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* A comprehensive program is underway to characterize the
Higgs boson discovered in 2012
- Mass and width
- Spin-parity properties
- Rates and kinematics of production and decay

* The Higgs boson provides a unigue and wide ranging probe
of Beyond the Standard Model (BSM) physics

Atoms
4.6%

EX . IR

* BSM Higgs boson decays and O(5%) deviations in properties
may be the only observable sign of new physics at the LHC.
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BSM Higgs Decays

Branching ratio to
BSM decays is only
constrained to <34%
at 95% CL

Places to look:
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Compact Muon Solenoid | A
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

_____

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Detects:
PRESHOWER
p |h Oto ns Silicon strips ~16m* ~137,000 channels
electrons
muons A/ J

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

charged hadrons
neutral hadrons \

CRYSTAL ‘

ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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Higgs—x (invisible) ~ 3

* Higgs decays to undetected dark matter are inferred from the
momentum imbalance of detected final state particles

M_E?T EmISS . ﬁT
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Higgs—xX (invisible)

* Understanding MET S
distributions Is crucial |

T
 MET arises in standard model o EXO1E048 l‘fﬁgfbl e
processes from neutrinos G 1o, CMS Proiminary e ;
- e.g. Z(v)+jets 2101 o Em
- Modeling Is sensitive to high order i 10° %u
corrections 10°
« MET also arises from 10_11§
momentum mis-measurement w02 l
o b
 Extensive use of data control %82 . : . : o : ! %$ ; : iOI_
regions v-—-'-—"*"'—"-—-llll"l"
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Higgs—xx (invisible) Results
* Observed (expected) 95% CL upper HIEA6008, A e

©

. . , L. ] . ; :_CMS oo Exp. for SMH _E
limits on invisible branching ratio from 5 fremesy e [
13 TeV searches of
5F
Data Observed Expected d:
Sample BR BR Z
g 23fbT | <69% | <62% J;
N:
0.
Z(IH 36 b1 | <40% | <42%
8 EXO-1 6-048I 3:5.9 fo'' (13 TeV)
MOnO'jet 36 fb-1 < 740/0 < 570/0 1'65_ CMS Preliminary ~ —e— Observed 95% CL _
V(had)H 1 o o _ e
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* The searches are statistically
iIndependent and are combined to
improve sensitivity
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Higgs Portal Model 7 A
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* Interpret in context of Higgs portal model
- arXiv:0809.2745, arXiv:1212.2131, arXiv:1112.3299, arXiv:1205.3169

* Dark matter interacts with nuclei via Higgs boson exchange

49" (7 TeV)+<19.7fb " (8 TeV) + 2.3t (13 TeV)

\I | | 1T T T | | | | L | | | | L =
CMS Preliminary B(H — inv.)<0.20
90% CL limits
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CMS

oPp—H*—HH
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* The Higgs self coupling is determined by its potential

* We can test Az by studying di-Higgs production
- Rare in standard model (cross section = 33.5 fb)
- Constrain the coupling modifiers in these interfering diagrams:
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CMS

oPp—H*—HH
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* The Higgs self coupling is determined by its potential

LianTao Wang In the standard model,
2
m A
___J

where Ay = Ag = my, /(2v°)

What we know now

| —

* We can test Az by studying di-Higgs production
- Rare in standard model (cross section = 33.5 fb)
- Constrain the coupling modifiers in these interfering diagrams:
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pp—H*—HH

* Multiple final states

- H(bb)F

(
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VV), leptonic V decays

* Analysis sensitivity depends on
branching ratios, backgrounds,
and experimental resolutions

* The H(bb)H(yy) channel has the
smallest branching ratio, but is
the most sensitive to standard
model di-Higgs production

- o/osm < 19.2 at 95% CL
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- HIG-16-026: H
- HIG-17-002: H
- HIG-17-006: H
- HIG-17-008: H(b
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Standard Model
HH Branching Ratios

/0.3%
3%

Results:
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(These also cover BSI\/I
resonances decaying to HH)
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H(bb)H(yy)

* Excellent di-photon mass resolution
* Fit data in 2D M(yy)-M(bb) plane
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H(bb)H(yy) Results

interfering diagrams
changes muH shape

CMS Preliminary

35.9 fb™! (13 TeV)

187
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Theory Predlctlon (1<t =2)
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H—4u
* Arise In supersymmetry

* Reconstruct di-muon pairs
with invariant mass < 9 GeV

» Dominant background is bb

* Model-independent [imit
- o(pp — 2a+X) x B*(a — 24) X &gen
<1.71b at 95% CL

* Interpret model benchmarks
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Lepton Flavor Violating Decays ig-17-001

* Occur in many BSM models,
iIncluding supersymmetry and
Randall-Sundrum models.

