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HighPT Flavor physics : Higgs, Top, New heavy particles

For CKM workshop, new CP phases required for BAU
Extended Higgs/top sector, new particles required

3 theory talks

Higgs and CP violation (in BSM models)
How much room is there for discoveries?
Quantum information with top quarks

T\t

11 experimental talks
ATLAS, CMS on Higgs, Top, new particles

Thank you for all the contributions in WG6




Top quark events: both abundant and rare!

Top pairs produced in abundance at the LHC: 115 M events in Run 2 for ATLAS and CMS each

= production via the strong interaction nnwl:ln |
Single-top production also plentiful: 40 M events per experiment Strange °
= production via the electroweak interaction charm @&

Many other processes possible!

Bottom '
= associated top-pair production like ttZ,ttW,ttH,tt+photon
= associated single-top production like top+y, top+Z, tWZ, etc

= production of four top quarks at the same time:
only 1700 events expected per experiment!



CP Violation in (extended) Higgs sector by Rui Santos
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but challenging for yb using bbH

CPV from P-violation needs only one Higgs ~v

CMS COLLABORATION, CMS-PAS-HIG-20-006

Direct searches for CP-odd component in Yukawa couplings provide more than EDMs



CP Violation in (extended) Higgs sector by Rui Santos

CPYV from C-violation
In 2HDM, for gauge and higgs sector P is conserved. If C is also conserved,
CzC'=-2, Chy=CH)=1 C(Gy)=CA=-1

— Hxistence of interaction with odd number of C-odd particles (Z and A) is the sign of CPV

A combination of 3 decays signals CP-violation
Z
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HABER, KEUs, RS, PRD 106 (2022) 9, 095038

CPV from C-violation needs at least two Higgs.

Discovering extra scalars and test their CP-numbers at the LHC is within the reach of many models (C2HDM)




PDF-EFT interplay by Maeve Madigan

* DISNC Kinematic coverage
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Fewer constraints on the large-x antiquark PDFs allow freedom to shift away from the baseline



PDF-EFT interplay by Maeve Madigan

Simultaneous fit of PDFs and SMEFT in high mass DY

Greljo et. al 2104.02723
Including HL-LHC projections for NC and CC Drell-Yan:
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excess etc. e i~
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Neglecting PDF-EFT interplay leads

to a significant overestimate of the
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Tools to investigate contaminated PDF fits in other BSM scenarios are publicly available:
https://www.pbsp.org.uk/contamination/
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Quantum IHfOPmatIOD Wlth tOp qual"kS by Juan Ramon Munoz de Nova

General density matrix (4 x 4) for 2 qubits — 15 parameters B,-i, Cij
1+ (Bfo'®1+B7180)+3,;Go' ®d’
p =

Top pair s 2 qubits

4 hierarchical concepts for non-classical correlation I(A.B) = H(A)+H(B)- H(A B) = H(A)- H(AB

H(A,B)
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CHSH inequality (a;, b; spin axes of measurements My, M) Separability=Positive P-representation P(n A0 B) >0
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Quaﬂtum Il’lfOPmatIOD Wlth tOp quaI’kS by Juan Ramon Munoz de Nova
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20 Actual discord — Evaluated from minimization over .
» Measurement of B% — Reconstruction of t, t steering ellipsoids.
ol » Highly-challenging measurements in conventional setups — Natural
implementation in colliders!
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Start with rare candidate: single top in s-channel production

The elusive signal process §‘6°°°E ol 2T o S ey, g ]
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e Only observed at the Tevatron so far (due to the presence of valence anti-quarks) [ M. Ligcer ]

e Relative uncertainty:
o ~40%, dominated by tt normalisation, jet-related uncertainties and parton-shower uncertainties
o Significance: 3.3 (3.9) standard deviations observed (expected)

o tW process: already observed at Run I, not discussed in detail here »




Bread-and-butter: single top as access to CKM

Inclusive cross-section [pb]
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Two new measurements in t-channel:
5 TeV channel: probe different part of PDF
13 TeV: several improvements allow for 6% precision

[ M. Llacer ]

Both analyses rely on machine-learning techniques:

decision tree
[ )

9 TeV: strong selection cuts first, then use boosted

13 TeV: less stringent pre-selection, but more powerful

classifier to isolate the signal
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o'(tq + fq) ATLAS-CONF-2023-026
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Era of “Standard model top discoveries”!

