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The CMS experiment and its trigger



The CMS detector

CMS DETECTOR

STEEL RETURN YOKE
12,500 tonnes

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistve Plate Chambers
Endcaps: 540 Cathode Strip, $76 Resistive Plate Chambers

PRESHOWER
Silicon srips ~16 m* ~137,000 channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scinilting PWO, crysals

erimentat the LHC, GERN
2 fecordeds 2016-Oct-14 09:33:30.044032 GMT
Event/ LS: 283171/ 95002595 / 195 /
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Triggering at hadron collider

e Trigger is key for success of HEP experiments.
Trigger is particularly challenging in hadronic collider because of multijet background.
Main signatures used to trigger in hadronic colliders:

o Isolated muon/electron(s), eg. from Z/W decay clean environment
n target: Higgs and EWK physics, Top, New Physics with Z/W bosons (eg. vector-like quarks) low thresholds /
n rate: small (W/Z+jets)
o Non isolated muon/electron(s), eg. double muon from J/psi decay:
[ target: measurements about B and C hadrons
n rate: signal, combinatorial (from QCD), electron from photon conversion
o Photons:
[ target: Higgs — photons, ISR, FSR, new physics with photons (eg. diphoton resonance)
n rate: jet misidentification, photons from QCD production (a,, suppressed)
o Taus (hadronic decay):
n target: Higgs -> 77, new physics with taus (eg. ditau resonance)
n rate: jet misidentification
o Missing transverse energy:
n target: dark matter, Z — inv. (eg. ZH), H — inv.
n rate: instrumental background
o Jets (b-tag): large background
m  target: large background from strong interaction high thresholds
n rate: multijet from QCD

J
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(MS trigger menu

Data storage &

Simplified readout L1 trigger Full readout reconstruction
40 MHz 100 kHz 100 kHz ~2 kHz
(<4us) 100 GB/s (~300 ms)
~2 GB/s
HLT path L1 thresholds [GeV] HLT thresholds [GeV] Rate [Hz] clean environment Vi
S5 Single muon 22 50 ﬁ low thresholds /
C Single muon (isolated) 22 24 @
Q Double muon 22 37,27 16
Double muon (isolated) 15,7 1758 2
E Single electron (isolated) 30 32 @
(- Double electron 25,12 25,25 16
G) Double electron (isolated) 22,12 23,12 32
b~0 Single photon 30 200 16
_b_‘o Single photon (isolated), 30 110 16
b barrel only (|5] < 1.48)
Double photon 23,12 30,18 32
n Single tau 120 180 16
E Double tau 32 35;35 49
U Single jet 180 16
o0 Single jet with substructure 180 32
— Multijets with b tagging Hr > 320 Hy 30 16 Iarge background
o jets > 70,55,40,40  jets > 75.60,45,40 .
eV Total transverse momentum 360 C(TS() 16 hlgh thresholds
Missing transverse momentum 100 120 49

"
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Rate evolution, scouting and parking

e The “standard” HLT rate cross-section cms

Trigger rate evolution

HLT rates and instantaneous luminosity averaged over one fill of a given data-taking year

. . . . = 7
increased with lumi since 2012, L s Scoting
T 0 :
o trigger cross section roughly constant: 5 15E
m  ~1kHz/10%*cm2s o
e Largeincrease of parking rate in 2018. ., - E—
o 2018 idea: collect additional data to be s e — iy |
processed during LHC shutdown 2 (2019-22) 5o | |
o Run?3: d?ta process.ed prc?mptly, if possible Fex W 1 B2 BE B .
e Revolution in scouting since 2022: RN I T »
o save all main physics objects reconstructed at HLT 5 T ; - % Z
(tracks, vertices, muons, electrons, jets ...) = F > Z 7
in 20% of events processed (~20 kHz); £E 2 Z | Z Z Z Z
o eventsize x100 smaller than full RAW. 30 015 2016 2017 2018 2022 2028

N
o
) -
S N

e Moreinfoin M. Musich talk.
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Results from “standard” triggers



Events/GeV

W-mass

W mass extracted from 3D fit to muon (n, p;, charge),
using best MC simulation (4B events!).

@)

Muon scale obtained from J/y and validated with Z,

O
@)
O

required an improved MC simulation (Geant4e);
muon track refitted with Continuous Variable Helix;

improved parametrization of B-field,

material budget, and alignment.

Preliminary unblinding steps
W-like measurement from Z—pp data;

@)
©)

Z-boson measurement = m, = m,

c= 22148 MeV.

cds.cern.ch/record/2910372

1343
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LEP combination
Phys. Rep. 532 (2013) 119

PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589

LHCb

JHEP 01 (2022) 036

ATLAS

arxiv:2403.15085, subm. to EPJC

CMS

This Work

CMS Preliminary
My in MeIV |

- 80376 + 33 —— N
|- 80375 + 23 1 1
|- 80433.5+ 9.4 ==
| 80354432 —b ]
|- 80366.5 + 15.9 p——i ]
L 803602+ 9.9 b = Ewiit

: L : L . L . !
80300 80350 80400 80450

Results: best measurement (9. 9 MeV) at LHC comp. EW fit,

l\/Iore model-independent analysis (cross- check) = compatible result.

@)

168 b (13 TeV)

Postfit

X%, /ndf=2694.8/2879 (0=99%) mm W:

t Data B Z/y* - pp/tt
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Bl Rare

- Hv
B Nonprompt

Pred. unc.

-4
810 :

my (MeV)

16.8 fb~" (13 TeV)
T T
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[0}

©
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Entanglement in tt events

Test of entanglement in dileptonic top pair events,

o Decays to muons and electrons.

Spin-correlation variable (D) <-%s evidence of entanglement.
Using the low m,, region, 345 — 400 GeV, higher sensitivity.

o D>-Y%excluded with 5.1 standard deviations.

