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The Cathedral of Dark Matter

This weelk: "How, exactly, do I
have mass?”
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W, H, A°, H” -
M:.=M+M,. -
M ,, tan(ﬁ), X,
My, w, M gy g
Coupling Mixing Angle Mass
Dependence Dependence
Huu sin(a)/sin([3) m,
Hdd cos(a)/cos(B) m,
Auu cot([3) m,
Add tan() m,
H*ud m_ tanB (1 +vy,) + m cotf (1 -v,)

Important Features

Five physical higgs
bosons (2 CP-even,

one CP-odd, and 2
electrically charged)

Tree-level mass
relationship

Free parameters



m,_-max scenario

my; = 174.3 GeV, Msysy =1 TeV, u=200 GeV, M,;= 200 GeV,
XPS = 2 Msysy (FD calculation), X}’IS — V6 Msysy (RG calculation)
Ab = At: ?ﬂﬁ = (0.8 MSUSY .

Eur.Phys.).C26:601-607,2003

Designed to maximize the SM-like Higgs (h°® mass
(m_~ 135 GeV).

However, we now believe we know the mass of the h®°
(125.5 GeV), so m -max is a bit too aggressive.

More on this later...
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http://arxiv.org/abs/hep-ph/0202167

h°/H°/A° Production

q
h/H
q g —* '
q
g “00000) g “00000y— t/b
h/H/A
t/h D®-----  Gm---- h/H/A
g TOOOO g —— /b
Significant MSSM neutral Higgs b-associated production can be
production mechanism at any tanf significant at large tanf
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Significant MSSM neutral Higgs
decay mechanism for tanfg > 1



-2 GeV

p;(n) = 18 GeV
P‘#S{Th} = 26 GeV

-F-e,,} : :
CATLAS
m,ic (K, TL) = 47 GeV -

m (n,ET*) = 8 GeV _}QL EXPERIMENT

ET* =7 GeV

Run Number: 160613, Event Number: 9209492
Date: 2010-08-03 02:12:37 CEST
5"
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tau decay /
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-2 GeV

p;(n) = 18 GeV
P‘#S{Th} = 26 GeV

ATLAS
myis (K, Th) = 47 GeV =

m (n,ET*) = 8 GeV _,l:’l EXPERIMENT

ET* =7 GeV

Run Number: 160613, Event Number: 9209492
ST

5" .
_3'.I =

Other backgrounds from L ——
/ — ee, yp decays are reduced by... S a3

i

 vetoing events with additional
well-reconstructed leptons (e.q. \
for the et _, and pT,_, final states) ;

* Requiring significant missing
transverse energy (MET), as in the ‘
eT, , final state .\

& 4 y | 3 ' - %
3-prong hadronic _ ﬁ / , o \
tau decay /
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Multi-jet QCD Events

Run Number: 166198, Event Number; 100726931
Date: 2010-10-05 03:27:52 CEST
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Multl—Jet QCD Events

Fun Numb

>~ Background from QCD-induced
multi-jet events are reduced by...

* improving MET reconstruction
using information about
particles from the primary
interaction vertex (vs. other
vertices)

* using isolated leptons, e.q.
those well-separated from
nearby tracker or calorimeter
activity




CMS Experiment at LHC, CERN
Data recorded: Mon Oct 3 03:07:23 2011 CEST
Run/Event: 177730/ 2113660794

Bottom jet tagging
enhances sensitivity to
b-quark associated

'HPS PF Tau, pt: 61.9 GeV| production

B Jet 2, pt; 20.9 GeV|

» b-tagged category:
at least 1 b-tagged jet with
p, > 20 GeV

« CMS: ... and not more than 1
jet with p. > 30 GeV.

e ATLAS: ... and the scalar
sum of all jet p_s, H <100

GeV

no-b-tag category:
no b-tagged jets with
p,>20 GeV

Stephen J. Sekula - SMU 13
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Significant backgrounds estimated in
data-driven ways.

