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Room for new physics

- At 95% CL, up to 34% allowed

branching ratio to as-yet- P __ JHEP08(2016)45
unseen decays S | ATLASand CMS [, sy, ko ko ko 5By )

o 8- LHC Run 1 _
Direct searches for Higgs 7E -
decays to exotics are a clear - — Observed
window onto new physics 6 - SMexpected =

- Utilizes one important
constraint: the Higgs exists!

- Complementarity to
Standard Model (SM) Higgs
measurements

Many well motivated theories 00005 0.1 015 02 025 0.3 035 04 045 05
of new physics predict Beswm
complex Higgs sectors
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http://link.springer.com/article/10.1007/JHEP08(2016)045

Motivation for new physics

- Hierarchy problem
mH20< _I{___Q____
- Dark matter

- Baryon/anti-baryon
asymmetry
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Motivation for exotic Higgs decays

- Anything that adds a gauge singlet to the SM
- Hidden valley
- Higgs portal
- Little Higgs

- Next-to-minimal supersymmetric standard model
(NMSSM)

- All address the tensions in the SM in some way

- All predict new light particles, potentially long-lived, that
couple to the 125 GeV Higgs
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Exotic decays take many forms

* H=2put (CMS Run2,CMS Runl); H—=et,H—»eu (CMS Run1); H—erT,
H—put (ATLAS Runl)

* Ho oy (ATLAS Run 2); H=J/@y, H=Y(nS)y (ATLAS Run 1); H—J/yy
(CMS Run 1)

* HoZZ4,H—>Z4Z4 (ATLAS Run 1)

* Related: direct production of light pseudoscalar (CMS Run 1) (a=up +
2b, a—= 1T + 2b, SUSY cascade to a—bb)

- Today's focus
- H—aa—4f, predicted by the NMSSM

+ H—invisible, predicted by Higgs portal models

Aspen 20 March 2017


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-040/index.html
http://link.springer.com/article/10.1140/epjc/s10052-017-4624-0
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.111802
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.121801
http://www.sciencedirect.com/science/article/pii/S0370269315009879
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092001
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-009/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-009/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-033/index.html
https://cds.cern.ch/record/2002557

Two-Higgs-doublet models

Particle || Coupling I IT (MSSM-like) | III (lepton specific) | IV (flipped)
A gavv 0 0 0 0
JAui cot 3 cot 3 cot 3 cot 3
9 a4d -cot 3 tan 3 -cot 3 tan 3
g AsF -cot 3 tan 3 tan 3 -cot 3
- General framework applicable to
o e e more detailed models of new
1 — —» physics with two Higgs doublets
" K -------------------------------------------- L '+ Ex. minimal supersymmetric
Coh i, % T SM(MSswm)
- N w; - s |
| o _+ EX.NMSSM ~ 2HDM with extra
\k = Zu  gauge singlet
0 Caew T Taew 7 =2 scalar Higgs, =1 pseudoscalar
PRD 90 (2014) 075004 . .
Higgs, =2 charged Higgs
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.075004

Two-Higgs-doublet models

- Searches can be interpreted in terms of the four
types of models

- Simple relations exist among the branching ratios
to muons, taus, and bottoms

Fa—utu~) mi\/l — (2my, /ma,)?

Ha=77m) w2y 11— @me/m, )2

T(a— utu) _ mi\/l — (2my, /my)?
I'(a — bb) 3mi \/1 — (2my, /my)? (1 + QCD corrections)

Aspen 20 March 2017



H—aa at the LHC

f2
L ¥ - Rich phenomenology
f1 - Boosted or resolved fermions
depending on pseudoscalar mass
fi

- Pairs of muons, taus, or bottoms
in the final state

- Utilize 2- and 4-body mass
reconstruction to discriminate
against background

- Advantages over direct a production

* H—aa provides a striking
signature of new physics

- a—bb and a—= 71T reconstruction
possible
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* Reconstruction of two well separated boosted a—T,T150ng decays

- Leading muon pt > 17 GeV, sub-leading muon pt > 10 GeV

- Same-sign muons to reject Drell-Yan
- 1-prong track required to be prompt with pr > 2.5 GeV

. Search for excess in the 2D di-tau visible mass distribution

. bb background modeled as a convolution of 1D distributions in events

with one non-isolated di-tau pair

Run 18 1eV 19.7 for! sl

JHEP 01 (2016) 079
(2)
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Lorentz-boosted ¢ states

