CMS+TOTEM
experimental overview
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Protons physics
Commissioning
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* Challenges in 2021-2023
— High trigger rates

— Large pileup over long time

- Radiation damage

S|O[N|D

B.Vormwald



180 —

= e
P [-)]
o o

Total Integrated Luminosity (b ')

0 1
A2 A2 40 40
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CMS Integrated Luminosity, pp, Vs = 13 TeV
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B LHC Delivered: 162.85 b !
[ CMS Recorded: 150.26 b !
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Date

2015 4.2 fbt 3.8 fb 90%
2016 41.1fb* 37.8fb* 92%
2017 50.3fb* 45.41fb* 90%
2018 66.9 fb*  62.8 b S 94%

CMS Average Pileup (pp, Vs=13 TeV)
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Mean number of interactions per crossing

e CMS data in Run-2

- Excellent quality

Taken with evolving detector
configuration (pixel, HCAL
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The detectors are

Fraction of active detector channels in many
subsystems at the end of LHC Run-2 still larger than 95%

end of Run-2
Pixels
Silicon Strips
EM Calorimeter (EB+EE)
EM Calorimeter (EB)
EM Calorimeter (EE)
EM Calorimeter (ES)
Hadronic Calorimeter

Hadronic Calorimeter (HB)
Hadronic Calorimeter (HE)
Hadronic Calorimeter (HF)
Hadronic Calorimeter (HO)

DT Drift Tubes

RPC Resistive Plate Chambers
CSC Cathode Strip Chambers
CASTOR

GEM I I
85% 90% 959

100%
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CMS Plans for

pixel detector
phase-1
detector refurbishment

hadronic calorimeter
phase-1
front-end upgrade

' what else?
’ * new beam pipe
* new near-beam
and forward
system
* maintenance

muon system
phase-2
improved forward system

B.Vormwald

p—



facts about CMS pixel
installed in 2017

powering via DC-DC
converters

DC-DC chip: CERN
development, used in many
phase-2 upgrade projects

barrel {E’é%ﬁi}i} forward (FPix)

=10 n=1.5
n=2.0

layer 4: r-16{lmm

/ e

g L
layer 1: r28mm_—__—

outer rings
n=2.5

inner rings

beam pipe:+=22.5mm——50.0 cm =

experience from last 2 years

* massive DC-DC converter failure end of 2017

* problem understood in 2018 and no problems until the
end of Run-2

replacement of converters (among other activities)
during LS2

B.Vormwald



CMS Hadrc

facts about CMS hadronic calorimeter
» sampling calorimeter
> absorber: brass or steel
» scintillator: plastic
* fibers transport the light out of the
absorber wedge to readout modules
.« = upgrade of readout modules in stages
> barrel part (HB) only one missing

| %lpgrade In stages
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CMS Hadronic Calc

i CMS Preliminary 2017-2018
problems with photo detectors E ST A e By
12001— -HPD, ms=0.22 —
E - SiPM, rms =0.07 ]
1000 Cog, —
sourcing ‘
e g
‘Eﬁm__ better uniformity -
soof- 5
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SiPMs - enabling technology [T
* |ongitudinal segmentation (1 - 4) 2o

> input to trigger & reconstruction T
* better timing resolution il

» remove more efficiently background

W Y O S SO R -

installation of the 144 readout boxes ongoing
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redundant muon system
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GEM muon detectors complete
redundancy in 1.6<|n|<2.2

72 detector chambers per detector
endcap

first stage of phase-2 muon upgrade
forward region
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CMS Phase Il Simulation
. Run | detector ?
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Run | + GE-11 i
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improvements

*« CSC+GEM measure bending angle on
trigger level - reduce fakes
better tracking performance in region
with reduced bending power (p||B)
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advantages of GEM detectors
* thin

can withstand very high particle fluxes O(MHz/cm?)

» £>97% for MIPs
* no aging (875mC/cm?)

» jrradiation up to 31y of HL-LHC!

