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LHC Collider Physics

Many breakthroughs in the last ~15 years

Higgs boson discovery

Fermion-H couplings: ttH and H—1t, bb

EW precision measurements
sin20eff and Mw

Top quark mass and as

Observation of rare processes
pp—Bs, tyq, tWZ, tttt,...

Approaching H—uy, cc, di-Higgs

Huge number of BSM searches
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[ATLAS, Nature 607 52 (2022)]
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https://www.nature.com/articles/s41586-022-04893-w

Many precision results

LHC Collider Physics

L LEP Agg PY 0.23099 + 0.00053
e | LEPP . + 0.
CMS preliminary [ E ¢ Ch2eione)a- QOR0R L
| LEP + SLD: A9P
e in MeV g + 2 () D 20D I 0100029
LEP combination | SLD:A 0.23098 + 0.00026
Phys. Rep. 532 (2013) 119 [~ 80,376 £33 [ [ ! *
DO Phys. Rev. Lett. 108 | g5 375+ 23 L P GRSy 0.23221 + 0.00046
(2012) 151804 r e & - L
| DO2Tev ~ 0.23095 + 0.00040
CDF Science 376 - 80,433.5+9.4 —e—i =
(2022) 6589 | ATLAS 7 TeV ~ 0.23080 + 0.00120
LHCDb J. High Energy Phys. |- 4+ 32 ) —
01 (2022) 036 89,9kt i i - LHCb 7+8 TeV PY 0.23142 + 0.00106
ATLAS arXiv:2403.15085 | 80,366.5 + 15.9 | Mttt | CMS 8Tev
submitted to Eur. Phys. J. C | L © : Eaa e
CMS | 80.360.2+9.9 " - | ATLAS 8 TeV — oBN . 0.23140 + 0.00036
h IS work oo EW ﬁt =
| CMS 13 TeV — R 0.23157 + 0.00031
T I T T L
80,300 80,350 80,400 80,450 | LHCb 13 TeV & 0.23152 + 0.00049
(il 2, | | | |
[CERN Courier, Nov 20 (2024)] 0.229 0.230 0.231 0.232 0.233 0.234
N0
SIN“ 04
[CERN Courier, Sep 9 (2024)]
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M,, [GeV]

SM Internal Consistency

[Gfitter Preliminary, Nov (2024)]
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Luminosity [cm™2s]
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LLHC: Status and HL-LHC
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Physics Potential of the HL-LHC

C

) LHC/HL-LHC Plan “HiLumi

U LARGE HADRON COLLIDER
LHC HL-LHC
Runi1 | | Run 2 | | Run 3
s I s - - ety
Diodes Consolidation v
splice consolidation limit LIU Installation -
7 TeV 8 Tev button collimators %t}:eorggtlion o ) inner triplet . ls LH9
_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
it nominal Lumi ﬂw ALICE - LHCb | 2 x nominal Lumi I S

75% nominal Lumi |/_ TECTEED P
I integrated JEAUYY fo'
30 b | 190 b 450 b | e 4000 1o

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY \ ) PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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More realistic estimates

Huge effort by the LHC
Collaborations + theory to e
estimate the physics potential
CERN Yellow Report,
» Cumulated in CYRM-2019-007 Vol. 7 (2019)
Standard model
Higgs physics
Physics at the HL-LHC and
BSM searches Perspectives for the HE-LHC
Flavour physics
Heavy 1ons e
» Existing analyses derived awn
expected sensitivities
Higher luminosity @)

Better systematic uncertainties

Somewhat bleak outlook for clie
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Content: Beyond the YR estimates

1. Experimental techniques
Four top production

2. Novel methods
Top quark mass from boosted jet mass

3. Going differential
EFT constraints in the Higgs sector

4. Sensitivity from rare processes
tWZ production

5. Optimal analysis strategies
Search for t*—tg
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1st Example: Four Tops
(Experimental Techniques)
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Four Top Quark Production

» o(tttt) = 13 1b
Ny | Np | Njets | Region

» Very sensitive to BSM effects <5 | CRW
. : . . SRi

» Challenging from experimental and theoretical sides 2 ? SRD
» CMS analysis done in same-sign dileptons ? . 522 §§f;
and multileptons >7 | SR5
>4| >5 | SRé6

