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New Adventures

LHC’s successes
« Higgs Discovery
 Precision measurements
 Direct searches on
 Simplified models
« SUSY
« Extra Dim/Compositeness
+new upgrades in Energy, Detector,
Trigger, Analysis methods

Zhen Liu New Opportunities LHC & Beyond

Drove a paradigm shift
e (we become) humble (about

how and where new physics

would show up)
« more adventurous
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Adventure into the Unknown

We are working hard to Testable Physics Opportunities
achieve breakthroughs in

the understanding of Enabling
Nature; from:

* Theory
» Experimental Evidence

Theoretically Experimentally

plausible accessible

From the Theory side, the amplitude program,
Ads/CFT, generalized symmetries, dynamical origin
of hierarchy problems, etc., provides new angles and
hopefully lead to new insights.
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Characters of our new adventure

* Deep
* Broad
* Open

The opportunity space is huge. Here I will highlight a few examples.
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Characters of the adventure

* Deep
« Beyond the classical level
* +beyond



Beyond classical (recent ¢ — tt search)
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Beyond classical (recent ¢ — tt search)
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dosig/dmy (pb/GeV)

2 weights - fitted bkg

Beyond classical (recent qb - tt search)
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D. Dicus, A. Stange, S. Willenbrock, hep-ph/9404359, Focusing on ttbar
@LHC, M. Carena, ZL, arXiv:1608.07282

Other channels and effects, including ttH, tH (see in N. Craig, F. D’Eramo,
P. Drapper, S. Thomas, H. Zhang arXiv:1504.04630 and J. Hajer, Y.-Y. Li,
T. Liu J. Shiu arXiv:1504.07617, S. Gori, I.-W. Kim, N. Shah, K. Zurek
arXiv:1602.02782 , N. Craig, J. Hajer, Y. Li, T. Liu, H. Zhang,

arXiv:1605.08744, B. Hespel, F. Maltoni, E. Vryonidou arXiv:1606.04149,

W.S. Hou, M. Kohda, T. Modak 1710.07260, 1906.09703), H+jet, charged

160 Higgs searches,
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Unfamiliar look of heavy Scalars
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Interferences onsite

Not factorizable into signal and background calculation, Pole-
behavior matters (not standard EFT friendly);

Gain new information about width and strong & weak phase;
Interesting test for Interference.

Zhen Liu New Opportunities LHC & Beyond
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* Not factorizable into signal and background calculation, Pole-
behavior matters (not standard EFT friendly);

* Gain new information about width and strong & weak phase;

» Interesting test for Interference.

Interferences onsite

do/dmyy (pb/GeV)
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Dixon, Siu, hep-ph/0302233; Cjeri, Coradeschi, de Florian,
Fidanza, 1706.07331; Maltoni, Mandal, Zhao, 1812.08703;
Chen, Heinrich, Jahn, Jones, Kerner, Schlenk, Yokoya
1011.09314; Bargiela, Buccioni, Caola, Devoto, Manteuffel,
Tancredi, 2212.06287; Fiore, Williams, 2306.03956; Also
(real-part interference): Dixon, Li, 1305.3854...
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do/dmyy (pb/GeV)

Interferences onsite

Not factorizable into signal and background calculation, Pole-
behavior matters (not standard EFT friendly);

Gain new information about width and strong & weak phase;
Interesting test for Interference.
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Dixon, Siu, hep-ph/0302233; Cjeri, Coradeschi, de Florian,
Fidanza, 1706.07331; Maltoni, Mandal, Zhao, 1812.08703;
Chen, Heinrich, Jahn, Jones, Kerner, Schlenk, Yokoya
1011.09314; Bargiela, Buccioni, Caola, Devoto, Manteuffel,
Tancredi, 2212.06287; Fiore, Williams, 2306.03956; Also
(real-part interference): Dixon, Li, 1305.3854...
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Other channels: Jung, Sung, Yoon, 1510.03450, 1601.00006,
(dijets) Martin, 1606.03026, Bhattipirolu, Martin,
2004.06181...
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Color Antenna Pattern .