/
Drift cathode triple-GEM detector ——

Drift
GEM 1 mmm * I EEEEEEEEEEE
"‘ Transfer 1
GEM2 m= _-f_,_ FEEEEEEEEEE

Readout PCB
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Amplifier

)
——
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E Gap configuration 3/1/2/1 mm
Gas Mixture: Ar/CO, (70/30) - 5 Lihr
_ X-ray Tube: Silver(Ag) Target

L Initial gas gain = 2 x 10°
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* Exhaustive recalibration of Run2
carried out in UltraLegacy 2016-
2018 campaign e

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC

- calibration and alignment of o = i e 22351
subdetectors Z 10
— fine-tuning of reconstruction £l

algorithms =
* Data: complete reprocessing for £.
2016-2018, 97.5% of Run2 data

UL 2016-2018
campaign

oL
A2 4% 40 40 40 40 41 41 41 41 4D 4D 4®
(146fb- 1) W0 o gt W 0 o gt W 0 o gty ot

Date

* Simulation: new datasets are being
produced

* Available for Physics analysis In
Spring 2020
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Physics results from 2019
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All results at: http://cern.chigo/pNj7

CMS Preliminary

e AR R D

T
=1
fa
h

on jet(s) -

o

+

@ 7 TeV CMS measurement (L <5.0 fb™
B 8 TeV CMS measurement (L <19.6 fb)
m 13 TeV CMS measurement (L < 137 fb™)

— Theory prediction

L 2 Z CMS 95%CL limits at 7, 8 and 13 TeV
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* LHC Run-1: discovery

e LHC Run-2: directly established couplings to 3"

generation fermions

qggH VBF

VH

HIG-19-001, Run 2

ttH

HIG-18-029, ‘164’17 HIG-16-040, ‘16 |HIG-18-018, ‘16+'17
HIG-16-042, 16
HIG-18-019, ‘16417
HIG-18-032, ‘“16+'17 HIG-18-007, ‘16 G-18-019, 16+

HIG-16-044, ‘16

HIG-18-016, 16+17

HIG-18-030, ‘16+'17

HIG-17-019, ‘16

HIG-18-031, 16

HIG-17-023, "16

Production and decay modes covered by CMS results
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At discovery 2016 2016+2017+2018

CME s=7TeV,L=51fb" \s=8TeV, L=53f" CMS 3Eam’ (13 Taw) CMS Preliminary 2016 + 2017 + 2018 137.1fb™ (13 TeV)
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An illustration of progress in the past years: H » ZZ

my = 125.26 & 0.21 (40.20 stat. = 0.08 sys.) GeV
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neneratio

35.9 fb' (2016) + 41.5 fb™ (2017) (13 TeV)

* ttH, H->bb ws prominay | L, L
; tot stat syst
_ C O 1 2 I d d Fully-hadronic I—l—I—H -0.38 fl:g(zs *_3'_";3 *_8'_3?
overs U, 1,Z- epton ecay modades
Single-lepton m 122 s e o
- obs(exp) significance 3.9(3.5)o Diepton . 108 971 98 28
— g = 1.151'8:%% 2016 H-+ 0:85 4 6% oe
2017 - 1.49 090 0% 0%
® ;
A1 combiosd| w145 33 35 32
Covers ep/et /ut /T 1
- 77417 (13 TeV) P
” h I”I h h h P I = 6/0g,
Preliminary i (45047
e hTh 40 940
=07 +0.18
Hina = 0.757017 i odgna
e,  0.2879% §
* ey 1.393”3::3 <_
=
Inclusive  0.7570
T S T e

Best fit uy = oyx/ogy
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Moving to the 2™

19.7 '8 TelV) + 5116 (7 Tev)
RRRRY | L | LY | ]

e First CMS results on VH, H=>cc

- Highly challenging due to low cross
section and need for c-tagging ool

e CMS results on H=>pp (2016 data), "o E;;‘;;‘Qﬂ;;ggg;
small but enhanced in some BSM

5.0 fb" (7 TeV) + 19.8 fb™' (8 TeV) + 35.9 fb™ (13 TeV)

scenarios i B pesotnis
— obs(exp) exclusion: 2.92(2.16)
- obs(exp) significance: 0.9 (1.0)o -

my, [GeV]
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Top Quark Measu

EPJC 79 (2018) 313,35.91b™"