35.9 tb1 2 | >5 | SR7

>3

>3 | >4 | SRS

Sensitivity reached: 10 [CMS.EPIC 78 (2018) 140]

Inverted Z veto CRZ
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https://doi.org/10.1140/epjc/s10052-018-5607-5

Four Tops: Expectations

C ‘e ICIMISI roject I2018l Is PlAleTIRI II8|03I 4 Same-sign
" projection 216 [CEL-PAS-EIR-IS-031] 2 dileptons and
§ 12 — cwMmS projection 2018, stat. only - multileptons
= o : i .
5 10 - IL scaling - » Extrapolation to
- - 1 HL-LHC reaches
% 8 — 4.20 for
= L 1  optimistic
o6 —|  uncertainties

i 2

2 -

@ «— CMS 2018,35.9 fb! [CMS.EP|C 78 (2018) 140] ]
O B | | | | 11 | | | | | | | 11 | | g

102 10°

Integrated luminosity L [fb™" ]
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https://doi.org/10.1140/epjc/s10052-018-5607-5
https://cds.cern.ch/record/2650211

Four Tops: Improvements

» Lepton identification » Signal/bkg separation: BDTs

138 fb™' (13 TeV)

138 b (13 TeV)

CMS Simulation (13 TeV) g [ g
- | | | S CMS miw iz S 40l CMS W iz
0.95 - - — 60t SR-2¢, ep I ttH Nonprompt i o) SR-2¢, up mttH Nonprompt
> 0.90- 7 - fifclass [, Mot ™o N ticlass Mool ™
8 0.85- ,/ S Postfit ttt Total unc. S 30f Postfit Total unc.
9 0.80- .4 2, 2
O
2 075) N : :
@ 0.70- g = T i
— 0.65- ,‘ 10 < pr <25 GeV 20 10
9 0.60- P
Q. 0.55- V4
2 0 50_ " _o- _o .....................
Y 77 Electrons g 0— ‘ e — j ‘
o 0.45—,, ®-— This analysis a 1.5/ ‘ ‘ o 1.5 . 4 !
. ~ 1 ¢ i ~ 1 1
g 0.40 6 O EPJC 80 (2020) 75 =08 gt oy ;i Soal .
a Muons S o0 0z 04 06 08 1 O 0 02 04 06 08 1
= = This analysis ' : ' T ' ' : X o
BDT score tttt BDT score tttt
= EP)JC 80 (2020) 75 138 fb' (13 TeV) 138 fb' (13 TeV)
_3 T T """'_2 T T """'_1 T T """0 _"2 L I L L L L L :‘(é) Tt
10 10 10 10 S 3 CMS ¢ Data [ttt c CMS ¢ Data  Background
Nonprompt-lepton efficiency 0 SR-4 tz W o 102}  Postiit Ittt [ Totalunc,
o titt class Bvv(v) | Othert S
~ Postfit it Total unc. ~
[%2] )
€ 2 €
() (O]
i i
[ J [ J [ ] [ J
» b jetidentification i
3 (0)
Deepdet, improvement by 5-25% | |
= 3 ! —
a 15| g 15 e
» Signal extraction o 5 o ty
(U L L | L L 1 L L | L | L L m . L L L L | L L L L | L L L L
Q o 02 04 06 08 1 o - 0.5 0 0.5

Likelihood fit BDT score ftit 10g10(S/B)
[CMS, PLB 847 (2023) 138290]
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https://doi.org/10.1016/j.physletb.2023.138290

Expected significance (o)

14

12

10

Four tops, 5 Years Later

I‘!llllllll|III|III|III|III

-
-----
_-

- CMS projection 2018 [CMS-PAS-FTR-18-031]

— CMS projection 2018, stat. only

L scaling

[CMS, PLB 847 (2023) 138290]

[ MS, EP|C 78 (2018) 140]

J > same-sign
dileptons and
multileptons

» extrapolation to
HL-LHC reaches
4.20 for
optimistic
uncertainties

2023: Updated
methods and

systematics:
MVA lepton ID,

10?