Z — 1T 1T estimated usingZ = p p
events embedded with simulated tau
decays.
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Tiepha? b-vetoed sample
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B-TAGGED CATEGORY
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Model Independent®” Results

JHEP02(2013)095
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C E 2
m M o
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& 1 E =
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(*) These are almost completely model-independent results except insofar as we assume the
production and decay of a scalar boson. This comment applies henceforth to results so labeled.

Stephen J. Sekula - SMU
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Model-Dependent®” Results

CMS-PAS-HIG-12-050 JHEP02(2013)095
CMS Preliminary, Vs =7+8 TeV, L = 17 fb"
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=20 expected rd [ i
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25 301 g
20 .
20 = .
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(*) It should be noted that if we switch to an alternative MSSM benchmark scenario, like m, -

mod+ or m,-mod-, we don't expect these constraints to change too much. See slide 50.
Stephen J. Sekula - SMU 19
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H°/A® = bb
g OOO00—> t/b

_____ . W Expected to be a large
L bb branching fraction...

g - t/b CMS Preliminary 2011 L= 481‘b1 \s 7TeV
No4500_| I| T | ||l |l T
S - Semn Ieptonlc anaIysns .
Can dominate at large tanf . . . & 40000 Medium-Mass Scenario ]
o - i
E C e Data
03500: —— Background
: _ - B-tag Matrix
Search for events with at least 1 b 3000f _ Background
tagged jet in associated with a high- — Hyperball -
pT b-tagged jet pair. 2000t E
e low (<180 GeV) and medium mass - :
(>180 GeV) search dependenton -, 5., 1500 E
multi-jet triggers REGION PLOTooo- E
« “semi-leptonic”: one b-jet contains —t+—p : ]
an identified, non-isolated muon 500 E
* “hadronic”: no such muon is present. . T P P P e .
0 50 100 150 200 250 300 350 400 450 509
M,, [GeV/cT]
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http://arxiv.org/abs/1302.2892

CMS Preliminary 2011, L = 4.8 fb'1, \s=7TeV CMS Prellmmary 2011 L 4 8 fb \ =7 TeV
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Background estimated by using bbj and bjj samples where 1/2 jets are
untagged; samples reweighted by b-tagging/mis-tagging probabilities.

arXiv:1302.2892 Stephen J. Sekula - SMU 21


http://arxiv.org/abs/1302.2892

Upper 95% CL limit on ¢ x BR(H— bb) [pb]

10°

arXiv:1302.2892

CMS preliminary 2.7-4.8 fb™ (s =7 TeV
Aol e b A A e b e e e e e e e e e e e
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Red box is my own
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MSSM exclusion plot of
where this channel
contributes independently.
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CMS preliminary 2.7-5.0 fb™! \s =7 TeV
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H* Production

+
9 H/ 9

/

Y
chl

%% ,
/
< /

A
|

Dominant for Dominant for
masses below larger masses
m -m,_ = 169 GeV
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H* > tT"v(m, <m-m)

r+ — hadrons 5. _
77 — hadrons

H"’“" H+ <
g 0000000000000 1 -« L’T i - ]
—y % L/
’ b "

e
+ + 5 : :
Tt = vy | Different experimental approaches are
H+< needed for these final states
o * hadronic tau decays more prone to QCD

5 Q0000000000001 e
§ B backgrounds

* leptonic tau/W decays yield more significant MET
- and present reconstruction/resolution challenges

t b, - vy * CMS uses e + p channel directly, while ATLAS
SRR uses it in combination with the lepton + T,_,
W™ ( channel; ATLAS uses lepton + jets channel; the

other two are in common.

CMS-HIG=11-019 Stephen J. Sekula - SMU 24
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1 True tau background obtained
: from data events with muons
: instead of taus selected, then
the muon is removed and a
simulated tau is embedded in
its place. Fully accounts for
pileup effects, etc.