Han, Lewis, Liu, ZL, Wang, 2306.00079
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Color Antenna Pattern " . = .

Han, Lewis, Liu, ZL, Wang, 2306.00079

Zhen Liu New Opportunities LHC & Beyond LeptonPhoton 2023 07/18/2023


https://arxiv.org/abs/2306.00079

Color Antenna Pattern

ol

Han, Lewis, Liu, ZL, Wang, 2306.00079
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Differential & Precision

Energy help with precision beyond LEP
Projected Existing Collider Reach

;’7 T -
-

~ 'W. Chiu, ZL, L. Wang,
- 1909.04549 -

== Ceiiei.. LEP
O* HL-LHC pp—Zh —
L e HL-LHC pp=V¥V |

I T T

15 20 25 30 35 40 45 50
Aogs g, (TeV)

R. Franceschini et at, 1712.01310, C. Grojean et al, 1810.05149 & S. Banerjee et al, 1807.01796, F. Bishara et al,
2004.06122, 2011.13941, Panico, Ricci, Wulzer, 2103.10532, Bellafronte, Dawson, Paolo, 2304.00029+....
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Differential & Precision

Energy help with precision beyond LEP
Projected Existing Collider Reach
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Seeing Goldstone Equivalence
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Characters of the adventure

* Broad

 Long-Lived Particles
* +beyond



What is LLP & Why searching for them?
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e approximate symmetries; | Wiz
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What is LLP & Why searching for them?

Long-lived particles in the
standard model:

« approximate symmetries;
 kinematic suppressions;

For BSM particles:

« Prompt particles being
actively probed,;

« Many scenarios give raise to
long-lived signatures;

Particle Mass m [MeV]

Zhen Liu

j Detegtor Prompt— —Detectur -Stable
I DH > . 1810.12602
W/z
Detector
tagged and
104 3 B*/BO energy
o! m detectable
. D*/D°
2 A
3 _ O e) n
el B n K2 L KP ° P
o o> ot
0 +
T I
, o) o D:U
10-%7 1072 107 107 107 1077 10-3 10! 10°
Proper Lifetime T [s]
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SUSY as a Strawman (more towards heavy LLPs)

R-Parity-Violating, small B/L-violating couplings _?, of

(100 Gev 10-8\° -——=-
CT ~1m —_
3% ~ Aepy S

* Gauge mediation—suppressed couplings via SUSY breaking

scale x 2
1OOGeV>5< VF )4

CTGMSB~10m < —

m 100 TeV G
. | ~ Vg
« Mini-split spectrum—suppressed couplings through 9
“decoupled” heavy particles %r
o
‘x. e
TeV\’ mg\* A w* ft
CTmilli—splitN1 mim mg (PeV) 7 +
« Pure Wino/Higgsino—nearly degenerated, disappearing track '7?”
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Hidden Sectors (more towards light LLPs)

Hidden sector feeble
couplings to SM via various

$ W AFf K VRS

- ¥-
portals, suppressed by the . Dark
: iggs - ~
smallness of the couplings vortal f § Photon
Zurek, Strassler 'LHC
N Vv 7 f
hidden —>k—<— T - it
valley Heavy _ Axion-Like-
N Neutral Particles
*. A\ B_,\ Leptons (ALPs)
PR T Ses il (HNLs)
S S
) =17 \
Fantastic four or Amazing five (plus millicharged)
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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: non-pointing
PR, | (converted) photons

-
L4

displaced leptons,
lepton-jets, or
lepton pairs :
-

\ ! trackless,
. low-EMF jets

multitrack vertices in the
muon spectrometer

But, an experimental challenge. :>§

emerging jets

quasi-stable
charge Qarticles
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non-pointing
..... (converted) photons

-
o*”
-

But, an experimental challenge. :>\

/ N
displaced leptons, r v\ emerging jets

LHC lessons:

Btrigger

Breconstruction

©standard model background
®non-standard background

: o quasi-stable
Huge uncharted well-motivated territories to explore! charged\Qarticles