Integrated luminosity L [fb™" ]

[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EP]C84, 715 (2024)]

10°

BDTs to isolate
signal
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https://doi.org/10.1140/epjc/s10052-018-5607-5
https://cds.cern.ch/record/2650211
https://doi.org/10.1016/j.physletb.2023.138290
https://inspirehep.net/literature/2757970

2nd Example: Top Quark Mass
(Novel Methods)
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The Top Quark Mass

» Direct measurements

Likelihood fits to constrain
experimental systematic

uncertainties
45 >—<|1 o|3 T T T T T T ?6]3 fb_‘: (1|3 I-I—elv—)
= - l mm tt correct mm Single t :
8 40:_CMS it wrong m W+jets 3
"/ 4+ iets [tt unmatched mmZ+jets .
O 35F +1€ ¢ Data 1 QCD multijet 3
— 30§ %)ncertainty ] Diboson .
n = 7 i
S opf ' m¥" =172.5GeV
o 205 Pgor >0.2 ]
LL - E
15F [CMS. EP|C 83
o (2023) 963]

Data/MC

» Achieved precision:
about 400 MeV

CMS

[CMS. arXiv:2403.01313]

CMS Run 1 combination
arXiv:2402.08713 (2023)

Lepton+jets, Vs =8 TeV
PRD 93 (2016) 072004, 19.7 fb™

Lepton+jets, Vs =13 TeV
EPJC 78 (2018) 891, 35.9 fb”

Lepton+jets, |s = 13 TeV
EPJC 83 (2023) 963, 36.3 fb™

Dilepton, s =8 TeV
PRD 96 (2017) 032002, 19.7 fb!

Dilepton, s =13 TeV
EPJC 79 (2019) 368, 35.9 fb™

Dilepton, s =13 TeV
JHEP 07 (2023) 077, 36.3 fb™

All-jets, Vs =8 TeV
PRD 93 (2016) 072004, 18.2 fb™

All-jets, Vs =13 TeV
EPJC 79 (2019) 313, 35.9 fb™

172.52 = 0.14 + 0.39 GeV

172.35 = 0.16 = 0.48 GeV

172.25 = 0.08 = 0.62 GeV

171.77 = 0.04 = 0.37 GeV

; 172.22 + 0.18 ¥ Gev

-0.93

172.33 = 0.24 ¥ Gev

-0.72

x

171.93 = 0.65 GeV

172.32 = 0.25 = 0.59 GeV

172.34 = 0.20 = 0.70 GeV

e A A A A

I
165

170

175 180
m, [GeV]
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https://inspirehep.net/literature/2629755
https://inspirehep.net/literature/2629755
https://inspirehep.net/literature/2764068

m:: Interpretation

» Direct determinations use event generators with PS, MPI,
hadronization...

Translation to pole mass unclear [A. H. Hoang, C. Lepenik, and M. Preisser,
% ) JHEP09 (2017) 099]

2 ni+1=6 | ‘| |
Meza;p: Z Pi H=my
i=1,.m myt [l oo | omOyoor

n=>5

mpf
mef [l

n.=3
Nacp}

mP®  mSRR) mySRR)  mm)  m)
E _ me<R<m,  my<R<my m(u)>m;
t

Additional uncertainty
[A. H. Hoang, arXiv:1412.3649] of 250-500 MeV

np=
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https://inspirehep.net/literature/1333866
https://inspirehep.net/literature/1607800
https://inspirehep.net/literature/1607800

mi: Indirect Determinations

CMS [CMS, EPJC 80 (2020) 658]
;'174 crororrre T e T T T T NLO QCD [MadGraphS_aMC@NLO+
O - . —
0] i . i aMCfast+ApplGrid+xFitter]
2 i 1 —— HERA
O ’ -
172'_ | ) HERA + tt
I =031 i HERA + tt (with scale ulnc.)
SN 7, i HERA +tt, ag = ag(m, )
170k T HERA + i, m’®® = m{**(og)
I K I EEEEE R HERA + tt, xg = xg(o)
i {1 -+--- HERA +1tt,xg = xg(m:m'e)
T @ @ n World average
(\|> I~ ] _ |0-7|o T | T T T I T T T 1L T T T I T T T | T T T I
8 _____ X = 0.001 (x 0.27) |
8 ---------- -]
b= 9. i
o
o | =FEmEmEse—— x=001 T Ty x = 0.01
" """""""""""" -
Nj:—
g 8 :
x=0.1(x 9.8)
7_ e | i IR T AR TR T SRS B B I I | I I I | I I I |
0.112 0.114 0.116 0.118 170 172 174
ag(m ) m{°"* [GeV]
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https://inspirehep.net/literature/1729144

mi: Indirect Determinations

[CMS, arXiv:2403.01313]