E=== NNLO+NNLL (pp) 600¢ .
B NNLO+NNLL (pp) (@oms  [eewrz | o

Lepton+jets, all-jets

172.26 £0.07 £ 0.64 GeV.
EPJC 79 (2019) 313, 35.9 fb™" a

* After its discovery ~25 years ago, the topis =
I | ver I : |
>
. . 8 150
B
St one O € Nottest topICS :
E 100
-
£ sl
 LHC: a top quark factory
- 0 - - 5
] 50 100 150 200
CMS September 2019 Higgs mass M, in GeV
Dilepton \ Ly | T T T T T T T T T T T T T T T T T T
JHEP 07 (2011) 048, 36 b 175502 400 L 4B Bav. s = | | [ % | | | ]
\ — v Tevatron combined 1.96 TeV (L < 8.8 ib™) _— =]
Depton ip 20z sopt | 8 1250043 % 143GV = — o CMS I+jets,dilepton 5.02 TeV (L= 27.4pb™) ~ CMS Preliminary September 2019 _
All-jots ‘ A E B gm ] TE\'I{ "'\F =L5 ok f :
EPJC 74 (2014) 2758, 35 b ‘ P S "E I8 13 CMS gﬁﬁz;’? 1%3\,5 (L==2Ei3‘54 %_‘) i
Lepton+jets . ..+.. 173.49 + 0.43 + 0.98 GeV/ o CMS eul TeV (L =19.7 fh-1:l
L g 3 4 CMS l+jets 8 TeV (L=19.6fb™)
I?;':?;(;ms) oraoon 107t 8 17282£0192122Gev 1 0 —¢ CMSall-jets 8 TeV (L=18.4 fb_lj
o R f‘g — A CMSep13TeV(L=43pb™, 50 ns)
All-jets . @~ 172324025+ 050GeV T % CMS dilepton 13 TeV (L =359 :l
PRD 93 (2016) 072004, 18.2 tb N E & CMS I+jets* 13 TeV (L = 42 I:t'—l. 50 ns)
'ﬁﬁﬁ?{'m 072004, 197 1 @ 17235£0164048GeV &) | ¢ CMSl+jets 13 TeV (L=2.3 fb-j s ]
o N e 4 CMS all-jets* 13 TeV (L=2.531b") ]
G Run % booacy. .Q\. 172,44+ 0.13 % 0.47 GeV © — ¢ CMS t+e/u* 13 TeV (L=35.91b") 900F 1
lenton > * Preliminary E
EPJC 78 (2019) 388, 35.9 b O 123024108 5560y T 1 02 — 800 A=
. N = = 5 5 =
Iggp_,ct‘?,nm) 891,359 -.-\- 172.25 + 0.08 + 0.62 GeV E B ? D 0 B i o s e
All-jets ,_b\_. 172.34 + 0.20 % 0.70 GeV c — :-. E 1
- . F Enveorso [T ]
-

2018/2019

. . i
e T T 10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] |
T ompesen g g NNPDF3.0,m, = 172.5 GeV, o (M,) = 0.118 % 0.001 [x,(M,)=0.113]

— % I 1 il | | L L 1 1 1 1
:"{'A'g 'é%';‘%;z";g [ 1733440274 071GeV
arXiv-1403.4427 (2014) % 2 4 6 B 1

160 165 170 175 :rf?GeV] 'JE l—rev]

Z.Hu
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Top quark me

* Top quark mass ==  MSc by T.Méakela re-anazysed

- Key parameter in SM, for vacuum DO mtop results from 2014 =

stabilit . .
g using now public internal DO
- Aiming at *0.2 GeV at CMS in |+jet
J ‘ notes on b-JES

channel

- Address key systematics:b-JES,FSR,UE - ldentified possible flaws in b-JES,

correcting leads to lower mass
* Progress on theory - Method being implemented in CMS s
interpretation also important S ATLAS Preliminary
— - m,, * stat. * syst
3 I . CMS CDF (Mar 2014) 173.16 + 0.57 + 0.74
gﬂ 3 Preliminary Projection A
E 050 == JW, JHEP 12(2016)123 DO (Jul 2016) : {',:@ 174.95 + 0.40 + 0.64
o =~F i ——— o (tf), JHEP 08(2016) 029 . N
%‘ C P sec. vix, PRD 93(2016)2006 172.46+0.58 q:;
® 2LTTTTRY L. single t, arXiv:1703.02530 CMS (Apr 2016) 172.44 £ 0.13 £ 0.47 c
§ 1 5,:,_‘:‘ I+jets, PRD 93(2016)2004 .LE
S L. fromsmmmnnn——, ATLAS (Sep 2017) 172.51+ 0.27 + 0.42 1
© 1= ".‘ ............................... (@)
2 F e ATLAS Combination | >
L tenn s N stat. uncertainty stat. uncerta!nty E
05___\ e total uncertainty total uncertainty
E \ | 1 I | 1 | | 1 1 1 | 1 1 1 1 | 1
O RunT 0B3ab’ 14Tev 3ab’ 14TeV 165 170 175 180

Miop [GeV]
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Jet Cross sec

EMS Praliminary

|
2 Anti-k. CH§ —=— Deta 2015
g Iyl-:u.s """" RExphie

MNLD
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“D
=
=]
=]
L

|

Scale+NF Lnc

=359 o’ (13 TeV)
"I-- T L] I
| ExpSye

100

Jet p_ (GeV)
 Latest CMS result: '

