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B The big open questions in Particle Physics

» Experiment — driven
+ Dark Matter
+ Dark energy
+ Matter-Antimatter asymmetry
¢ ...

= Theory — driven -C}

+ Hierarchy problem & naturalness

+ Number of generations o4y

¢ Origin of fermion families 77777777
¢ ...

All beg for New Physics
At which Scale?
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Muon System:
CSC, RPC, DT
[o(p)/Pr = 1 (5)% for low
(high) pr muons]

4T superconducting
solenoid

wviamn

ECAL: 76K scintillating
PbWQO, crystals
[0(E)/E =
9%/JE(Ge\0€BO 5%€0. 13GeV/E]

HCAL

T

/\,.,3 Brass + plastic Scintillator

(~7K channels)
[0(E)/E = 120%/,JE(GeV)6.9%)]




. olenpid experiment

- CMS Collaboration: >3K members
(scientists, engineers, students, ..) from
more than 200 (60) institutes (countries)

- US CMS: >30% of the collaboration

- Fermilab: only US-lab in CMS

Fermilab (and US institutes in general)
have been playing a leading role in all
aspects of the experiment
[detector, computing, operations,
data analysis..]
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A collision event at CMS

(c) CERN 2011, Al rights reserved.



A collision event at CMS N
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Looking for New Physics

* Two complementary approaches
+Direct searches for new particles/interactions
+Sensitive tests of the SM and look for deviations §
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Very reach physics program

Exotica  Standard Model ~ Supersymmetry  Higgs Top  Heavy lons

B and Quarkonia ~ Forward and Soft QCD  Beyond 2 Generations  Detector Performance

» 1299 publications (as of today)
+ Nature Phys (3), Nature (2),

Nature Com (1), Science (1),

ROPP (2), PRL (153) @@@&
+e.g., 13 PRL Editor’s suggestion

(only the last 3 years)

lLoukas Gouskos (Brown) 57" " Fermilap Annual users |vieeting
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B! This year’s theme: Inspirations from P5
= Priorities in particle physics:

Elucidate the Mysteries Search for Direct Evidence Determine the Nature

of Neutrinos of New Particles of Dark Matter

Reveal the Secrets of Pursue Quantum Imprints  Understand What Drives
the Higgs Boson of New Phenomena Cosmic Evolution

* |Ingenuity and innovation:

New detectors, such as picosecond-precision timing detectors, and forward tracking
and extended trigger systems, will enable searches to better target new physics with
challenging signatures. Alternative data-taking strategies and novel analysis techniques
leveraging advances in Al/ML (for example, anomaly detection) will provide access to
parameter space that is currently unexplored.

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting 11



B! This year’s theme: Inspirations from P5
= Priorities in particle physics:

Elucidate the Mysteries Search for Direct Evidence Determine the Nature

of Neutrinos of New Particles of Dark Matter

Reveal the Secrets of Pursue Quantum Imprints  Understand What Drives
the Higgs Boson of New Phenomena Cosmic Evolution

\ LHC and it’s upgrades
extremely well-placed

= Ingenuity and innovation: " CMS upgrade for HL-LHC

New detectors, such as picosecond-pfecision timing detectors, and forward tracking
and extended trigger systems, will enable searches to better target new physics with
challenging signatures. Alternative data-taking strategies and novel analysis techniques
leveraging advances in Al/ML (for example, anomaly detection) will provide access to

parameter space that is currertly unexplored.
Run2, Run 3 and HL-LHC

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting



Bt Ingenuity and innovation
=|.e., How to maximize:

N=0coxLxAxe€

» Cross-section: of a given process [x collision energy]

 Luminosity: ~linear increase vs. time
—>sensitivity ~ sgrt{L}; Help rare processes

* Acceptance: improvement mainly from
new/upgraded detectors

 Efficiency: Trigger, Phys. Object reconstruction & ID,
Sig-vs-BKGs, ...

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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Bt Ingenuity and innovation
=|.e., How to maximize:

¥ {0 1)

» Cross-section: of a given process [x collision energy]

 Luminosity: ~linear increase vs. time
—>sensitivity ~ sqgrt{L}; Help rare processes

* Acceptance: improvement mainly from
new/upgraded detectors

 Efficiency: Trigger, Phys. Object reconstruction & ID,
Sig-vs-BKGs, ...

Requires breakthroughs in both
the accelerator and experiments fronts [and theory]

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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» Today'’s talk
+ Cherry-pick areas/topics that we went “above-and-beyond”
* and FNAL/US communities played a major role
+ Physics landscape after LHC Run 2
+ Run 3 expectations and new results [LHC & CMS]
¢ Short-term future: HL-LHC

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting

15



BBBBB

The past: Highlights from LHC Runs 1& 2



Bt Highlights: Runs 1& 2

= Remarkable success

HC HL-LHC
I :: :
Runi | | Run 2 Run 3 | Run 4 - 5...
B EYETS LS2 13.6Tev AL 136-14TeV_
Diodes Consolidation
splice consolidation cryolimit LIU Installation A
7 TeV 8 TeV button collimators inrtyeraction - ) inner triplet . — LH(.:
szl = R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2o | ey |z | o [ ]
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beamipipes nominal Lurni 2 x nominal Lumi ALICE - LHCbh . 2 x nominal Lumi . AlbEERs
upgrade g ;

75% nominal Lumi | /_

) integrated JELLIURIO8
450 fb luminosity VR {3
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Bt Highlights: Runs 1& 2

= Remarkable success

HC HL-LHC
i :
Runi | | Run 2 GIE] | Run 4 - 5...
13 Ty MAE LS2 13.6 Tev 1IAIAE] 136-14TeV_
Diodes Consolidation
splice consolidation cryolimit LIU Installation =
7 TeV 8 TeV button collimators inrtyeraction - ) inner triplet . i LH(.:
szl = R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
|||||||m»
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beamipipes nominal Lurni 2 x nominal Lumi ALICE - LHCbh . 2 x nominal Lumi . AlbEERs
upgrade g ;

75% nominal Lumi | /_

m integrated JEILRIN
luminosity EEIVIR{ o

* FNAL/US: major contributions

+ In several areas
(particularly focusing magnets)

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting 18
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Flashback: 2016

Bt Highlights: Runs 1& 2

» Remarkable success
+ Often exceeding expectations

w
«

]
8

N
[

Projection 2016

Integrated luminosity [fb
N
o

1
Run 1 | | Run 2 | i
10
EYETS Ls2
13 TeV — .
Diodes Consolidation i
TeV splic solidatio cryolimit LIU Installation 2011
7 TeV 8 Te bu tt Il mato imeraction - ) 2015
R2E projeet ~ Tregions Civil Eng. P1-P5 pild 0
) / 20-Apr 14-May 7-Jun 1-Jul 25-Jul 18-Aug 11-Sep 5-Oct 29-Oct 22-Nov
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phas ATLAS - CMS
C e . \umi _2xnominal Lumi, ALICE - LHCb 2 nominal Lumi ; b uparade
upgrade g ;

m integrated JEILRIN
luminosity EEIVIR{ o

= FNAL/US: major contributions ~ LHC Run 2:
+In several areas 20x more Int. Lumi than all