C M S stat. total
BEEEE ATLAS+CMS combination m{®® = 173.4")% GeV

[JHEP 07 (2023) 213]

Indirect mass extractions

Pole mass from cross section

+3.6

Inclusive tt 7 TeV, NNLO ® CT10 @ | m{®°=177.0 .. (tot) GeV [PLB 728 (2014) 496]
Inclusive tt 7+8 TeV, NNLO ® CT14 m°¢=1743 7, (tot) GeV [JHEP 08 (2016) 029]
Inclusive tt 13 TeV, NNLO ® CT14 mP® =170.6 +2.7 (tot) GeV [JHEP 09 (2017) 051]
Inclusive tt 13 TeV, NNLO ® CT14 m**=1737 1, (tot) GeV [EPJC 79 (2019) 368]
Differential tf 13 TeV, NLO + 3D fit (m{*°, o, PDF) m™© = 1705 +0.8 (tot) GeV [EPJC 80 (2020) 658]
Dilepton 7+8 TeV, ATLAS+CMS cross section m®*=173.4 0 (tot) GeV [JHEP 07 (2023) 213]
Differential tt+jet 13 TeV, NLO ® CT18 mP® = 172.13 = 1.43 (tot) GeV [JHEP 07 (2023) 077]
M_S mass from cross section

Inclusive tt 13 TeV, NNLO ® CT14 —e—I m(m)=165.0 " (tot) GeV [EPJC 79 (2019) 368]

» Achieved precision: Between 1.4-2.2 GeV in m
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https://inspirehep.net/literature/2764068

Jet Mass in pp

[A.H. Hoang et al.. PRD 100 (2019), 074021]

. . 0.3 ——
» Analytical calculation j pp =, pr 2750 GeV ]
: — Ze = 0.01, B=2 ]
ppsmble for fully-merged L | Re 1. p =200 Gey
final states (SCET) S — — - Pythia 8.2, Hadronic |
S | mMC = 173.1 GeV |
: < - Hadronic Factorization -
» Current calculations sf, SR 1285 Gey -
Soft drop mass for R=1.0 Ol » 72) = (1.7 GeV, 05 7]
pr > 750 GeV - s _
0. A I S N | ‘1
tag 170 175 180 185 190
M ;[GeV]
b
/" » Distribution in mjet
t . o o o
% p Direct sensitivity to m
Can be measured at the
LHC, at the level of stable
easure particles
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https://inspirehep.net/literature/1615202

First measurement of mjet

19.7 o' (8 TeV)
| | | | | | | | |

» Measurement at 8 TeV < 'CMS | _+_ 'D t
) " ala
(2012 data) S ootsF | L. m=1785GeV -
: "ql B —@—
> 1Elng,ggomed jet mass 3le NG .= 172.5 GeV
Or R=1.2 10 : ....... m =166.5 GeV
pT > 400 GeV 0.01F | i
Uncertainties on mt: ol
+ 6 (stat) BN
+ 2.8 (syst) oo :
+ 6 (theo) : ST [T
:|:9(t0t) O"';
150 200 250 300 350
Leading-jet mjet [GeV]
[CMS, EP|C 77 (2017),467]
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https://inspirehep.net/literature/1518399

Uncertainty in m [GeV]

t

What do we expect?

e
-
II-'|'

[ |
L 4

[EPJC 77 (2017) 467]

e
9
~
e
~
S a
“a
S n
L |
g
....
.....
-
........

