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LHC: from searches to precision

* A hadron collider at full throttle :
— Reaching the energy limit
— Large datasets

60—

2017

+ Moving from searches to precision ..
measurements and rare processes o
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— Anomalous couplings etc.
* Preparing for High-Luminosity (2028
and beyond) with improved detectors

— Several technological challenges ahead
as complexity increases
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Precision Proton Spectrometer

CERN  E£uropean Organazation for Nuciear Research

* Itis a joint CMS and TOTEM project that aims at
measuring the surviving scattered protons on both
sides of CMS in standard running conditions

 Tracking and timing detectors inside the beam pipe
at ~210m from IP5

» Approved (2014), exploratory phase in 2015, data
taking started in 2016, pixels installed from 2017, b
full detectors in 2018 Btk e

CMS-TOTEM
PRECISION PROTON SPECTROMETER

CMS+TOTEM

CERN-LHC-2014-021
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Physics motivations

 Central Exclusive Production
— photon-photon collisions
— gluon-gluon fusion in color singlet, JFC=0**

* High-mass system in central detector, together with
very forward protons in PPS

— momentum balance between central system and forward
protons, provides strong kinematical constraints

— Mass of central system measured by momentum loss of the
two leading protons

« Gauge boson production by photon-photon fusion
and anomalous couplings (yYWW, yyZZ, and yyyy)

e Search for new BSM resonances
» Study of QCD in a new domain
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Photon-induced processes

JHEP02(2015)165

Not all exclusive processes are photon-induced (QED)

« Exclusive dilepton production a purely QED process

» EXxclusive yy is:
— QCD-dominated at low mass
— QED-dominated at high mass

QCD contribution (KMR)
mmeem Total QED cross-section
Quark and Lepton loops contribution

........ W loop contribution
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FPMC (QED) and ExHUME (KMR) generator
Exclusive yy production
p.,>10 GeV, p_, > 10 GeV
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Experimental challenges

 Ability to operate the detectors close to the beam (15-20c, i.e. ~1-3 mm) to
maximize acceptance for low momentum loss (&) protons

 Limit impedance introduced by beam pockets
« Sustain high radiation levels

* Reject background in the high-pileup (u=50) of normal LHC running

PPS ArmO

RP220 RP210

I - ) A T === 1

sector 45 (left arm) IP5 sector 56 (right arm)

Arm1 PPS
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Detectors

“3D” pixel sensors with

» Tracking detectors columnar electrodes

— Goal: measure proton momentum
— Technology: silicon 3D pixels

* Timing detectors
— Goal: identify primary vertex, reject “pileup”
— Giime~10ps = o,~2mm
— Technology: silicon/diamond

electrodes
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Data taking

e Successful RP insertions in 2016 at 15¢
* Regular near-beam operation in high-

IuminOSity f|||S 55 Integrated Luminosity 2016-2018
" CMS Preliminary | e I
201 6 - CO”eCted ~1 5/fb B RP recorded (/fb): 111.14

100

— Silicon strips+diamond

2017 — collected ~40/fb
— Tracking: silicon strips + 3D silicon
pixels (first installation in CMS)
— Timing: diamond+UFSD
— Detectors fully integrated in central

80 |

60 |-

40|

Total Integrated Luminosity (/fb)

DAQ from first fill 20}
2018 — collected ~60/fb
0
— full scope with Si pixels+diamonds PP 6 0 @ @ @ 90 68 0% 58t 0

Date (UTC)

Good detector stability = integrated luminosity in Run2 ~115 fb-"
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Proton reconstruction

CMS-PRO-21-001

2018 (13 TeV)

%]w 0.05 CMS Simulation Pr( llmm(n?/ o |
. . g o, [smgeRP T S
Single-RP: treats each tracking RP as a - I I R
separate detector - :

« Relatively poor resolution but maximizes

acceptance/efficiency 0.02

0.01

Multi-RP: combines measurements of both A T, o PP S I
0 0.05 0.1 0.15 0.2

tracking RPs. ¢
. 2018 (13 TeV)
* Resultis a global track.

