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Where do we stand:

Just a few years agoÉ 

SUSY right around the corner! New WÕ, ZÕ, multiple Higgses!

Very non-standard Higgs, or even no Higgs!

Dark Matter @ LHC, extra dimensions!
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Remarkable success of SM, through an incredible variety of tests/searches

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WW → qqqq 0 e, µ 2 J − 139 k/MPl = 1.0 ATLAS-CONF-2019-0031.6 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 139 CERN-EP-2019-1006.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WZ → qqqq model B 0 e, µ 2 J − 139 gV = 3 ATLAS-CONF-2019-0033.6 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗
Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass

Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass

Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu
3 → bτ) = 1 1902.081031.03 TeVLQu

3
mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2019-0076.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2019

ATLAS Preliminary∫
L dt = (3.2 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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0": SUS-19-005;SUS-19-006,arXiv:1802.02110 one light squark (ũ, d̃, c̃, or s̃)
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0": arXiv:1707.03316 �M < 80 GeV (max. exclusion), x = 0.5
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Overview of SUSY results: squark pair production

May 2019CMS (preliminary)

36/137 fb# 1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities �M and x represent the absolute mass di↵erence between the primary sparticle and the LSP, and the di↵erence between the intermediate
sparticle and the LSP relative to �M , respectively, unless indicated otherwise.
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Still possible that one of these scenarios is lying just out of reach & will be dug 
up with more data. However, mass limits will increase very slowly in next phase 
of LHC 

- LHC as a precision machine, look for indirect e!ects of new physics

- leave no stone unturned

Where do we stand:

Just a few years agoÉ 

SUSY right around the corner! New WÕ, ZÕ, multiple Higgses!

Dark Matter @ LHC, extra dimensions!

Very non-standard Higgs, or even no Higgs!
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Go heavy: E!ective Field Theory (EFT) Approach

New physics may be too heavy to make on-shell at the LHC

instead, look for its indirect e"ects on SM processes 
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L = L SM +
! ci

! 2 Od=6
i +

! ci

! 4 Od=8
i + . . .

<latexit sha1_base64="gLhrlNIkqJJvidltNX/iTxuGuUI="></latexit>

 E"ective vertices with only SM particles, expansion in derivatives = SMEFT

BSM SM particles

Program: study SM Þnal states, look for deviations. Clean processes usually the 
most sensitive: # dibosonsÉ  h # ! ! , pp # 4" ,



Go heavy: E!ective Field Theory (EFT) Approach
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interference piece (new physics)2

|A|2 = |ASM |2 +
2E2

$ 2
Re(A*

SM
A6) +

E4

$ 4
|A6|2 +

2E4

$ 4
Re(A*

SM
A8) %

Including SMEFT terms:



Higher dimensional operators can have di"erent Lorentz/derivative structure than SM!

AhW (p)W (q) !
2m2

W

v

!
gµ !

!
1 +

cH ! v2

4! 2

"
+ ( p áq gµ! " qµ p! )

8cHW

! 2

"

<latexit sha1_base64="WhJjkbhPG7mcD3VqiNYnm29o7JY="></latexit>

L EF T !
g2

2 cHW

! 2 H   H W a
µ! W a,µ ! +

cH !

! 2 H   H ! (H   H )
<latexit sha1_base64="KKGmvnoqKaNMaT7ip94gNg1IwgI="></latexit>

(* also CP structure)

ex.)
�P�G�Y���O�Q�O�G�P�V�W�O��

�F�G�R�G�P�F�G�P�E�G
�5�/���V�G�T�O

Go heavy: SMEFT

For more handles to tease out new physics e"ects, look to di"erential  distributions: 
Higgs distributions are a natural target

!7
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Go heavy: SMEFT

Well deÞned mapping from UV theory #   EFT #  comparison with data# #

pT ,H from gluon fusion

INTERMEDIATE REGION

- for 30 GeV ! pT , H ! mt ,
perturbation theory can be
used safely, and HEFT
works.

SMALL pT , H

- the Higgs boson is typically produced
with pT , H ! 15 GeV.

