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% HL-LHC planning and physics studies at CMS
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https://cds.cern.ch/record/2805993

MIS

CMS Analysis Approach:

e Projections : Use existing samples, scale results to cross section and higher luminosity

/a CMS Analysis approach and Systematics

e [Fast simulation : Use events from Delphes with dedicated Phase-2 parametrized detector simulation

Uncertainties treatment:

e Run 2 systematics (S1): Use Run
2 values

o “YR18” systematics (S2): A set of
reduced uncertainties anticipated
for Phase-2. Experimental ones
based on ultimate performance
and factor of half reduction for
theory uncertainties.

Source Component Run 2 uncertainty Projection minimum uncertainty
Muon ID 1-2% 0.5%
Electron ID 1-2% 0.5%
Photon 1D 0.5-2% 0.25-1%
Hadronic tau 1D 6% 2.5%
Jet energy scale  Absolute 0.5% 0.1-0.2%
Relative 0.1-3% 0.1-0.5%
Pileup 0-2% Same as Run 2
Method and sample 0.5-5% No limit
Jet flavour 1.5% 0.75%
Time stability 0.2% No limit
Jet energy res. Varies with pt and y Half of Run 2
MET scale Varies with analysis selection Half of Run 2
b-Tagging b-/c-jets (syst.) Varies with pt and 5 Same as Run 2

Integrated lumi.

light mis-tag (syst.)
b-/c-jets (stat.)
light mis-tag (stat.)

Varies with pp and 7

Varies with pt and 75

Varies with pr and
2.5%

Same as Run 2
No limit
No limit

1%
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S
M/a Higgs mass and width measurement

Projection inthe H =+ ZZ — 4l and H — yy channels from Run-2

Phase-2 Higgs mass:
125.38 + 0.022(stat) + 0.02(sys) GeV (68%) ~Order of magnitude improvement in H = ZZ — 4i

125.38 = 0.07 (+ 0.02 stat) GeV Improvement by x3 in H — yy

Dominant Uncertainties associated with mass resolution and lepton identification.

Likelihood scan of the expected mu (H — vyy)

" . N . 9CMS Phase-2 Projection Preliminary 3000 fb™
Expected +10 uncertainties on mass _ Gooofi”sp“ase'zs""”'a"°" rrefiminary 2 F How --- Stat. Only
- S - n2 = < gl m, = 125.38 + 0.07 (+ 0.02 stat.) GeV — Stat. + Syst.
measurement in ZZ decay mod © locwsmunz=tie | 4 S .
easureme ec y ode E *0%E5 Delphes HL-LHC = 0.82 7_
Mass uncertainty (MeV) 4000;_ W 6
Combined | 4u | 4 2e2u 2u2e ool o
Stat. uncertainty 22 83 51 59 :
Syst. uncertainty 20 189 94 95 4

Total 30 32 1206 107 112

11 | LI 179900 eebeckesiodecdectastonkant
125 130 135 140 2‘
m,, [GeV]

115 120

Completely driven by 41 channel, thanks to improved mass resolution (25%) and |
extended coverage (~7%), statistical uncertainty is expected to improve. 251 UREiE I264 25 1ase

Width: F'n < 0.09 (0.18) GeV at 68% (95%) CL >x4 improvement n H = ZZ — 4l FTR-21-007

FTR-21-008



https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-007-pas-v12.pdf
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-008-pas-v7.pdf

NS _ _ TR 21.002
/a Higgs Coupling measurements o

Projection in H = pu (ggF+VBF) and VH(H — cc) Projection in Two rare decays of Higgs to mesons
channels from Run-2
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B with Run 2 syst. uncert. (S1):  with HL-LHC syst. uncert. (S2): ] 2[ 7 20:_ t't E - N E
0.20 A Snowmass 2013 Snowmass 2013 ] i AN A : n L | E 1 1 | \\ | 1 .
- & Yellow Report 2018 Yellow Report2018 1 4L ] O30 10 140 40 60 80 100 120 _ 140
- -6~ Snowmass 2021 Snowmass 2021 i My, (GeV) m,, (GeV)
01 5 - 3000 fb! H Statistical Experimental Theoretical | Total ] Four Iepton Invarlant mass dIStrlbUtlon

7.5% 1 OF
5.0% ] i
3.5% —

Snowmass 2013
YR 2018
Snowmass 2021

4.7% 1.5% 1.1%
3.2% 1.1% 0.8%

S2
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https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-006-pas-v7.pdf
https://cds.cern.ch/record/2802742/files/HIG-21-008-pas.pdf
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-009-pas-v16.pdf
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-002-pas-v13.pdf
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Sensitivity to the CP structure of H-t Yukawa coupling
13 TeV Projection based on Run-2

