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The Higgs Portal to BSM

Higgs the most natural portal to new physics: £ O |H|?Ogsm

Narrow Higgs —
exotic decays a
sensitive probe

h—?2 h—>2-23-4 h—2-=(1+3) h—2 =4

Extensive study at

LHC [e.g. Curtin et e o o e o e
al. “13] and future .HL T
colliders [e.g. Liu, Eii‘ffsafbﬁ
Wang, Zhang '16].
Optimal at a Higgs .
factory:.
But almost all T T I TV T T TR T T
attention on ct =0 [Liu, Wang, Zhang '16; CEPC CDR]



Particle Mass m [MeV]

[Lee, Ohm, Soffer, Yu 1810.12602, from a plot by B. Shuve]
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L ong-Lived Particles

[ L Ps are generic

in SM & BSM
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| ong-Lived Signhatures

disappearing or
displaced kinked tracks
multitrack vertices ‘ 2 )
non-pointing
o (converted) photons

, emerging jets
lepton-jets, or

lepton pairs

/

trackless,
| low-EMF jets

quasi-stable

: : : charged particles
multitrack vertices in the Q

muon spectrometer

>

Heather Russell, McGill University 24 April 2017

Growing effort at LHC, where detectors are fixed; almost no study yet
for future colliders™, where detectors are malleable. Now is the time!

S *Fantastic exception: CLIC [Kucharczyk & Wojton "18]



HIgQgs Decay to LLPsS

Many models motivating Higgs decays to LLPs, starting with
NMSSM [Chang, Fox, Weiner '05] and Hidden Valleys
[Strassler, Zurek '06; Han, Si, Strassler, Zurek '07]

Simplest model: Higgs portal to a singlet scalar w/ approximate Z»

1 1 1
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Mixing only from hsm = hcosf+ ¢sinb
N A 2

J

hsm decays to s from Zo preserving

couplings, potentially large:

2,2 2
['(h — ss) =~ ;U \/1—4m§

s decays to SM from Z» violating

couplings, naturally tiny:

(s = YY) =sin?0 x ['(hsm|ms] = YY)



UV Motivation: Twin Higgs

[Chacko, Goh, Harnik ‘05]

Standard Z2 bisbnsie

Model ' I

Radiative corrections to Higgs masses V(H) >
are SU(4) symmetric thanks to Zo:

IsbhoM

6 2
16727

A2 (’H‘Q 4 ‘H,‘Q)

/Higgs is a PNGB of ~SU(4), but partner
states neutral under SM.
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[INC, Katz, Strassler, Sundrum ’'15]

Fraternal twins

What really matters for naturalness:
SU(3)xSU(2) & third generation
= Dark QCD

38



f[GeV]

INC, Katz, Strassler, Sundrum '15]

=Xxotic Higgs Decays
* Twin sector must have twin QCD, confines around

ZC~}A
QCD scale h*
~

. O++ F
* Higgs boson couples to h
bound states of twin QCD O++ h
* Various possibilities. Glueballs most interesting;
have same quantum # as Higgs SM
ah v h
ct(0H)[lo lo(m)] ““““ L D) ——3——G G i
N | 6m [ f
1400 + 1
[4] | Produce in rare Higgs decays (BR~10-3-104)
T i |
1200 - 1
; f h— 07T +07T
1000 Decay back to SM via Higgs
: ’ O-|—-|— s h* ff
I |
1L N SRS S Long-lived, decay length is macroscopic;

molGeV] 9 length scale ~ collider detectors



Current Status

[Lee, Ohm, Soffer, Yu 1810.12602]

H(125) - XX, Various X Decays
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Potential reach @ future colliders:

1072

101

100 10! 102 103
X Proper Lifetime tx [ns]

BR ~ 5 x 106 across decades of proper lifetime

Decent coverage of
Higgs decays to
displaced leptons

Essentially no
coverage of Higgs
decays to displaced
hadrons below 1m

Ultimately 3x107
Higgses @ LHC w/
300/tb, but
backgrounds,
triggers are major
limitations.
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Future Search Strategies

[Lee, Ohm, Soffer, Yu 1810.12602]
10° E
Y
S
< 1071
MS &
O
< P
v \&
5 A
5 Qi
n 1072
Calo
5
ID %,
1 1 1 1 1 10_3 T LA L LI | T LRI | T LA | T '\'""'I T LRI | T LA L L L L
-10 -5 0 5 10 101 100 10t 102 103 104 10°
z[m] X Proper Lifetime tx [ns]

Distribution of decay lengths at fixed proper litetime
favors using innermost detectors, all else being equal.