(particularly focusing magnets) ~ Previous hadron colliders

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting 19




B Highlights: The Higgs as exploration tool

CMS 138 fb™ (13 TeV)
> R e e S R T T
p 15 = . G \Y} t,""z ' - 1 L
e i wz.< 1 = Egstablished interactions:
v o~ ]
) o + Gauge bosons [Run 1
B 1071 E
el | ; + 39-Gen charged fermions
y— L b .- ]
L .
-2 L K2 i
10 :
f Vector bosons
10_3:_ ¢ 3 generation fermions |
: ¢ 2™ generation fermions
. SM Higgs boson |
1074k, L L L T
L T
ig 1.2F % 1.05 ﬂ .
o 1.05— """"""""""""""" *} """""""""""" S B R
-Es' 0.8F 0.95F 3
o 0.6:"' Ll Ll Ll L
107 1 10 10°

Particle mass (GeV)
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B Highlights: The Higgs as exploration tool

CMS 138 fb (13 TeV)
T TTTTT T T L ',‘_

4 LIS . . .
EE et wz.~"1 = Established interactions:
o - _
—— ] + Gauge bosons [Run 1]
o : E .
£l | ; + 39-Gen charged fermions
“+ I b .. ] i
* 102k o | =Evidence for 2"4-Gen
i ’ ¢  Vector bosons Charged Ieptons
_3 _ ¢ 3 generation fermions . .
10 _: 0 2"d2eneration fermions _ "+ CF)! dlfferentlal
T e swhggsbson 1 measurements, STXS,
= 1??4;_::: e ———m—m—8m . EFT,--
R A S— - |
S o8l ¢ ; Novel tools & techniques (e.g.,
P e Al/ML) played major role to

Particle mass (GeV) reach this stage
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B Reminder: Far from trivial
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B Reminder: Far from trivial

Y Zy

85;!‘;36 023% p15%
ZZ* by JR—

§ “In conclusion, the extraction of a signal

§ from H->bb decays in the WH channel

A will be very difficult at the LHC, even

: under the most optimistic assumptions for

| the b-tagging performance and calibration

of the shape and magnitude of the various
background sources from the data itself.”

Ratio to SM

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting

23



B Reminder: Far from trivial

Yy Zy

g9
0.23%
. 82% 0.15%

Exceed expectations:
H->bb observation

772171 (13 TeV)

[2]
()
;E. - CMS ¢ Data
5 i I vH,H-bb
£ I [ Jvzz—bb
'g 1000~ S+B uncertainty
)
-+
2
& |
500
§ “In conclusion, the extraction of a signal
= from H->bb decays in the WH channel
ie] will be very difficult at the LHC, even o T :
o 5 o o . B R R R R S B S SRR R R RRR R
= under the most optimistic assumptions for i |
. . . R R E ST R ST T
o the b-tagging performance and calibration 60 80 100 120 140 160

of the shape and magnitude of the various
background sources from the data itself.” -

m(jj) [GeV]

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B Higgs-charm: Mission impossible (?)

= Similar concept to H->bb but two big challenges
+ Small BR (H->cc): ~20x smaller than BR(H->bb)
o tagging much more challenging than bottom tagging

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B Higgs-charm: Mission impossible (?)

= Similar concept to H->bb but two big challenges
+ Small BR (H->cc): ~20x smaller than BR(H->bb)
o tagging much more challenging than bottom tagging

Major effort in improving jet identification
(aka the Rise of AI/ML/DL @LHC)

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting

26



B Higgs-charm: Mission impossible (?)

BROWN

= Similar concept to H->bb but two big challenges

+ Small BR (H->cc): ~20x smaller than BR(H->bb)
tagging much more challenging than bottom tagging

Major effort in improving jet identification
(aka the Rise of AI/ML/DL @LHC)

) N S s e e s S e I

C Little/No MLy
e ..
Q\Q/ Particle l

5 ;_quences
jet @/ N\ |
@

Cutting edge DL algorithms ] ; // ParticleNet ]

[e.g., Graph Neural Networks] 0 0z o4 06 03
H->cc tagging

¢

Fake rate
3,
ND

P
/4 .
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BROWN

= Similar concept to H->bb but two big challenges

+ Small BR (H->cc): ~20x smaller than BR(H->bb)
o tagging much more challenging than bottom tagging

Major effort in improving jet identification

(aka the Rise of AI/ML/DL @LHC)

B Higgs-charm: Mission impossible (?)

/\?@ |

O o
jet @/ \Q

Cutting edge DL algorithms

Fake rate
3,
ND

Particle
sgauences

—
Q
T

vvvvvvvvvvvvvvvvvvvvvv

Little/No ML \ i
* ,

.....

.............

-4
10 0

[e.g., Graph Neural Networks]

04 06 08 1
H->cc tagging

Obtained gains: ~equivalent to run twice the Full LHC Runs 1+2
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B Higgs-charm: Mission impos

9

g
CMS

T T T T

i DeepDoubleX
10~ Passing Region

Events / 7GeV

8x103|-

o,

I .
1.2x10°- 450 ¢ pr < 1200 GeV

3 o1, (13 TeV)
T T T T ]

+ Data W(qq)
W Z(cC) mm H(bb) |
wm Z(bb) mm H(cE) -
Z(qq) A\ Other |
B W(cg — QCD
— = H(cé) x 200

Mzece) = 1.0 HHey =94 ]

6x103|- 1
4x103}- .
2x10%-

e — T —
o [ Bkg. unc.
o |s10 _ N
T L
< [ e i
Sl of e

PN TR N

]

40 60 80

Major contribut%ns:
FNAL/LPC/US
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PRI IR TI N " ! L]
140 160 180 200
Jet mgp [GeV]

bs. (Exp.): 47 (39) x SM

S/(S+B) weighted events

1000

800

600

400

200

sible (

?)

8882, B uncertainty

q W, Z
W, Z
q C\H p
138 fo™' (13 TeV)
7T T
MS —4— Observed  [Hl VH(H—cd), u=7.7 |
|:| Z+jets D Wijets -
Ctt [l single top :
] vv(other) [Jvz@Ez—co) |
[ ]vzz—bb) [ VH(H—bb) -

H->cc

IJIIIIIII

o +_P;?_+__

B subtracted

T
P |

60

80 100 120

140

160 180 200

Higgs boson candidate mass [GeV]
Obs. (Exp.): 13 (7) x SM
Most sensitive results to date
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Bt Towards 2-Gen Higgs-quark couplings

A LHCb 1.98 fb-" -
— A UL<7600 Tantalizing close!
. Currently: just one
1 production mode and
il = ATLAS 36 fb! one Experiment
O § m UL <150
s E ATLAS 139 fb""
. LHCb 300 fo!
c F cMs 36 bt @ - UL <O(10)
o UL < 37 ATLAS 3000 fb!
da F o & uL<es
> E CMS 138 fb! B
B UL<7.6 T @ s
= CMS 3000 fbt  ~ °
N UL<1.6
| | | )
2015 2019 2022 HL-LHC

O(10000)>....~» O(0) in ~5 years
Lot’s of effort & ingenuity in multiple areas

Loukas Gouskos (Brown) O/ réefriminao AfNnNniuarl users ivieedne
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Bt The nature of the Higgs potential

Higgs Ultimate goal:

potential T ] ]
V(h) HaVEMu H® + L pH
Our Stable : :

vacuum

? Higgs mass  Shape of potential
Metastable -
: \ : A ’/’\-\
Higgs Measure Higgs ™ Q
field self-coupling R
N
N\

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting 31



Bt The nature of the Higgs potential

Higgs Ultimate goal:

potential ] ] ]
V(h) + aJ@Mﬂlﬂ + Z'@H“
Our Stable : :

vacuum )
? Higgs mass  Shape of potential
Metastable .
Higgs \ Measure Higgs A_@/ H
field self-coupling H \\}l

» Direct access: HH production

- Very rare process (c~31fb);
1/1000 of Single-H

- Run 2: ~4K HH events

- No golden channel

Needs innovation (and the HL-LHC)

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting




Bt Higgs pair production
Main drivers (Early Run 2)

CMS PRL 122 (2019) 121803 3591b" (13 TeV)

bbVV
bbbb
- gg—HH
bbtt —e— Observed
- - --- Median expected
bbvv I 68% expected
comb.