Single-top + photon process
Cross-section only about 515 fb
Neural network allows to isolate signal
First observation of this process!

o  Paper: arXiv:2302.01283

ATLAS and CMS observe
simultaneous production of four top
quarks

The ATLAS and CMS collaborations have both observed the simultaneous production
of four top quarks, a rare phenomenon that could hold the key to physics beyond the
Standard Model

24 MARCH, 2023 | By Naomi Dinmore
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e 4-top production: cross-section only 12 fb
e Expect only 1,700 events in Run 2 per experiment
o  Channel with highest precision: multilepton final states
e (Observed both by ATLAS and CMS early this year!
o GMS paper: arXiv:2305.13439
o  ATLAS paper: Eur. Phys. J. C 83 (2023) 496
t i
g
t t
_ Z/y* _
t g t [ B. Gonzalez ]
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https://home.cern/news/news/physics/atlas-and-cms-observe-simultaneous-production-four-top-quarks
https://arxiv.org/abs/2305.13439
https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2302.01283

Another “heavy” final state: tWZ production

e Expected significance: 1.4 sigma

e Already limited by systematics

e (Observed significance: 3.5 sigma

o  Evidence for tWZ, but signal larger
than expected

e See large anti-correlation between ttZ and
tWZ (right-hand figure)

e ttZ normalisation has large impact on
result

Events / bin width

tWZ is also a rare process: cross-section = 136 fb

But not as rare as 4-top production!

Why have we not observed it yet?
O
O

[ M. Liacer |

Large ttZ background (green) compared to the signal (red)
Difficult to calculate: interference between tWZ and ttZ at NLO

Result presented here: focus on final states with 3 or 4 leptons
Even machine-learning could not clearly separate signal and background
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Need hetter understanding of ttZ & ttW

ATLAS Preliminary —®— ATLAS- this result

Stat. + Syst. Stat. only
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e Both experiments measure larger

cross-section than expected

o Also observed in control region for other

measurements (ttH, 4 tops)

e First differential measurements
available, but still limited by statistics
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Charge and energy asymmetries

LHC A top

[ N. Bruscino ]

anti-top

ATLAS Preliminary
13 TeV, June 2023

>
n

gg production dominates at LHC (symmetric)
at leading order: no charge asymmetry either
at NLO: small charge asymmetry due to AE =068 =016%
interference of ISR and FSR diagrams as well as ~ #¢--03229%

Ae= —43£2.0%

A%=0.54+0.26%

tt + j: Madgraph5_aMC@NLO

I SM prediction*

= Measurement

tt: Phys. Rev. D 86, 034026 (2012)

(NLO QCD) ' (NLO QCD + NLO EW)

tty: Madgraph5_aMC@NLO tt: Phys. Rev. D 98, 014003 (2018)
(NLO QCD) (NNLO QCD + NLO EW)

ttW: Sherpa 2.2.10 P )

(NLO QCD + EW) i “theory calculations shown as quoted

i in the experimental publications

ATLAS - tt+j
EPJC 82 (2022) 374

ATLAS -tt
arXiv:2208.12095

ATLAS -tt
arXiv:2208.12095

ATLAS - tty

arXiv:2212.10552

ATLAS - ttw

interference between box and Born-diagrams _——7:= 1122176

In tt events: significance of 4.7 standard deviations! g

arXiv:2301.04245

1 L
-1 0
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Searches for flavor changing neutral currents

e FCNC in the SM: forbidden at tree-level
= Strongly suppressed in loops by GIM mechanism: BR ~ 10-"° - 10-12
e But: many new physics models allow for FCNCs: MSSM, 2HDM, OIS Prellminary sexcume iis <@ ATLS <@ OMS iy

2] PRL 129 (2022) 032001
[3] arXiv:2205.02537 (LH) (2 ( )

[5] EPJC 82 (2022) 334 (LH) [4) OMS-RASTOP-21:013

composite Higgs... e

Each limit assumes that [9] JHEP 07 (2017) 003

= Much larger branching ratios possible: in reach for the LHC! T ievamms | Qusouceey Om
H H . t—Hc
e Intop physics: can occur in many production/decay channels. -
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Searches for charged lepton flavor violation (prod and decay)
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SM Higgs: left no stone unturned

Weighted Events / 2 GeV
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First
hint/evidence
for H—pp!