- to describe this region properly, needs
to resum logarithms of mH /p T at all
orders.

- data in this region can be used to set
bounds on light-quarks Yukawa,
provided that the theory predictions
are accurate enough.

BOOSTED REGION

- when pT , H > m t , the top quark
cannot be considered inÞnitely heavy.
Perturbation theory can be used, but
HEFT doesnÕt hold: top-mass
dependence needed!

- data in this region can be used to
study heavy BSM particles, as a
boosted Higgs can resolve loop
effects from heavy BSM partices.
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Table 4. Wilson coefÞcientsci for the operatorsOi in Table2 generated from integrating out MSSM stops with
degenerate soft massm÷t . gs, g,andg! denote the gauge couplings ofSU(3), SU(2)L , andU(1)Y , respectively,
ht = mt /v with v = 174GeV, andtan ! = !Hu "/ !Hd" in the MSSM.

whereK µ! denotes the Þeld strengthK µ! = " µK ! # " ! K µ . Again, the tree-level effective Lagrangian
can be obtained by following the procedure described in Section 2.1.1. We Þrst Þnd the equation of
motion of this heavy gauge bosonK µ,

" ! K µ! + k(" ! B µ! ) = m2
K K µ,

which, as usual for vector bosons, can be decomposed into twoequations,

" µK µ = 0 ,
!
# " 2 # m2

K

"
K µ = # k(" ! B µ! ).

Solving these, we get the classical solution

K cµ =
k

" 2 + m2
K

(" ! Bµ! ) $
k

m2
K

(" ! Bµ! ). (2.92)
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EFT

Observables

EFT approach

Well-deÞned theoretical approach 
Assumes New Physics states are heavy

Write Effective Lagrangian with only light (SM) particles
BSM effects can be incorporated as a momentum expansion

L = L SM +
! ci

! 2 Od=6
i +

! ci

! 4 Od=8
i + . . .

dimension-6 dimension-8

BSM effects SM particles

example: 

øcW =
m2

W (2 ÷! 3 + ÷! 4)
192" 2 ÷µ2

2
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2m2

W
øcW

⇥
�†T2k

 !
D µ�

⇤
D⌫W k,µ ⌫

where

H1

H
†
1

H2

Vµ

V⌫

2HDM

É
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[Gaillard Õ86,Henning et al !
1412.1837,1604.01019,!
de Blas et al1711.10391]



Figure 2: Results from global Þts in the Warsaw basis (orange) including all operators
simultaneously (upper panel) and switching each operator on individually (lower panel).
Also shown are Þts omitting the LHC Run 2 data (blue). We display the best-Þt values and
95% CL ranges.
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Figure 4: Allowed 95% CL ranges for individual Wilson coe�cients fx/⇤2 from a one-
dimensional profile likelihood. We show results from Run I (red) and using the additional
Run II measurements (blue). We neglect all operators contributing to electroweak precision
observables at tree level.

symmetric and Gaussian due to the relative size of the linear and quadratic terms of the
EFT, the parametrization of the theory prediction and further e↵ects. The operators showing
the least improvement compared to Run I are OWW and OBB, reflecting the lack of high-
impact kinematic WBF measurements in the Run II data set. Moreover, OWWW only a↵ects
the gauge sector, and in Tab. 3 we see that the analysis is still dominated by a broad set of
extremely successful kinematic measurements at Run I in view of a global gauge analysis.

Finally, our global limit on the Higgs branching ratio to invisible particles is

BRinv < 38% at 95% CL, (19)

with a best-fit point of BRinv = 14%. This is significantly weaker than the limits quoted
for example by CMS [64], because our global analysis does not assume the underlying Higgs
production rates to be SM-like. Indeed, we observe a strong correlation of the invisible
branching ratio with O�2 and its universal Higgs wave function renormalization. If rather
than profiling over it we fix f�2 = 0, our limit becomes BRinv < 26% in agreement with the
experimental results. Altogether, we find that Run II systematically probes energy scales
⇤/

p
f between 400 GeV and 800 GeV through Higgs measurement.