6 78910 20 30 40 506070 100 200 300 400
95% CL on o, /oM

Beyond reach even with HL-LHC ®

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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Bt Higgs pair production

Main drivers (Early Run 2) Full Run 2 (4x More data)
(':IIVIS . . . . .13.8f.b_.1 ('1:'3TeV)
CMS PRL 122 (2019) 121803 3591 (13 Tev) S
M Val u e ----- 95% expected
bbVV hb77 B AS/ 7
bbbb . N
bbtt —— Observed bbvy ] |
bb — - --- Median expected | _
YY I 68% expected
bbtt Early Run 2
comb. bbbb
6 78910 2IO Sb 4b 5I06‘O7l()l 11(1)0 260 360 400 Comb _———*
95% CL on o, /oM 5 L |mDrovement
1 10 100
Beyond reach even with HL-LHC ® o L imon D = e
Improvements:
Major contributions: - 2x from additional data

FNAL/LPC/US - 3x from novel techniques and tools

loukas Gouskos (Brown) 57t Earmilab Annual Use. . .



CMS Experiment at the LHC, CERN
Data recorded: 201 7-Aug;0% 19:13:22.727552 GMT

f En route to A

Run / Event / LS: 300633 / 525384863 / 347

= \We turned the LHC to
a VV collider:

CMS established HHVV interaction

Major contributions:
FNAL/LPC/US

Loukas Gouskos (Brown) g7t 35
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B! Constantly challenging SM

March 2019 CMS Preliminary

shi ® §{ § §{ i & § i ;: @ 7 TeV CMS measurement (L <5.0 fb™)
10° =" SRR R A § 8 TeV CMS measurement (L < 19.6 fb™)
A B A T A S # 13 TeV CMS measurement (L <137 b))
'z-njeﬂ:) A - Theory prediction
| T S % 4 % CMS 95%CL limits at 7, 8 and 13 TeV

, ©[pb]

—
o
S

>n jat(s) :
1 :

k

13 orders
of
magnitude

—
- =
vq
1=
‘l
a
w
X: )
23
n
n

S
N
[ bbit MUAA WA BMIAA IR ML B
—aH
e
%
— _ _
T e e

p—
<

N
. B

Production Cross Section
o

1073

T ST

_4 : T Lo R :
10 | IV B pn | vl YR o SYURS YR FEYTIN SRV SYURS N S SRR S RO PR NP DU DU S e S R B S <1 2 BN AP B S B
W' Z Wy Zy WWWZ zz B TEN Tt T Tew EW W wwwwyy 2ry Wi ft g, WL tty 12Q MZ |ty tW gquqH VHWH ZH tH " tH "HH
1wy EW Zyy Wry: Scducial with Wk, Zll h. Ao, in exp. Ao
All results at: http://cemn.ch/qo/pN|7 FRCEER e St nih &P
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CMS Preliminary

Clearly: Direct searches

CMS Preliminary

36 - 138fb" (13TeV)

t bR - qdy =Wy (g =0.1, A= 4My) | 1s 526 2022 136888 = o7-11
2w gy wy A=am) M | P 626 20z2) 126080 08-14
| Pin 798 aous) 1ess2 —
| epo1 19y 051 — 09-22
@ 72 (b | e oo ese =
£ rzozi-di | P8t o 3 —
7+ WW - qagd M| s sas oz 17023 —
N »Z-ww - tvgg My | PRD 105 (2022) 032008 —
>zt M | e o7 oz 20 — 02-14
> 2> 24 - iw,cclag My | 623008 — 14-3.0
W' (2016 combination) Mhe | 5 750 2019) 134552 —
W WZ - G M | e 09 2019 101 — 04-27
a M | PR0 208 2022) 012008 —
=) My | JHEP 04 (2022) 087 — — 0.5-2.0
w5 eWowedi M | P8 038 2023 237003 —
0 » W o WH > fvgd M | #R0 105 (2022) 032008 —
g W Wz o i M | 0105 2022 3208 =
& M | P 07 0221087 — 07-15
s My | PRD 108 (2022) 012004 — 10-29
) | peror sy 051 — 09-27
o M| 240316926 s 1o Py e — 0z2-31
= . M | ep 0 2022 oo — 08-23
2 © >R HH- bBWW (lep) M | 240309430, bub. to JHEP. — 03-0.4
o M p R HH > TTyy (not in HH Comb.) My | G202 = 03-0.6
Iz | w07 oz 055 —  02-06
T F rroHHowb | 221001683, Acc. oy e — —o03-10
S S bR - bbbb mergedjet | s 842 023 137292 — 09-3.0
; B »row-aqid My | 3834 023) 137813 — 13-256
>R WW s g M| 720 105 022 032008 — 10-31
bRoZZ e | WEp 03 2019 128 — —o03-19
R W My | 1ep 03 Gozoy 034 — 02-11
>R e | M08 — 01-0s8

~~

pp —

-t

Moriond 2021

I CMS Preliminary

1000

. [GeV]

X

1711.00752, 0-, 1- and 2-lep (stop), 36
- ==2103.01290, O-lep (stop)
I ==1912.08887, 1-lep (stop)
800 —2008.05936, 2-lep (stop)

600—

400—

200—

I R BT

T ‘ T T T ‘ T T T I T
137 fb' (13 TeV) 1

= SUS-20-002, 0-, 1- and 2-lep combination

fo! --:Expected
=—Observed

400 600 800

1000

1200 1400
m; [GeV]

March 2022

1 g

08-37

» 1387 =
0.8-3.7 B> 36ft =
13-39 L
13-3s
1o-4.0 1 0—1
0.8-4.3 =
10-4.0
13-4 1 0*2
10-4.0
10-3.