005 LI B |

é]f CMS Simulation Pnllmmmy
o . e : 1 ks 111111 i-RP : E |
Slgnlflcgn’FIy improves resolution ¢(§) and ZR Y] i — T — |
uncertainties = F .
- u v
« Some loss of efficiency O
. . y*, 2%, beam. div.
* Ultlmate performance, basellne 002 | —— 'gj*, ¥, beam. div., det. res.
. significantly smaller bias, better resolution T
and comparable systematics L [
0 I/T'T//.I \ |
0 0.05 0.1 0.15 0.2
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Resolution

CMS-PRO-21-001

Multi-RP & resolution Timing resolution
« EXxclusive dimuon events *  Zyertex VS Zppstiming = Atpps x &
* One-dimensional projections of the * Pileup ~1

correlation between ¢(p) and {(u+u=)  « Tagged on both PPS arms

C(V+V_)::j5§ bﬁ(ﬂ+?eiﬂhﬁ)4_pT(y—)eiﬂﬂ‘q

CMS Preliminary 2018 (u = 1)

92.3 fb' (13 Tev)

-'u-‘) 50 . —_ I v .S SO S % E[ TTT l TT 1T I TT 1T ] | PR I L e DA
= CMS-TOTEM Pre//m/nary @ 350
g) 45 C —— Total fit
Lu 40 300 :_ ===== Signal component
35 G~5 % 250 ===~ Background component
30 I Background shape -
o5 200 - ]
20 150} .
15 Signal shape (pp—puup MC) + background r
100} -
10 R - A—
5 50| =]
O™ 2s 2 15 -1 05 0 05 i ok P o o o0 0 0
- e - - - Y : -20 -15 -10 -5 0 5 10 15 20
1 - g( p)/g(uu) ZPPS, timing ~ Zyertex [Cm]
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Exclusive dilepton production

arXiv:1803.04496

« EXxclusive processes at the EWK scale
« Study SM candle process: yy—«

« QObservation of yy interaction with proton tag
— Single arm selection to enhance statistics at low m(#)

— Signal includes both exclusive and SD production

signal bkg: overlapping with PU protons or beam bkg
P p P p* p p*
Y ot Y ot 3 et ! v Z "
¥ ¢ ¥ ¢ v - >'\/<
q It
p p p p P p*
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Pileup: Background determination

* Main background from superimposition of
inclusive process+PU protons o ¥k

— Modeling of PU protons not reliable in MC
samples = use data

« Use signal sample (with relaxed selection)
from data

« Superimpose data control sample & MC

 Weigh events depending on time interval
(“era”), PU, crossing angle
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Exclusive dilepton production

JHEP 07(2018)153
» Correlation between the ¢ values in central system vs PPS

* 12 upu, 8 ee candidates observed (>5c over expected bkQ)
— Mass and rapidity distribution consistent with single-arm acceptance

— Highest mass candidate >900 GeV

CMS+TOTEM 2016, L =9.4 fb™, /s = 13 TeV 02 CMS+TOTEM 2016, L =9.4 fb™, (s = 13 TeV
I’-\ B ! 1T ] T T T T rrir ] T T T L '[ ] : . N, T ; L I LR I LI I L I L ] LI I LI I LB I L
‘f;:, i i S 418k CT-PPS left arm -
> N . ] up R (] No acceptance for any RP .
B u U_ ] 0.16F [ No acceptance for near RP -
o e*e ] T -~ Matching ['I events .
4 - 0.14F —&— Non-matching 'l events I
= Scto, 45 ] R -=- Out of acceptance I'l” events E
of- <00 . 0.12}- =
N ® o ] - -+ Red:u'n
or - ] 0.1 3 + % Blue: e'e E
B e ) - ]
- . 0.08— —
-2 % ° . ] N < - .
oo ] 0.06[- * 2 - =
4 D No acceptance — - * ? — ]
o [:] Acceptance in 210-N/F i 0.04— a - ]
-6 [ ]Acceptancein210-F  — 0.02 ? ‘% ¥ o n L =
B |:| Double-arm acceptance ] - o A RS .
-8 Lol | Lol | Lol -.‘II". | IS EFETET AVECATE ATSTAE A
102 10° 10* 00 002004006008 01 012014016018 02
m(*l") (GeV) E(RP)
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Exclusive uu events

CMS-PRO-21-001

CMS-TOTEM 2017+2018, Sector 56 multi-RP

30.25_'f"1""1""1""1"‘.",.:
« Sample of yy—pupu events with % - 2017 .
at least one intact proton 0.2 B
— using ~100fb-" of data - 2018 :
« Clear cluster of events along 0.150 © N
the diagonal f o ]
 Extend to £~0.12 0.1:— :
0.05|- .

