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CMS 101
— Detector
— Going beyond the “nominal mandate”
— Upgrades for HL-LHC
— Luminosity: past, present, future

Hand-picked recent physics results
— Part |: Higgs boson
— Part ll: beyond Higgs boson
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CMS atg

Superconducting Solenoid
Silicon Tracker

Pixel Detector Solenoid: 3.8 T

Very-forward
Calorimeter

Preshower

Pixel Detector: g;p ~ 10 um
Silicon Strip Tracker: Spr/pr ~ 1%

EM calorimeter: 6 E;/Er ~ 0.5%
Hadron calorimeter: jet §E;/E+ ~ 10%

Muon System: standalone 6p/pr ~ 10%

Calorimeter . y Trlgger:
Caimetet )@ S riwn — Level 1 (calo+muon only): 100 kHz
71 :,( /" Detectors . .
. N — High-Level Trigger: 1 kHz

Corﬁpact Muon S oIenoia

30 years since inception (Letter of Intent)

Andrey Korytov (UF) HEP Conference, Valparaiso (Chile) — January 10, 2023 3



CMS: going beyond the “nom

low-p; displaced-muon trigger
Parked data (B—p decay tag)

HLT rate:
- original design goal: 100 Hz, limited by anticipated DAQ bandwidth and disk space
- current rate: 1 kHz, limited by the computing power to reconstruct data as we take it

CMS can take data at higher rates, 2-4 kHz, with low trigger thresholds
and “park” extra data for reconstruction during long shutdowns

In 2018, parked data was taken with low-p; displaced-muon triggers (B—p decay tag)
Recorded >10'° events with unbiased B’s (20 times the entire BaBar B dataset)

B(B - K"uw)
B(B — K*ee)

Example of analysis: R(K*) = (in progress, stay tuned)

Probe B
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CMS: going beyond the “nomi

Scouting trigger datasets Examples of analyses:
* Searchfor X — jjin 0.6-1.6 TeV range [JHEP08(2018)130]

. ) . * Search for X — uu with masses
Another way to take events with low-threshold triggers 10-45 GeV [PRL 124 (2020) 131802]

without breaking the DAQ bandwidth is to 1-10 GeV (in progress, stay tuned)
record events with limited amount of information

- discard all raw data information

Dark photon (Z; — uu):

limits on the mixing parameter €
96.6 fb™' (13 TeV scouting); 137 fb™' (13 TeV full reco.

~

- retain HLT-reconstructed objects and only those of interest

Vb oems | .
- event size ~1 kB (vs ~1 MB for a full event record) it Pretminary N
- can have a few triggers running at > 1kHz F Bl ins 95% L f
LHCb: PRL 120, 061801 (2018|
while taking only a tiny fraction of the DAQ bandwidth s [ — 90% OL obsarved o N
:
Scouting triggers in Run 2 sk M_
* H;>250 GeV (vs 900 for the nominal path)
* Dimuons with muon p;>3 GeV (vs 17/8 for nominal path) 1° mﬁng:m“m T

20 30 40 50 200
m,_(GeV)
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CMS: upgrades for

L1 Trigger:
— add L1 track trigger (presently none)
— latency of 12.5 ps (vs 3.6 us)

— rate 750 kHz (vs 100 kHz) — T
High-Level Trigger: rate 7.5 kHz (vs 1 kHz) T <«— New trigger/DAQ for
. . ez all muon detectors
DAQ bandwidth: 10 times the present . N IR

new trigger/DAQ
for barrel calorimeters

<+— add new mip timing detector

< replace pixel detector

-

replace Si tracker
replace endcap calorimeters

add new muon detectors

All upgraded subsystems will have enhanced capabilities
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Runl

« 7TeV (2011): ~5 fb?
. 8TeV (2012): ~20 fb!

Run 2 (2015-2018): 13TeV ~140fb?

Run 3 (2022-2025): 13.6 TeV ~300 fb-1  triple statistics (from 140 to 440 fb1)

HL-LHC (2029-2041): 14 TeV ~3000fb! x 20 statistics (from 140 to 3000+ fb1)
+ trigger/detector upgrades
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Run3s

Data up to 2022-11-28 2022 (pp 13.6 TeV)
01 CcMS B LHC Delivered: 41.49 fb~! |
. =1
Online 71 CMS Recorded: 38.04 fb
40}

| Total recorded data: 38.04 fo!

