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Why study BSM Higgs?

Many open questions from the Standard Model (e.qg.
naturalness) point to an incomplete understanding of
electroweak symmetry breaking.

Higgs sector in the SM the last to be discovered and among
the least understood: plenty of space for surprises!

Bored Scientists Now Just Sticking Random Things Into
Large Hadron Collider

We have two fantastic (and
expensive) detectors and
we need to do something oo
with them.

(from The Onion)




The BSM Higgs Landscape

BSM Higgs

Spin, CP measurements, non-
standard couplings, LFV decays

Additional EW singlet, 2HDM,
MSSM, nMSSM, Higgs triplet

Dark matter, hidden valleys, dark
photons, decays to nMSSM

Higgs in SUSY decays, VLQ,
FCNC top decays, KK gravitons
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Topics in this talk

« “BSM cousins” of SM Higgs decays:
- WW, ZZ, vy, 2y, and 1T

* Heavy Higgs decaying to light Higgs:
- Zh, ZH/A, and hh

- Charged Higgs searches:

- tv, tb, and WZ

Two Disclaimers

- This is not meant as an exhaustive list.

- The focus is on experimental aspects of the searches with
scant attention paid to the theory interpretations.
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ATLAS: WW—lulv channels; 0, 1, or 2 jets.
CMS: WW—Iuy, lvqq", ZZ — llll, llvy, liqq;

VBF or un-tagged production.

Merged jet categories to target high mass.

Including b-jets and tleptons.

No significant excesses observed.
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http://arxiv.org/abs/1504.00936
https://cds.cern.ch/record/1562879

CMS-PAS-HIG-14-006
Phys. Rev. Lett. 113, 171801

New di-photon resonances

. 5\ s =
ATLAS considers both low and & 10 ok 3
high-mass resonances § ol |
(65 < m < 600 GeV). e ]
At low mass, additional (ps-emou [uai-200" 7Y i
background from Z—ee, mitigated ot CasetoM I | "1‘1ﬁ|‘1|”’£
. E —— Continuum+H fit (m,, = 500 GeV E
by categorizing based on photon e T
conversion status. o e
S 4 Cl"‘,‘,é o 'Au: bgi:tgbﬁ;s ba'mhlanéi
CMS considers only high mass A =
(150 — 800 GeV). N D 2008

|-
4 categories based on photon :

rapidity and shower shape.

Both: fit continuum background in sorbos e L TG
sliding mass window. L ]

200 400 600 800 100 yoan 0205 20131
m,, [GeV] RMS: 1187 + 0.092
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https://cds.cern.ch/record/1714076?ln=en
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.171801

New di-photon resonances

a signal.

» Neither experiment sees evidence for g% "= @I e |

[ 102 %
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« ATLAS assumes a narrow resonance  sof x

CMS preliminary 19.7 b7 (8 TeV)

I'y [GeV]

60 ... UL = 0.010 [pb]
E —  uL=0.020(ph)

40F

and sets limits on XS*BR. : - 10°
30+
» CMS considers widths up to 10% of 20}
mass, and sets limits that depend on 1 i 10
both mass and width. 200 400 60 "1'850
my [GeV]
=) 10° = T — T T =
'D_:' — ATLAS X =
& ~ 100F ]
o — — Observed N 7]
g 10° 5 - -- Expected - -
5 = Mo 50 3
= — [J+206 B N
g 10 = E
= \s =8 TeV, JLdt = 20.3 fb" :
e T R— v 200 500 500
my [GeV]
J. e||el’ DESY a —_— i e e




Q

CMS-PAS-HIG-14-031

Heavy Higgs — Zy

Events selected with two opposite-sign

leptons and a photon.

Backgrounds fit using triple exponential

function.
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Events/20 GeV

No excess worth getting excited about.

Limits set using either broad (width set L. ... ...
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R

dN/dm... [1/GeV]

Events / 50 GeV

10

104 L

300

250

200

10 ity

102 Fi

10° &

JHEP 10 (2014) 160

MSSM nggs —> l-l- JHEP 11 (2014) 056

3CMS hHA—T 19.7 fb (8TeV) 4.9 fb" (7TeV)

w:

102 | [ b- tag

0 500

—e— Observed : e
CJzom =
O ]
[ Electroweak -
[ acp

7] Bkg. uncertalnty
MSSM mf,. scenario
m,=160 GeV, tanf=8

1000 1500
m,. [GeV]

150(
100[-

50F

L hH/AST, (T
- single-t, ., trigger
- category

0""700 200 300 400 500 600 700 800 9001000

IIIIIIIIIIIIIIIIIII |||||,
CATLAS \s = 8TeV, [Lat=195m"

—e— Data 2012 B

—— m,=350, tanf=30 _]
Z—-11 B

@ Multijet

[ Wty +jets

B tt & single top ]
Others i

W\ Bkg. uncertainty |

mie@ [GeV]

Almost all di-tau decay modes considered:

T.T,et, ut, ey, and uu (CMS only).