Events / bin

Obs/Bkg
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g 2 * Reconstruction of one boosted a— 1, Ty decay + one 25 GeV isolated muon

a ,L 7 To tau muon

..... reconstruction - Isolated 24 GeV muon trigger gives sensitivity to VH and ggH/VBF with well
separated pseudoscalar decay products

* pr(Ty) >5GeV, pr(Ty) > 20 GeV

To HPS

reconstruction . Al tau decays reconstructed using CMS hadron + strips (HPS) algorithm after
muon removal

Search for excess in the 1D di-tau visible mass distribution

1-prong + 1 T Thad

Low- and high-m+ bins to isolate WH from ggH

W and tt background modeled from muon + non-isolated di-tau sample

Run 18 TeV 19.7 fb-! My = \/ 2ppE" B[l — cos AD(trg.pu, Br)]
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entries
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CSV discriminator

- Resolved pseudoscalar decay products

- Di-muon mass spectrum fit for a peaked signal to extract m,

- Selection

- Two opposite-charge muons with reconstructed pr > 24
and 9 GeV (single- and di-muon triggers)

- Two b jets with pr > 15 GeV, distinguished from light quark
jets by the presence of secondary vertices

- Compatible with zero ME+
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https://arxiv.org/abs/1701.02032
http://iopscience.iop.org/article/10.1088/1748-0221/6/09/P09001/meta;jsessionid=671C80A9B4243FC3A87B076251C1A7AD.ip-10-40-1-105
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H—aa—2p2T

- IUU': .
- Resolved pseudoscalar decay products § L
- &c
- Unbinned maximum likelihood fit to di-muon masg [ -s-ossenco
spectrum & oF B e
Signid x 20

* Final states pPTTe, HUTTy, HUTeThad, HHTThag, @nd
MUThadThad

- Two opposite charge muons with pt > 18 and 9 GeV
g

f2
- Veto b jets and additional leptons . L 7
* My - Me|/my, <0.8

" Myprr - Myaes)| <25 GeV, but [mMyee - Mya2s)| > 30
GeVin puT.T, final state

- Backgrounds

Events / (6.5 GeV)

- Reducible Z + jets determined from fake rates
and parametrized with Bernstein polynomial fit

* lIrreducible eepp from NLO MC and
parametrized with Bernstein polynomial fit
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- 17/8 GeV di-muon trigger 3 = 3
- Fit to 2D di-muon invariant mass
spectrum ;

- Boosted isolated di-muon
reconstruction

- bb background (mostly double
semileptonic decays and resonances) /
estimated from 3-muon events

- 2D background from 2 x

convolution

- Fit to analytic function

- 2 shapes needed depending on
which muons fire the trigger

Run 2 13 1eV 2.8 fb!
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2HDM +S interpretation

arXiv:1701.02032

19.7 fb' (8 TeV

CMS

2HDM+S

h—aa—4u [47]

h—aa—tttt [48]

h—aa—tttt

h—aa—uubb (type-1 and -2 only)

h—aa—uutt

observed

expected
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H — invisible at the LHC

Analysis Final state Int. £ (fb™1) Expected signal composition (%)
7 TeV 8TeV  13TeV 7 or 8 TeV 13 TeV
qqH-tagged VBF jets — 19.2 [16] 2.3 7.8 (ggH),92.2 (qqH) 9.1 (ggH), 90.9 (qqH)
Z(re) 49[16] 19.7[16] 2.3 100 (ZH)
Z(bb) — 18.9 [16] — 100 (ZH)
VH-t d
J ' ' 23.0 (ZH), 46.8 (WH)  21.3 (ZH), 32.9 (WH)
: - 70.4 (ggH), 20.4 (qqH), 69.3 (ggH), 21.9 (qqH),
gegH-tagged Monojet 19.7 [60] 2.3 3.5 (ZH), 5.7 (WH) 4.2 (ZH), 4.6 (WH)

JHEP 02 (2017) 135
v

- VBF and ZH modes provide good S/B
discrimination

- Additional sensitivity from large cross
section ggH mode when accompanied
by a jet

- Characteristic signature of large ME+
recoiling against jets or leptons

000000000000
8

Run 17 1eV 5.1 fb!

Run 18 1eV 19.7 fb! oI —
-1
Run2 13 1eV 2.3 fb Additional ZH modes
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http://link.springer.com/article/10.1007%2FJHEP02%282017%29135

VBF H —invisible

Forward jet + MET trigger

- Tighter offline
requirements + lepton veto

Main Z—=vv, W—|v (lost
lepton), and QCD
backgrounds estimated
from data

Simultaneous fit of
Z—=uu, W—1lv, and low

min A®(MEr, j) control
regions to extract W+ Z
and QCD scale factors to
signal region

- Ratioof W—=IvtoZ—-vv
taken from LO
simulation

Run 2 13 1eV 2.3 fb!

