ method (sidebands)
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'Anomalous yy - VV into hadrons

* Full Run 2 dataset, 100 fb-" CMS Ssimulation (13 TeV)

> 0.12_
- WW /ZZ separation basedon & n rDopWWp, a%/A2 = 1x 10° Gov?
m(i )VS m(]- ) e8] 0.1__ I'I 0
1 . 2 ﬁ = r pYYP—pWWp, a‘g/ A% =2x10° GeV?
Calantinn \‘\ nenrd AN- _ﬂ 0.08_— LS
election paseda on. @ i g PYYP—PZZp, a(/A? =5 x 107 GeV*
lace matoh rat] = = r
Mass “wU | L o006 I P - PYYP—PZZp, aZ/A? = 5 x 107 GeV?
Rapidity difference - ok
0.04— F 7Yy
| ignal region . I
: both protons from the interactior 0.02/— 1 Lk §
ne proton mistakenly chosen fi I R S S R TSR R T
el ‘ ' 100 150 200 250 300 350 400
Main background: | m(j1) + m(j2) [GeV]
)CD di-jet production . — =
1bined with pileup proton
Data-driven estimation with
) BCD’ method (sidebands
JHEPQ7(2023)229 | WE-Heraeus-Seminar - A. Bellora = The CMS PPS: recent results and status - 22 ) ......



https://link.springer.com/article/10.1007/JHEP07(2023)229

'Anomalous yy - VV into hadrons

U e | B PR g | ,J-.I.-,‘et ANN fL._1
I

y(PP) —y(vV)| |

POt omOV/mepl | CMSTOTEM Smuae  (13TeV)
y(pp) = zln (52) | ) m(pp) = s& & § 08 aW/A?- 2 x 10° GeV2 E O
J2 S osf- = 2
77} Selection based on: 7\ g os EN i
ko Mass match ratio \/ # E B
» Rapidity difference 0:: E
> Two signal regions: il E
e &: both protons from the interaction osf =
° 0: one proton mistakenly chosen from pileup 08F e
Main background: cvent select TN TN TN »
QCD di-jet production m s e ]O'-zm(\?vwﬁhi(p;f
ymbined with pileup protons ' - e ——

Data-driven estimation with

@5 ‘ABCD’ method (sidebands)
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'Anomalous yy - VV into hadrons

» Full Run 2 dataset, 100 fb-" < oo W TOTEM 0073 T
~ 90k —
« WW /ZZ separation based on £ o - Ovservedama E
m(’l) VS. m(]2) - ;g%: ----- Prefit bkg. + expected signal (a '/A?=5*10" GeV?) E
» Selection based on: 50f- E
= MaSS matCh ratlo 40§ —— Prefit background + uncertainty ]
« Rapidity difference 3 E
? TWO Sig nal regions: 182 o SR T - s o | | | ;
° . both protons from the interaction 3210030y W L 2y 2 W ey
e 0: one proton mistakenly chosen from pileup
e Main backgmund: Event selection:
- QCD di-jet production | S ZVERECAGRES 0 mliGa) s b
combined with pileup protons InGuj2)l < 2. 11~ A0 (j1j2)/ml < 0.0
- Data-driven estimation with * PrUujz) > 200 GeVo e 1126 GeV < m(jijp) < 2500 GeV
, , . * [n(Gy1) —nGy)| <13 « =1 proton per side of PPS
o) ABCD’ method (sidebands)
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CMS-TOTEM 100 fb' (13 TeV)

o 10°
> No significant excess observed g | e
> Factor ~15-20 tighter limits on dimension-6 £ | oo
yyWW AQGC wrt. Run 1 analysis without s )
protons o —
* Limits converted to dim-8 operators, close to ag' /A?|
CMS same-sign WW and W Z results at B A
13 TeV after unitarization T
- First limits on yyZZ AQGC via exclusive
yy = ZZ 80 “F |:|i20 Expected
» Fiducial cross section limits: °
o(pp - pWWp)O.O4<f<O.2,m(WW)>1 Tev < 67(53i§3) fb ”’";’
o(pp - PZZP)0.04<f<o.z,m(zz)>1 Tev < 43(623(3)) fb P s ST SR |

JHEP07(2023)229

Iaif/\z (x 107 GeV?)|

95% CL limit on ch.ﬂ«OGC

985% CL limit on GHUAQGC

'Anomalous yy - VV into hadrons

CMS-TOTEM 100 fb" (13 TeV)

2

3

-
=
T T

+ Observed
—— Expected
D +1c Expected
| ]+20 Expected

5I0 1 {I)D 1 fl)l) 200
|a‘(‘:"'f/\2 (x 107 GeV?)|
CMS-TOTEM 100 fb™ (13 TeV)

1025-

* Observed
— Expected
|:| +1o Expected
|:| +20 Expected

700 200 300 200 “500
laZ/A? (x 107 GeV?)|
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PPS in Run 3: status

Run 3 is ongoing:
» \We are taking data with CMS!

» Performance results are coming:
stay tuned!

(13.6 TeV)

)

-1

. 2023 data-taking

CMS Certified: 27.2 fb~!