ATLAS: dedicated categorization and
trigger for high-mass Higgses.

b-tag and b-veto categories targeting bb
and gluon fusion production modes.

- ATLAS: only at low mass.

Likelihood-based mass reconstruction to
optimize resolution, or m°* to |mprove
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http://link.springer.com/article/10.1007/JHEP10(2014)160
http://link.springer.com/article/10.1007/JHEP11(2014)056
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MSSM Higgs — 1T

No evidence of new physics is
seen, but a vast array of
Interpretations is provided to
please any theorist.

6(999)-B(¢—7) [pb]

CMS: 52 limit plots, a record
for one search?
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Events / 20 GeV

Data/SM

A —> Zh (bb) gf(év%ltiofégfg; (1)63-183
 ATLAS: Fit to reconstructed A boson invariant or transverse

mass using llbb and vvob channels.

« CMS: 2-D fit of Amass and BDT discriminant, in three mass
regions. Only use lIbb channel.

« Both: Use known Higgs mass (125 GeV) to re-scale b-jet
transverse momentum.
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http://arxiv.org/pdf/1504.04710.pdf
http://www.sciencedirect.com/science/article/pii/S0370269315002257

PRD 90 (2014) 112013

A — Zh (TT, VY, Ieptons)

f ATLAS b Data 2012 ]
20:_ 's=8TeV,203f0" ] 77¢ SM Zh _:
B [ ] Fake-7/I background
X Uncertainty —
B m, = 340 GeV .
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 ATLAS: Direct search for A — Zh
with h decaying to taus.

Events / 20 GeV

- All tau decay modes E
: considered. Fit reconstructed
A mass after correcting for
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I iw
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- Used for both hh and Zh. : '% z

- Some interesting-looking {ﬁ_; ?
excesses but a large number 030 %050 50100 >100

. ET'ss (GeV

of regions. o
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http://arxiv.org/abs/1410.2751v2

A — Zh: results

I A = Zh — llbb L=19.7 fo" (8 TeV) . . . ‘
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CMS-PAS-HIG-15-001

A—/ZHorH — ZA

CMS Preliminary
TT | T T T T T TT

19.8 fb™' (8.0 TeV)
T T T L \‘

- Similar analyses to A—Zh, but no Higgs LT A0E B sy S
mass constraint. |
- bb decays: Cut-and-count in 2-D bins of 10 s
- tr decays: Cut-and-count or shape fit 1°_ v ()
using (likelihood-based) m_.. 31 N
1200 e Data —:
* bb sees local excess i e T 05 2000 =i
of 2.850 at (575, 662) =... 5 goof =
and 2.60 at (93, 286). ™ § oo Sl |
ot 0 =%
- Less than 20 after . 200, :
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https://cds.cern.ch/record/2014119?ln=en

CMS-PAS-HIG-13-032
PRL 114, 081802 (2015)
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https://cds.cern.ch/record/1697512
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.081802

arXiv:1503.04114

Dl—H |ggS 4b ATLAS to appear shortly

- Events selected with 4 high-p; b-jets consistent with two
Higgs bosons.

* 4-jet mass fit applying Higgs mass constraints.

« ATLAS extends to high masses using boosted Higgs
reconstructed as single fat jets.

- b-tagging using track sub-jets.
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http://arxiv.org/pdf/1503.04114.pdf

Di-Higgs 4b

2HDM Interpretation

T T T
3 ATLAS Pre |'||-|'|'|“a.|'yI — Obs_95% C L Lmit — - Exp 95% CL Lt
107~ Excuded Region Exp. Limit =10

vs =8 TeV [Ldt=18.5 fb~

Exp. Limit + 20

» No evidence for di-Higgs Toehidbaom T e
resonance is observed.

1

10

* 4b dominates sensitivity for
high-mass resonances.
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{ CMS-PAS-HIG-14-020
i JHEP 03 (2015) 088
Charged nggs — TV
3T
l 8 80-— 138':, =300 GeV ;
—————— " g | E's"w'&'ﬁw(:"wif‘:n;’
, 2 o e
f 401, T .
» H" produced in top decays (low & +
mass) or with tb (high mass) — s gt ST
same particles in final state. a Egseny i + I Nl
T osE * E
(] ok . . . . , , E
* Searches performed in fully S M Y
hadronic channel. S e
81o5§—ATLAS E?:J‘:f‘”? 3
| - Separate selections for low and S o fo;:’feLb -
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post-fit
- Backgrounds taken from data : .
using embedded events and 1, 03 MRRL
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https://cds.cern.ch/record/1950346?ln=en
http://link.springer.com/article/10.1007/JHEP03(2015)088

Q

Charged Higgs — tv

No evidence for charged Higgs is observed.
The low-mass MSSM is basically dead.