JHEP 02 (2017) 135 8 TeV 13 TeV
pr >50GeV  >80GeV
2
P >45GeV  >70GeV
m; >1200GeV  >1100 GeV
T >90GeV  >200GeV
S(ETss) >4/ GeV _
min A¢ (P, ) >2.3
An(ji,j2) >3.6
JHEP 02 (2017) 135 2.3 (13 TeV) - _{HﬁP 02 |(2|<|31|7|) }3? S 2| .3.fP. I(13Te|V)
34 cms | bome - S % cms $ Data =
© 40[; VBF jets [ Z(ovv)+iets 1 %[ VBFets [Jz(vv)ets
i 35H B W(—tv)+ets —i %25_ -W(e{'v)+jets
O o5¢ [ ] QCD multijet E > [ ] aco muttijet
o [ Top quark - 15F . [] Top quark =
— H, B(H—inv)=100% : - IY Y | —H,B(H > inv)=100% 1
. (U= :
~ 1500 2000 2500 3000 3500 - 4000 -
my [GeV] AN .])

R. Yohay

Aspen 20 March 2017


http://link.springer.com/article/10.1007%2FJHEP02%282017%29135
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Z(—=I)H— invisible
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Run 2 13 1eV 2.3 fb!

JHEP 02 (2017) 135 7 and 8 TeV 13 TeV

p%’y >20GeV

Myy 76106 GeV

AL, 1) — <m/2

EmiSS >120GeV  >100GeV

Agb(w pmiss) >2.7 >2.8
Ap(pruss, ') — >0.5

|EmlSS — p |/p <0.25 <0.4

my >200 GeV

- Di-muon (17 and 8 GeV) and di-electron (17 and 12
GeV) triggers

- mr(di-lepton system, ME+) exploited to reduce Z +
jets background

* AD(l,) < 11/2 to reduce SM Z production
- Veto on >1jet with pr > 30 GeV

+ /Z and WZ backgrounds from MC, Z + jets from y +
jets in data, non-resonant backgrounds from
opposite-flavor pairs

R. Yohay
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http://link.springer.com/article/10.1007%2FJHEP02%282017%29135
http://link.springer.com/article/10.1007%2FJHEP02%282017%29135
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V(—jj)H— invisible and monojet

o JHEP 02 (2017) 135
—— T

MET and Hr triggers

Lepton, photon, and b veto

Fat jet reconstruction of V—jj

/Z—vv and W—|v estimated from di-lepton,

single lepton, and y + jet data control
regions, similar to the VBF analysis

Other backgrounds from simulation

8 TeV 13 TeV

JHEP 02 (2017) 135 V(jj) Monojet V(jj) Monojet
P >200GeV  >150GeV | >250GeV  >100GeV
7] <2 <24 <25
Eniss >250GeV  >200GeV | >250GeV  >200GeV
/T <0.5 — <0.6 —
Mprune 60-110 GeV — 65-105 GeV —
min A¢ (piss, j) >2 rad >0.5 rad

N; =1 —

Run 2 13 1eV 2.3 fb!

R. Yohay
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SM interpretation
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Conclusions

- Robust program of searches for nonstandard
Higgs decays at CMS

- Complementarity between coupling
measurements and searches

- Detector and reconstruction improvements
during Run 2 and the HL-LHC will improve reach

- Many paths to elucidating the nature of the Higgs
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Direct pseudoscalar production
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H(125) decay to pseudoscalars
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-022/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-022/index.html

H—aa—2p2b

- Signal parametrization derived from MC
- Voigt + Crystal Ball
- Voigt = Gaussian ® Lorentz (to model theoretical signal)
- Crystal Ball = Gaussian ® power-law tail (to model energy not reconstructed)

- Background fit modeled with different analytical functions using the discrete profiling
method

- Polynomials and 1/P,(x) functions up to the degree for which the p-value for
compatibility of the function with the data drops below 5%

p-value calculation accounts for the number of degrees of freedom in the fit and
the parameter uncertainty

. Functior_lal f(_)rm IS a discrete _nuisance parameter and enters the likelihood
calculation like all other continuous nuisance parameters

- Likelihood minimization chooses the best-fit background model

e |\ Run 18 TeV 19.7 fb
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2HDM +S interpretation
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SM interpretation
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