ATLAS PLB 812 (2021) 135980

| Talk by J. Cuevas

} CMS JHEP 01 (2021) 148

Coupling vs. particle mass
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The portrait of the Higgs boson

ATLAS, Nature 607 (2022) 52
CMS, Nature 607 (2022) 60
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SM Higgs: cha"enging corners Pursuit with both mission poscible &

mission im,ba;’rib/e./

ATLAS EPIC 82 (2022) 117 ATLAS PLB 801 (2020) 135148

x ‘ CMS PAS HIG-21-017 CMS PRL 131 (2023) 061801, PRL 131 (2023) 041801 CMS arXiv:2208.00265
138 fb™ (13 TeV) 5 BIE TSR R T T CMS. 138fb (13 Tev)
% ECMSI | I "’ Observed | | ] § : dﬂszlﬁiv 139 "' ;\[I’:t(:oi)(u--e) : E M_H%ee m _125 38 Gev * Dats E
% 0= gheiminay el :::: fZﬁ."L"J'st)’fx’L" E S 250 gy142 leptons B VZ( c) (1=1.16) g T [ VBFTag0 —— S«Biit ]
2 XH = VBF + VH + ttH (POWHEG) | g F 2c-tag, AllSR I VW(- cq) (1=0.83) - 2 wp H ce B component B
,f 109 b = e 8 200:— X B-only uncertainty —: o —_— B B(H - e%e) =30x10* ]
= Boosted Tt 3 e o < = Bt E
D o4k 3 y _; 2 1503_ _ 3 b [ #20 ]
g P VH(CC) :
10° = § C
3 W s0f
10-‘61 Al 1 1 N
" .
% N?_/‘ L _50:_ -] ‘l“
o 0 B o v Doy 0y By og T prgdl v g o 4 g i s
el 2 . . 60 80 100 120 140 160 180 200
5 500 1000 1500 H 2000 mg [GeV] MOTTTTE 20 1% 130 1% 0 145 150
(GeV) Me, (GeV)
CMS boosted H—-TT: H—cc: via VH production; H—ee: not accessible for SM
Look for pT(H)>250 GeV upper limit is still 14 or 26 but look for BSM effects.
3.50 (expt. 2.20) times to the SM prediction. Limit on BF = 3.0-3.6x10*
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SM Higgs: much more than rates!

Study CPV effect in Higgs sector = measure CP-sensitive shapes:
angles, optimal observables, matrix elements, etc.

[ M. Liacer |

, ATLAS PRL 131 (2023) 061802 CMS Nature Phys. 18 (2022) 1329 CMS JHEP 07 (2023) 092
ATLAS arXiv:2304.03053 e i} cMS <140 6" (13 TeV)  ouss T
T 4T T T T | % ATLAS ) %{ s 9 E r e e el 1 EO.1G~ T
P obamas : TP b - e Observed — I'=4.1 MeV i Gr o
ERE B RN Beected — Ty | e ]
z F ] 5 L ——— F . An. go2
ol 3 % albig, +w+« mw_i 12 On-shell 4| £
] ] 2 = - 10
0.4———:=—=—|'_' J— ] = E = E 0.08
(L EO o i 2 . :;‘ 8:? 0.06 -
] ; »»»»» 6 i 0.04}
£ .o oo E SR 20 s 9 95% L | 002}
~ o ’ ' PP 1 oum M FEETE SRR FRET FEET Fi, L
B i T Matrix element-based 2: L ‘68.% C|L ] 005115225335 4 115],5.:
s 2 ! 0 ! 2 3 . -0.005 0 0.005
w1 optimal observables (OO) f, Use MVA to enhance
DR(M ey M ep_ o) Studies based on matrix the discrimination
A(ij = WE elements discriminants, between CP states.
“SM

scan over couplings.