At high mass the fun is just getting started (but sensitivity to
the MSSM in particular is very limited).

19.7 fb” (8 TeV
o o I I B |||||||||$| ||_) @_60_ T
c 60 CMS ] % y ]
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- MSSM mT . 507 JLdt =19.51b -
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T Expected median + 1o 7 B MSSM m?"d* scenario
20 L %% ExPeme‘:;:";izn Vi 20 N 40_— — — - Median expected exclusion .
- & MSSM + _ - -
C 7 ¢ |:| Observed exclusion 95% CL |
10 :_ '.."' 35:— ------ Observed +1c theory —:
[ 4-. ...... N Observed -1 theory
S T T T 30_"'|"'|"'|"'I"'_
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m, (GeV) m,. [GeV]
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Charged H|ggs N tb CMS-PAS-HIG-13-026

! - Events selected in ee, ey, uu, and ut, final states. ‘

« After simple selection, binned fit performed in number of b-
tagged jets.

* No significant excess is observed.

« Limits set on XS*BR, about 1 order of magnitude higher than
MSSM values.

CMS preliminary, Vs=8 TeV, [ L=19.7 fb -
I

=2} T
£

T CMS Preliminary, Ys=8 TeV, L = 19.7 fb™
§ I L] L} L] L] L} L] L] I L] L} L] L] I L] L} L] L]
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2 S
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1 4
107" 3
2
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g 1'5 } I I 0 I L L L L I L L L L L L L L I L L L L
P M. S N
w 200 300 400 500 600
E 0.5 =2jets ! =3 jets ! =4 jets ! :sjets M|_|+[G EV]
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https://cds.cern.ch/record/1755203?ln=en

arXiv:1503.04233

Charged nggs —-WZ

* Enhanced coupling in some Higgs
triplet models: production via VBF

and decay to WZ.

» W—qq' and Z—ee/uu decays
considered.

» Selection made on VBF “tag” jets,
with additional kinematic cuts to
reduce Z+jets background.

* No excess is observed.

Fraction of W/Z
masses from

Higgs triplet VEV.

J. Keller (DESY
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http://arxiv.org/abs/1503.04233

Conclusions

« CMS and ATLAS have searched for and not found a wide-
ranging collection of BSM Higgs signatures.

» Results are complementary to precision studies of 125 GeV
state as a means of understanding EWSB sector.

» Cross-sections increase rapidly
with higher energy: many high- 100

[ ratios of LHC parton luminosities: 13 TeV /8 TeV

mass states will have improved _
sensitivity with early data. s

oo~ 3qd

« However BSM Higgs searches
often use complex objects and
final states: Understanding
detector performance and

luminosity ratio

backgrounds will be critical.

N . Keller (DESY), CIPANP, May 20 2015 i
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2HDM parameters

Model Ug dp €x
Type 1 Dy Py .2
Type 11 i dy i
Lepton-specific | @, D, P,
Flipped 0y @y Dy
Type 1 Type 11 Lepton-specific Flipped
& | cosa/ sin 4 cos e/ sin 3 cos «v/ sin 3 cos a/f sin 3
& | cosafsinj —sin e/ cos 3 cos ¢/ sin 9 —sina/ cos 3
& | cosa/sing —sina/ cos 3 —sinea/ cos 3 cos o/ sin 3
& | sina/ sin 3 sin «v/ sin 3 sin ¢x/ sin [ sin ev/ sin 3
€4 | sina/sin 3 cosa/ cos 3 gin e/ sin 3 cos af cos 3
L & | sina/sin 3 cosaf cos 3 cos o/ cos 3 sin v/ sin 4
£Y | cot 3 cot 3 cot 3 cot 3
£l | —cot tan 3 — cot 4 tan 3
& | —cotp tan 3 tan 5 —cot 3

. J. Keller (DESY), CIPANP, May 20 2015 —




MMC / SVFit

* 4 constraints on mass of
di-tau system, but 6-8
unknowns

0.015

itrary units

Arb

- Depending on # of

neutrinos in final state

I 0.01

0.005

— ————
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ATLAS Simulation —
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*  Ambiguity resolved by scanning

the parameter space,

calculating the mass for each
point, weighting the solution by
the likelihood to come from a

tau decay.

Final di-tau mass is the peak of

the resulting distribution.
A.Elagin, P.Murat, A.Pranko, A.Safonov
arXiv:1012.4686 ; NIM A654 (2011) 481

b J. Keller (DESY), CIPANP, May 20 2015 =
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