THIUILILI AN VOITLUIVOO T 1O

muon spectrometer
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LHC progress: Higgs decays to LLPs (hadronic)

Csaki, Kuflik, Lombardo, Slone, 1508.01522

CMS

s =8TeV (recast)

[R—
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Js=8TeV

=
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=
=
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-
]
o
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—
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)
(@)

102 103 104
m, proper lifetime (c7) [mm]

Back in 2015, no such limit existed, very few LLP
searches (the plot was a re-interpretation for SUSY
LLP searches), also see ZL, Tweedie, 1503.05923
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LHC progress: Higgs decays to LLPs (hadronic)

Csaki, Kuflik, Lombardo, Slone, 1508.01522

CMS

s =8TeV (recast)

ATLAS
Js=8TeV

=
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X
b
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o
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m, proper lifetime (c7) [mm]

Back in 2015, no such limit existed, very few LLP
searches (the plot was a re-interpretation for SUSY
LLP searches), also see ZL, Tweedie, 1503.05923

Now, tons of searches for various final states
with new triggers, reconstructions, etc.
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LHC progress: Higgs decays to LLPs (hadronic)

Csaki, Kuflik, Lombardo, Slone, 1508.01522

"[“ ) | i | | |
3 ‘\ CMS B E
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- 40GeV — 10GeV

- 50GeV = — 25GeV
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Back in 2015, no such limit existed, very few LLP
searches (the plot was a re-interpretation for SUSY
LLP searches), also see ZL, Tweedie, 1503.05923

B(H—ss)

1 ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb
=ARE-LL BELELRLLLL I L RLLLY B """‘I,: LRRRLLL I "":"'I BELELRRLLY BEELLELRLLL | E' HRRLES
EfL. A .

1071 :—- --------------------- \ S
102 :— ------------------------------------ \,_-' ---------------- =
3=t  o°
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-1

Hidden Sector, m, = 125 GeV
Selected ATLAS results
95% CL observed limits

Searches:

—.— Muon System (2 Vtx Only), 139 fb™
arXiv:2203.00587

—..— Muon System (1 Vix + 2 Vix), 36 fb™
Phys. Rev. D 99 (2019) 052005

—.— Calorimeter, 139 fb™'

arXiv:2203.01009

Tracker+Muon System, 36 fb ™’

Phys. Rev. D 101 (2020) 052013

Tracker (LRT), 139 fb™

JHEP 11 (2021) 229

. Tracker (b-tag), 36 fb™!

JHEP 10 (2018) 031

Monoijet, 139 fb™

ATL-PHYS-PUB-2021-020

- &= H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

LLP masses:

Psecev W1520Gev [ 2535Gev

40Gev [JJ4s60Gev [Jany

Now, tons of searches for various final states

with new triggers, reconstructions, etc.
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LHC progress: Higgs decays to LLPs (hadronic)

Csaki, Kuflik, Lombardo, Slone, 1508.01522
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N Vs =8TeV O 137 fb, 13 TeV
u J m e [N, ms - 15 Gev
> T T ST ST Y ST 3 ---m, =40 GeV

1 10! 102 103 104 105 10 = 1 mi _ 55 GeV /| |25-35GeV

ﬂ-v proper llfetime (CT) [mm] Dol vl v vl vl vl vl il J .Any
10° 10° 10° 10’

CT, [mm]

Back in 2015, no such limit existed, very few LLP
searches (the plot was a re-interpretation for SUS
LLP searches), also see ZL, Tweedie, 1503.05923

y Now, tons of searches for various final states
with new triggers, reconstructions, etc.
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95% CL Upper Limit on o xBR /o gm
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LHC progress: Higgs decays to LLPs (hadronic)

Csaki, Kuflik, Lombardo, Slone, 1508.01522
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—Dimuon scouting
B(X—up)=0.13, mX:40 GeV
EXO-20-014

Displaced leptons
X—ee/uy, mx:50 GeV
EXO-18-003

—Z + displaced jets
X—bb, m, =55 GeV

EXO-20-003

Displaced jets
X—dd, m, =55 GeV
2012.01581

— Hadronic MS
X—o11, m, =55 GeV

2107.04838

CT, [mm]