Purely CP-odd fermionic and bosonic Higgs couplings already excluded, but admixtures still possible
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i hg mo voour /
Rare productions & Rare decays /'« 7o faweors

' /
S S HE 00 Still need much more data:

. _110_1
CMS new ttH(bb): low signal strength > CMS F—
u=0.33£0.26, 1.30 (expt. 4.10) a0 gt T
Heatl 95% CL limits .
CMS Preliminary 138 fb™' (13 TeV) 10_25 oas 032 10 ;. -zb::::: I
T T T T T T T T T T | T E ggHcat2 . % Expected + 26
w tot stat syst 1.45 (1.32) x 10% i ]
\ Hcat3
FH v 0.84 1049 025 w042 - St | L |
SL| e o48 15 o o= - 0| T FLV H—ep
7 > z VBFcat1
: + + + 3.96 (3.27) x 10* -
DL [rms 023 T8 o3 om ) Com(bin;d :
: +0. +0. +0. F 0.44 (0.47) x 10* e o % p o s g w e p g
2016 | 049 3 e e 0L 0 2 4 6 8 10 12 17
2017 (1L Al il ol 95% CL limit on B(H — ey) [x 10°]
Ll s 037 024 -0.28
sotg| w023 3% 52 5E
Combined | | 033 0B o7 oz Searches for LFV Higgs, no hint so far / agree with SM-only:
_— ATLAS BF(H—et) < 0.20%, BF(H—pT) < 0.18%, BF(H—eu) < 6.2 10>,
.. CMS BF(H—eT) < 0.22%, BF(H—p) < 0.15%, BF(H—ep) < 4.4 x 105,
But agree with ATLAS: H = 0l
p=[],35 +0.36/-0.34 JHEP 06 (2022) 97 ATLAS, JHEP 07 (2023) 166, PLB 801 (2020) 135148 but Wa[tl

CMS, PRD 104 (2021) 032013, arXiv:2305.18106 24
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Also low mass diphoton?

132267 (13 TeV)
L

Extend the mass window?

1CMS Preliminary
ErT T T T

) \ REREN 3
E ?W V/‘/\ 7\ / Mh / (7%’ T ] . CMS-PAS-HIG-20-002
CMS arXiv:2305.18106 3 ( -

CMS 138 1b” (13 TeV) 10 For M(VY) - 954 Gev
e FHom CMS: 2.80 local (1.30 glocal)
2 F — S4Bt 1 = 95% CL limits ] 10°E U ATLAS: 1.7c local
E 500 ;gn:mponem ? Elr:;' j —e— Observed X_)el»l E I Observed 13 TeV (2016) Y
n o 1 e XYY 3
2 & [ Observed 13 TeV (Run2) 140
E 200:— % 105 -

S 0k 4 T I I S I N I I
% F g 70 75 80 85 90 95 100 105 110 .
° £ My (oY) Di-tau events?
3 ] = 0 CMS: 1381 (13 TeV)
&\: g =t F —e— Observed
e DT MR R GMS JHEP 07(2023)073 Towep | Eipectet
1 0 720 130 140 150 n-:so [Ge\;lo m, [GeV] ATLAS PRl_ ‘]25 [2020) 05‘]80‘] g_ F - 68% expected
* X o [ ] 95% expected
( Y
CMS: 3

CMS see an excess of H—ep at 146 GeV.
’ 3.10 (2.70) local (global)
3.80 local (2.80 glocal) @ 100 GeV

=> ATLAS did not scan different macses yet! 2.80 (2.20]) local (global)

