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The next scale in particle physics
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... could be a time scale.
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Explore both directions.
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Heavy and hidden

heavy new particles: mass suppression

hidden new particles: coupling suppression
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Heavy new physics



Effective Field Theory

approximation of full theory at experimentally relevant scales

valid up to cutoff scale i < A
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E uw A

action in full theory: S(@) = S(Dp<ps PE>u)



Effective Field Theory

approximation of full theory at experimentally relevant scales

valid up to cutoff scale i < A
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action in full theory: S(@) = S(Dp<ps PE>u)

remove high ,frequencies’: S, (¢rp<,) = /d% L (1)

effective Lagrangian Z e Oi(Pp<u(x))



Fermi’s theory of weak interactions
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100 GeV

1 GeV

Tower of effective theories

fundamental theory
Ly =177

'

standard model effective theory

oF
£SMEFT=£SM—|—ZFO¢+--- {q,t,0, 9,7, Z,W* h}

}

weak effective theory

C;
LwET = LQCD+QED + Z Foi + ... {a,4,9,7}

!

chiral perturbation theory {m, K}
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Top quark: messenger between scales

100 GeV —

1 GeV
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Virtual effects in top observables

Vit
J—OSM+ZC< )Uz—FZCC( > Oij

Example: strongly coupling vector boson
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also: tth, Higgs, electroweak
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Resolving blind directions

J
qu = (ER%TAL‘R)(CYL”Y“TAC]L) ~ RL q \// t
Oéjs = (Qrv,T4Qr)(qy"T"qr) ~ LL q N F

Top-antitop asymmetries probe top chirality:

rapidity asymmetry A, (¢t)

o(|Ay| > 0) — oy (|Ay| <0)
oii(|Ay| > 0) + o4 (|Ay| < 0)

Ay =

energy asymmetry Ag(ttj)

Ap(8;) =

Basan, Berta, Masetti, Vryonidou, Westhoff 2020 13



Resolving blind directions

8
Oy,

1,8
OQq

(trY, T*tr)(qLy"T"qr) ~ RL

(Qrv,TQr) (" T%qr) ~ LL
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Jet probes new directions in EFT space:

& (TeV/A)?

ATLAS Preliminary
(Vs =13TeV, 139fb~!

X

best fit value
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95% CL
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CL8 (TeVIA)?

now measured:

energy asymmetry Ag(ttj)

CERN-EP-2021-181

Basan, Berta, Masetti, Vryonidou, Westhoff 2020
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Effective interactions near the cutoff

2-2 scattering amplitude (dim. 6): Hagiwara et al. 1987

2_
™M EATmTn m vevs; n Goldstones

M~ | o
A? mr"?} Maltoni, Mantani, Mimasu 1904.05637
_ _ E?
Osr = (fy.f)(fYS) ndvy) quadratic growth
Opr = (H"iD,H)(f~+* vl li th (longitudinal mode)
ar=HYD,H)(fv"f) — 2 inear growth (longitudinal mode
mfv

Opy = (Fro* frRYHV,, > helicity suppression (ffV)
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Top-antitop production at high energies
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[TeV 2]

C/A?

Global analysis of top LHC data
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Brivio, Bruggisser, Maltoni, Moutafis, Plehn, Vryonidou, Westhoff, Zhang 1910.03606
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Virtual effects in bottom observables

W and Z couplings: Oﬁblq) = (HT iDF H)(Qv,Q)

0P = (H'iD" 79 H)(Qr,r°
oq ( l T )(Q,}/HT Q)

b S L
~S_
b, s b, s
Z>|<
v, Z"
(1) (3) & ~(3) & ~(1) (3)
Coqg T Caq - Cos - Csq TC44)

Flavor-breaking: B - X,v, B, - u =, B— K*u ™

kaon decays, meson mixing

Flavor-diagonal: Z — bb (LEP)

electroweak observables (LHC)
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1 GeV

The top-bottom connection
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Aebischer et al. 2015 & 2017; Dekens et al. 2017 & 2019; Hurth et al. 2019
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Flavor test in top and bottom observables

C(Z)_a1+bYUYJ+...: a
2

top

§)
(3) 1,3) (=) (=)
{acbq’bcbq’a’cbq ’bqbq } s B
pp — tt

pp — 2 1tW
pp — 13,147
pp — tW

t — oW

\— _J

0P = (H'iD" H)(Q,Q)
0%) = (HTzD“ rH)(Qv,m Q)