CP nature of the H = tT coupling is described by the effective mixing angle aHt
aH™ =0 (90)° corresponds to a pure scalar (pseudoscalar) coupling

Any intermediate value indicates a mixed coupling =~ CMS Suplemenary IF’quJc?cltlonl qu (13 TeV)
- implying CP violation S 60 — With YR18 syst. uncert. : ocexp —0+5

< —— With YR18 syst. uncert. + bbb Ogyp =0 %5

A

— With Stat. uncert. only : &, = 0 * 5

Phase-2 expectation: . 50}
I — With Run 2 syst. uncert. : oc __O 5

aHr = 0 + 5° at 68% CL. :

(sensitivities to larger aHt are different due o
to effects of systematics.) 50 ) N LS :

~x4 improvement wrt Bun 2 observation:
aHm™ = -1 £ 19° (= 41°) at 68% (95%) CL

%680 20 D100 1020 30 40
o™ (degrees)

Projections of the expected negative log-likelihood

HIG-20-006 scans as a function of the CP mixing angle



https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-20-006-paper-v27.pdf

3 ab1 (14 TeV)
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snowmass report

CMS Phase-2 3000 fb' (14 TeV)

' Simution Preiminay  * Pseudo-data

60~ pp—oHH->yybb ... Nonresonant backgr.

505_ 9gHH CAT 4 Full backgr. _E
E —— Sig. + Full backgr. E é 90
40[- —— Signal 3 - 50
3o§ _ 70
L T ] 60
20:— .................. B 50
103— 40
- . 30
£05 =110 T 135 140 14 20
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Channel Significance
Stat. + syst. Stat. only
bbbb 0.95 1.2
bbrT 1.4 1.6

bbWW (Yviv) 0.56 0.59

bbyy 18 2100 ¢

bbZZ(4¢00) 0.37 0.37

WWyy + ztyy 0220 8

FTR-21-003

FTR-21-004 —

FTR-21-010

Snowmass White Paper

e
Search for ttHH in SM "

CMS Phase-2 Simulation Preliminary 3000 fb_1 (14 TeV)
LN L R E R L R R T

T T T T T T T T

: wm  YR18 (x10) # YR18 conservative (x10) @ Stat. only (x10)
- el YR18 (x20) ¢ YR18 conservative (x20) '@/ Stat. only (x20)

YR18  YR18cons. Stat.only |

ﬁHH+ﬁZH+t{ZZ; }"," | E d 0.84 > 0.8'*."2 . _6.5{2;2 |

CMS Phase-2 Simulation Preliminary 3000 b (14TeV) e XpeCte U ppel" ‘)ml |

E| pp—>HH-SW(QQ)W(v) vy - Continuum Bkg. ' ‘

| cat. 4 Signal + Full Bkg. . O(1tHH) < 333114 XM

i — S|gna| x 10 ttHH + ttZH - ! T -0.37 Y039 OY 024
—+- Pseudo-data

B4

-
}

+1.27 +1.34 +0.85 |
_ | 31470 326 216 |
ftHH | . .
N N T S S R S S S S S S R S SR S SR Y SR A
0 2 4 6 8 10 12

95% CL upper limit on signal strength

ttHH in Minimal composite
Higgs Model (MCHM)

CMS Phase-2 Simulation Preliminary 3000fb " (14 TeV)

T Y T Y Tttt lrrrrr Tt T
| - YR18 (x10) # YR18 conservative (x10) W Stat. only (x10)
tel  YR18 (+20) @/ YR18 conservative (+20) el Stat. only (+20)
YR18 YR18 cons. Stat. only
| e { +0.43 +0.43 +0.37
i ; | 1.08_0'30 1.10_0430 0.93_0426 i
— 1
+.76 +0.76 +0.6
} | _ { 1.72_0-53 176_054 1.42_042
- } * —
L e i
L ! PR L A P ! PR A | - L A P 1 PR A | - ! PR 1 A PR !
0 1 2 3 4 5 6 7

95% CL upper limit on signal strength


https://cds.cern.ch/record/2805993
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-004-pas-v14.pdf
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-003-pas-v21.pdf
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-010-pas-v15.pdf