267 (13 TeV)

% MZ—CMS Z+jets
L Preliminary
+= - +Data lquarl-c
& 1000~
0 E .gluon Dundefined
00— 80 GeV <p,_ <100 GeV
r <20
eool—
400
200
e
18-
168 E P e . R
%‘2 g —t —6—++.L+.L+_A_+ —
. e

o 0‘.1 0.‘2 0.‘3 0?4 0:5 0.‘6 Of? 0:3 0.‘9 1

Quark-Gluon Likelihood

- Dependence of inclusive jet production on anti-kt distance parameter (2016 data)

* Ongoing work in Helsinki s

- Full Run 2 data ultimate precision analysis of inclusive jet cross section

« Key input for parton distribution function (PDF) at high x and strong coupling (as) at

high Q

- Gluon cross section analysis as spin-of

* Quark-gluon likelihood maintained by Helsinki PhD student

« Collaboration with U. Marmara on gluon cross section measurement

20
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Observation of excitec

Z.Hu

of- Lo " A . Observation of A_based on
E MBIy KY) o
ESOE— [ Comb. backg. 2018 data
O 40
2o * Observation significance 9.70
(Dl 20f
105
ok CMS Preliminary 60 b (13 TeV)
6.7 6.8 6.9 7.0 7 2 [
M(B' 7*77) - M(B!) + m,. (GeV) = | By ﬂ BPH-19-002
» Observation of the B (2S)*  gaor 55
; . i f
and B ‘(2S)* with full Run-2 dlns
100
- 1%t observation:
d ata AbaJ/qu; decay
Result confirmed by LHCb o , S 55
M(JWAK'K) [GeV]

_ i



- Forbidden at tree level, only through HO diagrams

Very rare dece
» B>y and B>>py

— Cabibbo suppressed, helicity suppressed

— But not in models with extended Higgs sectors

BB > ) = [2.9%87 (exp) = 0.2(f, /f, )] X 10°

Entries / 0.04 GeV

CMS Preliminary 361" (13 TeV) + 20 fo' (8 TeV) +

5" (7 TeV)

40

B° = u*u~ branching fraction:

25 H |B(B° > utu’)<3.6 X 10719 95% C.L.
15 4 Previous CMS result:

NI Ly et e

I ; ' WT o Phys. Rev. Lett. 111, 101804

2.9 5 51 52 53 54 55 56 57 58 59

m,., [GeV]

Results consistent with SM predictions

22
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BSM Search

CMS Preliminary . 137 fb™ (13 TeV)
e Data
— Fit Method
2*NDF = 40.34/ 38
1 Ratio Method
¥*/NDF = 40.33/ 32
- -gg (2.0 TeV)
- qg (4.0 TeV)
- - qq (6.0 TeV)

 Resonant decays to two jets

— Can be interpreted in a wide range of
BSM models predicting particles

decaying to gg,gq or qq he
e SUSY searches

— Searches for SUSY particles in R-
parity conserving scenarios -

* Generic search for pair production Dijet mass [TeV]
of gluinos, squarks and stable
LSP’s (multijet+MET signature)

* Stop searches in a single lepton
channel

i [pb/TeV]

do/dm

Wide PF-jets
m; > 1.53 TeV
— nl <25, |]An| < 1.1

-
o
4]

(Data-Prediction)
Uncertainty
Lbob Lo rws

e Searches for staus

23
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\‘,\GQ 9‘:&"6

6‘0 _.anching Ratio

» Searching for gluino pair production, decaying to four top quarks =

« Among the most sensitive analyses in final state with a single lepton;

HO0 lepton
H1 lepton
2 lepton
3 lepton
~.= =" H 4 lepton

Strong-production

MS 359" (13 TeV)

%'1300
)

[t |

--1600
1=

=

pp—~ 33,9 —t1% NLO+NLL exclusion
—0Observed = ‘!(rt,_m,yr

=== Expected = 10, iment

1400
1200
1000

800

600

400

200}

mg [GeV]

collaboration with Athens, CERN, DESY
* Plan to publish full Run 2 analysis with 2016-18 data in 2020

95% CL upper limit on cross section [pb]
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BSM Searc

* Neutral and charged Higgs searches in many different

final states

- H->Z(I)A(bb), A=>Z(ll)h(t1), H>pt/et, H->1t,...

- H'21wv, H>WA/H >th, H'>WZ,...