T

107k,

1074

95% CL upper limit on B(h—XX)

10°° =

T R R ET ERRTIT BRI T R A=

T T T T T TS

Displaced leptons
X—ee/up, mx=50 GeV
2110.04809

— Dimuon scouting
B(X—pp)=0.13, mx=40 GeV
2112.13769

"= — Displaced dimuon
= B(X—up)=0.13, mx=40 GeV
| EXO-21-006

~= —Z + displaced jets
o  X—obb, m=55GeV

- 2110.13218

————— — Displaced jets

X—dd, mx=55 GeV

2012.01581

.1 —Hadronic MS

Strong constraints to
several appealing BSM
models

57t Earmilab Annual Users Meeting

X—1t, m,=55 GeV
2107.04838

102 10° 10* 10° 10° 107
CTy [mm]
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CMS Preliminary

36 - 138fb" (13TeV)

Clearly: Direct searches

CMS Preliminary

March 2022

e[ 2 oz e = o7-11 —_ 1 e e .
bl o < ET ‘ ‘ 1 ‘ = — Displaced leptons
| i 8 i 1552 — o837 g E 3
e | werar s o — 0s-22 ; ot > E 4 X—ee/uy, m =50 GeV
My | EPIC 81 2021) 685 — 0.8-3.7 I~ =
e | o = 13las T N - 2110.04809
| s ez 133 - 13-35
| o oo = o 4. N N/ 0y S /S ] ) )
voiu il iy = 02-14 = 10 'e = _Dimuon scouting
R Ty— | szczsoon = 14-30 m E E
W (2016 combination M | o8 78 i 13457 = [XErE} = o  B(X-pp)=0.13, m =40 GeV
W WZ - G M | e 09 2019 101 — 04-27 = -] X
> W WZ - vad M | PR0 208 2022) 012008 — 10-4.0 C 2112.13769
@ W wzoltaq M | wep 04 022y 087 =3 — 05-20 o — n
g oot — 0s-2:6 >
- M | s oz s — 13-4 = 10" ! i :
g = | 010 20202008 = 5 —Displaced dimuon
2 M | PR 105 2022) 032008 — 10-3.9 E i B(X—up)=0.13, m_=40 GeV
s | o7 202067 = rez = = 13, my
e | 0 108 vz nzos = 1025 - 21~
2 o | wevor o os1 — 05-2.7 P ]  EX0-21-006
8 o R o) 3
= | o5 oy ns — 0823 . . .
3 : o o = az-as g8 107k, = —Z + displaced jets
£ ™ ot in HH Comb.) My | HG2012 e 03-06 =
T L oerew . | pep o7 oz o0 —  02-06 > =  X—bb, m=55 GeV
I s PRoHH My | 231001643, Acc. by JHEP — «— 03-10 -
S § oerewm gediet o e — 0s-3.0 — 2110.13218
; B »row-aqid Mo | Lo 44 2029 137813 — 13-2.6 O =
>R - g | 0 105 s e — 10-31 ) )
BR-ZZ Mo | P03 ors) 128 — —o3-19 ° 1 0—4 — _D|sp|aced jets
BRoWW My | P 03 (20200034 — 02-11 =
Alem e 32 T
~ o~ ~ o CMS Preliminary 132.2fb (13 e )
0
i —_~ TT T T [T T rr[rrrrrrrr[rrrr TTrrr[rrrr[rrrr
pp = tt, t =t X} Moriond 2021 . RERRS | BEERNRAREN T I
LN L L L L L L L N O B ) ‘( 10_5 = Q. 0.2 H —_ ‘Y'Y — Observed
Bl ol il ol

. [GeV]

1000

X

I CMS Preliminary

= SUS-20-002, 0-, 1- and 2-lep combination
1711.00752, 0-, 1- and 2-lep (stop), 36 fb™

- —2108.01290, O-lep (stop)

137 b (13 TeV)

--:Expected
=—Observed

Strong constraints to

) 10°

600.18

N

_30.16

. Expected + 16

I ==1912.08887, 1-lep (stop)
800 — —2008.05936, 2-lep (stop)

several appealing BSM

600

400

200

WA e v b byl |

'J:Il\

0™
200

400 600 800

loul. .. .

1000

JI2O-(; 1400
m; [GeV]

models

70

TIITIIIIII'IIIIIIII

o b b b b b by by iy

75 80 85

90 95 100 105

m,, (GeV)

and some excesses...
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BBBBB

The present: LHC Run 3 (and some Run 2)



B LHC Run 3

LHC HL-LHC
L ]
T 1
Run1 | ] Run 2 | | Run4-5..
EVETS Ls2 136Tev AR Ls3 el
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation A
7 TeV 8 TeV button collimators inr%/eracnon ) inner triplet Alle
—_— = R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2020 | 202¢ | 2025 |l zoeo | eozr [ 0z | 2o [}
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
pesnipipes nominal Lumi 2 x nominal Lumi ALICE - LHCbh 2 x nominal Lumi AlLUEEEEs
75% nominal Lumi upgrade

EX 190"

] 3000 fb
luminosity EEGLTE{o3

We are here
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B LHC Run 3: Accelerator front
N =opkLxA~xe€

cross-section: Int. Luminosity:
13 2> 13.6 TeV - similar instantaneous lumi with Run 2
- ~linear increase vs. time: sensitivity ~ sart{l }
process ¢(13.6 TeV) TemMs  — oo
o(13 TeV) =% otz 6 Tey 233
“\; sol — 2015,13 TeV, 4.3 fb™"
~ ‘5 2016, 13 TeV, 41.6 fb™’
W/ Z 1 '1 _g m— 2017, 13 TeV, 49.8 fb"
£ 40 — 2018, 13 TeV, 67.9 fb™
ggF H ~1_10 % — 2022, 13.6 TEV, 41.5fb"
= 30} — 2023,13.6 TeV, 31.9fb"
> — 2024, 13.6 TeV, 42.1 fb™'
ttbar ~1.15 % 20}
my=1 TeV ~1.2 = 1o}
0 _/ N N __/‘
mX=8 TeV ~ 2 ,\yz»“ N 3 N ¥ N y&“ \5?5\ 3 N ¥ N N ,\3‘25\ 3 N ¥ ,\yz»‘\ 3 N ¥
Date (UTC)
Run 1 Run 2 Run 3

Modest gain for the bulk

of CMS physics program - Some hick-ups but 2024 looks good

- Run 3 to extended until 2026 (?) - ~300/fb (i.e., 2x Run 2)

Loukas Gouskos (Brown) 57th Eermilab Annual Users Meeting 41



B “Bread and butter”: Establish Higgs>pp

W(%GV)H(% U|J) @13 TeV 137 b (13 TeV)
¢ I - F relimmnary ata ]
hlgh pT ?g 700(- Al categories — S+B (u=1.19)
electron 8 qool S/S+B)weighted ... Bkg. component ]
@ m,= 12538 GeV Bl:io -
8 o0t 20 _
< F ]
D 400F . =
2™ signal strength?
= 300F 3
2™ u=1.240.4
&, |
100

110 115 120 125 130 135 140 145 150

Heuu w (GeV)
* Run 3 (assuming ~300fb'1):
CMS: obs: 30 (exp: 2.5 0) + Getting there:
ATLAS: obs: 20 (exp: 1.7 0) Expect ~40 [CMS only]
Evidence of Higgs coupling to o + ATLAS (*sqgrt2): Observation

2nd-Gen charged leptons guaranteed (?)