% T 0.25
&(p)
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Exclusive top quark pairs

CMS-TOP-21-007

Top quark pair production in yy pI—>
Interaction LLH - ;
« Small x-section O(1fb)

« Sensitive to top-photon coupling
» First search of this process

Strategy

« Use dilepton and ¢+jet channels

« Tag protons and measure fraction of
momentum |ost

« Can measure protons that lost ~2-20% of
their momentum

« Measure ttbar system in central detector

|27l =1 ;|
G =— I My =/ 56167

—
|Pi|
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Exclusive top quark pairs (cont.)

CMS-TOP-21-007

294" (13 TeV) x10° 29.4 1" (13 TeV)

< 700 ————T T T c 5T

o I CMS-TOTEM preliminary ¢ data 1 o I CMS-TOTEM preliminary ¢ data 7

£ g0 [ dilepton channel P ttoar ] @ [ {+jets channel I ttbar .

§ E postfit single-top . § 4 [ postfit single-top o]

i} F m r B W+jets b . &

500} Ziets 3 . T 1 + BDT: proton & event

—— - tf (norm. to 6=25 pb) ] B —— yy—tt (norm. to 6=25 pb) ]

400 = 3 7

- | kinematics
o Extract limits & combine

300

200

IIIIIIIIIIIIIIIIII

10 CMS-TOTEM preliminary 29.4 fo™ (2017, 13 TeV)
1 g : I LI T :I T | LI I B | I LI | | LI T
o - é]]Uncenainty é o 12 ﬂUncertainty ]
g 1 E_i L L T S § E { } { { l—g g 1 ;—* T O L B | s : { _;
0.5y s : - s : 2 0.5E €
-08 -06 -04 -02 0 0.2 0.4 -04 -03 -02 -0.1 0 0.1 0.2
BDT output BDT output
dilepton

* Results dominated by stat. unc.

« Main systematics (FSR, JER, ttbar :
normalization, b-tag, proton reco) ——y

« Set upper limits:

observed (expected) : 0.59 (1.141}2) pb
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Exclusive VV (V=W,Z)

« Search for anomalous high-mass yy—VV
with forward protons

— Search for non-resonant excess in high-mass
tails (AQGC/EFT)

— Small expected SM production
e Study ZZ and WW final states

— Fully hadronic final state

— Boosted/merged quark jets

CMS-SMP-21-014

CMS-TOTEM ~rreliminary, L =100.0 fb™!

— Both tagged protons ST T T T E

_ Large mUIt|-Jet background 80;- Prefit background + uncertainty _;

— compute mass match ratio and rapidity 22: E
difference 50F- E

40 =

1 — myvy/myp, where: my, = \/s £1&2 ¢ ;

yVV i ypp, Where . ypp — 1/2 log (g]_ /62) 0= OIGWWI,gg kW,engreg 62‘3;971,1,077%3772 07722078;,1,,4/7814,071922/8 Z,eg

’eg. 5 feg feg ’eg
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Exclusive VV (cont.)

CMS-SMP-21-014

0y x10° 100.0 fb™' (13 TeV)
. . < ' Observed 95% CL exclusion contour
* No significant excess over SM 8 ool gMSTOTEM ......
. L - re//mlnary [ Expected 95% CL limit = 10
expectatlons %00.06 E_ ......  Expoctods5% oL mi = 2

— Set upper limits Dim-6 yyYWW
AQGCs (x15-20 better than results
w/o leading protons)

— Dim-8 limits close to ssWW and
ssW/Z scattering analyses

* First yyZZ limits

-0.03 -0.02 -0.01 0 0.01 0

o(pp — PWWP)o.0a<z<0.20m>1000 Gev < 67(53%35) fb,
T(pp — PZZP)o.04<r<020m>1000 Gev < 43(6215) fb,
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yy—yy: light-by-light scattering