HIG-20-016

Higgs as portal to new physics e a0

13 TeV Projection of high mass resonance == Delphes based search in
to W+W- with dileptons from Run-2 4 same flavor leptons final
Model-independent limits on state -
o x BR of 2 new resonance. Delphes_ based_Search for boosted L Z/*H*i/”{w
Wil wow'astey  MONO Higgs, with h = bb + dark matter z .. s s o
El 10_' L L IS B E L B R IR -_ ;110_2% 4e Eng:?; _% ; H—_\\\\\ i
2 CMS o ----Expected _ _ 5 ﬁ 10°F _G(ppr;qulHD 4 <£
2 | Phase-2 Projection  pmgg9, expected : Interpretation in terms of a Type-lIl & 104k L ]
N 1R\relminary 95% expected 1  2HDM-+a model: tanp = 1, sin® = 0.35 [0y, S e (I :
T : — Exp. for SM-like Higgs: 10°g
; . g 10_7;€
; 107" Scenario: SMf, . 3 CMS Phase-2 Simulation Preliminary 3000 fb~' (14 TeV) - . .
T with YR18 syst. uncert. °e L e Gey s
X ol Exclusion up to mass of S | . m.=500GeV -
© E - 8 7 — m,=250 GeV " CMS Phase-2 Simulation Preliminary 3000 fb™' (14 TeV, uu)
g - 2600 GeV compared 1 o "é - . '_g - :_' B B . i '|' E'Xp' ;5;/ I(;|i|‘| l[ ' ]d'l ]
= 403k 2000 GeV for Run2 | 09;6_ 2HDM-+a, H—bb + pfi ~ :5 _E = ’ _
& 0 T | trinETJ’GSe'Q/e=O'35’ . e L - [ ] Exp. (95%)
- /" g7 | E L s
@) 10—4 . L%'4_ B % 107 =
S| - ~__ \Bao discovery for e :
o)) I 1 -
O 0 h000 8000 4000 5000 1/ m}\‘l';{ eV, g 4 E
2:— — ] T . @
m, [GeV’ | /&GBV. 400 600 800 1000 1200 14oo|v| [1c§3é)\(/)]
Assumes ggF & VBF contribution of b T Mass Limits of 1400 GeV for Hi = pair
same order as expected rom a S TDTER R T T A Ge) production cross section in a left-right
SM-like Higgs at high mass. symmetric model for decays to 4e or 4.


https://cds.cern.ch/record/2803723/files/HIG-20-016-pas.pdf
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-22-006-pas-v13.pdf
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-22-005-pas-v6.pdf
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S : : :
* | Vector boson scattering (VBS) in leptonic WW and WZ
a Projection based on Run-2

VBS - Important tool to probe EWSB mechanism and is sensitive to BSM.

Explored sensitivity to VBS cross section and polarization.
2 same-sign leptons (WW) or 3 leptons (WZ) with total charge 1.

e Simultaneous measurement of EW WW, EW WZ and QCD WZ
production cross sections.

e Simultaneous measurement of longitudinal and transverse polarized components in the WW channel.

] —— SEMLALL 14 TeV
= | CMS ‘ ® [ems T
Z | Phase-2 Projecti 3 | oS e
= - Fhase-z Frojection 2 | Phase-2 Projection
o 30 Inclusive measurements _ S
® =
8 — EW W*'W cEn 4 i
5 =2 4 e
e EW WZ _ L N
-'q_') 20 _'-“‘ IIIIIIIIII - - - -.q_') “““““““““““ ] - o
S L QcD Wz PrOJecte(_:l uncertainty in s | S e Expedted significance for
3 ‘ VBS x-sec measurements % | /7 o e T e o
I I At L'""L
= B — WW rest-frame - i _
N - pprestrame  fUNCTION Of luMinosity
O_ | | | | | | | | | | | |_ 0 L L L | L L L | L L L | FTR-21-001
2000 4000 6000 2000 4000 6000

Luminosity [fb] Luminosity [fb™


https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-001-pas-v8.pdf

NS
laMeasurement of yy = T+T-

Projection of the Run 2 search for yy = t+t- with 1 muon + 3 charged particles.

No hadronic interaction between the ions.
—> Clean environment to study yy-induced processes.

(] vv — TIT Sensitive to BSM —— improved COhStl‘aintS on (9_2)1_ CMS F’lhasez.rrojectijn Pre/inTinary | |Pbe- 13 nb’ (\|SNN=5i02 TeV)

Pb + Pb (y7) > Pb'"’ + Pb"’ t*t at | s, = 5.02 TeV

e 13 nb-1 PbPb luminosity, sqrt(Snn) = 5.02 TeV.