Back in 2015, no such limit existed, very few LLP
searches (the plot was a re-interpretation for SUSY
LLP searches), also see ZL, Tweedie, 1503.05923
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Now, tons of searches for various final states
with new triggers, reconstructions, etc.
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Log-log open parameter space to concur

Zhen Liu
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Log-log open parameter space to concur
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New information to be explored: Timing

Displaced
acks

(c) CERN 2009. All rights reserved. http:figuana.cern.chiispy
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New information to be explored: Timing

Displaced
acks

Delay is a
universal feature
of Long-Lived
Particles*

Liu, ZL, Wang, 1805.05957

(c) CERN 2009. All rights reserved. http:figuana.cern.chiispy

*except for those hyper-boosted y > 7
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Late comers will be spotted easily
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Displaced jet at 13 TeV,
39 /b7

More to come:

1050 T 1 | | CMS MTD upgrade
] (] 1 I (] 1 1 I (] 1 1 I 1 ] 1 i “-"1-- 1 1 1 1 1 (] 1 1
200 400 600 800 1000 1200 1400 1600 ATLAS HGTD upgrade
- (GeV Ecal, Muon system, HCal,
mg (GeV) timing information to be used

CMS search, 1906.06441
Liu, ZL, Wang, 1805.05957
8 TeV results, ZL, Tweedie, 1503.05923
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Late comers will be spotted easily
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o 107 139 fb

’ Displaced jet at 13 TeV,
39 fb*

More to come:

CMS MTD upgrade

ATLAS HGTD upgrade

Ecal, Muon system, HCal,
timing information to be used
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CMS search, 1906.06441
Liu, ZL, Wang, 1805.05957
8 TeV results, ZL, Tweedie, 1503.05923
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What is the time of a jet?

Theoretically and experimentally
interesting

CMS Preliminary 137 b (13 TeV)
w 104 E | I | | | I | | | I | I I | J | I I ] I g
c = 3
o) 3 [ :| Beam halo background =
o 10 = [[___] cCore and satellite backgrounds 3
B , — [ ] cosmic background ]
e 10 == Observation E
g = ======+ GMSB m, =2400 GeV,ct,=1m J
w10 3 S GMSB m, = 2400 GeV, c7, =10 m 3
— w3 emsssss GMSB m-g = 2400 GeV, cT, = 30m
1 =0 - . - l-lh-l.-q__‘__q-- _g'
]
107" = B~ s T Lt T =3 =

107°

10°°
107
-5
10 2 4 6 8 10 12
tet (ns)

The pioneering delayed jet search used median time,
clearly having large room to improve.
Zhen Liu New Opportunities LHC & Beyond

Detection

e Hadronization
T @ .

- Fragmentation ~ hadrons @
e partons @@ ...
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What is the time of a jet?

1 1 median,hardest,random rT
Theoret}cally and experimentally £ Y=t iy = — cosh g, i)
Interesting 7 ¢

rT \PJ rT
CMS Preliminary 137 b (13 TeV) gl = = 22 — = coshny
g 10 % T 7 T T T T T T 1 I 1 \ T T L T % c pT J c
10 _E 1 2:?:‘ a::“;;:cl:lli‘tzr:::: rounds ; E
% § [ ] cosmic background ’ ? tkinema'tic e TT J
b= 102 —— servation E e
§ -- 2:433 mt§=24oocev. ct,=1m J C pT J
w10 p e GMSB m, = 2400 GeV, ct, =10 m § ZZ
------- GMSB m; = 2400 GeV, c7, =30 m 3 1 e . Detection
1 _E taverage —_ — t y \ v\ Fragmentation E:i::%%j-
= - E : (3 partons @
107" st S~ 200~ T G — o~ R BB mn N J IV . ° 000
e . N I\
1
107 th - pT?»tZ: Pr,s = Z :sti
) pr,s 4 —
10 | =1
-5 1 1 1 1 1 | [ 1 | ] 1 1 1 1 1 1 a ]
10 2 4 6 8 T 12 t( ) X E AR )'Bt’y
bt (1) i€jet .