, @12Te
Q Not tAe 0‘4/y excess:! ATI_AS' no excess 7 Low-mass

. J """ 70700 200300 1000 2000
| J.Cuevas & J. Tao &R.Les | m, (GeV) 25

¢—TT

High-mass
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T Amas T T O g T
Excess everywhere? AR mfmemT
n 8 r % imits Xpeci +_)c
. . é . EipeCI
Many searchee in extended Higge sector too! S — 33 3.00 (2.50) local (global)
ATLAS ﬁ\‘; 06 @ 130 GBV
CMS Preliminary 138 fb' (13 TeV) = 8 : tta(_’” ”) g r
RSN | ERRN R LN R R =, = 04
woesms 4| 5o AT, .. | 290 (1-g@o%;0é:a{ltglobal)
E Ag=10TeV, B(o — ee)=1 3 T F 95%CLLimis e —
— E b 3 6 0.2 - -
i) 102 B 95% CL upper limits % E ey rcor -
Q. E —— £ e
=t M = i peces ] & F S B (R I TN TR P R T R PR T ). Tao
g F I 9% expocted T4 ATLAS arXiv:2304.14241
T 3 C 95% expected © E m.. [G9V¥ : .
s e —— 5 014§°£ﬁf?fﬁﬂi@i? e onmis et
E 107" E CMS'PAS'EXO'21'018 E 2 ;— ....... — |, m, =350 Gev (x10") _ Expec:eg :!m\: i 3 s:g.dde\{\aélon_;
ﬁ10—2 N j 1 GMS X_)HY_)bbYY '__’m*:mm(mul ----- gzzecle:ii"//o:lpper Illrrutt E
‘6’ § E| ——»mxmms;\/;;‘:;.— served 95% upper limi _;
o u eV 3.80 (2.80) local (global)  f==—"=~" 3
TR o @ M(X)=650 GeV, M(Y)<90 GeV f—r -
(p —E6 *4:;;0 o T E——— > ™ 0005/ }
290 (1.40) local (global) @ 100y M— .
) - <10° - . =
— [ e - R N
@ 156 GeV oLATLAS | ommersmctmmm ]| £ Sl - — -0
) G =13 TeV, 139 fb™! = = Expected 95‘?& CL upper limit _| :Fr 10 [ Comb. Exp. 16 ===- t:;r'::d \6/:8:; :: —— B :mumevmu“)::
ATI.AS H—>aa—>bbpp - Exzecte::‘m::ir)) B ? R MRt = N T . . - B R— o
xpected limit (+ 20) ] GeV
3.30 (1.70) local (global) ATLAS i g oL R ATLAS JHEP 07 (2023) 040 . m, [GeV]
@ 52 GeV PRD105 (2022012006 1| & | ~ SRl
; i) L
J E
=l = |
| o
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Many (mild) excesses! , )
L. E‘:JS.T?\/[ ]3?ﬂ.). 155 ¢ lepploppli 310 (200) |Oca| (g|0ha|)
400 600, 800 1000 1200 140

Far too early to claim NP, Mgl . pil
StathHEd' 20 25 30 35ma[é?eV} 45 50 55 60 o




Heavy resonances to bosons

e Look for VV/Vh/hh (or even more bosons!) final state, interpreted with

Straightforward prob to (NP >X )

Randall-Sundrum radion / Georgi-Machacek / Heavy vector triplet / RS graviton.
e Including boosted boson reconstruction (a.k.a. jet substructure), with advanced ML

tech.

138 fb™' (13 TeV)
RZEEN SR8 ERER ALY

T
Observed

Expected = 1 std.

d =2 std.

o x B(DY V' = VV4+VH) [pb]
=

.....

104

BEEEE o), x B(V' — VV4+VH) HVT,

\AY

CMS PLB 844 (2023) 131813

L

=3 I I
19 16 2 25 3 35 4 45

5 55 6

M. [TeV]

CMS VV/Vh—qqqq/qqbb
as a generic search
Mild excess 2.3o at 2.1/2.9 TeV

ATLAS-CONF-2021-052

3 10°F
©
z F
A E
Q 3
= Ca |
S 10 F
o E
-l
107
10 —— bbbb
F ATLAS Preliminary b=
I Vs =13TeV, 126 - 139 fb! _ 1
107*E Spin-0 —— bbyy .
E4 0 —e— Combined 7
vl L Ia R R i
200 300 500 1000 2000 3000

= LR
[ATLAS

—Ob d
[s=13Tev, 139" T ~0
| ZH—>Zhh Expected +10

-k
o
T

ATLAS EPIC 83 (2023) 519 3

-t

Vhh -

i o o] il PRI BT

ol i n L PEES BT |
300 400 500 600 700 800 900 100
1

95% CL limit on o(ZH)xB(H—>hh—sbbbb) [fb]

my [GeV]

ATLAS hh—bbbb/bbrt/bbyy
Excess in combined analysis:
3.20 local (2.10 global) at 1.1 TeV

ATLAS Vhh—qqqqq/{vaqaq
Excess in ZH: 2.7o local (1.4 global) at 550 GeV

Excess in AZH:
Large wid. 3.8c local (3.0c global) at H(320)/A(420)

| Narrow wid. 3.60 local (1.40 global) at H(300)/A(800) |

Mass limit 4-5 TeV but several excesses exist - wait for further examination!