Projections

\L total uncertainty
- L statistical uncertainty
Measurements

T CMS total uncertainty
T CMS statistical uncertainty

—1 III|III|III|III|III|III|III|III|III
1079 20 40 60 80 100 120 140 160 180

Integrated luminosity L [fb™' ]
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https://doi.org/10.1140/epjc/s10052-017-5030-3

New Techniques: XCone

Boosted lepton+jets 13 TeV

_e_ 3 rl_ 1T T 1 L 1T T 1 | | | I 4 1T T 1 | 1T T 1 | 1T T 1 ‘It
i CMS -
o[ Simulation = ]
Of .
-1p _— =
: ) .
-2 ceo ‘XCone ]
B 3. 7Riet =1.2, Niet. = i

_3 :'— [ | L1 | | | L1 1 1 | Lo 11 .| L1 1 1 | | | L1 -':
-3 —2 —1 0 1 2 3

n

2-step jet clustering
» Inherent grooming
» Dynamical effective radius

=

Boosted lepton+jets 13 TeV

3 _L 1T T 1 | 1T T 1 | | | I 4 L | | I I.I | 1T T 1 _I_
i . CMS .. -

o [ et Simulation | -
- . ’ ctee i
Un R e : B
o -
—1:_' S _:
. P AR A
ol A e N
Bl = . . XCone -
B - Rlet'12 Nlet‘2 i

. N

u . Ry,=04, N, =20r3 -
_3 _'— L1 | | | L1 | | | L1 1 1 | | | | 4 L1 1 1 | L1 1 1 -'_
-3 —2 —1 0 1 2 3

M

[CMS, PRL 124, 202001 (2020)]
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https://doi.org/10.1103/PhysRevLett.124.202001

O
mjet

© 04

—|0

0.3

0.2

0.1

Lineshape and Resolution

Boosted lepton+jets

CMS -

—— XCone (13 TeV)
R=1.2,R =04 I
[PRL 124 (2020) 202001] |

Simulation

CA (8 TeV)
R=1.2
[EPJC 77 (2017) 467]

.I":-l |L |---|.-.-T---‘I'"!--=|=-.J. l 1 I

0

——
100 200 300 400

M, [GeV]

Resolution of 8 TeV

< 0.15
5 : CMS 0 <NPV <10 |
2  Simulation
D 10< NPV <20
o0 . Supplementary ]
@ 0.1 —$— NPV >20 a
CEU : —¢— al :
§ ;‘&:g::z:_._ 4 :
0.05- n
OI_ | I I I I | I I I I _|
500 1000 o 1 5_00
p‘?’ jet [GeV_

[CMS, TOP-19-005]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-005/

Jet mass with XCone

35.9fb™" (13 TeV)

> 3500 :_ I L | T 1T 1 I [ I | [ (L | T 1T 1 ] . .
2 - CMS  Date o Improvgd statistical
cC\.’ 30005— Wi E uncertainty
—~ . Single t ] ] o7
@ 2500 = i » Less susceptibility to UE and
S 2000 - Total unc. . hadronization
- XCone, R _ =1.2 E . . .
1500 ook coa 1 Unfolding to particle level:
1000 - Py 400G Reduction of all
500 uncertainties
O : : : I I | I I I I | I I I I | I I I I | I I I I } mt = 172.6 i 2.5 GeV
O 15 Totalunc.  Stat. unc. + f
= i + ¢ ]
~ S 0 6. o e s + _____ &
I § BinSgmure ) ¢ + |
g vy
D 0.5 __ | | | | | | | | | | | | | | | | | | | | | | | | E
0 100 200 300 400 500
mi, [GeV]
[CMS, PRL [24,202001 (2020)]
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https://doi.org/10.1103/PhysRevLett.124.202001

Jetmass: Further Improvements

» XCone method allows for calibration of jet mass scale using mw

138 fo™! (13 TeV) Jems 138 fb (13 TeV)
% 8000 B |C“|nsl T T T T ] T T T T [ T T _] % - | | ]
O] - ¢ Data i ]
LO I mt ] 2 15 1+ Bestfit - 600
& 6000 - \ \?\}nglet - b N 68% CL '
- - i B W+jets . —95% -
2 I 3% [l Other SM ] R 500
L 4000 - D Total unc. _ 0.5 , ]
i 400 N
L O i |
2000 : <
i -0.5¢ 41 1300
0 i
g 15F Total Stat | ] _13 I
|_|>j E ‘.. ofal unc. at. unc. . ; ! _200
; 1 —+¢ """ ‘""""‘"0‘0‘0‘0‘0'01"""000-.".-“"""t!: -1.5¢ 7]
o] [ ] - ‘; ]
O 0.5 __ | | | | | | | | | | | | | | | | | __ 2 | 111 1 11 1 \I 1 1 | 1 1 1 1 | 1 11 1 | 1 11 1 | I | | 111 I_ 1 100
0 50 100 150 "2 15-1-050 05 1 15 2
M [GeV]  JEC
» Additionally:
FSR modelling constrained through jet substructure [CMS, EPJC 83 (2023) 160]
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https://doi.org/10.1140/epjc/s10052-023-11587-8