QCD multi-jet measured using
data-driven methodology
(shape obtained from control
region, yield obtained by

fitting MET in signal region
using shape from control
region)
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http://www.springerlink.com/content/4876m2k082hm4l06/

B(t— bH*)

10"

Model-Independent Results

JHEPOG6 (2012) 039
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JHEPO7 (2012) 143
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Model-Dependent Results
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Including Lepton Universality Violation Search

IiDril:jeect search using three "» R, — B(tt _—)- bb:— [Thaq + NV)
pendent final states B(ﬁ — bb+ 1" + Nu)
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http://arxiv.org/abs/1302.3694

Model-Independent Results
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Type 1 Type 11
& | sin(B - a) sin(B — @)
& | cosa/sinB | cosa/sinf
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Ll cosB—a) | cos(B-a)
7 || sine/sinB | sina/sinf
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SM-like Higgs
(h°) couplings

Higgs (H°)
couplings

ATLAS-CONF-2013-027

Test the
hypothesis that

the data contains
HH both of these
Heavy CP-even being produced

and decaying via
WWwW

The considered production mechanisms

Stephen J. Sekula - SMU
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Useful feedback from
the theory
community on this
effort has already
been received (e.q.

show exclusions in
cos(B - o) vs. mass
instead of what
ATLAS has made
public so far)

36


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-027/

5 BF
i
H s

[

ge)

F
0,
=
O
Vg
=
_
=
Q]
g
=
Z
<O

37

Stephén ] Sckula - S



Important Features

0 0 0 2 Higgs Field
Hl ’ Hza Hsa Doublets + 1 Singlet

0 0 +
a,, a,, H

Seven physical higgs
bosons (3 CP-even,
two CP-odd, and 2

electrically charged)

COS (GA) > Mixing angle between
the doublet and

singlet pseudoscalars

The mass of the lightest pseudo-scalar could
be quite light (m_, < 2m,).

B-factories, LEP, the Tevatron, and now LHC are
searching for signatures of this model.
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CMS uses the excellent resolution on pairs of muons to search for
pp = a; = HH

Soft muon p. is a challenge for triggering, but once triggered we see how

smooth the data are and how the Upsilon resonances help to understand
resolution in this mass region.
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The data, excluding the Upsilon region. We still see the

significant tails of the Upsilons, which are a background
on the low side.

CMS-HIG-12-004
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CMS Preliminary: Vs=7 TeV
tanf=>50 Lyge=1.3 fb~!

First constraints in mass region above Upsilon 111 [GEV]
resonances. Complementarity of B-factory and LHC
is clear for this kind of search.
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Any search for a generically heavy

§ | | | | I | | %
= | sm width :

100 200 300 500

Higgs has at least one fundamental
challenge: modeling the Higgs width

arXiv:1101.0593
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Combined SM-like Higgs search across
multiple channels (ca. July, 2012)
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 LHC Higgs Cross-Section Working Group anticipates
Yellow Report #3 (YR3) soon

* updated benchmarks for MSSM (c.f. arXiv:1302.7033)
 Other discussions: 2HDM benchmarks

* parameterization: e.g. cos(B - «) vs. mass instead of cos(x)
VS. Mass

e tools: SusHi!!l, 2HDMC!! etc.

e are benchmarks in a type-Ill model possible (motivated by
recent B = D T v results from BaBar)?

* discussions ongoing about other heavy Higgs search
frameworks

 what scheme is to be used to interpret high mass searches?
 What aren't we doing that we SHOULD be doing?

[1] http://arxiv.org/pdf/1212.3249.pdf
[2] http://arxiv.org/abs/0902.0851
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Conclusions and Outlook
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Neither experiment has
yvet used its entire data
sample to do any of
these analyses.

There is potentially
much to be learned
from both independent
data samples!
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IS thata Higgs?
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One Higgs?

Stephen J. Sekula - SMU 55



Stephen J. Sekula - SMU 56




ADDITIONAL MATERIAL
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TAU IDENTIFICATION
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CMS Simulation 2010,\ s=7 TeV
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CMS Simulation 2010,\ s=7 TeV
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Results by Channel
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(*) It should be noted that if we switch z% an alternative MSSM benchmark scenario, like mh-
mod+ or mh-mod-, we don't expect these constraints to change too much.
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(*) It should be noted that if we switch to an alternative MSSM benchmark scenario, like mh-
mod+ or mh-mod-, we don't expect these constraints to change too much.
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MSSM-INSPIRED H* = 1* v
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Channel-by-channel
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NMSSM-inspired H, = 4y
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