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Tough questions which could eventually be

answered by experiments at hadron colliders:

e Do the SM particles have substructure?

® Are there extra dimensions?

e Why is the electroweak scale much smaller than the Planck scale?
e Can deviations from quantum field theory be eventually measured?

More tractable questions that the LHC experiments have started
addressing:

@ Are there any gauge bosons beyond the SM?7?
e What kind of new fermions may exist?
e Do ‘elementary’ spin-0 particles other than hO exist?

e Are there any new long-lived particles?



Run 3 and the HL-LHC will increase the reach of searches for:

e Vvectorlike quarks and leptons

exploring
e Z' and W'’ bosons

uncharted

e color-octet scalars, colorons
e diquark scalars, leptoquarks
e supersymmetric particles

e heavy Higgs bosons

e right-handed neutrinos

e ... other new particles

There are also many searches that have never been performed

—— potential for discoveries even with early Run 3 data!



Fermions beyond the Standard Model |

Observed elementary particles of spin 1/2:
Chiral quarks and leptons (left-handed doublets, right-handed singlets)

Legacy of LHC Runs 1 & 2: a 4th generation of chiral quarks
and leptons is (effectively) ruled out.

Direct searches set limits > 1 TeV on by, ts masses,

from ty — Wb or by - Wt (CMS 1906.11903, ATLAS 1505.04306)

— hY t4t4 Yukawa coupling no longer perturbative.



Vectorlike fermions

Fermions beyond the SM may exist if they are vectorlike (non-chiral)
— a different form of matter.

Masses allowed by SU (3) X SU((2)w X U(1)y gauge symmetry
= naturally heavier than the t quark.

1000+
Vectorlike quarks can be pair produced at

the LHC due to their coupling to gluons. I~ 100l

Cross section depends only on their mass.
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A vectorlike quark x that transforms as (3,1,+2/3) under
SU(3)e X SU2)w x U(1)y would mix with the SM top quark.

X is predicted in composite Higgs models (Dobrescu, Hill, hep-ph/9712319),

little Higgs models (Arkani-Hamed, Cohen, Georgi, hep-ph/0105239, ...),

Mass eigenstates: t and t'. Mixing sin0; = sy.

‘Standard’ decay widths of ¢/ s2 m3
Y ) Lt — Wb, zt, h%) = LV
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For s; < 1, exotic decays of vectorlike quarks induced by some

very heavy particles could dominate!
with Felix Yu, 1612.01909

E.g., 4-fermion operator (YRl?j;) 102 (TR q%) = t' > 7rTr 7t
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" / Other LHC signatures:
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t’ \\ .\ replaced by u or e (tt + 4pu, ...)
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Example of UV completion: scalar leptoquark &
transforms as (3, 2, 7/6) under SU(3). X SU(2)w X U(1)y, and is heavier than t'.

Yukawa interactions of &: A (Xrl3)E — iX &1 o2(TRGY) + Nt €T(ZitR)



Flavor-changing processes beyond the SM that

can be probed at LHCDb:

— }




LHC probes of the 10 TeV scale |

with Robert Harris, Joshua Isaacson, 1810.09429; also 1912.13155

Usual range of masses probed by the LHC extends up to a few TeV.

In the presence of certain ultraheavy new particles called diquarks,
the 10 TeV scale can be explored.

Spin-0 particle S, that interacts with two up quarks:

Yuu _ e
T uu Up uR
LLarge production rate because the uw PDF is the largest one.
yz
The scalar decays into two jets: Fg(Syu = uu) = 32ﬂ Mg
TT
4% 2
Narrow resonance: I'g/Mg < for yyu <
7% 2.7



7y 1 dx
o(pp — Suu) = - yfm /Mz/s — u(a:, Mg) u(Mgw/(sa:), Mg)
S

NLO: T. Han, I. Lewis, T. McElmurry, 0909.2666

(/b)

o(pp = Suu )

Mg (TeV)

The QCD 33 background is smaller by an order of magnitude.

With 3000 fb—1, an Suu A@S heavy as 11.5 TeV may be discovered!
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Suw May also interact with two ¢t quarks, or with a v and a t:

Ytt - __
Suu (? ty t; + Yut Up t;)

Suu — ut and Sy, — tt with highly boosted top quarks.

A AN

Q0
u PDF is highly suppressed compared to u at large .

Production cross section for Sy, is larger by ~ 102 than that for
its antiparticle, so no similar processes with top antiquarks!

For leptonic decays t — ¢th + Er, signal consists entirely of
positively charged leptons.
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Scalar diquark plus vectorlike quark

Suwu coupling to a vectorlike quark :

_ - 1 _ 1 _
Suu (yux URr X?{ + Yty R X?{ + 5 Yxr XR X?z + 5 Yx1 XL X%

N

(%)

I's | Mg
.M....w....-b....m....m...

B(Suu = uu/yy)

= S,u May be a narrow ultraheavy resonance.
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If x has “standard" decays: events with boosted hY, ¢, W7
(only charge -} leptons)

If x has exotic decays — various final states

E.g., x decay into ttu via an off-shell S,,, or into a quark and a gluon via a
dimension-5 operator
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Search for a high-mass particle decaying into a pair of dijet resonances

2 events with 4-jets at a mass of 8.4 TeV (CMS 2206.09997):
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Searches for a high-mass particle decaying into a pair of dijet resonances
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Many other interesting searches remain to be performed

e Type-I two Higgs doublet model:

parameter range where non-SM Higgs bosons are fermiophobic

and lighter than ~ 150 GeV.
P. Fox, N. Weiner, 1710.07649

A AN

pp — tt followed by t - Htband HT — HOW* — (~v~)jj Q0

e 7' decay into “anomalons” Q0

Vectorlike fermions must carry U (1)
charge to cancel the gauge anomalies.

W Z

Cascade decays via anomalons:
signals with W's, Z’'s, Higgs + Er

(1506.04435)

e ... various other examples. 16



Conclusions

LHC experiments are probing
the laws of nature at the
shortest distances accessible

by humans so far.

Many hiding places for new physics

(including the tails of distributions).

We don’'t khow what Run 3
will find...

Bogdan Dobrescu (Fermilab)
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| THERE'S STLL THE POSSBILITY FOR A LOT OF NEW THNGS.

WE HAVEN'T SEEN ANYTHING CRQ / \

YET, BUT THERE CoulLD STiLL Be
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THAT COUuLD BE THE
TIME YOU HEARD
SOMEONE SAY, “OOM,
WE SEE SOMETHING...”

U

WHAT'S IN THE DATA?
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