----- L. Beresford and J. Liu, Phys. Rev. D 102 (2020) 113008
---------- M. Dyndal et al, Phys. Lett. B 809 (2020) 135682

Phase-2 expected yy — t+1 x-section: 4.8 £ < 0.1 £ 0.2 pb.

Total Uncertainty: 4% \

4.8+ < 0.1+ 0.2ub HéH ———+

~x4 Improvement wrt Run 2 prediction: total stat
4.8 + < 0.6 = 0.5 pb. -
Improvements originate from lepton and tracking S N L R R |

reco nStru Cti on o(yy—=1'1) [ub]
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https://cds.cern.ch/record/2803742/files/HIN-21-009-pas.pdf

CMS
o,

Top quark spin correlations

//,

Projection analysis of precision measurement of the strength of expected ¢ spin correlation in ep +
> 2 Jets + = 1 b-jet final state.
—> Spin correlation coefficient D is the most accurate observable with 3% precision (among 22

studied)
Delphes based search of top squarks in the “top corridor” using spin corr. variables in a DNN

CMS Phase-2 Simulation Preliminary 1 CMS Phase:2 Simulaton Preliminary 30001 (14 TeV) - CMS Phase-2 Simulation P .’e”".”"’ﬁ’)’- — “4- TeV)
e  F T T = I L L L L L = < 100 ~Z - ~0 .
@ i *T I ~0 = — - Expected + 1o - g L PP — tty, 4y - tX1 :
%700:— PP = tity, 1y 21X o 07 N | =~ | Run2:EPJC 81(2021) 970 EERZENRR ]
%-600— E = Pece E ~>§< 80|~ Projected : This analysis HENR HEE - g
E | . o :_ — — NLO + NLL prediction i EEE. - 9
500 1.90 o 10 £ - & o
B S = mf‘-mz?=175GeV e 60k HEE S N N
a0of -1.25 < - N N\ . \//q/ 1 s
H ] [ e e e e e PO e e . e e . e e —— N 1 oC
; 11.00 ° E E sol- ¢ & | @
300[ _ ) - \ - S & - £
i ] | o 107 = — & & | A=
i - 10.75 . s H EH B H . - —
200} 1 B - : ol - » Significant 5
o > | B 102 Mstop €xcluded with masses up to s improvemen ks
0— ‘// — - -3j | I I 6010 Ge\,.I l | EI O__ID !1 | | | bletvvleenl 2-51
e e e v 0.00 107200 300 400 500 600 700 800 900 140 160 180 200 220 240 260 280 300
m(f1) [GeV] m(t1) [GeV] m(ts) [GeV]
Phase-2 exclusion limits on the stop Expected limits on signal strength Ratio of Run 2/Phase-2
~< EXclusion iimi - : ~ expected exclusion limits
: tion in st trali corresponding to AM(7,, )((1)) =175 GeV P _
STOP Cross section In stop-neutraiino y on cross section.

mass plane.


https://cds.cern.ch/record/2813262/files/FTR-18-034-pas.pdf
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Hadronic EW SUSY Search ', = - ",

Projection based on Run-2 W e

Interpretion done in scenarios with bino-
like LSP and wino-like or Higgsino-like
NSLP.

mnLsp exclusion limits difference
Phase-2 expected - Run 2 observed :
650 - 750 GeV.

Search for EW-produced chargino / neutralino
decaying to boosted hadronic W/Z/H + LSP

e Final states: WW, WH, WZ, ZH + Etmiss > 200 GeV.
— 2 AKS jets with pT > 200 GeV and W/Z/H tagging.