PRD 89(2014)114004

. . p p
* Indirect search: neutral quartic gauge \/
couplings (forbidden in SM) in yy—yy R ﬁﬁv
« Expect to provide best sensitivity at LHC Sﬁ%
PR " " " ’7 -
» Sensitive to axion-like particles p/\p ”’
12] —lna """" L U | ‘g103§_1'1' T Loy Sa ne Loy o v Tt o0 e ol
§ Efcl. tl)ackground 15;=/14 ToV 2 S Signa! \s=14TeV ]
T = DPE background L =300 fb™ R ¥Y + plle up ﬂ L=300fb"'
o ; e+e',di1:et+ pile-up u=>50 ey Excl. background 1= 50 -
S I 10 ¢ =10™Gev* | 1

10 ¢, =10"° GeV™" i

. [ el Los Leacadbect=dl, | N | Ld 1
2000 02 04 06 08 1 1.2 B T
m,, (GeV) e/,
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Exclusive yy production

PRL 129(2022)011801, CMS-EXO-21-007

c - -e- Data

© 10° | CMS Preliminary mtt +j (NLO) —

D E Incl.Z+y (NLO) 3
Incl. W +y (NLO)

» Light-by-light scattering =, ]
— Study m > 350 GeV i
— Matching mass & rapidity: pp vs yy
— 1 events observed (1.1 expected)

PPS :
o(pp = pr7plS, €&7°) <061fb
m,, (GeV)
» Set limits on yy scattering - ey
— Direct limits on anomalous couplings »
(four-photon interation): .

17, |< 73(7.1) x 107 GeV™* (g, =0)
|05 |<1.5(1.5) x 107 GeV™* (g1 =0) = =

3.0F ---- Expected 95% CL

1 1 1 1 1 1 1
15 1.0 05 0 0.5 1.0 1.5
1 (x10713) (Gev~?)
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Exclusive Z/y+X

CMS-EXO-19-009

» Generic search for Z/y+X production

— X s an unspecified massive particle

— Main variable of interest: missing mass (Mp;ss)
from boson+final state protons

. . 2
Minies = | (P + P — (Py + P + P |

— Look for weakly-interacting BSM particle _ CMsS-Totem Preliminary
] pPp— ppZeeX multi-multi
— Relatively unknown region (600-1600GeV) N e
« Use Z leptonic decay or photon : .

2000~

— Background mostly from random coincidence
with PU protons 1000

— Use different proton categories (multi-multi, : ﬂL
multi-single, single-multi and single-single '
methods)

||||||

o
T

Data/Pred.
= i\:

o
o

0 500 1000 1500 2000
Missing mass [GeV]
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Exclusive Z/y+X (cont.

CMS-EXO-19-009

37.2fb~" (13 TeV) 37.2fb~" (13 TeV)
FO 18f T =~ = " > T T ™ T ] = L L T T ]
&7 CMS-Totem Preliminary — Observed 20.16- CMS-Totem Preliminary ~— Observed -
o Ogs €X| = Ogs €X
2016l 95 €XP = [ 95 €Xp ]
2 ppZ(ee)X 95%CL 2 0.14} ppz( M p)x 95%CL 1
O 0.14f 68%CL 9 68%CL
= £ 0.12
= 012 . = ]
O O 0.10f ]
+A > = : 2
3 ] & 0.08- ]
] 0.06{- .
0.04- b
0.02—L— ol —l ! . ! . L] 0.02L__ . | . ! : - ol
7600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
my [GeV] my [GeV]
37.2fb" (13 TeV) 2.3 b (13 TeV)
oy T L 1 T T T T i T oy T T T T ] ] 4
2012 CMS-Totem Preliminary Observed 2,500 CMS-Totem Preliminary Observed
e 7% Ogs exp 2 | X Og5 €Xp
2 0.0l 95%CL S st PRy 95%CL
o 68%CL 2 68%CL
E £ 1.50f .
= 0.08| =
X ) 1.25:
[Ye) . . Vo)
vEX => 9 %100
0.04]- | 0.75) .
0.50}~ 1
0.0 L ! ! ! | ! ! ! ! ! ! |
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
my [GeV] myx [GeV]

* No significant local excess/deficit of events observed
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Prospects for Run3 and beyond
'Run3a " ~150f- ~3000fb" | HELHE |