[ w
o o

Total integrated luminosity (fb~)
[
o

\I o 9. Q. Q. 9. (-“. (5'. N N
16\ QP& 1:5‘;‘0 662’ 1056 D‘O xﬁo X\\O 3‘2‘&0

Date (UTC)

2 ©
<

Energy: 13.6 TeV
2022 (start-up year): 38 fb~ (recorded, 92% efficiency)
2023 — 2025 (main period): 300 fb~! by 2025 (planned)

2023 (war realities): LHC running time has been cut
from 20 to 13 weeks due to the energy crisis

New projection for Run 3 lumi: wait and see
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Hand-picked recent physics results
Part I: Higgs boson




H(125) as a portal t

The discovered Higgs boson:
— In SM, the Higgs boson’s mass is the only free parameter in the Higgs sector — must be measured
However:
— being a theoretically-problematic oddity (scalar)
— and given its profound role in the SM,
— Higgs boson just may turn out to be a unique portal to BSM unlike any other SM particle

CMS has a broad program of searches for BSM associated with the discovered H,, :
— are there small deviations in H,,¢ couplings to the SM particles?
— isit 100% pure CP-even scalar? is it truly point-like?
— are there BSM production modes? (t = gH, X — HH, abnormal non-resonant HH)
— are there BSM decay modes? (H width, H — invisible, H —» ££’(CLFV), H = BSM particles)
— And, of course, are there more BSM spin-0 particles? (another scalar, pseudoscalar, Hf, H*)
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Higgs boso

H - ZZ - 4¢ [Run 2]

Events / 2 GeV

=

S/(S+B) weighted events / GeV

cMs S S 3 Tey
s + Data
N [ H(125)
F [ ag-2Z, Zy"
oo + BN 99-72,2¢
F Il EW
L B Z+X
0 80 100 140 160
m,, (GeV)
- vy [Run 2]
10"CMS 137 fb' (13 TeV)
T T T | B B B R B
H o vy, m = 12538 GeV AII ggH categories o
0 S/(S+B) weighted |
56 + Data
—— S+B fit
anf-™™ e B component
[ ES F-1
30 [(N+2a
20
10
o
2000
1500

T T T T
B component subtracted -

H > ZZ - 44 and H- yy are workhorse channels

Run 1 + 2016 results: 125.38 £+ 0.14 GeV  PLB 805 (2020) 135425
still the most precise

H-2Z - 47: 125.26 + 0.20(stat) + 0.08(syst) GeV JHEP11(2017)047
H- yy: 125.78 + 0.18(stat) £ 0.18(syst) GeV  PLB 805 (2020) 135425

Statistical powers of the two channels are similar
Emerging challenge in H— yy: syst. uncertainties become a limiting factor

Run 2: Results in 2023, expect precision <100 MeV

HL-LHC: Expected precision ~20 MeV CMS PAS FTR-21/007 and 21/008
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Decay modes

MU “hopeless”: gg,qq, ee

SM Higgs 0.022% 9%
CMS 138 fb” (13 TeV)
In green: five well-established decay modes (>50) o o E: e
* They comprise ~90% of the total SM Higgs width. — 42 SDs (stat @ sysY)
. . — B : Stat Syst
* All event rates are compatible with the SM predictions urr & 13m0 Eoﬁ
* The overall signal strength p =1.002 + 0.057 5
ue = 08751 Gor ‘oos
Emerging challenge: experimental statistical uncertainties are W * 097500 005 008
becoming comparable to experimental systematics and theory u‘“‘— {L -
uncertainness. E.g. the overall combined signal strength i .
K =1.002 + 0.036(stat) £ 0.029(exp) = 0.033 (theory) uee —Em—[10sEE e 53
”HH :
In gray: three decay modes being searched for... L
“| ... .signalstrength

0 05 1 15 2 25 3 35 4
Parameter value
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Search for H

e ggF VBF, and VH categories

: ~ 0
SM: B(H - uu) = 0.02% 137 b (13 TeV)
probing Higgs coupling to the second-generation fermions 3 g F"" 1" T T I T
0] - CMS ¢ Data ]
@ 700F Al categories — S+B(u=1.19) -
Analysis: §6002_ S/(S+B) weighted ... Bkg. component ]
=125.38 GeV |
« Two prompt muons B sonby ° 1o E
o 500 []t206 :
_: <
k=) :
4]
=
o
&4

* Look for a small blip in the dimuon invariant mass at g
m,, ~ 125 GeV F
QEOO-
m1003—
Significance: 3.0 (evidence) | AR TR T N T TN T
Signal strength: u=1.2 + 0.4 (consistent with SM) o 5 'H"""
Q
g 0
G_5III]IIIIIIIIII|IIII|IIII|IIII|IIII|IIII

Assuming SM H, we need ~4 times more data T Gey)
m

to establish this decay mode with 50
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Search for H

SM: B(H —» Zy)B(Z — ee/uu) = 0.01%
loop-induced rare decay -> potentially sensitivity to BSM

Analysis: _  Cms Preiimine 137
e Two prompt leptons with m,, ~ m, @“"“" HoZy m =12538 GeV LET;'{ 2_4);
* VBF, VH, and ttH categories + (ggF with D, (£€Y)) g::;_;}:gjmmm ----- B component E
* Look for a small blip in the dimuon invariant mass i : E:;T, ]
at m,, ~ 125 GeV E ol
gaﬂﬂﬂz
Significance: 2.7 %2‘“5

_'lllg'll

=

Signal strength: n=2.4£0.9
(an excess, but still well consistent with SM)