The large improvement of the limits on OB at Run II forces us to consider the interplay
with the fermionic operators from Eq.(10) and their limits from electroweak precision data,

Eq.(13). From a scale separation point of view it is seems counter-intuitive that O(1)
�u

or O(3)
�Q

,

for which ⇤/
p
f is constrained around one order of magnitude more strongly than for OW and

much more strongly for all other operators shown in Fig. 4, should have any e↵ect on the LHC
analysis [29]. In Fig. 5 we see how the fermionic and bosonic operators a↵ect for example ZH

production. The key observation is that the fermionic operator contributes via the 3-point
qqZ and the 4-point qqHZ vertices, whereas the bosonic operators require the same s-channel
Z-propagator we see in the Standard Model. We show the corresponding Feynman diagrams
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Recent results: global Þts to Higgs data + LEP I/II 

#  = NP scale = where you want to put the next collider, so knowing the uncertainty is 
important 

$

WhatÕs next?

May require EFT + NLO SM, or dim-8 EFT
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Table 7: Single-parameter renormalizable extensions of the SM, which is included for the

sake of comparison. The coupling bound assumes a mass of 1 TeV, and the mass range

assumes a coupling of one. All bounds are at the 1! � level. The first set of models below

the SM improve both the �
2
and the �

2
/nd, whereas the middle set of models only improve

the �
2
(numeric values have been rounded). The bottom set of models improve neither the

�
2
nor the �

2
/nd. Model ' is the 2HDM; see the text for more discussion of this model.
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Go color neutral:

LHC is great at producing of colored states = Þt well with naturalness solutions 
with colored `top-partnersÕ, etc. close to TeV scale

Much weaker limits for uncolored states: squark limits ~ 1.5 TeV vs. electroweakino 
limits ~ 300 GeV)



Go color neutral:

Lots of model building recently working to solve hierarchy problem using color 
neutral partners = `neutral naturalnessÕ.Colored, Electroweak and Neutral Top Partners

Hyperbolic Higgs  
[Cohen, Craig, Giudice, McCullough]

Tripled Top
[Cheng, Li,  Salvioni,  Verhaaren]

Twin Higgs
[Chacko, Harnik,Goh]

Folded SUSY
[Chacko, Harnik, Goh, Burdman]

[Barbieri, Gregoire, Hall]

Supersymmetry Compositeness/Warped 
Extra Dimensions

Quirky Little Higgs
[Cai, Cheng, Terning]

Scalar Top Partner Fermionic Top Partner

Colored
Top Partner

EW-charged
Top Partner

Neutral Top 
Partner

9 [Table inspiration from Curtin, Verhaaren]Table from B. Batell

As we saw, the biggest contribution to the Higgs mass in the Standard  
Model is from the top loop, and this is therefore the leading source of  
fine-tuning. 

Naturalness requires new particles below a TeV or so to cancel this.    

We see that unless the Standard Model is severely fine-tuned, we should   
expect new physics at or close to a TeV. 

In general, there are two classes of diagrams that have been found which 
can cancel the top loop. These two classes correspond to generalizations of 
the following diagrams.  

Let us understand this.  

SUSY cancellation with the third  
generation (scalar) squarks in loop  

Little Higgs cancellation with  
(fermionic) top partners in loop  

+

Much weaker limits for uncolored states: squark limits ~ 1.5 TeV vs. electroweakino 
limits ~ 300 GeV)
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+ extra Higgs, mixes 
with SM Higgs

yAQAHAuA + yBQBHBuB + #|H |2
A|HB|2



Go color neutral:

ex.) new lepton with vector-like charge assignments under U(1) Y, talks primarily to tau

Best limit: LEP II

 Could be: the lightest stu" from heavy SUSY/compositeness

LHC limits weaken even further if we have no BSM MET

[Bhattiprolu, S. Martin 1905.00498]
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Go color neutral:

ex .) new SU(2)w triplet scalar, talks to SM fermions via higher dimensional operators