The pioneering delayed jet search used median time, Chiu, ZL, Low, Wang, 2100.01682

clearly having large room to improve.
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Tackle Time: what is the time of a jet?

Probability

1 B . pT-weighted time provides the best
-  — pr—weighted :
= Median ]_ s mp= 1 TeV convergence, and hence the quasi-
1l :Eﬁ‘;‘iﬁ;@ 1 S<inyl<2.0 optimal experimental definition of
10 -~ —Random the jet time.
- It is also IR-safe and calculable
10722 quantity.
. Other jet time definitions spreads
sl out driven by soft/colinear
10 3 behaviors, further imprinted by
; geometrical effects..
10—4 | | I N NI T T T T T
-0.3 -0.2 -0.1 0. 0.1 0.2 0.3 f(Jaﬁn') ~ Z(!’T,z’)a(ARiWﬁ
At/tref i€jet

Chiu, ZL, Low, Wang, 2109.01682
Chiu, Shen, ZL ongoing study with Machine Learning.
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Tackle Time: what is the time of a jet?

Probability

1 B , i pT-weighted time provides the best
-  — pr—weighted Ik ]
- Median i |1 7o mp= 1 TeV convergence, and hence the quasi-
1l :Eﬁ‘;‘iﬁ;@ i 1 5<insl<2.0 optimal experimental definition of
10 -~ —Random : the jet time.
- I It is also IR-safe and calculable
1072= : quantity.
- ] Other jet time definitions spreads
sl ] out driven by soft/colinear
10 3 | behaviors, further imprinted by
; | geometrical effects..
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Chiu, ZL, Low, Wang, 2109.01682
Chiu, Shen, ZL ongoing study with Machine Learning.
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Realize the true power of LHC

Displaced tracks trigger, Timing in trigger
LLP searches in all subsystems, e.g.,

°* muon spectrometer

- HGCal, HGTD, Mip Timing Detector

Zhen Liu New Opportunities LHC & Beyond

Front Hadronic (FH):
Si & scintillator + steel /#

12 layers, ~3.5A\

Endcap Electromagnetic (EE):
Si + Cu & CuW & Pb

28 layers, 25 X0 & ~1.3\_—==

Backing Hadronic (BH):

Si & scintillator + steel

12 layers, ~5A

o
e a

D e e e

.....

LeptonPhoton 2023

i need granularity and }

Look for LLPs in HGCAL, Liu, ZL, Wang, Wang,
2005.10836; Displaced Trigger, Gershtein 1705.04321,
Gerstein, Kanpen, 1907.00007, Gerstein, Knapen, Redigolo
2012.07864 ; Linthorne, Stolarski, 2103.08620; Guo, He,

Liu, Wang, 2111.01164; Chekanov et al., 2203.07286 +...
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Realize the true power of LHC

Displaced tracks trigger, Timing in trigger
LLP searches in all subsystems, e.g.,

°* muon spectrometer
« HGCal, HGTD, Mip Timing Detector

Expanding LHC program

MATHUSLA ™
Codex-B - )
AL3X Central/Hard LLPs
ANUBIS >
EASER, FPF
(SND), SHiP e Forward/light LLPs >‘ Search for LLPs
NA62
SeaQuest Beamdump experiments
>
monopole
ﬁﬁﬁgﬁi }_ millicharged particles .
Zhen Liu New Opportunities LHC & Beyond

Backing Hadronic (BH):
Si & scintillator + steel
12 layers, ~5A

Front Hadronic (FH): / SHESTN
Si & scintillator + steel ' }
12 layers, ~3.5A\

Endcap Electromagnetic (EE):