Data-B
= W
8 8

L=

Assuming SM H, we need ~20 times more data _
to establish this decay mode with 50 ST A ST SR S

g,

m,., (Ge
Andrey Korytov (UF) HEP Conference, Valparaiso (Chile) — January 10, ____ Iy (GeV) _



Search for H—cc

138 fb™ (13 TeV)
SLLLALNE LA

SM: B(H - cc)~ 3%

; . ] ; . gmﬂoiclmls o '_;:)b;m'.“'dl Bl vH(H—bb) _:

probing Higgs coupling to the second-generation fermions < ooof Prelminary Qe Dwomw

. = | Merged-jet [ Wiets [ Z4jets ]

Sea rCh mOde. g’ 800_— :}I’:sc:;g\:;:;:ted -VH{HaccQE?;?Buncemlm__
* V+H(cc), including high-p; H (merged c-quark jets) g - :
600 =

One needs to fight: a f .
400— —

—+— B

* V+jets, huge cross section (not picking in m(jj))

200
* VH, H—bb (20 times the H—cc rate!) ]
* Need a two-sided discriminant: q/g-jet vs - vs b-jet 100f e
* Advanced ML/AIl techniques are now being employed and S0L e e ' 1
. . D . . . . . . ()] SR o SR S RPN
provide significant improvements in such discrimination ol 2 T
- 60 80 100 120 140 160 180 200

imi Hi didat [GeV]
95% CL limit: p < 14 (7.6 expected) iggs candidate mass [Ge
“standard candle” VZ,Z - cc

Signal strength: ©=7.7 £ 3.7 u=1.0%0.2

Naively, one would need >100 times more data significance 5.7
to see an evidence for this SM H decay with 3o

Just out: search for high-p; H(cc)
CMS-HIG-21-012 (Nov 25, 2012)

95%CL limit: u<47 (39 expected)
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Established pro

SM Higgs (6=55.7 pb at 13 TeV)

In green are five well stablished production modes (> 50)
All event rates are compatible with the SM predictions

ttH, bbH

w
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CMS 138 fb™' (13 Tev)
® Observed [ ]+1 5D (stat)
m—+1 SD (stat @ syst) - +1 SD (syst)
— +2 SDs (stat @ syst)
B ; Stat Syst
40,08 0,07
HQQH "' 0.7 904 g
5 1009 40.08
Hygr -'E" 0.80:012 41 07
; +0.26 +0.16
I"WH 'E_E_ 14405, =021 Ty
i 0,22 +0.00
"I'ZH _EE_ 12805 020 Ly
: +0.20 +0.13
”l‘tH _E_ 09475 015 Lo
+266 +206 +1.69
l'I'tH : 16055, Je s
A I T

Ly TIPS A i
0 05 1 15 2 25 3 35 4 45

Parameter value




Fit for couplings

g If

Event rate forii » H — ff: o;Bf = %i(K) _,( ) el !

I'u (%) P
5 10"

: . : - el
Fit for six Higgs coupling modifiers: k, k,, k,, K, K, K, ¥ o
Assuming: 10°}
* no “new physics” in loop-driven couplings (H = yy, gg— H) -
10°*
* no BSM decays (invisible, not observed) 5
» couplings to the 15t/2"d—gen. quarks and electrons are SM-like :S {1)-3_
(i.e., small and hence having a negligible effect on the fit) T 06

1.4

CMS 138 b (13 TeV)
K t .
= m,=125.38 GeV W%,--“ E
-"
b .
. L 4
3 .

i Vector bosons

d . .
f 3" generation fermions

e =
o

2" generation fermions ]
"""" SM Higgs boson

| Lol i el Lol

ST X

- 0.95f E
Fol el ] A

107" 1 10 10?
Particle mass (GeV)

Impressive agreement with SM over three orders of magnitude of couplings
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Search for HH

InSM, o(HH) : 0(H) ~ 1:1000

Three most sensitive decay modes:
* HH- (bb)(bb)

* HH- (bb)(t7)

* HH- (bb)(yy)
Production modes tags:
* VBF

* untagged (ggF)

Results (95% CL limits)
* HH production signal strength pn<3.4

. - coupling -1.2<k, < 6.5
. - quartic coupling 0.7 <K,,<1.4 (0 excluded with 6.65!)
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95% CL limit on o(pp — HH (incl.)) / fb

CMS 138 fb' (13 TeV)

T T T T T e o o

K=Knu=ky=1  —— Observed ~+-+- Median expected |
=== Theory prediction B8 68°% expected

s===r 5% expected

95% CL limit on o(pp —= HH (incl.)) / fb

B Theory prediction [lll 68% expected
----- 95% expected




Hand-picked recent physics results
Part ll: Beyond Higgs boson




SM: Top quark mass (boost

Signature: tt — (bjj) + bfv <
— target events with top p>400 GeV

.,

— one top decays hadronically and forms a
“fat” jet with sub-structure (jet p;>400 GeV)

— another top decays leptonically (due to
boost, the lepton may not be isolated)