Uncertainty in m [GeV]

t

Summary on m; from mijet

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
Projections
10 B IL total uncertainty —
K - L statistical uncertainty -
1 Measurements .
i “\ T CMS total uncertainty ]
L oo, 1 CMS statistical uncertainty ]
1 cms | T |
E 017 | TRl E
B CMS ]
L 2020 CMS )
L [CMS, PRL 124,202001 (2020)] 2023 |
[CMS, EP|C 83 (2023) 160]
1 O— 1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0) 20 40 60 80 100 120 140 160 180

[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EP]C84, 715 (2024)]

Integrated luminosity L [fb™" ]

Roman Kogler

26

Dispelling the VL myth of the HL-LHC


https://doi.org/10.1103/PhysRevLett.124.202001
https://doi.org/10.1140/epjc/s10052-023-11587-8
https://inspirehep.net/literature/2757970

(o]
o
o

p_ threshold [GeV]

T
o)}
o
o

500

400

Future of m; from Jetmass

Boosted lepton+jets

T | ]
CMS [CMS, arXiv:2403.01313] ]
Projection

Projection

B  Run2 measurement (138 fb™)
®  Projection for Run2+ Run3 (300 fb™') -
A

Projection for HL-LHC (3000 fb™)

1000 2000 3000
Integrated luminosity [fb™']

Projected EEEC

[J. Holguin, arXiv:2311.0257]

3- L T T 1 T T 1 T T 1
pp—tX -~ T(¢,0,00) -
2.5 DT, jet S [500? 525] GeV - T(Ca O-lam?/p’?l‘jet) X 1]
EPythia 8.3 , e Equilateral proj. x 50_;
2. : . Cw ~ 4.5 ZLW ]
B , pT,jet 4
1.55 -
1.- : -
0.5 ]
O: L L 1.1 ! .1.. if""l'- TR Nl wutt) T TR TR RO ]
0 0.2 0.4 0.6

Measuring top/W ratio turns

Cpeak ~ (

2
my

2
pT,jet

)~ (

» New techniques in development, more data coming

2
mt2 PT jet ( mt2 )
> 2 — | 72
PT jet Mw myy
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https://inspirehep.net/literature/2719279

3nd Example: Higgs Physics
(Going Differential)
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Higgs Physics

Study sensitivity of measurements in EFT framework
» Focus on operators with Higgs involvement

» Do not consider operators constrained by EWPO
» 8 operators of interest left

Lsiim _@aﬂ HTH) 0, (H'H) + ﬁ (HTD“H

<= ) 66)\

N (1h)

( quTHU(Z)Hc ()+hc> .HTHJ(Li)Hd%)—I—h'C)

, . 1cpq’ At
+ (HTO@DMH) (D"Wu)" + ;CBQ (H "D'H ) (0" Bu)

2 2

My My
v /
+@(D“H)T {(DYH)W?, + (D“H)T(D“H)BW
myy
: (@
1 HT HB,,B" A5 HTHGS G

Focus on linear contribution: M = Mgy + My—¢

2 2 * 4
[C. Englert et al.. EPJC 76 (2016), 393] M = [IMsm|” + 2 Re{MsmuM_¢ } + O(1/A7)
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https://inspirehep.net/literature/1405105

Sensitivity Estimate

Results from Run 1+2

» Include all available Higgs measurements from ATLAS and CMS
» 77 signal strength measurements included

Future Prospects

» Generate pseudo-data using realistic assumptions for efficiencies and
systematic uncertainties

production process decay process
. pp — H 14.7 H — bb 6.1
Included production pp — H + ] 15 H = 4y 5.4
and decay modes pp — H + 2j 15 H— 77~ 2.8
. . pp — HZ 5.1 H — 4] 4.8
(including theory unc.) oo W g s o1 s
pp — ttH 12 H— utp~ 2.8