Bt

BROWN

= New era: No bi

CMS Preliminary

Going beyond SQRT{L}

jumps in Ecp 2 Needs time

36 — 138fb~! (13TeV)

= »R-qqy - Wy (gm=0.1, A=4My) Mg | PLB 826 (2022) 136888 — 0.7 -1.1
2 > W - qdyo Wylgn=01,A=aMg My | PLB 826 (2022) 136888 0.8-1.4
>Z' (2016 combination) My | PLB 798 (2019) 134952 — 0.8-3.7 > 1380
[>Z' - ZH > qdtE My | HEP 01 (2019) 051 — 09-22
@ 2 - 2ZH - (i, w)bb My | EPiC 81 (2021) 688 — 0.8-3.7 D> 36ft
; »Z' - ZH - q3qq My | PLB 844 (2023) 137813 — 1.3-39
I »Z - WW-qg4qq Mg | PLB 844 (2023) 137813 d 1.3-3.5
N »Z - WW - g My | PRD 105 (2022) 032008 — 1.0-4.0
»Z i My | HEP 07 (2021) 208 — 02-1.4
»Z' - ZH > liw, cc/dq My | B26-23-008 — 14-3.0
[>W’ (2016 combination) My | PLB 798 (2019) 134952 — 0.8-4.3
W - WZ - Hqq My | JHEP 09 (2018) 101 0.4-2.7
»W - WZ - wqq My | PRD 106 (2022) 012004 — 1.0-4.0
B W wzo g My | HEP 04 (2022) 087 «— 05-2.0
E [>W' - WH - qqti My | HEP 01 (2019) 051 — 0.9-2.6
-~ PW - WZ-qg4q9g My, | PLB 844 (2023) 1378] — 1.3-4.4
2 bW o WH - fugd My | PRO 105 (2022) 0320] = 1.0-4.0
» W - WZ - fvgq My | PRD 105 (2022) 0320 = 1.0-3.9
»W =iy My | JHEP 07 (2022) 067 — 0.7-1.5
»R-ZZ-wag M | PRD 106 (2022) 012004 — 10-2.9
[>R = HH > g4t Mg | JHEP 01 (2019) 051 — 0.9-2.7
» R - HH (combination) Mg | 2403.16926 sub. to Phys. Rep. 0.2-3.1
o PRoHHS bbWW (lep.) merged-jet M | JHEP 05 (2022) 005 — 0.8-2.3
.ﬂ_) » R - HH - bbWW (lep.) Mg | 2403.09430, bub. to JHEP «— 0.3-0.4
’l'l’ » R = HH > TTyy (not in HH Comb.) M | HIG-22-012 —¢— 03-0.6
& >R HH- multi-leptons Mg | JHEP 07 (2023) 095 — 0.2-0.6
& PR HHo yybb Mg | 231001643, Acc. by JHEP — «— 03-1.0
£ »R - HH - bbbb merged-jet Mg | PLB 842 (2023) 137392 — 0.9 -3.0
E »R - V- g3qq Mg | PLB 844 (2023) 137813 el 1.3-2.6
>R WW - fugd M | PRD 105 (2022) 032008 — 1.0-3.1
>R -2ZZ Mg | JHEP 03 (2019) 128 — «— 03-19
>R > WW Mg | JHEP 03 (2020) 034 — 02-11
>R WW Mg | HIG-20-016 — 0.1-0.8
[>G - ZZ - fiw Mg | JHEP 03 (2018) 00: — 0.6-0.8
>G - ZZ - 1qg Mg 0.4-0.9
» G- ZZ-wqg Mg — 10-12
S »G-zz-nqd Mo 05-12
I »G - HH (combination) Ms 0.3-1.9
£ PG-HH- bt}ww (lep.) merged-jet Mo — 08-1.4
¥ » G- HH - bbWW (lep.) Mo « 0.4-0.9
G »G - HH - TTyy (not in HH Comb.) Mo 0.3-0.7
% » G- HH - multi-leptons Mo 0.3-0.6
@ ) G- HH - yybb Mg 0.3-0.9
» G - HH - bbbb merged-jet Mg — 9-3.0 = Simulation boundary
» G- WW - fvqq Mg — 10-1.8
1 2

Poor acceptance

loukas Gouskos (Brown)

3 4 5
Excluded i ass r inge at 95% CL [TeV]
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to increase stats
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Bt

BROWN

= New era: No bi

I » R > Gy » Wy (gm=0.1, A=4My) Mp
T > W - qGy - Wyl(gm=0.1,A=4My) My
1>Z' (2016 combination) My
[>2' - ZH - q§i My
@ B2 - ZH - (1, w)bb Mz
; »Z' - ZH - q49G Mz
T »Z-WW-q4qq Mz
R »Z - WW - fvgd M
»Z o1 My
» 27— ZH - fiw,cc/dq My
[> W’ (2016 combination) My
W - WZ - tqg M
» W - WZ - wag My
> W - WZ - 1q M
> W' - WH - g4t My
» W - WZ - q3qq My
> W - WH - fvgg M
> W - WZ - fvgq My
W Iy M
>R ZZ-wqq Ma
>R = HH - qgtt Ma
» R - HH (combination) Mg
S PRoHHS b@ww (lep.) merged-jet Mp
2 >R HH- bbWW (lep) Mp
’l'l’ » R = HH - TTyy (not in HH Comb.) Mp
& >R HH- multi-leptons My
£ PRoHHo yybb My
2 » R HH - bbbb merged-jet Mp
E >R =W qdqd ™
>R WW - fvqq My
>R-2ZZ My
R - WW Ma
>R WW My
> G - ZZ - fiw Mo
1>G - ZZ a4 Mo
» G- ZZ - wqg Mo
S »G-zz-nqd Mo
I »G - HH (combination) Mg
£ PG-HH- bt}ww (lep.) merged-jet Mo
¥ » G- HH - bbWW (lep.) Mo
& B G - HH - TTyy (not in HH Comb.) Mo
% » G- HH - multi-leptons Mo
@ )G HH- yybb Mg
» G - HH - bbbb merged-jet Mg

»G - WW - fvgq Mg

CMS Preliminary

Going beyond SQRT{L}

jumps in Eqp 2 Needs time to increase stats

36 — 138fb~! (13TeV)

Poor acceptance

loukas Gouskos (Brown)

PLB 826 (2022) 136888
PLB 826 (2022) 136888
PLB 798 (2019) 134952
JHEP 01 (2019) 051
EPIC 81 (2021) 688

PLB 844 (2023) 137813
PLB 844 (2023) 137813
PRD 105 (2022) 032008
JHEP 07 (2021) 208
82G-23-008

PLB 798 (2019) 134952
JHEP 09 (2018) 101
PRD 106 (2022) 012004
JHEP 04 (2022) 087
JHEP 01 (2019) 051
PLB 844 (2023) 1378:
PRD 105 (2022) 0320
PRD 105 (2022) 0320
JHEP 07 (2022) 067
PRD 106 (2022) 012004
JHEP 01 (2019) 051
2403.16926 sub. to Phys. Rep.
JHEP 05 (2022) 005
2403.09430, bub. to JHEP
HIG-22-012

JHEP 07 (2023) 095
2310.01643, Acc. by JHEP
PLB 842 (2023) 137392
PLB 844 (2023) 137813
PRD 105 (2022) 032008,
JHEP 03 (2019) 128
JHEP 03 (2020) 034
HIG-20-016

JHEP 03 (2018) 00:

«— 03-04
—¢— 0.3-0.6

—
—

— 0.7-11
0.8-1.4
— 0.8-3.7 > 13m0
— 0.9-22
— 0.8-3.7 D> 36f"
— 13-3.9
— 13-35
— 1.0-4.0
0.2-1.4
— 1.4-3.0
— 08-4.3
0.4-2.7
— 1.0-4.0
«— 0.5-2.0
— 0.9-2.6
— 13-4.4
— 1.0-4.0
— 1.0-3.9
— 0.7-15
— 1.0-2.9
— 0.9-2.7
0.2-3.1
— 0.8-2.3
0.2-0.6
«— 03-1.0
— 0.9 -3.0
— 13-2.6
L d 1.0 3.1
«— 03-1.9
0.2-1.1
0.1-0.8
— 0.6-0.8
0.4-0.9
— 10-12
05-12
0.3-1.9
— 08-1.4
«— 0.4-0.9
0.3-0.7
0.3-0.6
0.3-0.9
— 9-3.0 3 in t soundary
— 10-1.8
1 2

3 4 5
Excluded i ass r inge at 95% CL [TeV]

57t

= Baseline: Run 2
success story

+ More cutting-edge
tools in more areas

= Main goals:

+ Extend acceptance
l.e., improved online
selection (“triggering”

+ “Exotic” topologies

+ Continue pursuing the
“traditional program

| Run 3: HL-LHC Prototype
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f LHC Run 3: CMS front

N =0xLrAx¢

Acceptance:

Smaller-scale improvements mainly
@trigger system

- HL-LHC: Major improvement

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting

Efficiency:
More sophisticated Al/ML
@Trigger, and analysis level
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B LHC Run 3: CMS front

Acceptance:
Smaller-scale improvements mainly
@trigger system

- HL-LHC: Major improvement

Cutting edge AlI/ML for triggering

1.6

1.2
1

Trigger Efficiency

0.4
0.2

N =0

s =13, 13.6 TeV

14|

0.8 Ff
06 F

- CMS

Simulation Preliminary

L HH — 4b with x, =1

Run 3 (2022)

PEST ESTEES PO | AT ESTAre (et

2X improvement
in o(HH->4b)

| TS NSt | ST Ee ] ST sty Sy e e

0 R
200 300 400

500 600 700 800 900 1000
R
Mae - (GeV)

xLx[dqx }

Efficiency:
More sophisticated Al/ML
@Trigger, and analysis level

2x increase HH->4b acceptance
- preliminary results: reach Full Run 2
sensitivity with just 2022+23 (< half of Run2)
- Other channels HH(H) channels benefit
- More developments in the pipeline
(bbtt, bOWW,...)

b Annual Users Meetino 46



B Leave no stone unturned
"e.g., Long-lived particles (LLPSs)

===ux neutral HSCP displaced WBSM

= charged
== ANy charge

)/ == | »Need dedicated RECO

disappearing displ:izzything teC h n iq u eS
w1 lepton o Effort started in Run 2

N » Run 3: Target many more

b2 L 4
"""""

. &l
et 0
.
.
.

LA, signatures with more

7 S N sophisticated tools
= E . .
%\ V’ + Extend to online selection
displaced V displaced outN ::t?:;uc::g;ys (t”ggerlng)

conversion

vertex

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B Leave no stone unturned /

*e.g., New physics with displaced jets =l

Displaced-jet algo T
(online+offline)

34.7 b (13.6 TeV)
34.7 fb (13.6 Tev) a : IIITIII T L lITlll T T 1 IIITTl T T l!lll!l T t
%] = | T T | ] - -
— - - (D 4 CMS -
GCJ 105 = CMS + Data E T 10 EEPre/iminary Observed ?
Lﬁ = Preliminary Predicted background . T 1° i
C ] L -
10* Gorom > 0985 mg =40 GeV, cr, = 1mm = <Y - H—SS CMS, disp. jets -
F 99—HH->SS 3 - S—=bb - Phys. Rev. D 104 (2021) 012015 -
C g e mg =40 GeV, cr, = 10mm | g 102 M. = 40 GeV 132" (13 TeV) =
3l _ E = =
10 E BH—-SS)=1%  -eew. mg = 40 GeV, ct, = 100 mm 3 §2] - CMS, 2 + chap. jote
C : € 10 JHEP 03 (2022) 160 =
102 - g ; Fu" Run 2 117 o™ (13 TeV)
T._‘_v_\—'—\_‘_ 3 o) 1 =
L I Q B
10 i 5 = e
8 : L3 -1 .~ =
C T ] 10 h =
1= — O [ N\ rtteee - z
B ; R 107 '
r B Te) - -
10-1 | | | | | | & / -
096 097 098 099 0.995 0.998 0.9985 1.0 107 0 il v il E
. . 2 3
Displaced-dijet GNN score 0 10 10
p J gdisp|aced Run 3- 2022 Only! C‘[O [mm]

CMS-EXO-21-010 O(10) improvgd sensitivity wrt to Full Run 2 ENAL/LPC/US lod
with V2 of Run 3 data

Loukas Gouskos (Brown) o, e UG s s v e L e 48



https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-21-010&tp=an&id=2464&ancode=EXO-21-010

Bt Data Scouting

The problem
& ? New ph\dsi ¢S.

\7 E /l nomivoll
- /l higgecs
- “"
. . /
5 5 Ll////// L3> >

L1T HLT
Scouting Scouting Enet ﬁﬂ

» Bottleneck of nominal triggers
+ Output bandwidth of DAQ

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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Bt Data Scouting

The problem The solution: Data Scouting
& ? New physi ¢s. = Do more [physics] with less [event-size]
((_;.,’ /l + Store minimal set of TRG-level info
- nomivod + Caveat: no offline reco, no raw data
] /k h\‘ 88 l.f$ N 137 ftl>" (standaryd trigge'rs) anfi 96.‘6 fb;1 (sycoulting triggers) (13 TeY)
. - ~—P [ cms ]
u u 10° & =
N
| | | | w / / // 7 'q;a E Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157] ) E
L1T HLT W
Scouting Scouting Ener ]
ﬁg 10°® : =
f scouting triggers | standard triggers 3
11 20 U = T T - (Gez\(}g)

= Bottleneck of nominal triggers Alréady since Run 1; Run 3 & beyond:
« Output bandwidth of DAQ - improved performance & user friendliness

- extended to L1T
Full potential yet to be explored!

Loukas Gouskos (Brown) 57t Fermile . oo 50



Bt Searching for the unknowns

= Typical analysis workflow:
+ Starting point: signal hypothesis
+ Design triggers and analysis strategy
+ Extract signal from data = Interpretation

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting

Great!
IFF we know what you are
looking for..
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B Searching for the unknowns
= Typical analysis workflow:

+ Starting point: signal hypothesis
+ Design triggers and analysis strategy

Great!

IFF we know what you are

looking for..