Si + Cu & CuW & Pb /1t

28 layers, 25 X0 & ~1.3N _=7+1

P =

’ need granularity and }

Look for LLPs in HGCAL, Liu, ZL, Wang, Wang,
2005.10836; Displaced Trigger, Gershtein 1705.04321,
Gerstein, Kanpen, 1907.00007, Gerstein, Knapen, Redigolo
2012.07864 ; Linthorne, Stolarski, 2103.08620; Guo, He,
Liu, Wang, 2111.01164; Chekanov et al., 2203.07286 +...
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Hook, Kumar, ZL, Sundrum, 1911.12364, Kelly, Kumar, ZL, 2011.05995; Co, Kumar,
7L, 2210.02462+...
Also general (prompt) Collider Pheno: Bauer, Neubert, Thamm, 1708.00443, + Heiles

P oS Sibl e for h e avy AXi ons 1808.10323 + Renner, Schnubel, 2110.10698 and many more from various groups.

1010 -

Challenge: light, rarely
produced, hadronic
states;

—_
o
-~

Big open windows for
well-motivated heavy
Axions

Opens a new direction of
1 colored p3 ' singly produced long-
10°} ' W[ \ 7| lived particles.

Axion Decay Constant (GeV)
2

A lot more to explore.

] L S(e+)ee+
10 107 10~ ‘ 10° 8m fa
Axion Mass (GeV)
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Hook, Kumar, ZL, Sundrum, 1911.12364, Kelly, Kumar, ZL, 2011.05995; Co, Kumar,
7L, 2210.02462+...
Also general (prompt) Collider Pheno: Bauer, Neubert, Thamm, 1708.00443, + Heiles

POSSible for he avy AXiOIlS 1808.10323 + Renner, Schnubel, 2110.10698 and many more from various groups.
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Also general (prompt) Collider Pheno: Bauer, Neubert, Thamm, 1708.00443, + Heiles

POSSible for he avy AXiOIlS 1808.10323 + Renner, Schnubel, 2110.10698 and many more from various groups.
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Characters of the adventure

* Open

« Open to non-traditional targets



Coannihilation and LLP

Mono-jet + (soft) displaced tracks

An, Hu, ZL, Yang, 2107.11405

(d} {e)
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Coannihilation and LLP Mono-jet + (soft) displaced tracks
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New results from Open Data

CMS 17 full
simulation sample

" Track and Vertex \‘\)
. Efficiencies g

*ﬁ

setectons )

Pythia Level
Signal MC

Signal Yields
An, Hu, ZL, Yang, 2107.11405
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New results from Open Data

CMS opendata 11.6 fb™!, sing;=0.3

CMS Open Data @8 TeV
11.6 b~ !, HLT_PFMET150

e

. CMSifull
* simulation sample /

e d'r-l'rack and Verte)-iw"\.
- Efficiencies -

~ Pythia Level *‘
\ Signal MC : 4

-
/'//

( Selections ﬁ

Signal Yields
An, Hu, ZL, Yang, 2107.11405
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See also for other open data physics studies,
A. Larkoski, S. Marzani, J. Thaler, A. Tripathee, and W. Xue 1704.05066,
A. Tripathee, W. Xue, A. Larkoski, S. Marzani, and J. Thaler 1704.05842,
M. Andrews, J. Alison, S. An, P. Bryant, B. Burkle,S.
Gleyzer, M. Narain, M. Paulini, B. Poczos, and E. Usai 1902.08276,
P. T. Komiske, R. Mastandrea, E. M. Metodiev,P. Naik, and J. Thaler 1908.08542,
C. Cesarotti, Y. Soreq, M. J. Strassler, J. Thaler, and W. Xue 1902.04222.
26
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Shower of Heavy Neutral Leptons

L;r @ —myNN — (ALHNg + uN? + h.c.)