* LHC experiments have best
sensitivity for H—=et and H—=put

- Exploiting multiple decay
channels of the T (e, y, hadronic)

» Set upper limits on branching
ratios and Yukawa couplings

95% CL upper limit on the Yukawa couplings
M, -fit BDT-fit
\/|YW|2 + Y2 <205%x107% <143 x10°3
VI Yer|? + [Yee|? <245x1073 <226 x1073
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- 68% expected
E 95% expected
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2.27% (1.98%)

1.79% (1.62%)

0.25% (0.25%)
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sSummary
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* A comprehensive program is underway to characterize the

125 GeV Higgs boson

* SO far, searches for rare, exotic, and invisible Higgs decays
show compatibility with standard model

e Recent results on

Higgs decays to undetected particles
—Higgs self coupling
—Higgs decays to light scalars

_epton flavor violating decays

* Constraints are placed on a wide range of beyond the
standard model physics models
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h(125) Properties (examples)

CMS Preliminary 35.9 fb™ (13 TeV)
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h(125) Properties (examples)

g7 +13 g5 k3 (q1+ q2)°

i)Y
| +

tree-level
scalar (SM)

CMS Preliminary

(AYY)’ (A‘é")z

leading momentum expansion

35.9 fb™ (13 TeV)
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HIG-17-011

—_——

_—

| ©

pure pure tree-
pseudoscalar level scalar
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fas' cos(¢,,)

pseudoscalar

Parameter Observed Expected
23 COS (a3 0.30707; [—0.45,0.66 0.000 0017 [—0.32,0.32
0.21 0.017
fa2cos(¢pa)  0.047007 [—0.69, —0.64] U [—0.04,0.64]  0.0000513 [—0.08,0.29]
fa1cos(par) 0.007095 [—0.92,0.15] 0.0000:015 [—0.79,0.15]
¢7) 0.16103¢ [—0.43, 0.80] 0.0001 0059 [—0.49, 0.80]
Benjamin Kreis 22



Higgs—xX (invisible)

* Understanding MET
distributions Is crucial

- MET arises in standard model
processes from neutrinos

* e.g. Z(v)+jets
* Modeling is sensitive to high order
corrections

- MET also arises from momentum
mis-measurement

- Extensive use of data control
regions

* Multivariate technigues

- Boosted Decision Tree including
MET, lepton kinematics, etc.

- Improve sensitivity by ~10%
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Z(IH(inv) Boosted Decision Tree

o |myy — my| (dilepton mass);

° pffl (leading lepton transverse momentum);

° 52 1 (subleading lepton transverse momentum);

° pT (dilepton transverse momentum);

e |7!] (leading lepton pseudorapidity);

e |7*?| (subleading lepton pseudorapidity);

e EMS (missing transverse energy);

) mT(pT ,EMSS) (leading lepton transverse mass);

o mr(p4? EXisS) (subleading lepton transverse mass);

o qb(p—»TM, o mISS)

e ARy (separation between leptons); and

e | cos 65| (cosine of Collins-Soper angle for leading lepton).

Rare, Exotic, and Invisible Higgs Decays
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(azimuthal separation between dilepton and missing energy);
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H—4p Dark SUSY Limits

Kinetic mixing parameter €
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Figure 6: 95% CL upper limits (black solid curves) from this search on c(pp — h — 29p +
X)B(h = 2vp + X) (with m,, = 10GeV, m,, = 1GeV) in the plane of two of the parameters
(e and m,,) for the dark SUSY scenarios, along with constraints from other experiments. The

colored contours represent different values of B(h — 2yp + X) in the range 1-40%.
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. CMS
Image Credits =
* Higgs potential: https://inspirehep.net/record/1252561/plots

« SUSY: https://www.sciencenews.org/article/
supersymmetry%E2%80%99s-albsence-Ihc-puzzles-
physicists

* Dark Matter: https://map.gsfc.nasa.gov/universe/
uni_matter.nhtml

» Extra Dimensions: https://www.physics.uci.edu/~tanedo/
docs.html
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