Final observable: “fat” jet mass (mjet) p

Significant effort on reducing uncertainties on t
jet mass scale and jet energy scale — dominant
experimental syst. uncertainties

v
y b

1
m, = 172.76 + 0.81 GeV

= 172.76 £ 0.22(stat) + 0.57(exp) * 0.48(model) + 0.24(theo)GeV

First top quark mass measurement with the full Run 2 dataset
(precision is improved by a factor of 3 w.r.t. the 2016 dataset analysis)

Andrey Korytov (UF) HEP Conference, Valparaiso (Chile) — January 10, 2023

138 fb”' (13 TeV)

— 04—
- - CMS 4 Data 1
e T I m,=169.5GeV _
. 0.03 == m,=172.5GeV |
% ____________________ B o 1755 GoV
—o :

0.01

IJJJJJJJJJJJJ

12 T T T T T T
g' © { | i JL """
BE
056+ v oo o T s T
120 140 160 180 200 220
m,, [GeV]

Measurements with the 2016 dataset:
dilepton: 172.33+0.73 GeV

single lepton: 172.25+£0.63 GeV

all jets: 172.34+0.73 GeV

from abs. x-section: 172.33£0.70 GeV
from diff. x-sections: 170.5£0.8 GeV



BSM: X - VV,VH

b

/<}_

Vi )
" H

le]

Motivation examples:
— Graviton (J=2), W’/Z’ (J=1), radion, heavy H (J=0)

Z/(W')

Signature: q
— SM bosons (W, Z, H) decay to qq pairs q
. q
— for my > 1.3 GeV, expect two “fat” jets (R=0.8)
o 138 o™ (13 TeV) ‘0 138 fb' (13 TeV)
— assume [y <K m E 1 " CMS  +Dam —sackgréun'df'n = [ CMS —— observed
) ) 10°F [l £ 1o unc. -+~ Multijet 4 &
— VBF production is also explored 8 10452’:’99;"“1:::?:"------;— T I e zx:;::::::: 4
S s S e ey w2y | = =2 st deviation
Final discriminating observable: £yl esenttcioscey WETNTIEED ) 2 T o AV WAV T
> ]
10p. % ™ IS .
V' = VV+VH: m, > 4.8 TeV 1 el ey HHHH‘H % _ ]
Radion — VV: m,, > 2.7 TeV R — N :
Graviton - VV: m,, > 1.4 TeV Ed&.-wtﬁ%* + i
T Y P FEUTY PUTTN FRTTY FEUEE FEUTE FRUT PERTR I
Max. excess at 2.9 TeV (local 3.6 o, global23a) 3 4 5 6 015 2 25 3 35 4 45 5 55 6

mi® [GeV] M,.[TeV]
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BSM: 7 + ME

o N q T
Motivation examples: 7 v,
— new heavy gauge bosons (W’) v L0
— leptoquarks (LQ)
. . . . . ¢ T
— with dominant coupling to third generation g oy
fermions - e 13810 (13TeY) _ 8 138 1" (13 TeV)
i) T 7T T o) F ]
. . . = ,CMS 95% GL upper limits E E
Signature: Hadronically decaying tau + MET By -~ oSN i 5
. a , unc. 6F 3
'g —— Observed F ]
= q(? - Median expected P E
Final discriminating obseryable o 3 Gu! N 0.1 i 5 |
transverse mass mT §uFous me-tored vlme k| 9w N ) t
2w s R v ’ N MW i A
iy = \/ZPT p‘l‘ [1 — cos ﬁ¢( rmss)] L%) -Tppguark-; m-»_,%m S 4.8 eV 22 Eogbl;::::r limits, best-fit LHé
Il Diboson ”'.W FA e Median expected
E 1 S : I oo E
'''''''' OE ‘ ‘ b-ammap:c-prelsan

g T oty
.E’G ..++‘—0—+| |
@ R
8 -1, Ll . L .
4x1 0% 10° 2x10°
m; (GeV)

Andrey Korytov (UF)

0000005000 4000 5000
my, (GeV)
Compare:
e+MET: my,, > 5.4 TeV
u+MET: m,,, > 5.6 TeV
[JHEP 07 (2022) 067]
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0~ 5000 4000 6000 8000 1000¢
m_q (GeV)
Limits in the context left-
handed LQ model:
Search sensitivity is just next to
the blue best-fit region to

explain ”B decay anomalies”
22



BSM: SUSY 77

Motivation examples:
— SUSY resolves the hierarchy problem, gives a dark matter candidate

— and often favors 3 generation sfermions to be the lightest P ‘\ X(LSP)
Signature: 7
. . _ 250CMS 138107 (13TeV) .
— two hadronically decaying tau leptons + MET > T An a3 77 NLOWLL excluson
S, served d. (theory)

— non-prompt (long-lived) ¥'s are also explored

= Observed 4,
E%“P200 z:: Expectegf™ 1 5.d. (experiment)

Final discriminating observables:
— sum of transverse masses: Xmy = mT(Tﬁl)) + mT(Tl(_lz) ).