8 TeV limits > 13 TeV limits, as 13 TeV analyses focus on heavier stu! with BSM MET

Could beÉ a remnant from solutions to other SM shortcoming (DM)

Model independent, multi-lepton searches at 8 TeV (ATLAS 1411.2921, CMS 
1404.5801) are great & extremely powerful Ñ would be great to have 13 TeV versions

[Kribs, AM, Ostdiek, Tong 1809.10184]

& decay '
yu Q$A H uc %A

$
+

y" L $A H ec %A

$
+ %

(pp # %±%0*  too)
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Go long lived:

Even weaker connections: Higgs ÔportalÕ, photon portal, heavy mediator portal, etc. 

LHC can probe tiny exotic branching ratios if decays spectacular.
Sizable Higgs Portal couplings to new physics are generic.

1. Exotic Higgs Decays as probes

2. Long Lived Particles (LLPs) are generic

3. Complementarity between Cosmology and Colliders

Once produced, Hidden Sector states can only decay back to SM via 
small portal couplings, generically leading to long lifetimes. 
The LLP lifetime is (almostÉ) a free parameter!

Models which avoid signatures in 
one will often show up in the 

other 

(e.g. dark radiation, 
DM with structure, etc.)

SM hidden

LLP

SM hidden

Non-standard
Relics

Lessons

hidden by weak 
coupling rather than 

high mass

 BSM            

Portal

If SM <-> BSM connection is su%ciently weak #  long lived particles (LLP) ! !
Show up as exotic decays of SM particles and/or displaced vertices.

#

FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale,G0+ decay to Standard Model

particles is su! ciently fast to give LHC-observable e" ects, including possible displaced vertices.

The högög coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12Ð14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are conÞned into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic ÒconÞning Hidden ValleyÓ phenomenology [15Ð21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the! 1 " 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy,the lightest0++ twin glueball has the right quantum numbers to mix with

6

Hidden Valley Signals from Twin Higgs 

¥ Strassler, Zurek, hep-ph/0604261 
¥ Craig, Katz, Strassler, Sundrum, 1501.05310

ex.)

!14

x

#|H |2%2

&F' ( X' (

(SM)(BSM)

Mmediator

Neutral 
naturalness signal!



Go long lived:

LLPs are an ingredient in many `motivated' UV scenariosTop-Down LLP Motivation

BSM=/! LLP 

Hidden Valley 

      ALP 

      SM+S 

      SM+V (+S) 

HNL

RPV SUSY 
GMSB 
mini-split SUSY 
Stealth SUSY 
Axinos 
Sgoldstinos!

Neutral Naturalness 
Composite Higgs 
Relaxion!
!
Asymmetric DM 
Freeze-In DM 
SIMP/ELDER 
Co-Decay 
Co-Annihilation 
Dynamical DM 
!
WIMP Baryogenesis 
Exotic Baryon Oscillations 
Leptogenesis!
!
Minimal RH Neutrino 
   with U(1)B-L ZÕ 
   with SU(2)R WR 
   long-lived scalars 
   with Higgs portal 
   from ERS 
Discrete Symmetries

exotic Z !
decays 

exotic Higgs 
decays 

exotic Hadron 
decays

confining  
sectors

Top-down Theory IR LLP Scenario

Baryogenesis

Neutrino
Masses

Dark Matter

Naturalness

Motivation

(direct production of BSM state at  
LHC that is or decays to LLP)

UV theory

depends on production mode

EFT

1806.07396

Most of these scenarios are still very poorly 
constrained at the LHC!

table from D. Curtin
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Figure 10: Summary of the expected and observed combined 95% CL upper limits on! ! B(H " aa " 4b)
with prompt and long-liveda-bosons. Expected (observed) limits for prompta-bosons are shown as empty (Þlled)
circles. Expected (observed) limits for long-lived signals are shown as dashed (solid) lines for two signal scenarios:
ma = 20and60GeV.