_ H++

30

25N

20
15

10

6(ggA) B (A— Zh — Iitt) (fb)

, " En
s CMS Preliminary
B T T | T T T T

35.9fb™ (13 TeV)
T | T T T T =

95% CL upper limits
—»— Observed

----- Median expected
[ 68% expected
95% expected

__»CMS Preliminary
:a-. T T T T T T I T T T T

35.9fb" (13 TeV)
T 7T III| T

E H - 1v
| All final states combined

E 95% CL upper limits
- —e— Observed
[ ----- Median expected

—2 | [ 68% expected

£ [[]95% expected

=

R | 1 1 1 I | 1 1 | 11
100 150 180

11 111 | |
1000 3000
m,. (GeV)
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* Dark matter at colliders: productlon of DM |
particles and mediators "

jet

e Signhatures

3.9 fb (13Tev)

Scalar, Dirar ¢, g,=g,=1, m, =1GeV
—Observed
= Expected 95% CL (t+DM, tt+DM)

DM particles as missing Et h

Trigger on recolling SM particles:
mono-X signhature

™
Preliminary 1
=

Ep mdQS/CL(! DM)
4 Expected 95% CL (tt+DM)

......
e i
..........

4 N W A D N ™ ©
FTg T T [TTT T TTTT T T TTTT oo

Far [P WA I NS N
50 100 150 200 250 300 350 400 450 500
m, (GeV)

Or long-lived particles, new

35 9 fb (13 TeV)
T

= ® oo H’gﬁminaw .'*:

resonances, models with a dark sector : _ f
Higgs CMS-PAS-EXO-18-011 s 1
CMS-EX0-18-010, JHEP 03 (2019) 141 g T )
Top quark(s) CMS-EX0-16-051, JHEP 06 Ezolag 027 36 fb-1 ot 1Q
Photon CMS-EX0-16-053, JHEP 02 (2019) 074 o

Jets or hadronic Z/W CMS-EX0O-16-048, Phys Rev D 97 (2018) 092005
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UNIVERSITY OF HELSINKI

d Low luminosity part of TOTEM including vertical RPs &
their equipment continue as a separate running
experiment until 2021-22 focusing on physics of high
runs aiming for a o, at sqrt(s) = 14 TeV (in 2021-22).

[ = = = = 140 T ot T T Ty
L] £ A pp(PDG2010) @ TOTEM - singlemeasurement | | o P ;
d Physics priorities: £ rrm o oo e
* Confirm & characterize t-channel :§ o ixf;j:m:m . f:Lc?)S/ALFA R A e /
exchange of a colourless C-odd g 0| = Auc b oMs [ I A e S A
3_g|uon Compound State é 100 ?geﬁLt:'ZyniC;hddi{iiszu) ......... ............ ....... . .............. v ....... *.v.*
("Odderon") |n e|aStIC Scatterlng. g | oy fitbyTotEM [ ......... ............ ....................... | ........ )
] ] ) g %0 (11:84 — 1617 Ins +0:1359In2 5) : ; S SERR—. b 00 [SSSUTSUUUUUURIS ST
* Glueball candidate studies (with & i : ’}
: , e o ]
CMS)' 0 OO SO SR , ............................ .................................. _
50 20 R—— 1
d Detector upgrades: - . o S
I SR T2 S S 18
new T2 telescope for I g
SO OO SO0 SV TV S-St 5 OIS SO ]
measurement of o, @ = 14 TeV. N I S 18
Eo P s - T — 1Q
OW% .&. Ll AP PSS T I R I <
Event counter at 5.3 < eta < 6.5 10! 102 403 1044 , %
s (GeV)
new results
I
ysics Day expected soon! 27



Colourless C-odd

1 rapidly increasing oot & decreasing p in pp scattering at high energies

TOTEM@vs = 13 TeV: o, = 110.5 + 2.4 mb, p = 0.10 =  EAIC 79 (2019)

O 01/0109 0.01 Adding t-channel exchange of
¢ 120 " Nicolescu et al. (2007) p 016 EEEREIARE N —e— ref. TOTEM meas.
R g occ R 1 RERE VL0 0.15 e colourless C-odd 3-gluon
° — Durham, no uon exchn. 0.14 n n
59 100 —gurgam:3gio’u§11exch.(;l.8mb 0.13: Compound ( Odderon )

0.12

improves model description of

90 —— Durham, 3 gluonexch. 1.3mb| .7 7 i: i . =|
80 """ 061_1 = the TOTEM Otot & P
e e (");; F E. Martynov & B. Nicolescu, PLB 778
60 - 5 > ] e (2018) 414; V.A. Khoze, A.D. Martin &
DREREE & o Ef 555 0.06 - & ﬁ ﬁ M.G. Ryskin, PRD 97 (2018) 034019
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CMS forwa

d Increase the CMS sensitivity to =
central exclusive processes in Run ke //l
3 (& HL-LHC?) B
e precise proton arrival time measurement in CMS Proton f i
Precision Spectrometer (PPS) allows reconstruction of p o f‘{_‘< 4
proton longitudinal vertex position & associate it with -
particle vertices in central part (to mitigate pile-up) p

u PhYSiCS: anomalous quartic gauge couplings, axion-
like particles, low-mass SUSY searches...