95% CL upper limit on cross section [pb]

— “stransverse mass”: mp, = min [max (m(Tl),m%Z))]
pri+py s =pps
— plTy)
— number of jets
31 signal region bins: Notoriously difficult regions
no significant excesses with small mass differences, 900 150 200 250 300 350 400 450 500

where SUSY/BSM can hide m, [GeV]
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SM and BSM: B

Motivations: [
— B— ppis highly suppressed in SM, which can tc.u 4
make BSM-induced decays more visible § >
AnalyS|S: Examples of Feynman diagrams: black — SM particles
— Two muons, forming a common displaced vertex red/green - BSM
— MVA to suppress backgrounds. Main bkgs: OMS  iomlnTe 07 CMS 140 16 (13 ToV)
* muons from different heavy-flavor mesons 1405_%?’5’“’? n @g"jﬁ} e 1
* muons from B-meson cascade decays ;20:_' """ Peating blg i
B - Kn, B, - KK (mis-id) 1o 120
S 80 \ P
3 ook \ Tt
Results: § oop § 1z |
W40k \ | :
B(B? — utu) = [4.02f3;§g (stat fg:%g (syst) fg:ig (B)] x 107° 205_ _‘ ] 0.1;
0 +.,,— -10 0, i TN ..‘\‘...I....I...t i‘.w T T VR Y Y [P : 8
B(B® — p"p") <1.5x10" 7 at 90% CL 09 5 51525354555657885¢ 71
m,. [GeV]

Both agree with the SM and are the most precise to date
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Heavy lons withatwist: yy - t

Motivations:

— measure cross section a(yy — 1) and probe
tau-leptons gyromagnetic ratio, a, = (g, — 2)/2

— note: oyy(yy = T0) ~ Z* X o,,(yy = TT)

Fh

Analysis: CMS ___PLPb 4044 ({9, = 502 TeV)

— 2015 dataset: Pb-Pb (Z=94), \/oyy = 5.02 TeV, L = 0.40 nb™! § 30F T pata
— ultraperipheral scattering (little activity in the CMS detector) E 25F =w ~ T, T3prong
— E Background
— T, (muon) and 7 (3-prong) g oeraret
2 15t
o(yy — 1) = 4.8 + 0.6(stat) + 0.5(syst) ub, in agreement with SM of
From this value: a, = 0.001%3533 5§
SM prediction: a, = 0.00117721 (5) . 20'
The best measurement so far (DELPHI): a, = —0.018 + 0.017 & ]
@ 28 2.9 3 3.1
Andrey Korytov (UF) HEP Conference, Valparaiso (Chile) — January 10, 2023 g Aq)(’cll’ TSprong)


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-009/CMS-HIN-21-009_Figure-aux_002.png
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-009/CMS-HIN-21-009_Figure_002.png

SM: tt production at

Signal signature and analysis:

N
o
o
e
=
N
*
o

ik

Run 3

?

—r 1 rrro; rrrT 7
Tervatron combined 196 TeV (L<881b™) . CMS Preh'nw'nary Sep 2022

CMS combined ap, ljets 502 TaV (L= 27 4-302 pb}
900 T
800F

CMSep7TeV(L=51k")
CMS lejets 7 TeV L= 23107}
&= MNLO+NMNLL ipp) FO0F
——— NNLO+NMLL {pp) udr [Ta\r]

— Two OS leptons or one (ee, py, ey, €, W)

— Varying number of jets with 0/1/2 b-tags

|

v

-

-

o .
v CMS albjels 7 TeV (L= 354107}
o CMSepBTaV(L=197b")
|4 CMShitsBTaV (L= 1961
°

E 4
*

L]

x

L ]

— 40 signal region bins

%

CMS alkjets & TaV (L= 184107
CMSep 13 TeV (L=35917)
CMS alkists” 13 TeV L =253 87
CMS 14213 TaV (L = 359077
GMS hjets 13 TeV (L =137 16}
CMS leptons® 136 Tel (L=1.24")

* Prediminary

— signal >> background in all bins

— main backgrounds are constraint from data

2

CMS Pratiminary 1201 (13.6 TaV)

§ data mit smglutup W+ jets
non-promgt g Drell-Yan mm diboson auncertainty

Inclusive tf cross section [pb]

Evients / bin

1oL Czakon, Fiedlar, Mitov, PRL 110 remayeszum
E NNPDF3.0, m__ = 1725GeV, e (M,) = 0.118 £ 0.001 [ ‘u,{M,}=0.113]3
il T AT T NN T TR T A MO TN T NN NN TNNN A NN TR NN RN NN AN RN s
2 4 6 8 10 12 14
_E E & (k) = () [Tl [ i) o (0] ol t) e St Ot Gt (2 poefata (1) ot (2 E [Tev]
Si 1.4
”: Lil ITO+'L;E"$"_I:._'§; PR S — .
os H o = 887 + 42 (stat + syst) + 53 (lumi) pb
[=X-3
CETTTITI YT T I T I P T T I T T T I T I T T IR T T T T T T T in agreement with the SM
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Summary