Avey ?
m, = U

My
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Shower of Heavy Neutral Leptons

General CFT:

A
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Arkani-Hamed, Grossman, hep-ph/9806223, Okui, hep-ph/0405083, Grossman, Tsai, 0811.0871, Grossman, Robinson,
1009.2781, McDonald, 1010.2659, Robinson, Tsai, 1205.0569, 1404.7118; Chacko, Fox, ZL, Harnik, 2012.01443
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Shower of Heavy Neutral Leptons

4f4m-eufary v COMPOS#{ s demen{-ary v General CFT:
(ement ’/ f ——) + 4 LHO, + A 0
elemenrary-composire (
lwzmj f LV,:T:;ﬁ,t,r uv CFT 3/2 N MAZN_4 2N
FT deformati
gene tes erates
L;r @ —myNN — (ALHNg + uN? + h.c.)
2
Avey
] my ~ p|——
My A3 Ayn—4
. . S A 2 A
A shower of Sterile Neutrinos... 1"\ C/1 Al — C ,11 _
Chacko, Dev, ZL, Sanket, to appear M H M

Arkani-Hamed, Grossman, hep-ph/9806223, Okui, hep-ph/0405083, Grossman, Tsai, 0811.0871, Grossman, Robinson,
1009.2781, McDonald, 1010.2659, Robinson, Tsai, 1205.0569, 1404.7118; Chacko, Fox, ZL, Harnik, 2012.01443
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More generally, dark showers in various forms

DO
)

vector portal —— mp=750 GeV
—e— my=500 GeV

me = My
“ ¥ —e— myg=125 GeV

—
ot
|

Knapen, Shelton, Xu,
2103.01238.pdf

number of decays
—_
o
1

ot
1

0. :‘ -\
s B ® \‘\n\

e.g., Strassler, Zurek et al,

Knapen, Pagan Griso, Papucci, Robinson, 1612.00850 0
Pierce, Shakya, Tsai, Zhao, 1708.05389

Recent development could help catching certain dark showers

Cesarotti, Thaler, 2004.06125, Cesarotti, Reece, Strassler, 2009.08981
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High Energy Drives
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Future Collider Options

Front End

Accumulator
Combiner
Phase Rotator

Accelerators:
Linacs, RLA or FFAG, RCS

Initial 6D Cooling
Charge Separator,
6D Cooling

Muon collider, Higgs, 3~14 TeV

Plasma Wakefield Acceleration-based, LC e*e

30 — 50 km ILC
JAPAN (ete)
250 GeV Higgs
+ ~1TeV
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~100 km FCC
e*e” (Z factory, 240 GeV Higgs + 365 GeV Top)
ep, pp (~100 TeV)
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We want collider(s) Physics Driver
with all its potential realized

Dark Matter

Baryogenesis

] High E
Higgs MuC
Factories

Naturalness
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Distinctive Physics Programs
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Higgs Exotic Decays to light Higgs pairs
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Hidden Neutrino Explaining
Lightness of Neutrino mass
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The bottom left “type-I
seesaw’ represents the
most pessimistic seesaw
benchmarks. In general
multi-generation seesaw,
the motivated parameter
regions spans over the
space above that line,
very much like the
inverse seesaw spectra.

Peiran Li, ZL, Kun-Feng Lyu,
2301.07117
T.H. Kwok, L. Li, T. Liu and A.

Rock, 2301.05177
K. Mekala, J. Reuter and A.F.

Zarnecki, 2301.02602

07/18/2023 35


https://arxiv.org/abs/2301.07117

New Physics Opportunities at the LHC and Beyond

* Deep

* Beyond the classical level

 Broad
 Long-Lived Particles
* Open
 Open to non-traditional
targets

Future Colliders!

I couldn’t cover many precious topics, such as
Machine Learning, Anomaly detection, Flavour
program, complementarity with intensity,
astrophysics, cosmology, quantum sensing, etc.



New Physics Opportunities at the LHC and Beyond

* Deep

* Beyond the classical level

 Broad
 Long-Lived Particles
* Open
 Open to non-traditional
targets

Future Colliders!

I couldn’t cover many precious topics, such as
Machine Learning, Anomaly detection, Flavour
program, complementarity with intensity,
astrophysics, cosmology, quantum sensing, etc.

The success of the LHC (and the SM) has
triggered a paradigm shift:
chance for us to define new questions/quests

What hasn’t changed is our curiosity
The BSM Opportunities reside in our creative
work!



New Physics Opportunities at the LHC and Beyond

* Deep

* Beyond the classical level

 Broad
 Long-Lived Particles
* Open
 Open to non-traditional
targets

Future Colliders!