Not always true at LHC, where backgrounds to decays in inner
detector are significant and trigger thresholds increase, but likely

achievable at Higgs factories. -



H1gQs Factory Prospects

Consider the simplest/generic scenario: h = XX = (jj)(jj)
[Alipour-tard, NC, Jiang, Koren '18]
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Irreducible backgrounds:
/7 — bb, Zh — £Lbb

Neglect for now: cosmics,
beamstrahlung, detector
effects, etc.
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Analysis Strategy

Reproduce Higgs selection w/ recoil mass in leptonic Zh:

o /—ee or uu. Lepton pr: 10 < p1(£) < 90 GeV.
e Dilepton invt mass: 70<Mee<110 GeV, 81<M,u<101 GeV.

e Recoil mass requirement: 120<Mrecoii< 150 GeV.

Plus selection for displaced Higgs decay:

\
 Form clusters, use these to construct secondary vertex

 [wo analyses: “large mass” and “long lifetime”
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Secondary vertices

Roughly emulating CMS secondary vertex-finding algorithm

1. Form clusters using a depth-first algorithm running over all
particles, clustering those w/ origins within 7um of another particle.

a N N S )

1
1 LA I I 1

\_ AN AN \ J

2. Define the cluster origin doluster @S the averaged origin of all
charged particles in the cluster.

3. Impose | doluster |> dmin, chosen depending on the analysis.
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Caveat theorist

Delphes forms calorimeter jets.

Clusters particles from distinct secondary vertices. Leads to misleading results,
especially when decay products collimate. Here: work directly with Pythia output.
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‘Large Mass™ Analysis

Kill backgrounds from b-quark SVs using kinematic
properties of signal for mx =z 2mp

higgsstrahlung selection

displacement above
resolution (& in tracker)

veto charged tracks
passing within 5mm of SV

\
N

Cut/Selection Z Z Background | hZ Background
Dilepton Invariant Mass 0.97 0.98
Recoil Mass 0.006 0.94
Displaced Cluster (> resolution) 0.004 0.94
Invariant Charged Mass (6 GeV) 0 0.00005
Invariant ‘Dijet’ Mass 0 0.00005
Pointer Track 0 0.00001
mx,cr | 25,107 | 25,1072 | 25,10 | 50,10~ | 50,1072 | 50, 10"
My, 0.97 0.97 0.98 0.97 0.98 0.97
M ecoil 0.92 0.92 0.93 0.92 0.92 0.93
|Jduster] 0.92 0.92 0.80 0.92 0.92 0.93
M chargea || 0.76 0.77 0.57 0.82 0.85 0.81
M jyster || 0.76 0.77 0.57 0.76 0.80 0.76
Pointer | 0.73 0.76 0.57 0.75 0.77 0.76

16 KSignal efficiency for Zh = £ + XX




‘Long Lifetime” Analysis

Kill backgrounds from b-quark SVs for lighter, longer-lived LLPs

higgsstrahlung selection

displacement above
3cm (& in tracker)

veto charged tracks
passing within 5mm of SV

\

N

Cut /Selection Z 7 Background | hZ Background
Dilepton Invariant Mass 0.97 0.98

Recoil Mass 0.006 0.94

Displaced Cluster (> 3 cm) 0.004 0.62

Charged Invariant Mass (2 GeV) 0 0.002

‘Dijet’ Invariant Mass 0 0.002

Pointer Track 0 0.001

Isolation 0 0.00005

mx,ct || 2.5, 107%] 2.5, 1072| 2.5, 10° || 7.5, 10~*| 7.5, 1072| 7.5, 10°
My, 0.97 0.97 0.98 0.97 0.97 0.97

M ecoil 0.93 0.93 0.93 0.93 0.93 0.93

| detuster| || 021 0.89 0.15 0.41 0.89 0.41
Meharged ([0 0.40 0.05 0 0.74 0.34
Muster || O 0.40 0.05 0 0.74 0.34
Pointer 0 0.40 0.05 0 0.74 0.34
Isolation || O 0.33 0.045 0 0.51 0.33
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95% limit on BR(h— XX)

Close to optimal sensitivity across a range of LLP masses & lifetimes

95% limit on BR(h— XX)
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vs LHC

Theory estimates for LHC14
[Curtin & Verhaaren ’15,
Csaki, Kuflik, Lombardo,

Slone "15] and track trigger

studies [Gershtein "17]
account only for trigger
efficiency & geometric
acceptance; assume no
background, no pileup, and
neglect systematics

Even then, the reach of future
Higgs factories is competitive, and
likely superior for lighter LLPs.

LHC performance in displaced

hadronic final states degrades

considerably once LLP decay
products collimate
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95% limit on BR(h— XX)
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Conclusions

Displaced decays of the Higgs provide a highly motivated
target for a precision Higgs program.

Proposed Higgs factories can improve reach in displaced
Higgs decays relative to LHC, particularly for lighter LLPs.

Further optimization of even the simple LLP analysis presented
here is possible/desirable (e.g. including hadronic Z decays).

This is only the tip of the iceberg; many ditferent LLP
signatures merit serious exploration.

Now is the time for LLP studies at future colliders — highly-
motivated, virtually untouched, with potentially significant
impacts on detector design...

Thank you!