Exquisite measurements and BSM search results obtained with the Run 2 data keep coming
* | presented just a few hand-picked recently released results
* There are lots more out there, and many more to come — https://cms-results-search.web.cern.ch

Run 3 has stated (13.6 TeV) and CMS takes data with high efficiency
* |n 2022, collected data corresponds to 38 fb~! — first results are already coming out
* Three more years to run — with the goal to get 300 fb~ worth of data
* By then, statistical power of measurements/searches will be three times of what we show now

CMS upgrades are well underway for HL-LHC operation to start in six years

* Agiant leap in the CMS data-taking capabilities
* And 3000 fb~! worth of data by 2041 (CMS will be half-century old by then)
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Search for H12

REINTEPRETATION

B(H— xx) = xN scattering
— BSM (Higgs as a portal to dark sector) cross section

— inSM,B(H - ZZ - 4v)~0.001 ; X\O/X
Analysis: e > K
. o ; r, @® nucleon
— Signature: MET + VBF-like jets
— Main backgrounds: Z(vv)+jets, W(#v)+jets

Motivation:

—

19.7 ib" (8 TeV)

+140 o' (13 TeV

T T

€ 107k -
S £ |CMS 90% CL Limits 3
. oms 9.4 10" (13 TeV) § 107 F B(H —inv) <0.16 3
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Higgs boson’s nat

From the ratio of off-shell to on-shell rates using
H—-Z7Z - 2¢2v[Run2]and H - ZZ — 4¢ [2016+2017]
And assuming:

e SM-like amplitude structure for H — ZZ decays

* Nosignificant BSM physics in gg — H up to m«~1 TeV
(fair, as otherwise we would probably already see it explicitly)

From the combination of all on-shell decays
And assuming:
e SM-like amplitude structure for all Higgs coupling

* |kyl, |k;| €1 (fair, as it is hard to build a self-consistent theory
violating these conditions)

* Ad’l unknown partial width, making the total width a free par

Andrey Korytov (UF)
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Nat. Phys. 18 (2022) 1329
Feb 14, 2022

First evidence for Higgs
off-shell production
with 3.60 significance

Eur. Phys. J. C79 (2019) 421
[2016 dataset]

Iy =4.0713 Mev
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Search for H—upu

SM: B(H - uu) = 0.02%

137 b (13 TeV)

:lIIIIIII||II|II|II||III|III'I[II1I|II|I—

CMS ¢ Data

All categories — S+B (u=1.19)
S/(S+B) weighted ------ Bkg. component ]
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cMs ATLAS
JHEP 01 (2021) 148 PLB 812 (2021) 135980

Significance 3.0 2.0
05....|....|....|....|....|....|..|.|....5 Signal strength (u) 1.2+ 0.4 1.2+ 0.6

5 ""|+"+"|'"+'|""|""I""I""|"'§'_;

Evidence for the Higgs boson’s coupling to the second
generation fermions!

IIIIIIIII|IIII|IIII|IIIIIIIII|II]I|IIII—-

110 115 120 125 130 135 140 145 150
m,, (GeV) Need ~4 times more data to establish this SM H decay with 5¢
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Search for H—Zy

Loop-induced decay in SM

CMS Prehmmary 137 b’ (13 TeV)

o SN L > : L L T T T :
SM: B(H — Zy)B(Z — ee/up) = 0.01%  §*°[ w-z m,-r2s38Gev  + Das S gop- :%E‘g?ev 139 fo" .
B B & 7% Al categories o gﬁﬁlpmi:: ] 2 E All categories 1
.JZ § m,;_af{sm} Waighiad 1o —: E'.- 701 In(1+S4,/Bgg) weighted sum _‘
a, ; WEE"'H } g E 5000 [#+20 1 g - ]
noel i Y 2 o [ 6o ]
7 h . el g 3000: r b
? W o 50 ]
k ! K ézooo = E —— Data E
& 1000f 405 — Sig+Bkg Fit 3
obiol . L I ] E ----- .Blkg N | | | .+
E 2m; xm 4;_‘ T 17T | Trrr | Trrr [ Trrr [ Trrr [ T T ‘__
8 100f @ g;— ]
0 = z Y :
-100 b : [l\] 5} + + + e
i w0140 115 120 125 130 135 140
mrly (Ge\f)
ATLAS
PAS H|G 19-014 PLB 809 (2020) 135754
Significance
Signal strength (u) 24+09 20+1.0

Need ~20 times more data to establish this SM H decay with 5
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ttH - production mode esta

S/(S + B) Weighted Events / GeV

CMS 137 b (13 TeV)
SULELN I IULRULE I IR IR UL IS
F ¢+ Data ]
60: —5+8B
sob Background
o Ealy
[ t2o
a0 )
30f T 051152253354 45 5]
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I I PR I Ll T L W i
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2 F T ]
=
k54
i}
10° | -
-4 Data
I ttH (=)

ol e
F [ ] Background
F Background unc.