CMS ‘ ‘

36.31b" (13 TeV)
T T

D measurements

10.1088/1361-6633/ad7e4d

w
=}

| m(tD <400 GeV
8,0 <0.9

\

20

o
o
o
e Measurement:
o D=-0.480+0.028
L, CmMs B3HT(TeY)
¥ Doy = ~0.467°3935 1

15[-Dobs. = -0.480:8358

D likelihood

Deyp. = —0.452:0022

Dops. = —0.491 tgggg

D likelihood

1oS€an 4 1o S€an g
With 1, Without 7,

——ERpectea 17 ==——EXpected 17

. > | 5| o]
Observed B —— Observed 8
Observed stat. \ % Observed stat. &
! ! ! MW/ I | ! LN KL 2

0 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 0 -0.8 -0.7 -0.6 -0.4 -0

D D
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CMS 36.31b~" (13 TeV)
T T T T T
/1! POWHEGY2 + HERWIGH++-+1, / f,
I/l MG5_aMC@NLO(FxFx) + PYTHIAS + 7, /

/i POWHEGY2 + PYTHIAS 1 / P4
/] MC stat. ©
11/ MC Stat. @ Syst. o
—  Entanglement boundary IO -
{of Data extr, with PH+P8 f"(“,) <400 GeV g
/81 Data extr. with PH+P847, Bu(18) < 0.9 ()

3
o
=
-
049199 o
\ ®
P
| &
3
S
o
-0.480°3%88  ——e—— ®
L L L 1
).60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
D

36.3 fb™! (13 TeV)
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> 10° E
8 I tiother WM tt dileptonic ]
g ] Diboson mtw Stat@ Syst _|
2 [ mm pdieptonic EE Z+ets 4 Data

g

w

2000
m(td) [GeV]

Need to model possible effects of a
contribution of tt bound states
(toponium) at low m,, (1,)
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Weak mixing angle

First measurement from Gargamelle in 1973 sin2<9W :0.3-0.4.
Precision measurement from gqq — Z/y" — ¢2 forward/backward asymmetry in
double muon and electron final states.

w
AFB

0.2

0.05

Data - Fit

-0.05F

Sensitivity enhanced by extended acceptance of electrons

doi:10.48550/arXiv.2408.07622 ; :; I N F N C)
UNIVERSITA DI P1SA PISA Va Z

to the forward calorimeter (3.14<| | <4.36).
Result compatible with the SM. Resolution close to SLD/LEP!

CMS 59 fb™' (2018, 13 TeV)
T T
T Fit (CT182) t
—»-Data 1
L '. A
B o ¢ |
?M"“» oo . .'..v o .-’ |
L - Ed
" 2D fit (|y|. m) ¢
Il 1

5...-..- 1487000000t cuncareatetestenat b by cesert 4 +++¢‘ §++ d

0

20

20

60
lyl-m bin
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Effective weak mixing angle meas.

LEP Ars —
LEPP, | — .
LEPAY [ — .
LEPAZ | N
Lep Q[ =
stoA’ | —.—
o 1 gy [t
D0 1.96TeV | N
g e o
LHCb 7+8TeV |
cMs8TeV | MR —
cus ooy e
0.229 0.23 0.231 0.232 0233
sin®6.;

0.23099 + 0.00053
0.23159 = 0.00041
0.23221 + 0.00029
0.23220 = 0.00081
0.2324 +0.0012

0.23098 = 0.00026
0.23221 + 0.00046
0.23095 = 0.00040
0.2308 =+ 0.0012

0.23142 = 0.00106
0.23101 = 0.00053
0.23157 + 0.00031

0.234

£

Effective weak mixing angle
measured in different datasets

CMS 138 fb™' (2016-2018, 13 TeV)
uu ;
ee ———— oA,
eg e AR
eh === o 0030s
2016a| . —_— Al comb
2016b ::
2017 ———
2018 ——
0.23 0.232 2 0.234
sin6,
11


https://doi.org/10.48550/arXiv.2408.07622

HIggs

Evidence for Higgs to muons (30).
Higgs to Zy (2.7 o).

(H — cc, ee, y+hadron).

CMS 138 b (13 TeV)
>|p 1,‘" AL L L t‘.-"‘
1S m,=125.38 GeV WZ.o
> Py, =37.5% -

107" Higgs boson Iimits‘_,.‘-'""' 3

b .-
102k T 8 E

.-® Leptons and neutrinos Quarks

-7 Bl i
@
ke

Force carriers Higgs boson
0o
1 1

1.4 T T

1.2F 1.0 E
e — g *
6

Ratio to SM
5
T

0. 1 1 1 1
107 1 10 10?
Particle mass (GeV)
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Higgs to invisible: BR<18% (exp. 10%)
New searches for suppressed channels

bb 2Z
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb yy
Expected: 5.5
Observed: 8.4

bb T
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

doi:10.1038/s41586-022-04892-x
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e Double Higgs:

Evolution of double Higgs limits

CMms

Double Higgs limits

138 fb' (13 TeV)
ALCALMALA

vl

10? E bb bb bb 1t

T T T

K =Kk=1 —e— Observed ~ ----- Median expected
K=ty =1 B9 68% expected B
----- 95% expected 10

LRI
|

=
=
o
T
=3

Combined 3

95% CL limit on o(pp — HH)/aTheory

o
T
1

¥ & Q‘O —e— Observed
L il n Lol Qp Q’DQ N X
1 10 100 Q\o «“\\9 Y ---- Median expected
95% CL limit on o(pp — HH) / O heary N [ 68% expected
<& |:| 95% expected

1?2
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Angular analysis of the B — K*uu

B candidate mass

e Trigger based on dimuon + displaced track. 3
e Fittomgand 3 angles (0, 6,, §) to measure f 1 o

CP-averaged angular obs. F, P, P, P, P, P, P Py
e Background rejection optimized with a BDT.
e Hints of New Physics from previous measurements,
e Result compatible with LHCb, with a similar sensitivity.

m(K'T ) (GeV)

CMs 140 fb™ (13 TeV)
8240?
CMS 140 fo™' (13 TeV) S 220% { 2<q? <43 GeV
. e TR TR 505N
0,. 0. . ¢ angle definition 1 - oaa E 22005\
Tk F [Jascomn [ eos 1 $180;{ ﬁ{
T T T - = ) = i) E X
Ir LHCb Run 1 +2016 1 F flavio HEPfit E 160: N1

140,

O'S:Qm Lmﬁ ?:DBV ] 057 E Esmeasurementé 120 %,

100% {Hﬂ*

- == o
o Bl | -osp = ] 40

: g = == 20¢

i ‘:k:l . ! a E E O_mw._.\...u._.w..x...lHm.m..x..