Number of predicted events: Ny, =o(H + X) x BR(H — YY)
x L x BR(X,Y — final state)

Each channel has own prod. and decay efficiencies: Nev = €p€qNth
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EFT Constraints: Inclusive

Blind directions in SMEFT fits: compensating effects

-0.05

—  95% CL contours
B Inclusive

-0.05

Integrated luminosity [fb™']
100

150
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[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EP]JC84, 715 (2024)]

EFT Constraints: Differential

Blind directions in SMEFT fits: com

Differential
measurements —

lift degeneracy

-0.05

—  95% CL contours

" Inclusive
B Differential

-0.05

pensating effects

Integrated luminosity [fb™']
100

150
200
600

1000

1500
2000

= 2500
= 3000

Major improvement in sensitivity with same data!
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https://inspirehep.net/literature/2757970

4th Example: pp—tWZ

(Rare Processes)
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Top-Electroweak Interactions

B/T

b ¢ b Z|W b

B/T
Z|W W/Z t

W/Z

q J q J q

s-channel BSM t-channel BSM Effective field theory
Sensitivity to narrow resonances Access large width Generalisation of BSM effects

v

Complement direct searches by SM measurements sensitive to dim-6 operators
Similar to BSM t-channel exchange for large mass/width resonances

Probe large unchartered parameter space

v

Sensitivity to dim-6 operators increases ~E and ~E>2

Differential measurements of very rare single-top associated production

v

Constrain top-EW interactions with global fits in EFT parameter space

Better sensitivity than from tty, ttW, ttZ or ttH measurements

v

Improve the physics potential of the (HL-)LHC
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Top-Electroweak Interactions

BSM effects in top-EW section poorly constrained

» PP — tWZ pOWQI‘flll probe of BSM eftects [F. Maltoni, L. Mantani, K. Mimasu,
JHEP 10 (2019) 004]

® h-veto inclusive

b-veto py >500GeV CtG log,4(O(A 1) / SM)

o B2 = 106.80 b

WE Sensitivity to:

o= N

A OtW OtZ Cov T
(3) '
Ouq Ot

LT

» Small cross section of 127 fb on top of
large irreducible background: ttZ
(and other reducible ones of same size)

» Recent evidence for tWZ production by CMS el
[CMS,PLB 855 (2024) 138815]

» New physics could arise from bW—tZ vertices leading
to anomalous energy growth
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https://doi.org/10.1016/j.physletb.2024.138815
https://inspirehep.net/literature/1729251
https://inspirehep.net/literature/1729251

MtWZ

CMS Measurement (Recast)

Signal strengths in ttZ and tWZ

T T T [ dth]

Expected signal strengths

68% CL
95% CL
99% CL

Observed signal strengths
— 68% CL
--=95% CL

Observed

Best fit values: pwz=3, puz=0.92
CMS values:  pwz= 3.4, piz= 0.87

Observed pwwz is 20 higher than SM.
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Extrapolation to HL-LHC

EFT constraints to probe sensitivity

@og " B ettt B '_— _I?t_egrated luminosity [fb™]
—  95% CL contours . 138
B . Run 2 Systematics ] 300
5| - 600
i 4+ [ 1000
i 1 B 2000
T B 3000
51 ~|  Some improvement,
I | but nearly insubstantial
! | — systematically dominated
B S R T
4 ) 0 2 4
Ciz
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Extrapolation to HL-LHC

EFT constraints to probe sensitivity

2
oo 10

3)

Integrated luminosity [fb]
138
300

95% CL contours
¥ Run 2 Systematics
— S2 and improvements

S2:

» Improve systematics to
half the size at 3000 tb-!

o » Improve signal/background
-4 -2 0 2 4 separation by 30%

-
I|IIII|IIII|IIII|IIII|I

-10
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Change Strategy: Differential

~ ol B S C '_— Integrated luminosity [fb']
© . 95% CL contours a 138
— [ Inclusive . -
" MEDifferential i 300
5 o 600
- ;'/ \\\ —
S2 extrapolation [ - i 1000
of current L 1 [ 2000
measurement’s —- = [ B 3000
sensitivity . -
-5— | \—
i ;' I~ L
l | Sensitivity from
0 e - 1 differential
i A T R TN I N TR N N N NN A NN S N N measurement
-4 ) 0 2 4 .
in pTz