Data-Bkg.

0.4F
=) 5
o
o "7f
0.0f

=

0
Iog1 c)(!Ei.fEl)

ttH,H - yy

cMS ATLAS
PRL 125 (2020) 061801 PRL 125 (2020) 061802

Significance 6.6
Signal strength (u) 1.38 + 0.33

ttH,(H > WW /ZZ /tt) — leptons

CMS
EPJC 81 (2021) 378

Significance 4.7
Signal strength (u) 0.92 + 0.24

Andrey Korytov (UF)
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5.2
1.43 +0.37

ATLAS
ATLAS-CONF-2019-045

1.8
0.58 £ 0.26
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Are H125’s quantum J*° numbers 0+,
as predicted by the SM ?
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INTRO: Higgs bosonic (V) c

General Lagrangian for HVV interactions up to dim-5 operators:

L= mzpy vl 2pp g - Bpp pev L Yy que B gpype
- 2v Ko 20 T H v # v H v oo
SM dim-3 operator dim-5 operators: loop-induced (very small in SM) or, otherwise, non-renormalizable
In SM: a; = 2 forZZ, WW red factors with a; /v are one of a conventions; they could’ve been written just as 1/A;
The term vanishes for yy
The a, term is CP-even. In SM, a;~0(1072) [itis actually the lowest-order term for H — yy]
The a3 term is the CP-odd term. In SM, a3~0(10711) [arises from CP-violation in the quark sector]
The a4 term is is yet another CP-even distinct operator. In SM, ~0(1072)
The as term is experimentally indistinguishable from SM in on-shell studies (important for off-shell)
\ HVV couplings can be probed in H2>VV decays and VH and VBF production
modes: four-fermion kinematics is sensitive to the HVV coupling structure.
v v v This technique was used to establish t® parity in 1962: ° > y*y* > (ee)(ee)

X When combining, HZZ and HWW processes,
/ one has to assume how a?Z and a!"" are related to each other
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Higgs bosonic (V) cou

H>Zz->4l

* On-shell analysis only

* WW and ZZ couplings a{-/"Wand al-ZZ are related
via custodial and SU(2)xSU(1) symmetries:

. QYW = g7

+ ay" = cos® Oy a3’ + - (negligible)

L. CMS Preliminary 137 o' (13 TeV)
o a¥V = cos? Oy at% + - (negligible) :

759 9 T U R e ) L . .
- HVV, H-4), Untagged, D > 0.7 | gg-fusion selection
* I | —redline: SMO0*
- —blued line: 0

* Production modes: VBF tag, VH tag, untagged oo
ME-based discriminants

Events / bin

68% CL: a%? /a??= 0.01815:3%¢ (CP-odd admix)

77 27 _ +0.045
az;” /fai“= —0.004Zq 053

Coupling ratios are extracted from ratios f,3 and f,, (Approach 2), given in the paper
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INTRO: Higgs fermionic (

General lowest-dim Lagrangian for Higgs-fermion interactions:
mf - o~
L= ——"p(ir + ikys)rH

Ky term is CP-even

- . - ks
ks term is CP-odd Define mixing angle ¢, where tana = K—f
both are tree-level (unlike HVV) e pure CP-even state: a = 0°
* pure CP-odd state: a = 90°
SM: Kf = 1, Ef = 0; hence,a = 0

MSSM: a~=0
nMSSM: a can be large
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Higgs CP-odd admixtu

Final states used: background is subtracted
pp = ttH - (jjb)(jjb)(yy) [all-hadronic] ‘f‘é o ALas ' .
pp — ttH — (lvb)(jjb)(yy) [semi-leptonic] Ligi sof- (5=13Tev, 130 1t" -

'G_J - —

Building an analytic ME-based discriminant wof. —MH+tHa-0 .

that would account for jet mis-measurements : R E%EE; o E

(plus missing neutrino in semi-leptonic channe 30 .

is challenging... . -

20 =

Instead, a BDT-based discriminant is built using — f ]

CP-even and CP-odd MC models ) S E
C | |

QOdd-like Categories Intermediate Categories ~ Even-like Categories

CMS ATLAS
PRL 125 (2020) 061801 (yy) PRL 125 (2020) 061802 (yy)
CMS PAS HIG-21-006 (Mar 2022): yy+ZZ+multileptons
Purely CP-odd Htt coupling is disfavored at 3.70 3.90
95% CL limit on « || < 60° |la| < 43°
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Higgs CP-odd admixtur

Final states used: 7,7y, and 7,7, ¢p angle for
H- 1ty - () (pv) > ntnn vy
T, _)‘uivv(17%) hth (5 +)(p )
Th = T[+V (12%‘_’) L _ . QMSIPre:'irp{nqnlfl S 137 Ifb|'1 .(1.3."'.9}")
- ptv - 1tn% (26%) a S ef pp + 7P + up ~4- Data - Bkg.
- aiv - rir7% (10%) 2 "] Bkg. uncert.
- atv - rtrtaty (10%) P % oo a0,
2 —4— 0 =90 ]
§ T T
. . = L, A e e I
Signal (H) vs Bkg BDT enhances the signal VBF Yot . g of . R =
contribution with two forward-backward jets i " S | T =
< o . —-% =
Building a ME-based discriminants that would account ol
for jet mis-measurements and missing neutrinos is o, (degrees)

possible, but challenging...

