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© 2HDM — Why do we care?
@ The extended Higgs sector
@ Experimental signatures

© What do we need to see H* at the TeV scale?
o A better b-tag ... p,

© What could we see with the 1, tag?
o 14 TeV
@ 100 TeV



Two Higgs-doublet models (2HDM)

What questions precipitate two
Higgs doublet models (2HDM)?

@ How can we avoid fine

HE* > tb 95% exclusion estimates

JHEP1506(15)137
tuning? Supersymmetry S fee]d 300 and 3000 b1
e Why doesn't the strong force R 14 Tev

violate CP? Axions

o Where’s all the antimatter? "% e n::f (szs/) 900 1000
CP-violating Higgs sector

2HDM: ¢, and @,
e 3 scalars (h, H, and H*) and

1 2. 5. 10.

JHEP1511(15)124

300 and 3000 fb—1

14 TeV
a pseudo-scalar (A) K (checkered/hatched)
e tan'B = V2/V1 3 and 30 ab~ !
100 TeVv
Strongly couple to top and bottom

quarks; lots of b jets (b tags)!

my. [TeV]
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The dominant channels

2HDM are strongly constrained by precision eslectroweak measurements
@ No flavor-changing neutral current at tree-level
o Type-l: All quarks couple to only one of the doublets
o Type-ll: u}; and dj; couple to opposite doublets (SUSY, axions, ...)
@ The 125 GeV scalar really looks like a Standard Model Higgs.

H
o HYy=—R(a—B) (h)
o We live near alignment (H2,, = h) ... no HEAVY — iight Higgs decays.
We assume that heavy Higgs mass spectrum is mostly degenerate

@ A natural outcome of the MSSM 2HDM, in the alignment limit
@ Suppresses decays between heavy Higgs

B(H/A = tt)~ 1 tan(B) > 6
B(H/A — bb) ~ 1 tan(8) < 6
B(H* = th) ~ 1 Vtan(p)
B(H* = 1v) = O(1%)  tan(B) > 6 TSI

m,, (GeV)
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© What do we need to see H* at the TeV scale?
o A better b-tag ... p,



Light jets dominate channels with boosted b jets

o Probability to tag light flavors rises dramatically for boosted jets!
o Light jet = no b or c hadrons; experiments can't differentiate
b-initiated jets and g — bb jets.
e Huge (40%) systematic uncertainties in tagging efficiency can
dominate experimental results/exclusions.
@ Many exotic searches rely on seeing final states with b jets!

[CMS PAS BTV-09-001] Fig. 12

L oM Preliminary [ATL-PHYS-PUB-2014-014] Fig. 14b
> E 3
2 E
S ot oI x E T T T T |
.g ot & [ ATLAS Simulation Preliminary 1
£ ) r P“;ak"r Reddlets o= V1 3
w 8= e
o’ | T - :xch |
a 102 — arm 4
c E ]
Sil o 1
z . 1
[ ] f‘*k "0‘*-- 1
4L ] Pl |
10 E - ous 3 i *"'.A. ., —'—
. ~ oF Eags E
10 . = A ‘__‘_—o—._._._:
E F —————
4 e S [ e e |
10° T 500 1000 1500 2000 2500 3000
10° 10° Jetp, [GeV]
Jet Pt (GeV/c)
(b) QCD dijet

Maintaining 50% b jet efficiency
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The u, boosted-b tag

Phys. Rev. D 93, 014014 (2016) [arXiv:1511.05990]

@ CM: The muon is emitted with
speed 3 at angle 6,

@ Lab: Muon is detected at angle
0,1, W.r.t. the centroid of the
decay subjet (boosted by vg).

pyem

psubjet = pu + P, + Pcore

(6 e
x = 7y tan(fy,,) = Fvimcis(g)) B core
Kk = Bg/Buem ‘x = tan(0em /2) (when k — 1)
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The u, boosted-b tag

Phys. Rev. D 93, 014014 (2016) [arXiv:1511.05990]