+ Extract signal from data = Interpretation

Null results
so far

Loukas Gouskos (Brown)

String resonance
2y resonance
Wy resonance
Higgs  resona
Color Octect Scalar, k2 =12
lr Diguark

+4, pseudoscalar
calar

2My, §-yy) merged diphoton paic
Ieptonic

GeV, mg =3 GeV, Brid'~m) =
Spit SUSY, HSCP ghino with infnte ietime, fi;
stau pai production, HSCP with infnite lfetime
Doubly-charged tau', HSCP infinie lfetime, DY production

Excited Lepton Cont
Excited Lepton Contact

;> Mol

¢ medator [+, =135
scalar mediator (fermion portal), A,

91=1. 9o 16V
complex sc. med. (dark QCD), My =5 GeV, Ty, =25 mm
Baryonic Z', gq
2 mediatordark QCD), m,
7 -2HOM, gz = 08

ep
axion-ike partic, f

2
inelastic dark matter mode,
inelastic dark matter mode
dark Higgs, go = 025, g = 1, 6=

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV glino to 4 quarks

RPV stop scouting boosted

RPY mass degenerated higgsinos to trijet boosted scouting

FFExxFxxxzzzzxx

x

xxxxxxzzExEExEE

= xxxx

= =

CMS preliminary

Excluded mass range

March 2024

0579191103947 (2]
0350171203143 (20 + 1y; 2e + 1y; 2+ 1y}
QOIS0075 191
010803419110
9 pp+ILpp+yl
)
EXO-21-017 ((L+ pf=* +y)l
(SUEPOffline)
2 (dE/d
00:069 0152
0256200104521 (20 + )

03507 191

1023

00195 210713021 (2 1j +p§'

02:4642103 027"

00:029 190101553 (0, 10+ 2 2j+ p7'™)
0050421 0,1+ 22+ py’
00:052107.1302
0007210713021 (2 1j +p7=)
00:03 190101553 (0, 11+ 22j+ pj'=)
0050422 92(0, 1 + 22+ p})
0154 1810 1 04
00190801713 (h +p7*=)

(21 +p7=)

LS5 211211125 (2 4 py'
1713 (h+pg

0003-0.08 OMS-PAS-EX0-20-010 (2 displaced p + p}'
002008 OMS-PASEX 0(2 displaced p + pf
01603520

7.0.075 & 0995-0.1
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B Anomaly detection @LHC

= From fully supervised - un/less supervised methods
+ Learn as well as possible known physics [i.e., the SM]

o Test in collision data and look for deviations

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B Anomaly detection @LHC

= From fully supervised - un/less supervised methods
+ Learn as well as possible known physics [i.e., the SM]

o Test in collision data and look for deviations

No new physics

\wu‘m\wi
# best ne

D
Reconstvucha, loss

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B Anomaly detection @LHC

= From fully supervised - un/less supervised methods
+ Learn as well as possible known physics [i.e., the SM]

o Test in collision data and look for deviations

No new physics With new physics
A \wu‘\mwl A \wu‘\mwl
begks ne beghs ne

D D
Reconstvucha, loss Reconstruchan loss

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B Anomaly detection @LHC FUALLPOLS

» Developed and demonstrated that it
works using LHC Run 2

o well.. without seen “anomalies” ®

Jet

o CMS S'/myla[t/o‘n F"rel‘/ml{r?iary ————— — .(13. T?V) o 10 CM‘S Pre/iminaryT ‘ . 138 fo~' (13 TeV)
3 S - e <. Al > T T "
g 1071 o . - ‘\; A & VAE-QR -+ Data
o W o B’ NS ° o O°F — Bkg. fit
- B't- bzt AN \\ S |
10-3}- =~ VAE-QR *-\\ 30| : 1051 -- 3 TeV X-=YY —>4q ]
—+ CWola Hunting \‘A\ \_‘\. 12 N -- 5TeV W'sB't—bZt
—e TNT 40 & 10
10°- + CATHODE \\\\ ) b
—#— CATHODE-b ‘\ 109
QUAK 50

107} w § ol
QUAK: Model Specific §

10-9|- ¢ 2-prong (t21, msp)

6a] 10"
3-prong (tsz, Msp) i / e “
-#- Inclusive 10°F N\ .
3 | L | L s | E
107"} n = 4 T T T T T
70 fE §|L-__lr._l-_. g
l P S S S R [ | A—— A S0 B m
-20 0 20 40 60 80 100 IR . L ) )
Cross Section (fb) 2000 3000 4000 5000 6000
m; (GeV)

Implemented at trigger Level for Run 3 and beyond

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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BBBBB

The (near-term) future: HL-LHC



B The HL-LHC project

» P5 recommendation (2015):
+ Continue strong participation at LHC
+ Full participation in HL-LHC upgrade + detectors

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B The HL-LHC project

» P5 recommendation (2015):
+ Continue strong participation at LHC
+ Full participation in HL-LHC upgrade + detectors

» P5 recommendations (2023):

Recommendation 1: As the highest priority independent of the budget scenarios,
complete construction projects and support operations of ongoing experiments
and research to enable maximum science.

A significant consideration in the prioritization process was the executicn of proj-
ects begun in the past decade. In addition to operating facilities producing excellent
science, three major facilities are currently under construction: the High-Luminosity
Large Hadron Collider (HL-LHC), the Deep Underground Neutrino Experiment
(DUNE), and the Vera C. Rubin Observatory (Rubin). Each plays a crucial role

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B The HL-LHC project

e

Diodes Consolidation

splice consolidation cryolimit LIU Installation . X HL-LHC
7 TeV 8 TeV button collimators interaction ) inner triplet |
—_— = R2E project regions Civil Eng. P1-P5 pilot beam radiation limi installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
510 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS

beam pipes : . ¥ . HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCbh b 2 x nominal Lumi

75% nominal Lumi upgrade

EX 190"

] 3000 fb
luminosity EEGLTVE{*3

= 5-7x instantaneous collision rate Key for rare processes:
» O(10) larger dataset H(H), VBF/VBS, EWK SUSY, ..

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting 60



BA major project

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab” cavities for
tunnels and 2 shafts near the ATLAS and CMS experiments to

ATLAS and CMS. tilt the beams before collisions.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing
of the beams before collisions.

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.

tunnels near ATLAS and CMS.

LUUNGAD UWUUSONUD T IYYVVYILLY I/ 1T IHHHILIAGY AAhiual uocio iviccull =

CERN March 2022

From:
G. Apollinari and O. Bruning
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Bw‘; A majOr prOjGCt From:

G. Apollinari and O. Bruning
| HL-LHC AUP

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

CIVIL ENGINEERING
2 new 300-metre service
tunnels and 2 shafts near
ATLAS and CMS.

“CRAB” CAVITIES
16 superconducting “crab” cavities for

the ATLAS and CMS experiments to
tilt the beams before collisions.

FNAL (& US):

Leading role on
critical technologies :
- Focusing Magnets

- “Crab” cavities

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

\ of the beams before collisions. ‘

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.

tunnels near ATLAS and CMS.

CERN March 2022
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B! Quadrupole magnets

» Beam focusing (small transverse size):
fr ev Ny N b 2 Need to be as dense
L = 14 R as possible
41T e @ - LHC: ~50cm
- HL-LHC: ~10cm
* 3*: controlled by focusing
m ag n ets e Service gallery (UR)
+ FNAL is leading the N A
efforts in developing o
Niobium-tin (Nb3Sn) . /% e

quadrupoles

D1

& ‘ DFX
%

From: G. Apollinari
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From: G. Apollinari

B Quadrupole magnets: Status

MQXFA Magnet

v Vv v v v v v vV VY
Cold Mass Assembly «Vc) d\g@(’o v@) Q?'"\(/b y :

v v

Cryo-Assembly

Threshold | | | Objective

v' Completed, sitting on a shelf or delivered to CERN

v Under Test

Key developments for the

T a8 future (100 TeV pp) collider
0 rerorcenn-n 20
loukas Gouskos (Bfo) ‘ —— 57t Earmilab Annual Users Meeting 64



Bt “Crab” cavities
» But: Small 3 - larger crossing angle. (6,)