Bruggisser, Schafer, van Dyk, Westhoff 2101.07273 20



The SMEFT challenge

Z-pole EWPOs

4-fermion

Top fits: Englert et al. 2016+, Hartland et al. 2019, Brivio et al. 2019, Ellis et al. 2020
Top & flavor fits: Bissmann et al. 2019+, Bruggisser et al. 2021  Tops in EWPOs: Dawson, Giardino 2019 21
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Long-lived particles

decay probability (lab):  P(t) =1 —exp (;-;)

decay length:  d = Byer

Example: B meson ¢~ 1mm

H GeV
Bellell: ~v= =1, 6~0 — d=~0cm
mpg
500 GeV
LHC: ~ = °Y 100, B~1 — d~10cm
mpg

AN



Long-lived particles

decay probability (lab):  P(t) =1 —exp (;-;)

decay length:  d = Byer

Example: B meson ¢~ 1mm

H GeV
Bellell: ~v= =1, 6~0 — d=~0cm
mpg
500 GeV
LHC: ~ = °Y 100, B~1 — d~10cm
mpg

decays within detector volume:

vav -3 [(EG) - R

r+ Ar
24



Signatures at colliders

displaced multitrack disappearing
vertices track

displaced
leptons or
hadrons

displaced ‘

photons

photon in
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picture: Belle I, by Torben Ferber 25



Portals

[new interaction that leaves SM forces untouchedj

. _ N v N Wt
Neutrino portal: £ =yn(LH)N + h.c. — o— —
YNV E*/
. S H° s /7
Higgs portal: L=\s(H'H)S — ) —({ ~my
)\SU \JF
- S /
Vector portal: L=eF"F, = \r\: ee
f
Y, g /f
a
ALP: Leg = cv AVWVW +Cf (f’y V5f) - ( - \“_’ mj
\%g /
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* similar for ALPs

Long-lived scalars

Decay Length for 6=10~*
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Probing the portals: LHC
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Lee et al. 1810.12602
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Probing the portals: Belle |l

vector portal

e> - W/

neutrino portal

N/
._T\ /N
e ST

Higgs portal, ALP
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Displaced or invisible?

ALPs from B decays: [Eeﬂ-’ = Cgf f;i(fv“%f)j

30



Displaced or invisible: bounds

. o Cff 8Ma F oL
ALPs from B decays: [Eeﬂ; = 5 47TA(fV %f)j
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Ferber, Filimonova, Schaefer, Westhoff - in preparation 31



Displaced or invisible: prospects

o ALPs from B decays: [Leﬂf =

cf Oua -

9 47TA(fW“W5f)J

sagar x=¢ I RELIMINARY

Belle Il, 0.5/ab, X=ET
- Belle Il, 50/ab, X=ET
LHCb, X=p*pu~
Belle Il, X =yy
- Bellell, X=et*e~
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- 10-1
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Ferber, Filimonova, Schaefer, Westhoff - in preparation 32



Probing long litetimes: far detectors

Anchordoqui et al. 2109.10905
also: Codex-B, MATHUSLA, Anubis

o LHC: FASER (prototype in place)

i o /|
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N— Lo B A\ Ea b A SURFACE
> E At o~ .

. —— BORDER

o Belle Il: GAZELLE (Proposal) Dreyer et al. 2105.12962

o fixed target: NA62 K — 7+ inv NA62 coll. 2011.11329



Near and Far

o Higgs portal: displaced vertex searches

Filimonova, Schaefer, Westhoff 1911.03490; Kachanovich, Nierste, Nisandzic 2003.01788 34



Summary
Heavy new physics
o search for: virtual effects in precision observables

o effective field theory: connect effects at high and low energies

o global analysis: resolve structure of possible UV theories

search for: displaced objects from long-lived particle decays
portals: probe even tiny couplings through lifetime

near and far detectors: invisible versus displaced decays

Thank youl!
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BACKUP
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Operator matching and running

Matching condition: | (f[Luv]i) Z

51040

2
cutoff dependence: C(u) = Cp + 4; )01 {ln (2 ) + ﬁmte} + O(a?1n?)

factorization of low- and high-energy parts:
as(p) (A% as(p) (A as (i) p
]. —|— 47‘_ lIl (—p2) — |:1 —|— 47T lIl (? ]. —|— 471‘ lIl ——p2

running: RGE of C(u) - C(E < ) - resummation of af In"
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Operator mixing in SMEFT

SMEF
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Bruggisser, Schafer, van Dyk, Westhoff 2021 38



Long-lived scalars

: ¢ Branching Fraction
ce TUT Ak s K
10~ KK
10-2 HH
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Invisible decays

[signal: meson + missing energyj

dashed: Belle Il prediction
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UL on BR(K*—x*X) at 90% CL

NA62: bounds on dark scalars
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