a0 | | AISO yy resonance,
mentioned earlier!
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] °
Vﬂﬂtor-llke quarks o Pair (model indep. prod) & single (good for heavier) productions.
e Decaying to qW or qZ or qH.
ATLAS arXiv:2212.05263
< m— 1500 < v ATLAS arkiv:2307.07584
) it ison o8 ATLASTT & BB, . BT T Tl o
B Observed limit 1400 E . 0.9 ™., = B, Limit £ 10
= £ lepton+jets search . Exp. Limi 20
o + SU(2) singlet 1350 @ o E e, e, T-singlet
e Lispuced g mass limits el Ty
TT&BB 1300 £ osf
04 12508 | 1:26-1.59 TeV
12008 | (depends on both odf
=110 | prod. & decay iy
1100 g | YU U NIV S (NN SR SN (U SN U NS W M1
. mOdel) 01600 . .1200 1400 1600 1800 2000 2200
B(r—-wn) - 138 fb' (13 TeV. i My
v CMS PAS B26-20-014 s | e d |
CMS BB, | o ® o mme (|l £ CMS single ToHE,
Hadronic+leptonic ZG: v,w sorscmon s .. g Excess in
categories combined; | st i 1909.04721 not
Mass limit = 1.54 TeV if Z:: ’ BB . & confirmed with larger
100% B->bZ | °ii 8 S data.
0.1 %
ey

Much stronger Limits!

B(tW)

| D.Guadarrama |

o(pp — T b) x B(T — tH — tbb) [pb]

25

ks
3]

N

o
&) =

o

Mandatory to look for more quarks (T/B/X/Y) too!

ATLAS single T
miultilepton search,
Strongest limit
reaches 1.98 TeV,
wide width (50%).

CMS Preliminary 138 fo™ (13 TeV)
L IR B U UL L IR I R

pp — tHbg, I/m; = 0.01 i

Singlet T model, I'/m; = 0.01 -

r —— Observed 95% CL upper limit |

— — Expected 95% CL upper limit |

I Expected limit + 106 1
Expected limit + 26

CMS PAS B2G-20-014
sgl. T

600 700 800 900 100011001200
m; [GeV]
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Pair Production

Single Production

Leptoquarks e e
p q M.anly comblngtlons e
within a certain (m,A) _H —
Best scenario depends « ! range have been ¢ T H)
on coupling and mass. excluded by ATLAS & —
A CMS direct searches DY Production
30T T <
rE ~
_ ;’3 DY production ~_~" e V. Pleskot
coupling | .E (Q+EFT)_~"DY progiction -
F e / , v T H
_// 9 |
l()r Z ” s
é ) r'- /’/,/" Single Production ‘ TS LQ_>b'|'
’ ..there ic an excess too! | 280 with A=25, M, ~2TeV
" Qg e | F 3 Not seen byAJfP.AS
_i-:- | A ML T O — 13817 (13 TeV)
_< v _,__ & o, CMS 'f_’::zt"_:'a?:" - :':f’?:"d §. CMS 95% CL upper limits
*‘w ‘= i e % s Scalar LQ: A « 2.6, e 1 E%Tﬁimtm
0.1 ] e, I IR P PR P 10 bT Lo::m::z;clod
1000 1500 2000 3000 1 . Ofy
mg,_ [GeV] mass 107!
107
o C(lassification by final state objects; &+ . ..» : e CMS arXiv:2308.07826
e [Exploit “mixed” final states too! B o b | A0
ST [GeV) Leptogquark mass [GeV]
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95% CL Limit on [V,u|?

Heavy neutrinos

e Motivated by seesaw mechanism and other

BSM, extend SM to include heavy

neutrinos.

e Could be long-lived; can fix flavours.

1.0
Vs =13TeV, 140 fb~! o
pp - ¥ /'
ATLAS EPIC 83 (2023) 824 /¢
4
4
/
~\‘\ ’,I
\ /
\\ I'
N 4
\\ ,I
0.1 Mo " —— Observed
----- i —— Expected
Expected =10
Expected +20
10? 10° 104
my [GeV]

Majorana neutrinos in

same-sign WW scattering

- MAaa1d nvnln in an
ATLAS yongSLS \HMéc%ys 'with a

di-lepton displaced vertex
ATLAS PRL 131 (2023) 061803

> ST RN RN LR IR LR IS RN
8103_ATL S Background E
o [ ls=13 Te1\6139 o’ gncenalnty

i102 e, ct =10 mm —+ Data -
Ll ZZHNL (5 GeV) *
2 — HNL (10 GeV)
S 10k HNL(15GeV
IJ>J =

1072

107

-
e
Z
Z
‘Z
7
.//
E
Z
&
e
/;
“z
Z
¢|

Vinl?