CMS Phase-2 Projection Preliminary CMS Phase-2 Projection Preliminary CMS Phase-2 Projection Preliminary
> 1000 Mt T, ot0 200 .~z +~0 =0 -0 ~0 =0 % ~TsF, =50 ~+ +~0 ~0 %J — X :L/ ~_%Wi~0 ~0—)H~0
& 900 PP X, X /X, X, X, X,y X, WX, X,>Z%, X, H. & 1200 pp—>x1x1/x1xz, x1+W Xy X, —>Zx ¢ 1200 PP X, X o X Xy X, X,
o:,- """" HL-LHC Expected 95% CL Upper Limit (14 TeV, 3000 fb) S>> | = HL-LHC Expected 95% CL Upper Limit (14 TeV, 3000 fb™) S~ | ======r HL-LHC Expected 95% CL Upper Limit (14 TeV, 3000 fb”)
1 800 mrrpmnrEmL » 3o Evidence HL-LHC Expected (14 TeV, 3000 fo™) 1 - » 30 Evidence HL-LHC Expected (14 TeV, 3000 fo™) = mimiim = 30 Evidence HL-LHC Expected (14 TeV, 3000 fb™)
= m— | mmm=  5c Discovery HL-LHC Expected (14 TeV, 3000 fb™) 1 E 1000l @ —m  — 56 Discovery HL-LHC Expected (14 TeV, 3000 fb € 1000] —@ 56 Discovery HL-LHC Expected (14 TeV, 3000 fb™)
Run 2 Observed 95% CL Upper Limit (13 Tev, 1376 . . . R R [ Run 2 E ted 95% CL U Limit (13 TeV. 137 fb”
J4010] [ Run 2 Expected 95% CL Upper Limit (13 TeV, 137 b Run 2 Expected 95% CL Upper Limit (13 TeV, 137 1b7) un < Expecte pperLimit (5 16V, 1571°)
- - Run 2 Observed 95% CL Upper Limit (13 TeV, 137 fb™) Run 2 Observed 95% CL Upper Limit (13 TeV, 137 fb")
600 Higgsino-t = 800 800 . -
- — } | Wino-like 7 xo Lo’ \‘ i
: : o & } | 2 ¢ viimy L} —
500__ — Q‘ — ’¢\\ g\ ' = :," .
— “ _ 600 \‘ — 600 _— ,f\:‘ R ,," “ __
_ 7 - o’ 3
F v . - e T L LS
- ; : 3 ' 7 i NP \ o i
300 . — 400 3 . o 400 N o:“'\' CemmEN, F . -
- ' . = - NP . R
- ] - 1 ll N | O\O\‘ \g \‘ \ - . —
200 - : = A : .
— ] | ' L. _
- - 200 \ = 1 — 200r ST
— 7 ) : | ;
100 v . 5 L P
- . . >, : — ' S =
01? 1 [ [ T B O L1 L1 1 L1 1 1 I L1 A L |:| L1 O L - - | I II | v21 1ul
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SUS-21-002



https://cds.cern.ch/record/2779116/files/SUS-21-002-pas.pdf

SUS-19-002

Stop search with 2 tops + multijets

13 TeV Projection based on Run-2 N Y

\ P A~ \ i

Search for stop pair production in R-parity violating or stealth SUSY Iii:‘_ E 7 N
models % : ;??q
* Final states: 2 tops + additional jets a

— 1 lepton + =7 jets (no Ermiss) Stealth

 Binary classifier neural networks to discriminate signal from background

—
o

L IIIIII|

tt

95% CL upper limit on o.- [pb]

RPV: 670 GeV (Run 2) = 870 GeV (Phase-2)
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CMS Phase-2 Projection

3000 fo! (13 TeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032006

Delphes based analysis

Leptophobic Z’ to charginos

FTR-21-011

Search for leptophobic Z’ decaying to two charginos, subsequently

decaying to leptonically decaying Ws and neutralinos.
 Final states : ee, py, ey + Eymiss

—> Select events with opposite-charged leptons and Ermiss > 80 GeV

e Signal extraction via Deep Neural Networks.
* |nput variables exploiting the resonance nature of the Z'.
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https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-011-pas-v11.pdf
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Seesaw model searches with multipleptons

FTR-22-003

Delphes based analysis Type-l seesaw with singlet N:

Search for Type-l and Type-ll seesaw models
(explaining neutrino masses).
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 Final states : Exactly 3 or 4 leptons.

» Discriminating variables: Lt = Zp/., min(mi) q e
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https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-22-003-pas-v9.pdf
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Dilepton high mass resonances

Projection based on Run-2

FTR-21-005

Search for high mass ee and ppy resonances & test of lepton flavor universality (LFU)

e | FU violation via measurement of cross section ratio Ry+u-/e+e- fOor the DY process.

Exclusion limits on a spin-1

Z’ resonance vs. mass.
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https://cms.cern.ch/iCMS/analysisadmin/get?analysis=FTR-21-005-pas-v11.pdf
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Summary & the future of future physics

%

e HL-LHC offers a BIG opportunity for measurements and searches in all the sectors.

e Studies for the Yellow Report and White Paper covered a substantial part of the HL-LHC physics
phase space.

e CMS encourages exploring new ideas, in particular final states only accessible at HL-LHC and
studies exploiting detector features and upgrades.

Stay Tuned!!
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