9 Conclusion

This paper presents a search for exotic decays of the Higgs boson into a pair of spin-zero particles,H " aa,
where thea-boson decays into twob-quarks. The search focuses on processes in which the Higgs boson is
produced in association with aW or Z boson that decays leptonically. The analysis uses thepp collision
dataset at

#
s = 13 TeV recorded by the ATLAS detector at the LHC in 2015 and 2016, corresponding to

an integrated luminosity of36.1± 0.8 fb$1. The search forH " aa " 4b is performed in the mass range
20 GeV %ma %60 GeV, considering prompt as well as long-liveda-bosons with mean proper lifetimes
c"a up to 6 mm. The analysis uses several kinematic variables combined in a multivariate discriminant in
signal regions and uses control regions to reduce uncertainties in the background estimates. No signiÞcant
excess of data is observed relative to the SM predictions. Upper limits at 95% CL are derived for the
WH andZH production cross-section times branching ratio of the decayH " aa " 4b. The combined
observed upper limit for promptly decayinga-bosons ranges from 3.0 pb forma = 20 GeV to 1.3 pb
for ma = 60 GeV, assuming that the ratio ofWH to ZH cross-sections follows the SM prediction. For
a-bosons with longer proper lifetimes, the best limits are 1.8 pb and 0.68 pb, forma = 20GeV and60GeV
respectively, atc"a & 0.4 mm.
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Figure 12: Observed limits for scalar boson benchmark samples withm! = 100GeV andm! > 125GeV. The
di! erent plots show the results obtained for di! erent! mass points.

29

ATLAS VH, H-> 2a -> 4b$
1806.07355

1 or 2 jj DVs inside ATLAS Muon System

1811.07370

ATLAS MS can trigger on hadronic LLP decay at L1!

Require either 2DVs, or 
1DV + (MET > 30 GeV), or 1DV + (pTJJ > 150 GeV)

1DV search has significant background, but extends long-lifetime reach!

based on 
1605.02742 

Coccaro, 
DC, 

Lubatti, 
Russell, 
Shelton

!"# $%&"'%()*+(,

- .+/&01)2"&)+3+#(,)45(1)6/(+)/&&535#7)8+(,

- 9,+):;<=)(5'5#7
- .+#,5(53+)(")>+0/?,)@+?"#>)/00+%(/#0+)"2)(&/0A+&

- <6,"B)&+CD5&+)'5,,5#7)(&/#,3+&,+)'"'+#(D')E! "
#$%%F

- GHIJ$GHIK)>/(/

- L">+6)@/,+>)"#)ML.N)45(1)
6"#7$653+>)76D5#"

!"#$%&'(%&)*' +,-. /#0123%456708#29%5-3%:,-/;,-12-70,-5#%<0.-57"629%57%;=<%/ >?%@35A9 *)

/&O53PIQHJRHJSSI)T1+%$+UV

H a
b

b

b

b

!

W !

l±

a

W ±q

q"

(a)

H a
b

b

b

b

l !

Z "

l±

a

Zq

q

(b)

Figure 1: Representative tree-level Feynman diagrams for the (a)WH and (b)ZH production processes with the
subsequent decaysW ! `⌫, Z ! `` (` = e, µ) andH ! aa ! 4b.

Several kinematic variables, including the reconstructed masses in the decayH ! aa ! 4b, are combined
to identify signal events. The background estimation techniques, systematic uncertainties and statistical
treatment closely follow those used in other ATLAS searches with similar signatures [28Ð32].

2 ATLAS detector

The ATLAS experiment [33] is a multipurpose particle physics detector with forwardÐbackward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID) tracking system, a calorimeter system, and a muon spectrometer (MS). The ID covers
|⌘ | < 2.5 and consists of a silicon pixel detector, a silicon microstrip detector, and a transition radiation
tracker. The ID includes the insertable B-layer [34], a pixel layer close to the interaction point, which
provides high-resolution measurements at small radius to improve the tracking performance. A thin
superconducting solenoid surrounds the ID and provides a 2 T axial magnetic Þeld. The calorimeter
system features a high-granularity lead/liquid-argon sampling calorimeter that measures the energy and
the position of electromagnetic showers within|⌘ | < 4.9. Liquid-argon sampling calorimeters are also
used to measure hadronic showers in the endcap (1.5 < |⌘ | < 3.2) and forward (3.1 < |⌘ | < 4.9) regions,
while a steel/scintillator tile calorimeter measures hadronic showers in the central region (|⌘ | < 1.7). The
MS surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each
with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and fast trigger chambers (|⌘ | < 2.4).
For Run 2, the ATLAS detector has a two-level trigger system. The Þrst-level trigger is implemented
in hardware and uses a subset of the detector information to reduce the rate of accepted events to 100