138 o' (13 TeV)

Heavy Majorana
Neutrinos and the
Weinberg Operator

0 510 15 20253035 404550

m. [GeV]

Many experimental signatures examined:
VBF, displaced vertices, displaced jet taggers, resolved/boosted jets. etc.
Still plenty of phase-space to be explored, e.g. 3rd generation, flavour mixing, larger displacement...

: through VBF
P
// 95% CL u imi
A pper limit
/':’ —— Observed
001 | i ——- Expected g E
[ . 68% t ] H H
5% oxpected _ Long-lived HNL in
e - Gheroreoignz ] ;
l”h—’ ___ CMS trilepton 3/f|na| State
'l 'l PRL 120(2C* ™ nnane 138 fb! (13 TeV)
Ll L L8 [T T T T T T T T T T T T
107 =400 107 STECMS - om T —tvira
& ” £ [EINT I — HNL12
o 10° == ee : e‘eTu : e‘e’u :
CMSPRL131(2023) 011803 © maimen | o daima |, o i
E ' : N\\\ :
k. N o LN -
B 25 [ ! i
g L |
R o3 |E¥ . ; =)
o ° w vy FT R ® 9w w3y % v B u u
A L S A - R 2 -
CMS JHEP 07 (2022) 081

..and many many others!
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Summary of direct searches Limits depends on model assumptions & analyses.

. sw-marunmes  ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Ppreliminary

1 r = . Status: March 2023 f £dt=(3.6-139) b Vs=13TeV
il » e )

£ i = = v om S Model Gy Jetst ET [ram) Limit Reference

: e n s i

: e _=— Agg Gk +8/9 Oepry 141 Yes 130 e

» 27 ADD non-resonant yy % = - 37 .

§ e = 20 u* ADD QBH - 2j - 139 1910.08447

E' e . s ADD BH multjet - >3 - 36 151202586
H ol - RS1 Gk = yy 2y 5 - 13 2102.13405
H " = Bulk RS Ggx —» WW/2Z multi-channel 36.1 1808.02380

o - - n Bulk RS gy — tt Teu 2102102 Yes 361 [/m=15 1804.10823

N -2 e i P n 2 2UED / RPP lep 22b23] Yes 361 Tier (1,1), BAGD — ¢t) =1 1803.09678

] - :

F | e o = SSMZ' - it 2ep - - 1w 1903.06248
1 =, Diboson res. Bt 2 - - &
; i e a0 = Leptophobic Z’ — bb - 2b - 361 1805.09299

i — L] n Leptophobic Z' — tt Oep 215,22 Yes 139 rm=12% 2005.05138
3 S 1 ’ . SSMW' - tv e - Yes 139 190605609
) SSMW’ 17 17 - Yes 139 ATLAS CONF-2021-025
| [ P (o) - e SSMW! — th - 2b21J - 139 ATLAS-CONF-2021-043
— 1 HVT W’ — WZ model B 02eu  2)/1J Yes 139 200414635
| Fes 12 . HVTW = WZ - v €€ modelC 3e.u 2)(VBF) Yes 139 2207.00025
s o3 * HVT 2 = WW model B Ten  2i/10 Yes 139 s = 2004.14636.
s oo W - LRSM Wg — uNi 24 1o - 80 m(Ne) = 05TeV, g, = gn 1904.12679
e 5 N Clggaq = 2 - a0 218TeV. 7 . 1708.09127
— Cltlaq 24 - - 1 [ 2006.12945
= . Cl cebs 2e b - 139 2105.13847
] [ Clpubs 24 1b - 139 & 2105.13847
Cl teet 2lep 21b21] Yes 361 |Carl = 4 1811.02305

= . r/w/Lq/qQ*

F3zFrzzzzzssss
B
]