4 Technology: single-crystal CVD
diamonds

4d Finnish responsibilities include:

« detector procurement, metallization & QA ==
* detector module testing & assembly

JdPPS @ HL-LHC ?
* A completely new system with increased radiation

tolerance & timing precision requirements
* Expression of Interest to be submitted to CMS 2019

Particle Physics Day 29
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Heavy lons

* CMS has a versatile heavy flavor program in A+A
— Quarkonia and open charm and beauty

 Redistribution of D° mesons in jets

DO

_________
........

— Observed for the first time in Pb+Pb collisions

- J/P in jets (p+p) much softer than models

* D° mesons from b-hadron decays
— Strong b-quark energy loss at low pT

,[ €) PbPb
-e- Data total D°

[ From b hadrons

0 0.02 0.04 0.06
D° DCA(cm)

. /\C+ (udc) baryons suppressed, disagree with the
model

x10° CMS 44 ub" (5.02 TeV PbPb

£ 10<pT<2OGeV/c AE"‘ At_:

- lyl<1.0
- Cent. 0-100%

.5 -Signal+Background
95_ --Background

My (GEV/EH)



Open Data

 First re-measurement of SM cross sections at 8 TeV
using CMS Open Data

- Precision of 2-6% reached

- Consistent with official measurements and SM predictions
* Full 2011 and 2012 datasets available

public analysis framework ‘Bacon’ in github

* Analysis software:

Process cross section [pb] Prediction [pb|
(stat. + sys. + lumi.) (signal MC)
Z/v* = ete ol =461 + 17 Tt = 450 +0.02
(1+13+£11)
Z/yt = putp o7 = 406 + 12 o' = 400 £0.01
(1+6+10)

Ziy" = ptpm+ 2 1 jet

g/ =T71+55
(0.445.14+1.9)

T =763 L£5.0

Wt o uty

ofi? = 3052 + 124
(1+ 98+ 76)

ol = 3015 £ 100

W™ = pu v

ol = 2103 + 86
(1+ 69+ 52)

o = 2105 + 60

t— pFeFvibb

ol = 4.54+0.35
(0.14 £ 0.30 £ 0.11)

ol = 437+ 0.35

Q :

g e

3 :

o i

Q 80 85 90 95 100 105
m,[GeV]

WEz o Fuit

o/ =28.1+33
(3.14+0.940.7)

gl =23 7+04
'Y

Lepton momentum scale calibrated using
the Z boson invariant mass spectrum

a™(Z— ee)
o™(Z—u)
o"(Z—pvez 1jet)
™MW —puv)

o™ (W —pv)
o™(ft— v b v b)

a™(W2)

CMS Open Data (2012)

0.7

\I g 15
8TeV, Ldt=1.8fb" : Open:
g cu1s
I* OpenDaias
I*' OpenData
m— s
* OpeaData
® Measurement iyt C1c
— Stat. Uncertainty y .
wew Full Uncenainty " -‘?i— cus ..
1 ! 5 ———
0.8 0.9 1 1.1 1.2 1.3
Data / Theory
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Summary

* Upgrade of the detectors aiming partially already for
HL-LHC conditions

* CMS had a very successful Run-2 with record data
taking efficiency in 2018
- H_. precision measurements

- SM precision measurements

* ..but no new physics found

e Continuing the harvest based on the full LHC Run-2
dataset

32
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TOTEM (& CMS forward physics)

v Forward physics experiment/at-LHC =i detail at IP3
- total cross-section (o) ——— l
- elastic scattering over wide |t|-range —;—J"
- diffractive & exclusive processes =

v Detectors

- T1 & T2 for charged particles 4
- Roman Pots (RP) for leading \ — -
protons with tracking & TOF \ Waew W ot [rm——
s WP s T e (L == T-e ot —
l_JT; Lru | I_!. *.—-—— .. i - il | \\‘Q\_
‘ = g 220 beam 2
- = < sector 45 | sector 5 RP210 RP210  RP220 RP220
v" CMS Precision Proton Spectrometer?PPS) “ye I. N L
- proton tracking detectors in horizontal RPs+ TOTEM Si ey T
ustrips = CMS 3D Si pixels (gradual change) 205 m hm 2bm 220m