0 5 10 15 _E E : 2 ’
¢>[GeV7c!] E 3]

9 (GeV?)
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Phaton collider: y+y — tau + tau
———

a-a INFN
UNIVERSITA DI P1SA PISA

Y
=

Y

e Tau-pair production from

phOtOﬂ fUSiOﬂ, Tau anomalous magnetic moment
o elastic or dissociative Y CMS 138 1o (13 TeV)
events, , — e Observed —68%CL —95% CL
. L L
m events with N o ) S8 27  try ?
low-multiplicity. i : PLB 434 (1998) 188 ‘
e Several simulated quantities Irack multiplicity 58 - 7 » oy
require corrections based ondata |, CMS____ 13D (13Tev)  PLE434(1998) 169
_ i 2 [ 4+ obseved @z 5w @z el DELPHI :
o In particular, track multi. S s000| LIExcl ko, MWV + 1 EdetmieD | TYos Ty from e) ——
. w FEYY > Uncertainty EPJC 35 (2004) 159 oM
for pileup and hard scatter - aTLAS o |
e First observation in pp: 5.3 g PRL 131 (2023) 151802 3
1000
obs (6.5 exp)! : oS <ty from Pb) .
- b CMS :
moment: a_=(0.9 +3.2) x107 Y5 v (y from p) -
o Improves LEP limits by £ 100p, [Bkg e —yrow § Obs —bho. i d 01 008 000
| E H adz
factor 5! 2 o el | { -
e B A TR

N, tracks
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Results from scouting Run-2



doi:10.1016/j.physletb.2020.135448

doi:10.1007/JHEP08(2018)130 (nrvERSITA DI PISA PISA

Dijet measurements

e Scouting originally developed to extend dijet searches to

light mass.
o large trigger threshold reduction (HT ~1000 GeV — 300 GeV).

e Search for resonance in two resolved jets in the inclusive
and in the three jet final states, down to 350 GeV.

INFN

34 fb~!, 2022 (13.6 TeV)
T T T T

Trigger efficiency
> S

4
©
T

0.4

0.2

W

T

CMS

o

e
Trigger efficiency

.

-+ Scouting trigger |
-4~ Standard trigger

L 1 Il 1 L Il
250 500 750 1000 1250 1500 1750 2000
Hr (GeV)

95% CL observed exclusions

18.3fb™ (13 TeV) . 27113 TeV) o T T
= & T T T T E > 10°E (I:MS ‘ ‘ ‘ J s o CMS
© i CMS ¢ Data (0] E ¢ Data = M Dijet Scouting (JHEP 2018, 130)
o 10°¢ - E S 105 it 4 VS =13TeV, 27 o'
Qo E = E E
=3 102k “++++- qq (400 GeV, 95 pb) | &_ e 99 (0.75TeV) 3 Dijet Scouting (PRL 117, 031802)
g E e, e qq (550 GeV, 4.2pb) 3 & 10 ©+qg(1.20TeV) 75 r ] VE=8TeV, 19.7 fbo!
ke F e E ke F == qq(1.60Tev) A . . T
5 10 49 (700 GeV, 1.9pb) ] B 1°F E Z' — jets limits Dijet+ISR Scouting (PLB 805, 135448)
E E| E .e 3 — e -1
05 x2/NDF=192/13=15 E © meéDl et mass 2 Vs=13TeV, 183 b
10% Three wide jets = E s [ Boosted Dijet+y (PRL 123, 231803)
F p,>72GeV, I <25 . E 105 ) - / Vs=13TeV,359 '
101 - < 14 Dijet mass ] E E .
E ' 2 E 1 [ x2/NDF=203/21=10 . ] Boosted Dijet (PRD 100, 112007)
S Y E E Wide Calo-jets E L T Vs=13Tev, 77010
L % - JF 049<m <204Tev 7
E 3 107 E" M <25, a0 < 1.3 : = Dijet b-tagged (PRL 120, 201801)
:‘ 4 .1 1 L 1 L LM 3 T Vs=8TeV,19.7 b’
i =z = = ——— i = = . )
Ile ab it S 2oF . 10~ H1 Dijet x, (JHEP 2018, 130)
P s S8 Tl e E V§=13TeV, 359 fo~'
Joc] slE o
8 s Op 8 3 i 1 Dijet (JHEP 2020, 033)
n -2r VS o 1 , _ Vs =13TeV, 137 fbo'
—g E -3F_, : ; ; ; : d Z-a@ Dijet x, (EPJC 78, 789)
—ok : : ‘ : : . 06 08 1 12 14 16 18 2 __ Dietx. 78, 71
400 600 ”800 1000 Ditet TeV i ] i i i i i i Vs =13 TeV, 35.9 fb~!
Dijet mass [GeV] ijet mass [TeV] 10 20 50 100 200 500 1000 3000
mz [GeV]
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Scouting pair-produced multijet resonances

e Search for pair-produced resonances, fully hadronic final state.
o Benchmark models: higgsinos ( "h —qqq), top squarks ( “r—qq), and gluinos ( “g—qqq).

e Resonances decay considered:

o 3resolved jets,

o 3 merged jets in a wide jet,
o 2 merged jets in a wide jet.
e Wide mass range covered from 2000 GeV down to 70 GeV.