I couldn’t cover many precious topics, such as
Machine Learning, Anomaly detection, Flavour
program, complementarity with intensity,
astrophysics, cosmology, quantum sensing, etc.

The success of the LHC (and the SM) has
triggered a paradigm shift:
chance for us to define new questions/quests

What hasn’t changed is our curiosity
The BSM Opportunities reside in our creative
work! |




	Default Section
	Slide 1: New Physics Opportunities @ HL-LHC and Beyond

	Current Status
	Slide 2: New Adventures
	Slide 3: New Adventures
	Slide 4: Adventure into the Unknown
	Slide 5: Characters of our new adventure

	Broad
	Slide 6: Characters of the adventure
	Slide 7: Beyond classical (recent bold italic phi goes to bold italic t bold italic t bar  search)
	Slide 8: Beyond classical (recent bold italic phi goes to bold italic t bold italic t bar  search)
	Slide 9: Beyond classical (recent bold italic phi goes to bold italic t bold italic t bar  search)
	Slide 10: Unfamiliar look of heavy Scalars
	Slide 11: Interferences onsite
	Slide 12: Interferences onsite
	Slide 13: Interferences onsite
	Slide 14: Color Antenna Pattern
	Slide 15: Color Antenna Pattern
	Slide 16: Color Antenna Pattern
	Slide 17: Color Antenna Pattern
	Slide 18: Differential & Precision
	Slide 19: Differential & Precision

	Extreme
	Slide 20: Characters of the adventure
	Slide 21: What is LLP & Why searching for them?
	Slide 22: What is LLP & Why searching for them?
	Slide 23: SUSY as a Strawman (more towards heavy LLPs)
	Slide 24: Hidden Sectors (more towards light LLPs)
	Slide 25
	Slide 26: But, an experimental challenge.
	Slide 27: But, an experimental challenge.
	Slide 28: LHC progress: Higgs decays to LLPs (hadronic)
	Slide 29: LHC progress: Higgs decays to LLPs (hadronic)
	Slide 30: LHC progress: Higgs decays to LLPs (hadronic)
	Slide 31: LHC progress: Higgs decays to LLPs (hadronic)
	Slide 32: LHC progress: Higgs decays to LLPs (hadronic)
	Slide 33: Log-log open parameter space to concur
	Slide 34: Log-log open parameter space to concur
	Slide 35: New information to be explored: Timing
	Slide 36: New information to be explored: Timing
	Slide 37: Late comers will be spotted easily
	Slide 38: Late comers will be spotted easily
	Slide 39: What is the time of a jet?
	Slide 40: What is the time of a jet?
	Slide 41: Tackle Time: what is the time of a jet?
	Slide 42: Tackle Time: what is the time of a jet?
	Slide 43: Realize the true power of LHC
	Slide 44: Realize the true power of LHC
	Slide 45
	Slide 46
	Slide 47

	Open
	Slide 48: Characters of the adventure
	Slide 49: Coannihilation and LLP
	Slide 50: Coannihilation and LLP
	Slide 51: New results from Open Data
	Slide 52: New results from Open Data
	Slide 53: Shower of Heavy Neutral Leptons
	Slide 54: Shower of Heavy Neutral Leptons
	Slide 55: Shower of Heavy Neutral Leptons
	Slide 56: More generally, dark showers in various forms

	Future
	Slide 57: Future Colliders
	Slide 58: High Energy Drives
	Slide 59: High Energy Drives
	Slide 60: High Energy Drives
	Slide 61: High Energy Rules 
	Slide 62: Future Collider Options
	Slide 63: We want collider(s) with all its potential realized
	Slide 64: Distinctive Physics Programs
	Slide 65: Higgs Exotic Decays to light Higgs pairs
	Slide 66: Hidden Neutrino Explaining  Lightness of Neutrino mass

	Conclusion&Higgs
	Slide 67: New Physics Opportunities at the LHC and Beyond
	Slide 68: New Physics Opportunities at the LHC and Beyond
	Slide 69: New Physics Opportunities at the LHC and Beyond