- proton timing detectors in new cylindrical RP + TOTEM - TOF = Time-Of-Flight
(double-layered) diamond detectors adapted for PPS - B*= beam proton oscillation

v i amplitude X transverse IP size
Run scenarios:

- Special high p*, vertical RPs = o, elastic, & low mass exclusive & diffractive
processes

- Standard low p*, horizontal RPs = high mass exclusive processes & BSM
searches

continuous high luminosity data taking as integral part of CMS: fb! in
2016-18



Helsinki detector contributions

* GEM-detectors for T2: services radiation damaged = T2 removed
during YETS 2017-18

» scintillators & fibers for nT2

During LS2 new pipe beam installed in T2 region (not compatible with
current T2 anyway). Prepare new scintillator-based inelastic detector
("nT2") to be installed for a = 14 TeV o,,, & measurement run (expected

2021 or 2022) = TDR submitted to LHCC in June

 diamonds for proton TOF detectors including radiation
hardness characterisation

Prepare a 2" set of double-layered diamond detectors for 2 additional

timing RPs to be installed for Run 3 (one RP/side of IP) = to improve TOF

i _ PPS pixelisation
measurement to achieve 20-30 ps _ Diamond detector

\

PPS diamond TOF beam 4:,:\/‘/\/\ /,.\ -
module

7777777777




Helsinki CMS-TOTEM priorities 2019-
22

00t & p measurements at /s = 0.9 (2018 data) & 14 TeV (2021 data?) with
their interpretation with respect to C-odd 3-gluon compound state t-exchange

Studies of glueball candidates (f, & f, resonances) in central exclusive production
at \/s =13 TeV in 2015 & 2018 special run data

Exclusive yy production with PPS using full 2016-18 PPS statistics of ~110 fb~?!
(sensitive to anomalous quartic yyyy couplings & high mass axion like particles)

Low mass SUSY searches (especially small |mysp — myy.sp|) with PPS using full
2016-18 PPS statistics & improve CMS PPS capability for Run 3 SUSY searches

N

g o By ; e.g. slepton production in compressed SUSY

e B scenarios
P - \{\‘ - N. Schul & K. Piotrzkowski, NP Proc. 179-180 (2008) 289; L.A. Harland-
D Lang, V.A. Khoze, M.G. Ryskin & M. Tasevsky, JHEP 1904 (2019) 010

Extension of diamond based CMS PPS proton TOF detector for high —
luminosity running after LS2 in Run 3 (physics motivation: BSM searches)

Building of TOTEMs new scintillation based T2 ("nT2”) for inelasticrate  *
measurements at /s = 14 TeV to determine otot & p after LS2 (in 20217?)

—_—
*Academy of Finland FIRI infrastructure funding 330 k€ to cover HIP part of costs




Proton tagged physics @ HL-LHC

Physics motivations (300 fb~! < 3000 fb~!, improved low mass acceptance)

* High-mass searches: increased sensitivity to anomalous couplings (yyyy, vyyZ ...)
by ~ a factor 10 & to couplings of axion like particles (“ALPs”) by ~ a factor 4

* Higgs/EWK: measure Higgs quantum numbers in a completely independent way

* Low-mass searches: extend SUSY searches in compressed scenarios to lower masses

£
n
T

Completely new system: new

e.g. HL-LHC mass (compact?) Roman Pots @ 400 m,

o
~
[
|

Accepctbance
I~
o
¥ vy IS ES ! TT1T
|

acceptance .
assumirr:g proton o 1 improved radiation hardness of
03 = ) .
detectors at 210- et - the tracking detectors (3D Si

detectors?), radiation hard timing

detectors with ~ 5 ps timing
resolution (?) = R&D required to
: find adequate solutions