o Fully hadronic ttbar peak clearly visible — standard candle

Mass between 3 resolved jets

128 fb~! (13 TeV)
1000 - T T . T
{ Data
cms === QCD muljets
200l — QCD multijets +i
X?/ndof = 90.9/101
— RPV Gluino m=200 GeV
RPV Gluino m=300 GeV
3 600f — RPV Gluino m=400 GeV
0] ;
w
2
{7}
£ 400
P

200

Bt ittt A uu
v,wvmwm g ’H'W T '”0'

Ogata
d.» o w o
T

data - bkg

‘ , ‘ |
100 200 300 400 500 600
my; [GeV]
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Oobs / OsUSY Pred

10%E—T T T
Gluino limits
10f .
1L J
107"k E
10—2 b=
10
v pp - §d,d - qaq
1o-L 7\ ]
II \Y — Resolved final state
—- Boosted final state
10—5 L 1 L Il Il Il L
70 100 200 400 700 1000 2000

Gluino Mass [GeV]

95% CL observed exclusions

___ CDF (PRL 107 042001)
VS =1.96TeV, 3.21b""

CMS (Phys. Lett. B 718 329)
V8 =7TeV, 501!

ATLAS (JHEP 1212 086)

VS =7TeV, 4.6 b~

CMS (Phys. Lett. B 730)
T V/S=8Tev, 194

ATLAS (Phys. Rev. D 91 112016)
VS =8TeV, 20.3 fo!

ATLAS (Phys. Lett. B 785 136)
T V/§=13TeV, 36.1 fb!

CMS (Phys. Rev. D 99 012010)

T VS=13TeV, 359 fb™' [Scouting]
ATLAS (arXiv:2401.16333)

T VS=13TeV, 140 fb~!

CMS (CERN CDS 2866497)
T V/S=13TeV, 128 fb! [Scouting]

0 xBxA [pb]

10?

128 fb! (13 TeV)
T T T4

95% CL upper limits
—— Observed limit
- - Expected limit
— ppoit, toaqq
#=8 Expected + 1s.d. 4
s ==: Expected = 2s.d.

Stop limits

1

1 1 1 1 1 1
80 100 120 140 160 180 200
Top squark mass [GeV]
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Events / 0.1 GeV

doi:10.1007/JHEP12(2023)070
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CMS 96.6 fb~" (13 TeV)

sin(6y)

couting Muons

e Two searches for dimuon resonances performed in

Run-2 scouting.
o Low mass: 1.1 GeV and 7.9 GeV (scouting), 2 s ‘ ® ¢ i
o  Medium mass: 11.5 - 45 GeV (scouting), 96.6 fb-' (13 TeV)
High mass: 45 - 200 GeV, Z boson veto (standard trigger). ‘
e Benchmark models:

o  Dark photon decaying to a muon pair — limit on €2,

o  2HDMH+S, with a light pseudo-scalar S decaying to a muon pair
— limit on sin(6,,).

BaBar
cus Type IV 2HDM+S model

2HDM+S limits tanB=0.5

LHCb

Dark photon limits

2 3 4 5 6 7
i ici mz, [GeV]
4 : 1 o rigger eiriciency
: |137 fo I(stand;ard trlglgers) alnd 96-6| fb (5‘:0““”9 lt"gge’T) (13 TIeV) 61.3fb" (13 TeV) 1 137 fb" (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)
B B B AL B B B Bt e o 5 - N X ; ; R Stk .
E s 3 : "Fcms 3 & N ' .
F CMS 10 B - c - B
C A . . . ] CMs Dark photon limits
E Dimuon mass 35 Baérrels:a’:egory E <35 SPEC|a| L1 2 el B
E _—— ata = . = E 3
[ —— Standard triggers 8 28F —— Z,(25GeV) 2= 2x10° _ trlgg_er: o F 90% GL observed limit 3
E  —— Scoutingtriggers < 26 Background only fit 4 5 requiring S [ eees== o e e I i 1
» ot o - % confidence interval for expect limif

E E 2 1= s 104 & 95% confidence interval for expected limit _
E S oo 13 © E LHCb (90% CL) [arXiv:1910.06926] E
E ok ) ) s i = F Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157] 3
E T ) T T T =
E 2 3 L 1
= 0 j=|
E 245 25 255 26 o 3
F my, (GeV) 3 7]
= Phase space accessible E 10° _
;_(I)nlyIWIth SCCl)utII'I\g | | | | | el scouting triggers | standard triggers | E

20 40 60 80 100 120 140 160 180 200 220 " 20 30 40 50 100 m, ( Ge2\%’

My, (GeV) %
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Observation of n — uwu

First observation of n — uuuu (>50),

101 fo! (13 TeV)

0.53< m,, < 0.57 GeV
¢ Data
n — 4 MC (B = 5.0x10%)
+ Background from sideband ]

—}— Sum S+B

i ncandidate p_ E

o
o BR=[5.0+0.8(stat)+0.7(syst)+0.7(B, )]x10™°.
e BR measured wrt n — upu.
e |Improvement 5 order of magnitude
wrt previous measurement (WASA).
e Good agreement in p' spectrum.
........ e {18 TeY) 70p—rr
1_CMS Fn -2 lyl<15 N - CMS
- Simulaton ~tn—2LlI>15 1 60—
r n-4lyl<15 ] E
08l =1 -4, Iy| > 1.5 . s0[-
g i Efficiency vsn p_ g s
é i e, i M s B 3 40
g(, 0.6_— r’_:f—f B g E
g I * ] 8 sof
£ 04l RS - § F
g C = ] § 20f
02 ] :
E & A . ] 10:—
N Ju e S S

1 generated P, [GeV]
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Candidates / 7 MeV

Pull

101 fb™ (13 TeV)
g cmMs Signal n — 4u E
= e Background =
Cn candidate mass —— Full fit =
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HLT rate vs time

1 2018 (13 TeV)80
Parl(ln Run_z 2018 CMSs - Parking + Prompt g %’
- Pileup - Config. change _;70 T

—60

e |dea: collect B hadron pairs:

;
a
o

HLT trigger rate [kHz]
N w B (6] (o] ~ oo

LRSS BERRE AR RRNR PR LERRE R

o CMS as a“B factory”, | "!N\ :330
o tag:B — p+ X = trigger: displaced muon, R . s J20
o probe: B = anything (unbiased). 1 T —— =1
e Explore untriggerable B decay (probe). N I T
e Collected 1x10" events:
. 10 . L — P 19 16
o purity 80% = 1.2x10"® unbiased B hadron decay; E’ © CMS Number of B estimated |
E 0 - B
o low threshold trigger activated at low luminosity. % 25- from B°~ D™yrv decay 3
< 5 D" - Dl > (Kamly, ]
% ? ; ¢ Same-signKand p candidatesf
% 1.5 ¢ Opposite-sign K and p cand.
& I
O 1=
.."A 0.5;

B probe B tag (BO — D*+|J_V) 0=—01a 0.15 0.16
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Parking Run-Z (2018)

e TagB (B — p +X) can be used for all B decay with a muon in the final state:

o
O

e Probe B (B — anything):

access to untriggerable event B — e + X or B — hadrons,

(@]

o

(@)
©)

O

include also B— 17—y,

“small” number of events because of B tag acceptance.
e Possible measurements based on:

Electron reco efficinecy vs mis. prob.
large number of events.
2018 (13 TeV)

—

‘ -
L CMS simulation

Efficiency
o
T

s dedicated new soft electron reconstruction: +20% efficiency /1

B* - K'e'e”

p,>2GeV, Inl<2.5

[ ] Low-pT electron cand. —

—_— Low-pT identification
B PF electron candidate

—— PF identification

By chance

o
(2]
L

B flavor anomalies: b — cfv and b — s£¢¥; i
R, using B® — D*"£*v, from muon and tau 0.2
(cfecaying to muon);

L

search for B, — p*y; e

searching for lepton violation in B®, — pe* decays; Misidentification probability

charge-parity violating processes fully reconstructed hadronic final states such
as D° — KK, and B®. — ¢ (—=K"K)$ (—K'K");

physics with soft untriggerable b-jets containing B — p +X;

search in any untriggerable topology using 3x10"" pileup collisions.
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Measurement of the RK ohservahle

e R =B(B"— K'e'e")/B(B" — K'u"u): B

(%

K b
o expected close to unity (lepton flavour universality),
o sensitive to new physics (eg. lepto-quark),
o B —K"J/{ (£8) used for normalization.
e Excellent sensitivity in muon channel: s y
_ _q. Bty LQ Kt
o B(B*— K'u'u)=(12.42+0.68)x 1078in g2 =[1.1, 6.0] GeV?, b 5
o differential branching fraction of the B* — K*u*u~ vs g2 \ ;
. . _ . — + .
e Result compatible with SM (R=1): R, =0.78"%_ . oo
o sensitivity limited by the statistical uncertainty for electron channel.
Upto 41.6 b (13 TeV! m(B* — K'y'p) 617 (13 Te! ] L 41610 (13 TeV)
o e CMS BOWUITN) ~ 4 C'IVIRS(K) likelihood scan 3 aoof |, - . £ H— T:t::i:b S E 40 -PF-PF Category T
> Differential BR :Si:;so 3 220 — — Statistical only y E LY e[11,6.01Gev e B oK 2 ig'?E[:-jfs s;o; GeV? - combinaor
O, B* — K+H+H_ FLAVIO T_I:’ 1§i SIatiinCéITSystemat\c /) N 200 ;Slgr\alz 1257 £ 31 Oihor'B:& Comb. = 30: ignal: 18 + + Dt v
o % 1ok T £ e B £ o mEKee)
2 —4— Data o 14F y g [ AT T g E
© "5 12 R (K) = 0.78*043 (stat) 013 (syst) = 0.78%04] 2 100 ¢ Data %
4 a = S &
+ 4+ o8 -\ | L | R
o Ty, e o L i .
r +_._ 02 I f’; < ,[2):,
% : T —T S0 5 51 52 53 54 55 56 4.8 5 5.2 54 5.6
92 [GeVY m(K'u 1) [GeV] m(K'e'e") [GeV]
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Search for long-lived heavy neutrinos in B meson decays

e Search for long-lived heavy neutrinos (1-3 GeV) with a decay length

of ct, (107%-10%* mm) in B meson decay.
e Signal topology: B — £2*n"
o with at least a displaced p,

o both letponic and semileptonic decay,
o B, B, B, B_considered.

e Vetoon known 22 and £ resonances.
e No significant excess found.

(re, ry, r<)=1(0,1,0)

41,67 (13 TeV)

< IS A B L B o i
[ L CMS —e— Data
10-2 g F Lo, >150,08 Signal contnbutlorf !
o C P <57 Gev —— Background contribution

10-3 o 10~ Heft™" mass £ 5.7 Ge — Signal+background fit =
ey r Dimuon channel Total uncertainty ]
é 10-4 Sj m(.l"_") my =25 GeV, ct =100.0mm ]
=1 L ]
T . . r
& 107 B, — UNX branching ratio 6 ~
- n -
Q

106 — B, = uNX 4l

—— Bg = uNX
1077} —— Bs = uNX 2
Bc ~ UNX s il Mgyl t
i o ° I, ThRL |
10-¢ T e Ty N g I ey
1.00 125 150 1.75 200 225 250 275 3.00 %.3 235 24 245 25 255 26 %65 2.7
my (GeV) m(utr®) (GeV)
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CMS 41.6 fb~1 (13 TeV)
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cMS .IMN_I.Z limits  Majorana
(Fe, 1) = (0, 1, 0)

S CMS, JHEP (2022) 081

S CMS, arXiv:2402.18658 |
ATLAS, Phys. Rev. Lett. (2023) 061803 |

- LHCb, Phys. Rev. Lett. (2014) 131802

~—- Belle, Phys. Rev. D (2013) 071102

95% expected
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Search for rare charm decays into two muons

e SM prediction B(D°—p*u7): 3x107" B ) B ) bt
e DOtagged from: D** — Dt* decay to reduce bkg, mmmy mrrr) - mer)
o displacement from D°(ct=0.123 mm)and B (~0.5 mm). =, """
e Large theoretical uncertainty. T T e
e Signal extraction: 2D fit on (m(D?), m(D°) - '
m(D*+)) ’ R e Tt AR
e Normalization channel D°—tt*mT | - S