- @ CMS+PPS Tracker Gertified: 25.1 b~
] CMS+PPS Tracker+Timing Certified: 24.4 fb~! /

N n
a

Total Luminosity (fb

—_ —y
(=] w

| | | |
H ] h I ] h t . 9{09\ 9‘3,’\ DGQ\ & SS\,Q\ SS\,\
|g |g S. < < < o < e

e Updated tracking detectors:
150 um-thick silicon 3D pixel sensors + PROC600 (CMS Pixel Layer 1)
e Vertical movement system to better sustain radiation damage

» One additional timing station:
o All stations equipped with scCVD double-diamond sensors
S » Revised electronics for improved timing resolution
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8 PPS2 at HL-LHC formally approved by the
CERN Research Board

After approval by CMS Collaboration Board and HL-LHC Executive Committee

npPROVED
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PPS2@HL-LHC: experimental setup

PPS2 setup (per CMS side) CMS
- Re-use Run3 RP mechanics 0 o'z]ﬂ?ne ® rcp )

» Choose best RP locations to o TL“T"% =
exploit the new optics at miii
HL-LHC w—%—?fﬂw oEn

o 3 stations: 196, 220,234 m  —p— L= —

* 2 horizontal RPs per station KRP-196 XRP-220[XRP-234
for data-taking p——

» Tracking and timing ‘ N-uel 7 o
e 2 vertical RP pairs at 220 m Qe =L . o
for alignment AR COW R S T

Engineering Change Request
prepared in Summer 2023

e Technical review ongoing
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PPS2@HL-LHC: features

Higher integrated luminosity
» Current results using PPS are based on <100 fb-! of Run 2 data
 Most results will remain statistically limited even with Run 3 data

Larger central system mass acceptance range

 Current PPS double-arm acceptance: ~350 GeV — 2 TeV

» HL-LHC will add acceptance up to 4 TeV

» With vertical crossing angles (Run 4), reach lower masses ~200 GeV
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PPS2@HL-LHC: acceptance

Geometrical acceptance using the latest HL-LHC optics and leveling scenarios

D

Acceptance values change
during the fill because of the
B*/ crossing angle levelling

e Also depends on the
crossing plane (ver./hor.)

Upper: mass and rapidity
acceptance

 Green diamonds:
kinematic regions with
protons in acceptance for
more than one RP

Lower: acceptance vs. mass

End of fill
conditions

I No acceptance
[ Single arm, 196 m
[ Single arm, 220 m
[ Single arm, 234 m
I Double arm, 196 m
I Double arm, 220 m

I Double arm, 234 m
I Double arm, mixed

Rapidity y

Vertical
L | " HLLHC,

S

10
M [GeV]

Horizontal
Y " HLLKC, 12 T

e

10°
M [GeV]

CMS Italia 2023 - A. Bellora - PPS between Run3 and Phase2-30 | ,uS



CMS, | CNFN

PPS2@HL-LHC: physics potential

PPS?2 is an extraordinary opportunity at HL-LHC for CMS:
 No other equivalent detector (e.g. AFP) will be present
* Provides a unique extension to the CMS VBS/VBF physics program

Main
reasons why
PPS2 was

approved!

Acceptance at low mass: | 2
— essential for SM measurements and spectrometer calibration

e Highly dependent on the minimum & selection : S CMSPPS2 oy
 Many CEP channels to be studied: = o o

® QCD physms pp - p +_]_] + p § 8 110 orlzonta_crossmg

» EWK physics:pp - p + WW /€T ¢~ +p £§

* Top physics:pp > p + tt +p £ o :
. nggs phySiCS: pp % p T HWW u p U>J 'g :g 6'60'1"062'ébs'do&'gc';os'p?;g?fi;'éoa

Minimum ¢

D

CMS [talia 2023 - A. Bellora = PPS between Run3 and Phase2- 31 )
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égPPSZ@I-IL-LI-IC physucs potentlal

ted bounds at 95% CL

— 3007 : Yy 2 vZ
p af| Z 3000 5 :

Acceptance at high mass %< .
> Key for BSM searches I B O

* |Indirect searches:
vy = vy, vy > WW,yy - ZZ,yy - yZ

]

% 107 Gev

* Look for enhancements at high mass (AQGC)
e Direct searches: .
> Very good sensitivity to ALPs (yy — X - yy) _ .
= Search for invisible particles via the f
so-called ‘missing mass technique’ N Ljomn
;T sem-os
@ ! P o . m, [GeV] m:C,NT =300 fbljl
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‘Summary

» The PPS proton tagging capabilities open up new analysis strategies for CMS
e Physics processes across multiple domains are now within reach

Looking forward:
 PPS is taking Run 3 data, stay tuned!

» PPS will take part in HL-LHC

* A lot of physics potential to exploit
* A unique opportunity at HL-LHC!
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Thank you!
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BACKUP

WE-Heraeus-Seminar - A. Bellora = The CMS PPS: recent results and status - 35 ) ......




<R

PPS detector technologies

TOTEM si-strips 3D pixels scCVD (diamond)

2016 Detectors
e Tracking: 2 stations of TOTEM Si-strips detectors }10 2olanes;), 20 pm resolution.
Limited radiation resistance (® .5 ~ 5 - 101*p/cm?), no multi-track capability.

e 2017 Detectors

e Tracking: 1 station of TOTEM si-strips, 1 statign of silicon 3D pixels (6 planes with CMS Phase 1 tracker readout chips), o, ~
15 pm and g, ~ 30 pm, ®ppay ~ 5 - 102°p/em?

e Timing: 1 station with 3 planes of 1sln le-layer diamond with expected o; = 80 ps/plane and 1 plane of UFSD with expected
o, = 30 ps/plane (®pax ~ 10**p/cm?)
e 2018 Detectors

e Tracking: two 3D pixels stations
@  Timing: 1 station of diamond detectors (2 single-layer + 2 double-layer)
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