LHC

Effective
cross-section

loukas Gouskos (Brown)

N

—

/ > 1 : : : :
09 +
,
0.8 + HC nom
: 0.7 +

06 | @ LHC Run 2

0.5 +
0.4
0.3
0.2
0.1 +

ction

factor

HL-LHC without CC

Lumi redu

B* [m]
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B “Crab” cavities

» But: Small 3 - larger crossing angle. (6,)

LHC \
Effective /

] —
cross-section

loukas Gouskos (Brown)

7

Lumi reduction

factor

09

0.8

0.7 +
0.6 +
0.5
0.4
0.3
0.2
0.1 +

57t Earmilab Annual Users Meeting

HL-LHC HC nom
with CC
+

LHC Run 2

HL-LHC without CC

2Xx
mprovement

0.2 0.4 0.6 0.8
B* [m]

66



Assembly in

full swing

powering +
distribution
UA gallery ‘

Service cavern

Crab cavities

Collimators

RFD Bare Cavity
v v

RFD Dressed Cavity

Threshold

Objective

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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B The CMS HL-LHC detector
= P5 2023:

New detectors, such as picosecond-precision timing detectors, and forward tracking
and extended trigger systems, will enable searches to better target new physics with
challenging signatures. Alternative data-taking strategies and novel analysis techniques

leveraging advances in AI/ML (for example, anomaly detection) will provide access to
parameter space that is currently unexplored.

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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Barrel Calorimeters

* ECALssingle crystal granularity in L1 Trigger
with precise timing for e/ at 30 GeV
ECAL and HCAL new back-end electronics

L1 Trigger/HLT/DAQ
* L1140 MHzin/750 kHz out

* Tracking for PF-like selection
e HLT 7.5 kHz out

B The CMS HL-LHC detectc

Muon Systems

DT & CSC new FE/BE readout
* New GEM/RPC

* Extended coverage |n|<3

Tracker

* Si Strip Outer Tracker
designed for L1 Track Trigger

* Pixelated Inner Tracker
extends coverage |1 |<3.8

N

MIP Timing Detector
* <75 psresolution
Barrel: Crystals + SiPMs

Calorimeter Endcap (HGCAL)
* Si, Scint + SiPM in Pb-W-SS
From: A. Ryd * 3D shower imaging with precise

US CMS 2024 timing

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting 69




Bt

BROWN

Major effort in the US

@ Purdue U. Northwest

@ ‘ U. of Notre Dame
“‘ & Wayne State U.

& The Ohio State U.
: &) SUNY Buffalo

@» 0 Purdue U. West Lafayette
@, 0 U. of lllinois at Chicago

& ‘ Northwestern U.
‘ Fermilab

‘ Northern lllinois U. | | \

@ Work supported by NSF MREFC

0 Work supported by the U.S. DOE

@ 0 U. of Minnesota ;
0 Bethel U. — ) N RO o ins
& @ . of Wisconsin - Madison S I T g PR e e ,t, : \ (17N ‘ o3l #
0 U.oflowa — - o - 7 a8 T - 777"%\\‘ )
& @ . of Nebraska - Lincoln R i i 3 e o L
@ 0 U. of Colorado Boulder N = o
< 0 U. of California Davis

@‘ ‘ U. of California Santa Barbara —

@ 0 U. of California Los Angeles

© caiifornia Inst. of Technology 3 ~ SR sovoss VA, *8° Whton

®~ U. of California Riverside 1

© u. of california san Diego /A | |\ 55 e N
& Riceu. ~_

Turks and ~
aicos
=3 Istands

‘ Texas Tech U. |
@ Texas A&M U.

< ‘ Kansas State U.”  / Cayman

\ L tom L0 S e,
& @ The U. of Kansas © sayior s e
@, U. of Puerto Rico - Mayaguez

loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting

— ‘ Princeton U.

0 U. of Rochester
‘ Carnegie Mellon U.
@ Cornell U.

& © Northeastern U.

‘ Massachusetts Inst. of Technology

@ ‘ Boston U.

0 Brown U.
@ 0 Rutgers U.

@ ‘ U. of Maryland

@ The Catholic U. of America

@ ° U. of Virginia

' @ The U. of Tennessee, Knoxville

) @ Vanderbilt U.

0 U. of Alabama
0 Florida State U.

@~ ‘ U. of Florida

@» Florida Inst. of Technology



Bt HL-LHC: “Offline-like” reco @ LAT ruuirous e

= 18t time: Tracking @L1AT
40 MHz

|

Track trigger

Calorimeter trigger

Muon trigger

Detector Backend systems

Global Track
Trigger

Global Calorimeter
Trigger

External Triggers

Global Trigger

Phase-2 trigger project

750 kHz l

loukas Gouskos (Brown)

\4

12,5 pysec

Huge Physics potential

CMS Phase-2 Simulation

14 TeV, 200 PU

57t Earmilab Annual Users Meeting

>
Q -
o bt op i g -
% : : o;
= 08— '
B T
— '."
- .14
0.6/ ,'*?
: '\‘ Fixed rate: 11 kHz
0.4 :
i ] —=— PuppiHT (370 GeV)
- X ~+— TrackerHT (200 GeV)
i i CaloHT (650 GeV)
L ..‘"‘.‘
B B ro Tpea g en oy
% “"200 400 600 800 _ 1000 _ 1200
Gen. H, (GeV)
Al/ML on the edge [see
Abhijith’s talk yesterday]
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https://indico.fnal.gov/event/64626/contributions/293099/attachments/179613/245388/Lab_AI_overview.pdf

B HGCAL

» Physics-driven design

+ Fine lateral and longitudinal segmentation

+ precision timing capabilities

Lot’s of potential

Tracks and clusters clearly
Vo e ident fblbyyh ght

most of det

high pr jet By 2R
0(sooc V)\ B ;

- Major challenge: R&D, construction, as well as
exploit its potential (particle reconstruction)

- FNAL/US: In the frontline of all aspects of the
project

loukas Gouskos (Brown)
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B Last but not least: The LPC center

» The Large Hadron Collider Physics Center: “LPC”
o Located: 10" and 11t floor of Wilson Hall
+ Very vibrant community

+ Learning hub for younger and more senior scientists

Loukas Gouskos (Brown) ~ g7th Ferilab Annual Uses Meeting 73



B Outlook

» The LHC (and the experiments) is our best tool to provide
iInsights to many of the big open questions

= We are at the beginning: <10% of total expected data
+ We discovered the Higgs
+ Exhaustively searching for direct evidence of New Physics
+ We are challenging SM probing processes in a range of O(10'3)

» Oftentimes exceed initial expectations
+ Huge effort to exploit the true potential of LHC and CMS

* NB: We cannot guarantee “discoveries”
We can guarantee “deliverables”

Loukas Gouskos (Brown) 57t Earmilab Annual Users Meeting
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Bt Outlook
= Still: Everything looks very SM like, but...



Bt Outlook
= Still: Everything looks very SM like, but...

Lord Kelvin —G\ZE

There is nothing new to be
discovered in physics now. All
that remains is more and more

precise measurement.

AZQUOTES



Bt Outlook
= Still: Everything looks very SM like, but...

Lord Kelvin —G\ZE

There is nothing new to be
discovered in physics now. All

that remains is more and more .. and we all know what
followed after this statement

precise measurement.
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