CMS Preliminary

Events / 5 MeV
g
T

Events / 0.4 MeV
8
T
]

40~

My (GeV) Am (GeV)

measured from zero-bias trigger. s B
o 10p S 645" (136 TeV é ws?PreliminaW T D % L. Preliminary s :‘
e MVA to enhance purity. 30 RO ) E e} e
. . 7t likelihood scan ) *°:' e
e Bestlimiton . o
B(DO—p*p)< 2.6 x 107,
o (previous bestlimit3.5x107°). . >~ T ]
B(D ) E E
1.82 1.84 1.86 1.88 1.9 n;“g“z(Ge\‘/)gé 0.14
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Search for light LLP decaying to dlsp\aced Jets

Search for H — LLP scalars — displaced jets.

f

° /_

e Dedicated new trigger developed in 2022: BT
o HT>430 GeV + 22 jets with <1 tracks, PPN

o HT>250 GeV + soft muon from B decay T

+ >2 jets with no prompt track & < 1 displaced tr. t

e Displaced and prompt jet tagger based on a graph neural network.

. . 34.7 b7 (13.6 TeV) cms 347fb (13.6TeV)

e Nosignificant excess found. ¢ fews = W | 8 T TR
e 0 e . Lﬁ E—— Predicted background E () 107k S

® SenSItIVIty Improved up to 10‘: ’;g%HHiQ: -G eyt 3 %1072' ;

a factor 10 thanks to new OE MiTenan oo

triggers and other ﬂ - T

10 ~D|splaced jet tagger;,,; i CMS, disp. jets
PEeeY Jeeee: 1

r S—bb .. PRD 104 (2021) 012015 |

H £ 10°E mg = 40 GeV 132 b (13 TeV)
“ I lprovel I Ients. 1= AR oo e F CMS, Z + disp. jets 3
Ee E| 10k JHEP 03 (2022) 160 _|
F ] E 17167 (13 TeV) 3
10” L . . ‘ . . T R R B B
096 097 098 099 0995 0998 09985 1.0 1 0 ppes P

Displaced-dijet GNN score g Ct, [mm]

displaced
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Search for LLP decaying to pairs of muon pa|rs

e Displaced dimuon vertex from <1 mm to >1m
e Trigger development on displaced muon. L1 triggers:

o Muon p, computed without beamspot constraint; | j ; --<,::
o Double muon with small AR, without p; requirement E< \ ;

e HLT triggers: f
o Run-2: two muons reconstructed using only muon chambers;
o  Run-3(L2): as Run-2 + veto on tracker prompt muons & lower thresholds;
o Run-3(L3): two tracker prompt muons with small displacement (d>0.1mm).

e Limits interpreted using two models:
o  HAHM(hidden Abelian Higgs model) decaying to LLP dark photons;

Run 2 (2016)
28,28

Run 2 (2018)
23,23 45

Prlie)s Prliey) [GeV]

Run 3 (2022, 1.2)

. . A . . . 010
o  RPV SUSY (R-parity violating SUSY) with a LL neutralino decaying to muons.
L] .o L] L] L] “Agisnalito sols
1 f ; } }
e More stringent limit wrt Run-3 even using only 'z of lumi! T meem
-1
s ‘ ‘ I _ . 366"(136TeV) . Trlgger eff|C|ency Vs crmm ] oA B R e B s e e e
= E R . - 7 = L ECM A
é g cmg-ms —4— Observed grgg Yan : - ;DZD (22 gez € jx 12—7) x; § o _CL"LSZ ZS/mu/anon e ;T ok C Hi zDzDD ark photon limits ]
%‘20:— i Stat. uncertainty =2y ( & et T )x B % g:; 3 :gi;‘;gg:\\// - mgggzz) wd F E m(Z,) = 50 GeV 3
a f 6 <min(d/s,) < 10 10 < min(d/o, ) < 20 min(d/c,) > 20 S osE —mmzeozia 5§ §107F |\ BZ omy=0122 E
15 : : Jd 2 o4f £ E
5 = o3k =g ]
1 - E S10°F g
F 2D fit(m,,, d)/oy,) 02BN 3 E
10 : . > 2 E
b 0 J10%4F E
[ Sle S T T T T T T o § E
[ Sl 4F 5 ®° . q
5 SN SE i o 107 L. Combined: Observed: -
4 ol i /—f - E  —Observed Wm68%quantle —13TeV (97.6%") 3
/ 22 ] F -- Expected 95% quantile ~ — 13.6 TeV (36.61b") J
/ / f / 7 vl ) ) ) ) ) . 107 I ! ! A 1 1 I 1
20 30 40 102 2x10? 20 30 40 12 2x10° 20 30 40 102 2102 10?107 1 10 10° 10° 10° 10° 102 10" 1 10 10> 10° 10* 10° 10°
” " M, [GeV] or o] i)
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PhPh collisions, trigger, and DAQ in 2023

Zero-degree calorimeter energy

e Major improvements in 2023 PbPb collisions.