250 m & 400-450 02f
m; B; =0.15m & 015
vertical crossing s

0.05

0% 1 1 111 |
10 10°

M [GeV]
The CMS Proton Precision Spectrometer at HL-LHC -

Expression of Interest
(intended to be submitted for CMS internal review)
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J.R. Cudell et al., PRL 89 (2002) 201801

simultaneously TOTEM
O, & p Measurements

—g o s Nicolescu et al. (2007) '/' g 8L
< 110 | — Nicolescu et al. (2017) ; 0.15 [ ;
e —— Durham, no 3 gluon exch. Ol e i
© 100 | — Durham, 3 gluon exch. 0.8 mb CH e disi s e g e i e T e
T e Durham, 3 gluon exch. 1.3 mb 0.12 PErmmmmeni i TS (e T @
- i : / 0.11 e S e ST i G o
80 LA fiEE :
I G : new resu
70 : 0.09 f s 000 s0s0sasssnssnssancsnnesns ? ......... E ........... f f
ol | UoAtE expected soon!- - il ]
L > 0.07 [=rereeemrmememmennens % ..... > ,,,,,,,,, > e e o
50 oo B R & T B et L s R — T % e B
O i g o o D) Il -
e S Usenenag Lo 0.05 s vy S _‘[\ ............. = 00..... 2 S|
" | S 1 2 | 0.04 I i LA | 8 | ! |
102 103 102 103 10

Physics highlight: colourless C-odd 3-gluon
compund state

rapidly increasing oot & decreasing p in pp scattering at high energies

TOTEM@vs = 13 TeV: o,,, = 110.6 + 2.4 mb, p = 0.10

+ 0.01/(

Comparison with pre-LHC
models (without 3-gluon

exchange):

No model able to
describe

CERN-EP-2017-
335, accepted by

RRL24° (17)

(RR)IPL2 (20), RR)IPL2, (17), RR)4PL2, (19), RR)IPIL2, (16), (RRc)IPL2, (15), (RRe)IPICL2, (14), RRPL2y (19), RRP,¢L2y, (21)
— — —RRPEy (19)

RUCR.1.29¢ (12), RRL24€ (15), RRL2 (18),
RI°R LI (12), RIRLIC (14), RR.LIC (15), RRcPL (19), RRL (18), RRL,¢ (19), RRLY (17), RRPL (21)
— — — RR(PL2) (20), RR(PL2)4¢ (18)

= 120 p 0.16 ) L N
B 0.15 [ e T
o R i e i
S 100 i 013 | e e
50 012 [ gl e g v .....
- 011 R . . oo oo cmrensn mms s an e am i ammn  frman s am s A n s simtarn o SR = < < » et 50 .....
80 i Gl [ e s
70 009 ERRSAIBHA s E el
60 B 008 O g ! .....
B 0.07 [ % ..... > .......... >> ................ = sdiies
>
50 0.06 | S ..... g .......... F‘i ﬁ ............. E E g_
B 0.05 |—reeeemeemmieneinnens gt g .......... oo\ﬁ ............. 600 |
40 0.04 JQI iy Il (:\ll | I I II
102 102 103 104
Vs (GeV)

Comparison with
models including 3-

gluon exchange:

E. Martynov & B. Nicolescu, PLB 778
(2018) 414; V.A. Khoze, A.D. Martin &

M.G. Ryskin, PRD 97 (2018) 034019
Adding Odderon/3-gluon t-
exchange improves model

¥ ¢ descriptions of TOTEM o,,, & p
Alternative: decrease of oot growth beyond LHC energies



Physics highlight: colourless C-odd 3-gluon

compound state?

106 & I_ LU SO UL ISV NN BSOS

Persistency of diffractive minimum
TOTEM

In scattering at TeV energies (gluon
dominance) & absence in

ISR: Vs = 52.8 GeV
wg |

T T 3

I I I I

do/dt (mb.GeV™2)

—t (Gev?)

Fig. 1. pp and pp do/dt¢ predictions for the case with-
out the odderon, together with the experimental points, at

V5 =52.8GeV

do/dt (mb/GeV?)

A. Breakstone et al.,
PRL 54 (1985) 2180

C'\/S—7&13

10°
10 b

do/dt (mb/GeV?)

102 \M\ V5 =

s= »-

Tevatron:

\f 7 TeV
B*=35m o

— B =%m
/s =8TeV (scaled 10x) g
— A% = 00 m

B* =1000m
/5 = 13 TeV (scaled 1000)
—p*=%m

B* = 2500 m o

I ev B LIS DO ..‘....'...'._§

[t 2025208

Vs =1.96 TeV

E ol DO, 31 nb™!

DO data
--- Bourrely et al.

— Deile et al.

1 1 i1 1 | 1 1 1 1 1 1
0.6 0.8 1
[tl(GeV?)

| 3 | 3.5 - _4
It (GeV?)
TOTEM Collaboration,

EPL 95 (2011) 41001 &
CERN-EP-2018-338

pattern follows
expectation from t-
channel exchange of
colourless C-odd
bound 3-gluon
compound !

DO Collaboration, PRD 86 (2012) 012009.
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