We want a boosted b hadron

g = 60> Yyu,cm
0.8 —— —
0.7 S 00% “m:oo'_ i
0.6 e )
S oal e =3 ]
. o —
% 03 )
0.2 . )
01l 00 )
1 1 —
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sin(0.p)
= tan(0 — > \VemJ
X =B (Orap) x + cos(6.)
K= 5B//8#,cm ‘X = tan(fcm /2) (when k — 1)
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x is mostly an angular cut

The u, tag is two major cuts to identify b-like decays

subjet
x<3 Psubjet = Ppu + Pyt Peore Pr > 0.5

T

For detailed explanation, see 1511.05990:
@ p, is estimated from muon

@ x is robust to measurement error in muon p,

@ x < 3is a cut on the angle between the 1 and the D remnants (core)

The maximum angle .., scales linearly with Ecore (mp = 1.9 GeV)

@ “Soft” muons must fall in a tight cone:

gsoft _ Mp

max Ecore .
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@ “Hard” muons have more breathing room:

hard _ 18

max Ecore
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1, boosted-b tagging efficiencies at the LHC
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@ Boosted kinematics turn on at 300 GeV.

e Light jets classified by hadronic origin of tagging muon (light-heavy
are b jets from gluon splitting — rapidity handle?)

Signal efficiencies Light jet fake rate Pileup helps (a bit)
o ~14% of b-jets e Light-light ©(0.1%) e Solid: no pileup
@ ~6.5% of cjets e All light ©(0.6%) e Dotted: 1 = 40
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© What could we see with the 1, tag?
o 14 TeV
@ 100 TeV



H* — tb with the y, tag

1, is well-suited for detecting TeV-scale H* in a semi-leptonic channel:

pp — tljF(b)H:t - tHE(b)thadb,uX

@ Boosted-b via p, tag (Ry—1 = 0.4) — high purity across TeV range

@ Boosted hadronic top using existing substructure tags (Rca = 0.8)
(CMS PAS JME-09-001 / CERN-EP-2016-010)

@ Leptonic top via isolated lepton and normal track-based b-tag (much
lower p; than boosted b, tag is more stable).

o caveat: E4 is heavily smeared by neutrino intrinsic to the y, tag,
minimally useful for top reconstruction.

@ H* is very heavy, minimal transverse boost; require AZ < 0.4:

0.5
0.4
0.3

A *
AZ = <pT pT) feos(Ble T
Py + p4 2 '

0

100

10

cos(42)

-0.4 -0.2 0 0.2 0.4
(W = 9/ (P + )
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Extending the mass reach at 14 TeV

FeynRules — MadGraph5 — PYTHIA 8 — Delphes 3 (w/ FastJet 3)
e bg — H*t is a significant contribution to ¢

e ttj(j) is dominant BG, followed by ttbb/ttcc and ttb(j)/ttc(j)

@ Our results look like an extension of Craig et al. above a TeV

95% C.L. exclusion
preliminary

- 14Tev LHC.ILdl:SGO '

s 300 th!
- 14 Tev LHC,ILm:scnom’

3 s 3000 fh !
2
1
9300 600 700 800 900 1000 1 1.5 9
m,, (GeV) My, (TeV)
JHEP1506(15)137 i, boosted-bottom-jet tagging

14 TeV cross section is too small to plug “the wedge” ... 100 TeV?
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@ In 100 TeV pp collisions, H* gets a strong kick from the beam.
Discard "back-to-back" AZ cut.

e Background is still dominated by same QCD processes as 14 TeV, use
An cuts to suppress t-channel.

95% C.L. exclusion
preliminary

= 300fb~!
s 3000 b1

1 15 2 115 2 25 3 35 4 45 5 55
My, (TeV) My, (TeV)
14 TeV 100 TeV

@ /s =100 TeV provides access to useful 2HDM parameter space.
@ It's important to use realistic b-tagging fake rates (even at 14 TeV)!
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Thank you

Thank you for your attention!
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1, tags applied to b, ¢, and light initiated jets

10 10° B 1

X X
light-light light-heavy
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