CMS Preliminary 2023 PbPb (5.36 TeV)

e Level-1 trigger rate increased to ~50 kHz. B gpc e ooy Gev ozt s oy

. . . N hy ---- ZDC Plus 2n, u: 4655.20 GeV,o: 1405.85 GeV
e C(ollected almost all minimum bias hadronic events, & | = BSumsa kesesscelo ascey |
thanks to B v A
o higher DAQ limits in bandwidth; 10’ 3

o reduced raw data format by a factor ~2 (RawPrime), o[ Zero Bias

m ie. replacement strip raw data with strip clusters. e

e First use of zero-degree calorimeter (ZDC) in trigger, [/ /7 Lo o i,
o allow to tag ultra-peripheral collision (UPC) events. R T o e

ZDC Offline Energy Sum (GeV)
Trigger rate vs time

o | . 3 (2023)

PC N Run 3 (2023)

! 1 1
r T T T 1

LLLLLLLLLL 0 5 10 15 20
le Changes  +L1A physics
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HIN-24-003

D°-phatoproduction in UPC in PhPh

e First data analysis done with 2023 PbPb data. D*photaproduction

differential cross section

e Ta rget: DO'phOtOprOdUCtiOn y* + N — DO + X. CMS Preliminary 1.38 nb™ (5.36 TeV PbPb)

. . . . . . . = :|'“‘|"“|“<"\o‘<‘"\‘£
e New triggers targeting ultraperiferic collision (UPC): §oo U e e o< gy
o zero-degree calorimeter (ZDC) use to “tag” the intact Pb ion, E E
. . . . . . . Q_'_O'OSS? 3
o no activity (rapidity gap) on the intact Pb ion side. St | * ], E
[ F
CMS Preliminary PoPb UPCs 1.38 nb™' (5.36 TeV) 6 0.025 E
Pb i Pb JAARERRAR EEAREEAREN DARRRDY AR R 0.021 3
L OnXn UPC collisions (N +y) & Data . F
D°- K+ & chg. con;. - glitgnal 0'015; E
Y 8300 |~ ZDC 1n XOR + Jet8 Kq?ﬂ Sl\;vgﬁ N 0'0117[[] g(’\)AI\?LICC(IUSiveDRO JEMD E
- q o | 5<p_<8GeV om g | 0.005[— EPPS31 (scale Unc.) =
o T m D —>KK+c.c. E PDF unc. o] 7
3200 | 00<y<1.0 -DO—>nn+C.C._ - g%:ETP;Si”} TDeFe ‘,)} IR e e
P DY candidate g o PHeON G-k E
-— = £ :
_ o mass | 5 2 > - 3
q > J= RN | Ll | L,
g w100 — a 0= - 0 1 2

D°y

Pb+X+Xn $ o ]

Pb i W

= ?.68 1.754 1828 1.902 1976 2.05
My [GeV]
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Fxpected results

e Many new triggers have been deployed online recently in Run-3,
o new physics results will arrive in the next months/years;
o many Run-3 data analyses are starting ~now.

e |n particular we expect new results from:

o searches from long-lived particle: new trigger exploits timing for the first time;
o the new Run-3 scouting strategy (~20 kHz with all physics objects reconstructed)

m JetHT, double muon, double e/Y, single muon, AXOL1T, single photon, zero bias;

o the new high-rate parking strategy which now targets
m double muon, VBF, displaced single muon, multijet + 2 b-tag (HH), LLP;

o anomalies detection trigger (AXOL1T and CICADA);

o L1 trigger scouting at 40 MHz (triggerless analyses!).

e Even more for Phase-2 upgrade (2030):

o new timing detector in both barrel and endcap;

o high-granularity calorimeter with a new reconstruction;

o smarter L1 trigger able to run particle flow, and more powerful HLT farm at higher rate,
m track trigger.

e More infoin M. Musich talk (Run 3) and T. Chatzistavrou talk (Phase 2).
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/AXOL1TL2024
https://twiki.cern.ch/twiki/bin/view/CMSPublic/CICADA2023
https://twiki.cern.ch/twiki/bin/view/CMSPublic/L1scouting2024performance
https://indico.cern.ch/event/1361472/contributions/5972904/
https://indico.cern.ch/event/1361472/contributions/5972914/

Anomalies detection triggers

e Anomaly detection triggers are based on ML autoencoder which attempts to

reproduce an event using few variables.
o “Anomaly” is defined as the distance between the original and the reconstructed events.

e AXOLA1T uses L1 trigger objects (muons, jets, EG, MET) as input.
o Trigger with different thresholds: 1500 Hz in scouting (nominal WP), 10 Hz in parking (very tight WP).

e CICADA is based on L1 ECAL and HCAL deposits.

o Discussion ongoing about the deployment (some concern about possible rate instability).

o CMS Experiment at the LHC, CERN
CMS Preliminary 2023 (13.6 TeV)

- compressmn decompresswn CMS Preliminary 2023 (13.6 TeV) Data recorded: 2023-May-24 01:42:17.826112 GMT
- CICADA C|CADA ,__//é Run / Event / LS: 367883 / 374187302 / 159
- original 5°; = reconstructed 0 _
* event u 8 - event m 3
s 40 = o e
= : u
A 30 % 2 %
e iy e’ -30 ?_
5 = w
g - S
z 'ug) ‘° -zog
| S ; £
- 8
. 10 = [ ,
Most ‘anomalous’ évent
o 7 s 0 Lo triggered by AXOL
”-, . . 0 1 2 3 4 5 5. 7 8 9 10 11 12 13 2 N
Anomaly detection triggers in 7 jets, 1 muon, 75 vertices.
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Conclusions

e The CMS experiment is steadily producing important physics results,
o The W mass measurement released after a decade with an excellent resolution.

e Some results obtained very large improvements thanks to new triggers
exploring new signal topology.
e In Run-3, the trigger got significant improvements with new triggers,

a revolutionized scouting strategy, and more high-rate triggers (parking):
o new physics results are expected to come soon.

e With new trigger the Run-3 is much more than just (Run-2)x2!
o Lessthan 6 years from the beginning of HL-LHC with the Phase-2 CMS upgrade!