* More IumInOSIty In a more JFMAZM(J)JzAl ONDJFMAZM(J)JZAZ ONDJFMAZM(J)JZ\/? O\N\DJFMAZM(J)JZA4 ONDJFMAZM(J)JZAS ONDJFMAZM(J)12A650NDJFMA2IVI(J)12A7:O|\NiDJiFiMiAiZIVIFJZAsSONDJFMA2IVI(J)J2A9 OINID|
challenging environment ﬂ ﬂ ﬂ ﬂ Longshutdown 3 (153
LT

* Will enhance the mass reach in
the search for new particles

* Need to meet experimental

2030 2031 2032 2033 2034 2035 2036 2037 2038
J J J J

J[FMAM 3 [3]AlS[OIN[D] 3[FIMAM 3 [3[AlS[OIND| 3 [FIMAM| 3 [3[AIS|OIND| 3 [FMAM 3 [3[ATS|OIN]D] 3 [FIMAM| 3 [3[AIS[OIN]D] 3 [FIMAM] 3 [3[ATS|OIND] 3 [FIMAIM| 3 [3[ATS|OIN[D] 3 [FIMAIM] 3 [3[ATS|OIND] 3 [FIMAM| 3 [3[AIS[OIN]
Run 4 LS4 Run 5
Last updated: January 2022

=

=
=
iis]

challenges — |-
— Aging of detector, improve/adapt
capability Dose, 3000 fb’

1e+07

— Integrated luminosity: 300-3000/fb
— peak luminosity of 2x1035cm-2s-1
—PU ~150 or higher (Phase2)

— large radiation doses

1e+06
100000

10000

1000

Dose [Gy]

0 200 400 600 800 1000 1200 1400
CMS FLUKA geometry v.3.7.0.0 Z [cm]
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Run3: Tracking

PPS will operate in Run3 (2022-2025) THE NEW DETECTOR PACKAGE
Tracker system in Run3 | t
. 2 RPs per side at 210 m and 220 m f
— 6 detector planes per RP (as in 2018)
 New 3D silicon pixel sensors
— Single side technology
— 2X2 sensor geometry
— 150um thick
— 2E electrode configuration
 ROC: same as layer 1 of CMS pixel detector ngz%s;zcmc
* New detector package with internal movement system

— 12 positions spaced by 500 um to handle radiation
damage (more than 50/fb with minimal efficiency loss)
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Run3: Timing
JINST12(2017)P03026

* Optimize timing measurement in Run3

— Aim at 50ps/plane (8 planes/arm)
— Install and instrument a 2nd timing RP (only one/side for now)

— “Double Diamond” (DD) sensors
— Revised electronics with improved performance

| 3 . . 100+ Entries 217
& 99% | Single Diamond ~ 0.6 V 00 Moan 2824
5 AMS 0.08223
Double D|am¢nd =143 RM ).144 2/ nat 50.02/ 49
0.005 AmpltudeSEL_Ch0 BOI Time precision A Prob 0.1547
Entries 5777 \ C"‘:‘u’ 50932244
Mean 0.6751 [ / ;'f;m % 2283_50 Dg:)?;
0.004 RMS 0.1925 | 0. <50
60/ t ps ” |
—— Single Diamond [ |
0% Double Diamond (assuming the MCP i
. 40! time precision about 40 ps) ’ |
0.002 I z \
N~60-70 | |
SIN~60-7 | A
0.001 [ | !
f
. 3 Tk
P ! ud L PN i
-3.8 -36 -34 -32 -3 28 26 24 2.2 2
AT (ns)

15

ol
0 05 1 2
Amplitude (V)
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PPS @ HL-LHC