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points
upward. Cylindrical coordinates(r, �) are used in the transverse plane,� being the azimuthal angle around thez-axis. The
pseudorapidity is deÞned in terms of the polar angle✓ as⌘ = � ln tan(✓/2). The transverse momentumpT and other transverse

variables are deÞned by projecting these variables into thexÐy plane, and the transverse energyET is deÞned as
q

m2 + p2
T,

wherem represents the mass of a considered object. The distance in the pseudorapidityÐazimuthal-angle space is deÞned as
�R =

p
(�⌘)2 + (��)2.
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Figure 10: Summary of the expected and observed combined 95% CL upper limits on! ! B(H " aa " 4b)
with prompt and long-liveda-bosons. Expected (observed) limits for prompta-bosons are shown as empty (Þlled)
circles. Expected (observed) limits for long-lived signals are shown as dashed (solid) lines for two signal scenarios:
ma = 20and60GeV.

9 Conclusion

This paper presents a search for exotic decays of the Higgs boson into a pair of spin-zero particles,H " aa,
where thea-boson decays into twob-quarks. The search focuses on processes in which the Higgs boson is
produced in association with aW or Z boson that decays leptonically. The analysis uses thepp collision
dataset at

#
s = 13 TeV recorded by the ATLAS detector at the LHC in 2015 and 2016, corresponding to

an integrated luminosity of36.1± 0.8 fb$1. The search forH " aa " 4b is performed in the mass range
20 GeV %ma %60 GeV, considering prompt as well as long-liveda-bosons with mean proper lifetimes
c"a up to 6 mm. The analysis uses several kinematic variables combined in a multivariate discriminant in
signal regions and uses control regions to reduce uncertainties in the background estimates. No signiÞcant
excess of data is observed relative to the SM predictions. Upper limits at 95% CL are derived for the
WH andZH production cross-section times branching ratio of the decayH " aa " 4b. The combined
observed upper limit for promptly decayinga-bosons ranges from 3.0 pb forma = 20 GeV to 1.3 pb
for ma = 60 GeV, assuming that the ratio ofWH to ZH cross-sections follows the SM prediction. For
a-bosons with longer proper lifetimes, the best limits are 1.8 pb and 0.68 pb, forma = 20GeV and60GeV
respectively, atc"a & 0.4 mm.
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Figure 12: Observed limits for scalar boson benchmark samples withm! = 100GeV andm! > 125GeV. The
di! erent plots show the results obtained for di! erent! mass points.
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Figure 1: Representative tree-level Feynman diagrams for the (a)WH and (b)ZH production processes with the
subsequent decaysW ! `⌫, Z ! `` (` = e, µ) andH ! aa ! 4b.

Several kinematic variables, including the reconstructed masses in the decayH ! aa ! 4b, are combined
to identify signal events. The background estimation techniques, systematic uncertainties and statistical
treatment closely follow those used in other ATLAS searches with similar signatures [28Ð32].