S. Donato (UniPi and INFN) - CMS physics results and trigger 16
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uperade

New tracker
Timing

HGCal

L1 trigger with
tracking at 750 kHz
e More powerful HLT

S. Donato (UniPi and INFN) - CMS physics results and trigger

L1-Trigger
https://cds.cern.ch/record/2714892
« Tracks in L1-Trigger at 40 MHz
 Particle Flow selection

« 750 kHz L1 output

* 40 MHz data scouting

DAQ & High-Level Trigger

https://cds.cern.ch/record/2759072
« Full optical readout

+ Heterogenous architecture
- 60 TB/s event network
+ 7.5 kHz HLT output

. Calorimeter Endcap
https://cds.cern.ch/record/2293646
« 3D showers and precise timing
« Si, Scint+SiPM in Pb/W-SS

Tracker
https://cds.cern.ch/record/2272264
 Si-Strip and Pixels increased granularity
« Design for tracking in L1-Trigger

« Extended coverage ton = 3.8

MIP Timing Detector
https://cds.cern.ch/record/2667167
Precision timing with:
« Barrel layer: Crystals + SiPMs
+ Endcap layer:
Low Gain Avalanche Diodes

INFN

UNIVERSITA DI P1sA PISA

Our Future Unprecedented Beauty - A Bold Upgrade

Barrel Calorimeters
https://cds.cern.ch/record/2283187

« ECAL single crystal granularity at L1 trigger
with precise timing for e/y at 30 GeV
* ECAL and HCAL new Back-End boards

o T
M8 Barrel Caiorimeters
ko D o

Muon systems

https://cds.cern.ch/record/2283189 K
« DT & CSC new FE/BE readout i ;“ &
* RPC back-end electronics ,,’.7

* New GEM/RPC1.6<n<24
« Extended coverage ton=3

Beam Radiation Instr. and Luminosity
http://cds.cern.ch/record/2759074
+ Beam abort & timing
+ Beam-induced background
+ Bunch-by-bunch luminosity:
1% offline, 2% online
« Neutron and mixed-field radiation
monitors

34
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Trigger

rate at 750 kHz, tracking + PFlow

3 0’:
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U p g [d d P HLT: 80% on GPU, L1 scouting

New silicon tracker Barrel calorimeter
Extended coverage |n|<3.8. ECAL crystal granularity
Track trigger at 40 MHz. readout at 40 MHz.
Reduced material budget. Precision timing for e/y at 30 GeV for
Increased granularity. vertex localization (H — yy).
ECAL and HCAL
new Back-End boards.

[ — . — —

New endcap calorimeter
(high-granularity calorimeter)

3D showers imaging for pattern
recognition

Precision timing for PU mitigation
Si, Scint+SiPM in Pb/W-SS

Muon chambers

Extended coverage to |n|<3
New readout
New detectors (GEM)

New MIP Timing Detector

Precision timing for PU mitigation
Barrel: LYSO crystals + SiPMs
Endcap : Low Gain Aval. Diodes
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o Alltriggers: ¢ (HH—>bbtt) = 78.4% ATLAS simulation _|
Run 3 t-triggers: ¢(HH—bbtt) = 58.4% Preliminary 1
© Run 2 t-triggers: e(HH—bbrt) = 54.1% Vs=13.6 TeV q
A 4 jets (2 b-tagged): e(HH—bbr7) =52.7%  «x,=1, bbr,7, 1
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Trigger efficiency

HH trigger

0.8

0.6
A Offline selection:
7y p:‘>25 GeV, Inl<2.5, truth-matched
7y p¢s>20 GeV, Inl<2.5, truth-matched
2 b-jets, przzo GeV, Inl<2.5, truth-matched

0.4
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e Dedicated trigger in delayed
reconstruction for parking
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e Better discriminator, more rate,
large increase in acceptance

1.6
cms

Simulation Preliminary

HH — 4b with , = 1

Run 32023 HH trigger ¢(HH—> 4b) = 82%

1.4

Run 3 2022 HH trigger ¢(HH—» 4b) = 68%

1.2

Run 2 ¢(HH— 4b) = 52%

0.8

Trigger Efficiency
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0.6

0.4
—_—
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> RS L L L L ) L L
S 1.4f ATLAS Simulation - i
5 - Vs =13 TeV A Emerging jet P> 200 GeV .
% 1.2 Offline selection: ®  Large-R PFlow jetp_ > 460 GeV —
. . 5 8 large-R jet pT>200 GeV, n|<1.8 .
Long lived particles S assssssteressesen
= oaf 2 ’ :
F * Emerging jet efficiency vs p, ]
. . . . 0.6~ ° ol
e New set of triggers targeting long-lived particles - R ]
. . B m, = 1500 GeV ]
o Trackless or displaced jets; 04 m, =20GeV
- A - =
0.2? & ct =50 mm b
O Dlsplaced muons O:I 1 tAI:A‘k]‘I-J-IA. 1 11 l 1 | X | 1 | 11 11 | 1 11 I:
Leading offline large-R jet P, [GeV]
CMS 32.0fb™ (13 TeV) and 17.6 fo' (13.6 TeV) H8TeY S CMS simuiation 13.6TeV
£ Bosiion oFpixel dbiecioriavers:Ea:68L{0EEG @2r 8 1.4~ H-XX-4b (m =1000 GeV, m =450 GeV, ¢ t=10m)
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CMS publications

e 1338 papers submitted
o abOUt 100 papers per years Forward and Soft QCD Detector Performance
e Here a selection of focused on

o most important results
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o based on new triggers
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Delayed reconstruction
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Trigger-level analysis/scouting
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et and HT

Good Jet/HT

performance.

/TLA allows a large gain in trigger acceptance.
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B-tagging and tau tagging
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https://arxiv.org/abs/2401.06630
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3TauHLT

Tracking

e Excellent precision in dE/dX measurement

e Development of dedicated tracking for long-lived
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerCoreSWPublicResults#Trigger_software_performance_sca
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3CommissioningCMSwithGPU
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerCoreSWPublicResults#Trigger_software_performance_sca

Migration o/ >aKa

e Alpaka is a portability library. Same code able to run on

o multiple hardware vendors (eg. AMD GPU, Intel GPU)
o multiple kinds of accelerators (eg. GPU, FPGA)

e Pixel and ECAL code migrated from CUDA to Alpaka in 2024,

o HCAL local reco migration in progress.

e Part of the Particle Flow recently ported directly to Alpaka from CPU-only.
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