What we learned experimentally about Higgs ?
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Disclaimer:
Lecture is meant to be pedagogical, not a comprehensive review of all experimental results. Usually

results of one experiment (CMS or ATLAS) are discussed, conclusionsfrom both experiments are ~ the

same

This lecture is limited to Higgs -125 Gev.
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Higgs particle properties from the Standard Model (SM) theory

-
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Higgs boson

A very special particle of SM (it is not just yet another SM particle)

* As discussed in previous lectures: Higgs mechanism is the most simple and elegant way to

generate masses of all other SM particles (in SM, one cannot introduce particle masses by
hand without breaking everything )

* Higgs potential is very unusual - minimum of energy is achieved in presence of Higgs field
(and, hence, vacuum must be literally packed with Higgs field)

* Higgs boson is the only fundamental scalar in SM
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Higgs boson experimental studies

Establish existence of a Higgs boson — achieved in 2012. The mass turned out to be ~ 125 Gev
Measure its mass and width with with the ultimate achievable precision.

Measure its spin-parity properties, and compare with prediction by the Standard Model (SM).
Measure its other couplings from studying various production and decay modes

Deviations of these measurements from the Standard Model (SM) theory would be an
experimental signal for Beyond the Standard Model (BSM) physics

Look for exotic (forbidden by SM) Higgs production and decay modes — BSM physics — covered
in this lecture.

Look for more Higgs bosons, additional to discovered Higgs~125 . Such particles may be

predicted by extensions of the SM, e.g. Supersymmetry. This is not discussedin this lecture for the lack of
time.
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SM Higgs boson phenomenology

In Standard Model, there is only one Higgs boson:

* jitis elementary (not composite)
* spin-zero

« parity — even . Vi
* mass - free parameter
v,
e Higgs tree-level couplings to fermions (f), W and Z bosons
. . _-H
(“vector” bosons, or V - bosons), are defined by particles masses:
the heavier the particles, the larger the couplings '"‘n\
As a result Higgs is the only “Yukawa” particle in SM which couplings depend y
on masses of other particles, violating universality of generations: E ~. g
* Higgs boson “prefers” to decay to the heaviest particles - -
* Decays of Higgs to zero-mass particles (yy, Zy, gg, etc.) are also possible via - v,
loops of heavy particles
Couplings also define the dominant productions mechanisms: .- H
* one needs to produce a heavy particle first, to which Higgs boson couples Ho =~ X 0
willingly B.-- ““-...~H

gHff = myp/v

guvv = 2M{ /v

guag = 3ME /v

gunvy = 2ME/v*

gunpg = 3ME/v?
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Couplings define the dominant productions mechanisms:

Higgs boson production in SM

* one needs to produce a heavy particle first, to which Higgs boson couples willingly
* that heavy particle can actually be virtual (in loops) and not presentin the final state

gluon fusion into Higgs
(ggF). It is loop induced

associate Higgs production
with Z/W (VH)
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vector boson W, Z fusion (VBF)
into Higgs
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Higgs production mechanisms
as predicted by SM, as a function of Higgs mass
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SM Higgs boson decays

Higgs boson decay modes and branching fractions are set by its mass and couplings:
* Higgs boson “prefers” to decay to the heaviest particles it kinematically can decay to

* Decays to zero-mass particles (yy, Zy, gg, etc.) are also possible via loops

Higgs width

f Branching fractions
O C Jdo @ E A
3 5 F e O - $
J s | =107
g 7 -
=10 ; B 3
Vi + 10
H % - 3
------ & 2_ 1
v, 2107 ;
loop induced H = yy o :
S— S — <|: SR Q< ' 5 H->VV thresholds ]
/b : W r o r 10-4 glo 20 300 4(1)0 ! !1000 10“%0 11 60 260 3(1)0 1 1 1 L | 11 000
M, [GeV]
[GeV]
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Tevatron past Higgs searches
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The Tevatron hunt for the Higgs boson || corenoocomied

Phys. Rev. Lett. 109 (2012) 071804
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From Paul Grannis, DO founding spokesperson (June 2018 Fermilab Users Meeting, ‘Tevatron Highlights’ talk):

‘The Higgs was discoveredin 2012at LHC in the yy & ZZ decays. Simultaneously, CDF & D@
obtainedthe first 3o evidencefor H—bb decays, using the combined W(Iv)H, Z(lI)H and Z(vv)H channels.
This precededthe LHC evidencefor fermionic Higgs decays by 4 years and was the firstdirect
evidence for the Higgs Yukawa coupling.’
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LHC (collider) and universal detectors: ATLAS and CMS
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Collisions at the LHC

Proton - Proton 2808 bunch/beam
Protons/bunch 107
Beam energy 7 TeV (7x10'2eV)

Luminosity 1034cm-2s-1
Bunch -
Ry XL 0 LLady, Crossing rate 40 MHz
ye—"¥e Event rate:

Parton
(quark, gluon)

‘-k\ . / )
» . >
Particle “@ 2
edf| Ve @ SUSY...