Ciz

[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EP]JC84, 715 (2024)]
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https://inspirehep.net/literature/2757970

s5th Example: Searches
(Optimal Analysis Strategies)
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t*—tg

CMS Result based on 36 fb-1 (2016 data)
» Search in reconstructed m¢+ spectrum

11, =6 jets, 2 b jets

Background: smoothly falling fit function

35.9 fb' (13 TeV)
105 | T T T T T T T T T T T T | T T T T | T T T T
CMS ¢+ Data
1u, =6jets,2bjets e Fitted sig.+bkg.
sk Fitted bkg. part (stat. unc.)
-------- M,. = 800 GeV

Ky = 0.866, K_ =0.707

Events / 50 GeV
o

-
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. ~,
e
am

>
-
e,
"a
Y
Y
~

~
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~
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—_—
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—

—

-—

-

[

e

?H‘I‘IZI IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|

(@)
IIIIII| III'HUIl IIIIIIII| IIIIIIII| T III| IIIIIIII|

O_) ........................................... _;
R S
< N
A T Y O OOooos OO, SOOURSURO OO 0 O NURUUNN. JOU0 OO SOsoO OO =
© | E
0 500 1000 1500 2000 2500 3000

My jet [GeV]
[CMS, PLB 778 (2018) 349]
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https://inspirehep.net/literature/1639443

t*—tg: Run 2 Update

CMS Result based on full Run 2 data

» Replaced reconstructed meby St = pr + p7*° + z Pr

» Include variable-radius jets

jets

138 fb~' (13 TeV
10° w"'w"'w""l"'w("')

2> 3
. ¢ --== tF*, spin-4, m_=1.0 TeV D
» ML to separate signal O oL CMS TRt : o
from background £ sl SRu L o ]
g © 107 s U, sping, m =2.0 TeV 7 Non-t E
L e TR i 3 _ . ]
> Background Obtained 102 t*t*, spin 5 mt*_2.0TeV Single t :
Total unc. 7
from sideband region 10
1 o,
10" -mmmmmmf lllllllllllllllllllllllllllllllllllllllllllllllllllll
107

107 I
5; 1.5;J L e L
E 1 M.‘,o’#¢¢¢+—+——*—_—+;?——*i ————————————— * ——————————— 2
@®© i Total unc. |
DO-5T.|....|....+|....|....|...._

1000 2000 3000 4000 5000 6000
[CMS, arXiv:2410.20601] Sr [GeV]
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https://inspirehep.net/literature/2844507

Excited Top Quark Search

02 [CMS, arXiv:2410.20601] 138 fb-1 (13 TeV)

= T T T T T T T T 3
CMS Spin-g t -+« o(pp - t't) prediction

10’ 3 95% CL upper limits

—e— (Observed

—o= Median expected

B 68% expected
95% expected .

CMS PLB 778 (2018) 349 E

— Observed -

— = Median expected

o 104 e
1000 1500 2000 2500 3000
my [GeV]
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https://inspirehep.net/literature/2844507

Excited Top Quark Search

02 [CMS, arXiv:2410.20601] 138 fb-1 (13 TeV)

= T T T T T T T T 3
CMS Spin-g t -+« o(pp - t't) prediction

10’ 3 95% CL upper limits

—e— (Observed

—o= Median expected

B 68% expected
95% expected .

CMS PLB 778 (2018) 349 E

— Observed -

— = Median expected

e
2000 2500 3000
my [GeV]

1 1
1000 1500

Sensitivity improved by factor of 10!

Expected from Vs scaling: factor 2
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https://inspirehep.net/literature/2844507

Conclusions

» We live in exciting times {) LHC/HL-LHC Plan

X7

Times will continue
to be exciting

Ls1 13 Toy A Ls2 136 Tev  IRMAS Ls3
e

» Unprecedented physics M
potential of the HL-LHC —— ==
Precision has been T
grossly underestimated, P NoTALLATON & cow.[]| | PHYsios
will improve
much better than VL

» While we discuss the future in the context of the ESPP, the LHC will
continue to deliver results with high precision / high sensitivity

» New techniques, uncovered corners of phase space, theory
developments and bright ideas will shape the field
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