Distributions of angles between planes set by observable
particles from decaying tau leptons (¢p) are sensitive to

CP-admixture phase a Pure CP-odd Hzt coupling is disfavored at 3.20

95% CL limiton a: |a| < 36°
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Looking for explicitly abnormal
decay/production modes of the H125 boson
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Search for CLFV dec

Channels used: ur,, urt,

I”

Very similar to the “nominal” H — 771
analysis, except that muons
* areprompt

* tend to have larger momenta

BDT is used to separate signal from
non-Higgs bkg and H = tt

B(H - ut) <0.15%

CMS: PRD 104 (2021) 032013 [Run 2]

137 o' (13 TeV)

137 b (13 TeV)

c e[yt . 4
o 10° |- CMS Preliminary-+- Observed []Z-m B
B 107 ut,, 2 jets VBF I Z—ee/up [Mtttejets o —=
£ 10° B EW W/Z @piboson >-"10-1
D 408 [ IW+jets/QCD [SMHiggs 3 —
@l 10t — Hsur (B=20%) [ BKg. unc.
10 -!
L 1072}
B F ‘\,
10738 o X%
F BN
o .
: g
_4 : :
10 - x: :
- [% :
i IFi i
—06 - | o

- m— R L
10° 10* 10°® 102 107

BDT discriminant

most sensitive final state in
H — pt search: ut, + 2-jet VBF tag

Limits on off-diagonal
Yukawa couplings Y,

Andrey Korytov (UF)
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Search for H125 —» XX o

[4
Search for low-mass Z
h———®— -
. ° ros Zp
dilepton resonances in H125 decays .
£
I T model independent limits on o X B
s F {8213 Tev, 130 " 5;::1: = B CMS Proliminary : 13717 (13TeV)
3 16;_ HMSignalH'egion l wz, t E . P :
i 3 R O I e— Expected exclusi
@ 14: — AR cgg T — Xpecied exclusion
£ r B m, =20GeV ] - .
L% 12E m:=35<BeV : T1l}‘5; Observed exclusion
10_ -mz‘=SSGeV — ﬁ =
C HSE Uncertainty s O
8:— e Data —: X L.
- E g" L. : :
6~ = x N :
- 1 T
4r- - T .
C ] =10
2- .
0: ||||||||||||||||1:
10 20 30 40 50 60 70 80 90 100

(M) [GeV] Mx [GeV]
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ATALS: 2202

Search for H125 — invisible cvs: aniv:o01

InSM: B(H - ZZ - 4v)~0.001 reinterpretation
B(H— xyx) = yx-nucleon o

\( X\O/X

| O
VBF jets + MET ATLAS “ 2 O<‘ ‘Hnucleon

EXPERIMENT

o 102 ) B ) AL
& 10¥F B,<0127 ATLAS 3
. X :o_, e All limits at 90% CL / (s =13 TeV, 139 fb" 3
..... e - e =
E: 10_33 :: ."‘ .—""'"J”.- Higgs Portal WIMP: Other experiments: ::
by = =\, .-~ m,=0.01GeV %4444 Scalar DarkSide-50 —
= AC T R Majorana == PandaX-4T
q © _ag = Treal B Vectorger miimi Cresstll —
10 :: ~~~~~~~~~ Lz 7 “'em’uu complete model ::
107% E _____________________ ;
: = e scatiering.
ATLAS: B(H—)an) < 0_15 at 95% CL (expected 0'10) 105 = coherent clastic neutrino-1nuc eus s 3
CMS: B(H—inv) <0.18 at 95% CL (expected 0.10) T
107 1 10 10° 10° 10°
My [GEV]
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Search for HH producti

Decay modes:

* HH- (bb)(bb)

* HH- (bD)(yy)

* HH- (bb)(z7)
Production modes tags:
 VBF

* untagged (ggF)

4

% H §104_ ATLAS Preliminary
; Vs=13TeV, 139 fo-!
&
g
- l: 103.
yt__“— H Dg

Observed: , € [-1.0,6.6]
Expected: k, € [-1.2,7.2]

— Observed limit (95% CL)
—== Expected limit (95% CL)
Comb. exp. limit 10
[ Comb. exp. limit +20
B8 Theory prediction

SM prediction

HH production signal strength (excluded at 95% CL)

_(allowed range at 95% CL)

_(allowed range at 95% CL)
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arXiv:2202.09617 arXiv:2112.11876
JHEP 03 (2021) 257 JHEP 07 (2020) 108
ATLAS-CONF-2021-052
3.9 3.1
-2.3<k,<9.4 -1.0<k,;<6.6
-0.1<k,,<2.2 -0.4<k,,<2.6
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