arXiv:2103.02752

Available on CMS information server CMS NOTE -2020/008
L] | ] | ]
 HL-LHC studies detailed in Eol : id Experi
(\/\\/\S The Compact Muon Solenoid Experiment
2 CMS Note
[ ] | ] ~
* Re-install PPS-like spectrometer £ 2
Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland
fo r H I - I H ‘ a rove d b th e — 26 November 2020 (v3, 09 December 2020)
(o
-]
@\
" .
CMS collaboration - isi
S The CMS Precision Proton Spectrometer at the
on i
] . . HL-LHC — Expression of Interest
- —
-
» 4 |ocations identified: near 200m |z
Y The CMS Collaboration
2]
tl tion d 420m ;
current i1ocation) an ; bt
v The CMS Collaboration intends to pursue the study of central exclusive production (CEP) events,
E' pp —* ])Xp. at the ng I-Eummoslly LHC (HL-LHC) by means of a new near-beam proton trom-
o eter. In CEP events, the state X is produced at central rapidities, and the scattered protons do not
] leave the beam pipe. The kinematics of X can be fully reconstructed from that of the protons, which
— gives access to final states otherwise not visible. CEP allows unique sensitivity to physics beyond the
] > standard model, e.g. in the search for anomalous quartic gauge couplings, axion-like particles, and in
 Expanded physics program %
:Q CMS has been successfully operating the Precision Proton Spectrometer (PPS) since 2016; PPS started
ol as a joint CMS and TOTEM project, and then evolved into a standard CMS subsystem. The present
(@) document outlines the physics interest of a new near-beam proton spectrometer at the HL-LHC, and
. - on explores its feasibility and expected performance. The document has been edited by the members of
[ J y n e rg I e S W I O e r u u re (@») the PPS group and builds on their experience in the construction and operation of PPS.
:| Discussion with the machine groups has led to the identification of four locations suitable for the
Ny installation of movable proton detectors: at 196, 220, 234, and 420 m from the interaction point, on
o= both sides (in this document these locations always imply both sides, unless otherwise noted). The
e e C O r u p g ra e S >< locations at 196, 220, and 234 m can be instrumented with Roman Pot devices similar to the ones
o presently used. The 420 m location requires a bypass cryostat (which has been developed for other
-~ locations in the LHC) and a movable detector vessel approaching the beam from between the two
beam pipes.
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PPS@HL-LHC: Run4 and beyond

Layout of proposed RP stations:
Extended mass range:

— 133 GeV - 2.7 TeV (first 3 stations)
— 43 GeV - 2.7 TeV (all stations)

After Run3 all RPs must be removed to allow reconfiguration of HL-LHC

220 m
196 m 234 m 420 m
CMS .
) 13 [ I 1 13 o] “ wls | " « 5" '!'u
Q1 Q24 Q28 Q3 lTCP D1 ] I 02 i 04 Q5[] |06 Q7 | Q8 Q9 Q10 S Q1ft
TAXS  2MFA MITB MOXFB 20FA BT [OFX lﬂ W B I:D’ Y v wy v 8 - DFBA |2xMOM ! MBA MBB MOML  MBA MBB |MOM/C  MBA MBB MOIL/“;IBA MES v Mﬁw MBA
m S| — | — E--:Cb-‘v-- o " I - —r— — —
AT W _—_, tHﬁ i S e L |
L=~ e i

L -t
5 | | %2 12

m

B et 24
9 30 19 |

)

Suitable for standard
RP technology

M. Gallinaro -

1621 X 148

159

New developments needed
(new cryogenic bypass)

Extend current LHC physics program (WW, top, ALPs, SUSY, etc.)
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Acceptance: HL-LHC vs Run2/3
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« Green diamonds: both protons in detector acceptance

« Improved acceptance over Run2/3:
— almost continuous coverage in range 50-2700GeV
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Impact on physics

« All physics processes will benefit from increased luminosity
and/or increased acceptance

« Example: yy—mWW
CMS Phase 2 Slmulatlon 100 fb B 14 TeV
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Detectors
« Synergies with central CMS upgrades

— Tracking: pixel detectors are aligned with Phase-Il tracker upgrade

— Timing: several options investigated Diamond, LGADs (as in MTD-ETL)
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Summary

« LHC as a yy collider
« PPS extends coverage to very forward
regions
— Exclusive processes at the EWK scale

— Additional sensitivity to NP searches
— Collected ~115/fb

» Regularly taking data in high-
luminosity fills
* Preparing improved detectors and

extending sensitivity for Run3 and for
HL-LHC phase (Eol)
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Proton reconstruction

In a special class of LHC collisions, the protons stay intact and scatter in

the far forward direction

If protons can be detected, powerful tool to study very high energy yy or
multiple-gluon (“Pomeron”) exchanges

Small detectors placed far from the central CMS detector (~200m)
Movable RP used to move the detectors to a few mm from LHC beams

Proton kinematics:

p
§ = ——’.c;
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« Measure protons that lost ~2-20% of their initial momentum
« Acceptance starts at My~300 GeV
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Detector acceptance
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