Axial-vector med. (Dirac DM) - 2j - 139 £9=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (DiracDM) Oeu, 7,y  1-4j Yes 139 &e=1, g=1, m(y)=1 GeV 210210874
Vector med. Z-2HDM (Dirac DM) 0 e, 1 2b Yes 139 el 6708, w100 GV 2108.13301
s [ oo ] Pseudo-scalar med. 2HDM+a__ multi-channel 139 tanget, g1, m{y)=10 Ge ATLAS CONF-2021-036
- & ] oalid Scalar LQ 15‘4 gen 2e 22]  Yes 139 ﬁ: 1 z::.g:;:
o e e Scalar LQ 2" gen 2u 22]  Yes 139 = X
g : "‘ . o Scalar LQ 3" gen 1T 2b  Yes 139 BLQY ~ br) =1 2303.01294
| Festtn P L. Scalar LQ 3¢ gen Oeq  22),22b Yes 139 BLQE 1) =1 2004.14060
©Steang o ( + 2 M =070 1y 17 i - Scalar LQ 3" gen >2eu21721),21b - 139 BLQ] — t7) 2101.11582
s e T e : 2 Scalar LQ 3 gen Oeu>170-22b Yos 139 BLQ ~ b 2101.12527
a1 b — . Vector LQ mix gen multi-channel 211,210 Yes 139 (0 i) =1, YM oo ATLAS CONF-2022.052
P -~ Vector LQ3 gen 2eut  >1b  Yes 139 B(LQY — br) = 1, Y:M coupl. 2308.01294
e oo w - VIQTT - Zt+ X 2e2ub%ep 21b>1] - 139 S ol 2T
i fd VLQ BB - Wt/Zb+ X multi-channel 36.1 X
o " VLQ Ty Tl Tsjs - We+ X 2(89)23 epu21b,21) Yes 361 B(Tys = W)= 1,¢(TesWe)=1 1807.11883
n < “ e VLQ T - H/ 2t Tep  21623] Yes 139 Sarwar0s | masconeun oo
N “ VLQ Y - Wb Tep >1b>1] Yes 361 = Wh)= 1, cp(Wh)= !
gt i VLQ B - Hb Oey 2202121 - 139 SU2) doublet, ks=03 ATLAS-CONF-2021-018
T o VL7 > Zt/Hr muti-channel 21} Yes 139 SU(2) doublet 2303.05441
- it " Excited quark 4" — qg B 2j - 1 alyu'and . A= (") 191008447
4 o Excited quark ¢* — qy 1y 1j - %7 only u and d, A = m(q") 1709.10440
pewe “ Excited quark b° — bg. - ih1j - 139 1910.08447
© bho sty - . Excited lepton 7 27 >2j - 139 A=46TeV 2303.00444
s ' Heav ferm 10ns Type ll Seesaw 234en 2] Yes 139 20200000
W ol LRSM Majorana » 2p 2j - 361 m(We) = 4176V, g1 = gr 1809.11105
4 Higgs triplet H** — W*W* 234 .e,u(SS) various  Yes 139 DY producton 2101.11961
S0 o oz 1) " Higgs triplet H* — ¢ 234eu(SS) - - 139 DY production 2211.07505
58+ 20 tad k) = 1) o Multi-charged particles pi - = 139 D production [ = 5¢ ATLAS-CONF-2022-034
L e " P tO =41, e Magnetic monopoles " s oo 344 | DYPetonla=1eo 12 s a0
Sin .« o g " e -
ST i+ G s =
e i =
.: ‘3‘:'(,,.@“, E ool 10 1 10 Mass scale [TeV]
o " 5 5 3 s . 5 “Only a selection of the available mass limits on new states or phenomena is shown. 1 TeV
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Lower mass limit at 95% CL [TeV] | +Small.radius (large-radius) jets are denoted by the letter j (J).
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e High p, studies do have strong impacts to CKM:
o Direct & indirect probe of the BSM.

o Complementary to low energy measurements — overconstrain the CKM picture!

e LHC experiments provide numerous inputs to the community:
o Top itself plays a key role in flavor physics & Higgs physics!

CKM interpretation from single-top t-channel,;

Precision measurements of top & Higgs as backbone of SM.

Indirect probe of NP at very high scale via FCNC and anomalous couplings.
Many direct searches of new bosons, new quarks, new leptons...

o O O O

Interesting excess here and there = to be verified with Run-3 and future HL-LHC runs!
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