2 ATLAS detector

The ATLAS experiment [33] is a multipurpose particle physics detector with forwardÐbackward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID) tracking system, a calorimeter system, and a muon spectrometer (MS). The ID covers
|⌘ | < 2.5 and consists of a silicon pixel detector, a silicon microstrip detector, and a transition radiation
tracker. The ID includes the insertable B-layer [34], a pixel layer close to the interaction point, which
provides high-resolution measurements at small radius to improve the tracking performance. A thin
superconducting solenoid surrounds the ID and provides a 2 T axial magnetic Þeld. The calorimeter
system features a high-granularity lead/liquid-argon sampling calorimeter that measures the energy and
the position of electromagnetic showers within|⌘ | < 4.9. Liquid-argon sampling calorimeters are also
used to measure hadronic showers in the endcap (1.5 < |⌘ | < 3.2) and forward (3.1 < |⌘ | < 4.9) regions,
while a steel/scintillator tile calorimeter measures hadronic showers in the central region (|⌘ | < 1.7). The
MS surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each
with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and fast trigger chambers (|⌘ | < 2.4).
For Run 2, the ATLAS detector has a two-level trigger system. The Þrst-level trigger is implemented
in hardware and uses a subset of the detector information to reduce the rate of accepted events to 100

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points
upward. Cylindrical coordinates(r, �) are used in the transverse plane,� being the azimuthal angle around thez-axis. The
pseudorapidity is deÞned in terms of the polar angle✓ as⌘ = � ln tan(✓/2). The transverse momentumpT and other transverse

variables are deÞned by projecting these variables into thexÐy plane, and the transverse energyET is deÞned as
q

m2 + p2
T,

wherem represents the mass of a considered object. The distance in the pseudorapidityÐazimuthal-angle space is deÞned as
�R =

p
(�⌘)2 + (��)2.
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Complementarity between ATLAS/CMS detectors & new dedicated LLP experiments/
proposals: MATHUSLA, CODEX-B, FASERÉ

LHC upgrades to trigger/timing could have a big impact Ñ see 1903.04497
(talk by Flowers)



Conclusions

&SMEFT: model independent parameterization of physics too heavy to make on 
shell. Well deÞned, systematic. Lots of directions to pursue, power in di"erential 
distributions

&SUSY/Composite Higgs extensions of SM still well motivated, worth pursuing 
with full force .. however increasingly strained by null results

" Keep the net wide: 

Color neutral states, especially with no BSM MET could still be lurking at light scales. 
Keep the model independent searches coming!

Looking forward to more data & results! Thank you!

Long lived particles: generic feature in many models, including `neutral naturalÕ 
setups. New frontier! Many innovative ideas but lots of space left to explore

!17
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Go compressed:

#÷t #÷t

÷)0

÷)0

mass Hiding spot as the decay products of the #   process are soft÷t # ÷) 0 + SM

Plenty of other examples, e.g. 
degenerate chargino-neutralio

Sadia Khalil, DPF, Fermilab, USA, Jul-Aug, 2017

Third generation stops

15

Historical development!

Moriond 2014 Feb 2015

Similar developments happened at CMS at the same time

Moriond 2017

!19



Go compressed:

Using a wider range of search strategies (monojets, monotop, etc.), 
parameter space has really been Þlled in with the last few years
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Hiding spots remain, but itÕs getting a lot tougher

(talk by Chen)!20



Twin Higgs done more correctlyÉ

yt QA HA uA + yt QB HB uB

Combine HA, HB, they have a SU(4) global symmetry that breaks at f

SM h is Goldstone from SU(4) breaking

yt QA huA ! yt QB
h2

f
uB

Neutral naturalness

Standard 
Model

Standard 
Model

Radiative corrections to the Higgs mass are 
SU(4) symmetric thanks to Z2:

h + . . . f !
h2

2f
+ . . .

L ! " yt HA QA
3 øuA

3 " yt HB QB
3 øuB

3

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

Z2

[Chacko, Goh, Harnik Ô05]

V (H ) !
! 2

16! 2

!
" 6y2

t +
9
4

g2 + . . .
"

#
|HA |2 + |HB |2

$

The original: Twin Higgs

8

not SM colored

A <-> B related by Z 2 



Chase the anomalies!

&For the theorists:  ÕmotivatedÕ models havenÕt shown up, so keep broadening our scope

&For the experimenters: DonÕt let Òno theory paper exists with that particle/Þnal stateÓ 
stop you

Even if anomaly fades, creative e"orts lead to new models/revitalize old models/
point out issues in search strategies!
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