N=Lxo (pp) » 10° interactions/s

Mostly background for interesting “hard”
collisions: soft (low pt) proton- proton

‘ interactions

\W.) Interesting hard (high-p;) events are rare
Hiaa New physics rate =.00001 Hz

€

Event selection:
din 10,000,000,000,000
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- Interesting events are very, very rare
- One needs hi Jhly sophisticated instruments to find them
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Muon Detectors Electromagnetic Calorimeters

Solenoid

Barrel Toroid Inner Detector

Forward Calorimeters

End Cap Toroid

Hadronic Calorimeters

* Tracking ([n|<2.5,B=2T):
-- Si pixels and strips

-- Transition Radiation Detector (provided e/n

separation)

» Calorimetry (In|<5) :
-- ElectroMagnetic (EM): Pb-LAr
-- Hadronic (HAD):

Fe/scintillator (central), Cu/W-LAr (fwd)

* Muon Spectrometer (jn|<2.7) :

-- air-core magnetic toroids with muon chambers
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ATLAS

Length : ~46 m

Radius :~12m

Weight : ~ 7000 tons

~ 108 electronic channels
~ 3000 km of cables

Tracking Electromagnetic Hadren Muan
chamber calorimeter  calorimeter chamber

Innermost Layer... P ..Outermost Layer

Principle of detection of particles

Pontecorvo neutrino school 2019, Sinaia, Romania

12




Principle of detection of various particles in the sector of CMS

Muon Spectrometer

Hadron
Calorimeter

Key:

Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutr
----- Photon

silicon
Tracker

Electromagnetic

}|! I '] Calorimeter
Transverse slice
through CM5

Inner Tracker
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Hadran Superconducti
Calorimeter Solenoid

- ! ; T i T = T
D Bevrnay, CERM, Felwicpy 2004
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LHC / HL-LHC Plan

High
Luminosity
LHC

LHC
Run 1 Run 2
L31 EYETS 14 TeV
13-14 TeV
R2E project Civil Eng. P1-P5

2013 2014

I |

2 x nomingd lurmir
experimentupgrade | | ————

We are here f

Pomival e
EXd
Phase-0
upgrades

Accumulated datasets in Ran 2 (CMS, ATLAS similar)
~35 fb1:
~80 fb1:

~140 fb:

2016
2016+2017
2016+2017+2018 (full Run 2)
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Phase-1
upgrades

HL-LHC installation

1

energy

3000 fb"

Phase-2 detector and
machine upgrades

. u




Higgs searches at LHC

-
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Physics implications of not seeing Higgs boson early

(LHC Higgs experimenal limits in 2011, a year before discovery )

T T T

2 [ T T T T S L 1 I S
» 10F cMs,\s=7TeV —=— Observed :
% - L=4.6-481fb" S5 Expected (68%) 1
— - e Expected (95%)|-
S I 1
= . .
= Not seeing a Higgs boson
— : : :
O 1 in the entire meaningful mass range
p “#/| with production cross section < 2 x g, implies that
LO . . .
o there are only 3 SM-like fermion generations
th
(assuming that 4 generation would have heavier quarks)
10“‘I—_I | | L1 1 III|IIIJIIIII|JIIIlI1II|Illlllll?
100 200 300 400 500

Higgs boson mass (GeV)
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2011: Implications of not seeing Higgs boson early

Ys
2
Gluon fusion with the top quark in the loop is __H, A~ gs f
the dominant Higgs boson production mechanism Ay m
BACK OF ENVELOPE:
* For heavy quark of mass m (m>my,), the amplitude is suppressed as 1/m

* Higgs coupling to the quark is proportional tom, 4, ~ m
* So, for a heavy quark loop, the amplitude is approximately independent of the quark’s mass m

Should there be a fourth generation of SM-like fermions,
* In addition to the top quark t there would be two more heavy quarks, T and B.

 However heavy T and B might be (and hence not seen directly), each of them would give its own
contribution to the production amplitude similarin magnitude to that due to the top quark.

* The production amplitude then becomes 3 times larger.
* The production cross section then becomes 9 times larger (wow!)

Guenakh Mitselmakher Pontecorvo neutrino school 2019, Sinaia, Romania



2012: Discovery of the Higgs boson with mass near 125 GeV

Announced at seminar at CERN, with a live translation to major HEP conference in Melbourne
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Reminder of some theoretical SM predictions:
Higgs production and decays in SM
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SM Theory: H(125) production modes in (pb)

ggF VBF WH ZH bbH ttH tHq tHW
8 TeV 19.5 1.60 0.70 0.42 0.20 0.13 0.019 0.0012
13 TeV 44.1 3.78 1.37 0.88 0.49 0.51 0.074 0.0029
ratio 2.3 2.4 2.0 2.1 3.9 24

ggF - loop induced

H (2%)
bbH (1%)

tH (1%)

WH (3%)7
VBF (7%) \

ggF (86%)

Guenakh Mitselmakher

w,z

w,z

WW, ZZ fusion > 9

q >AWNZ\{W'Z
_ 0
q H

W, Z bremsstrahlung

t T fusion

How accurate are these predictions?

[LHC Higgs Cross Section Working Group]

m Perturbative calc. order Parametric (ay) m

VBF
WH
ZH
ttH

N3LO QCD + NLO EW
NNLO QCD + NLO EWK
NNLO QCD + NLO EWK
NNLO QCD + NLO EWK
NLO QCD + NLO EWK

Pontecorvo neutrino school 2019, Sinaia, Romania

~5%
~0.4%
~0.5%

~3%

~8%

~3% ~2%
~2%
~1%
~2%

~2% ~3%

20



SM Theory: H(125) prediction for production and decay modes

cc Zv KL gg + ... nghllghtEd inred

imentall

all 58% | 21% | 6.3% | 2.9% | 2.6% |0.23% | 0.15% | 0.022%| 9% | ..o it
leptonic 1.0% 0.012% 0.010%

loop induced H — yy

i Y ¥ ¥
ilb W w*
cc (3%) 2z (3%) TR T TR T H —==-=- i/b H ——===- w H ———---
/ VY (0.2%), Zy (0.2%), pp (0.02%)
/ t/b w* *
w
W,Z bttt ¥ ¥ Y

%09 + other (a)

7T (6%)

WW (21%) The most prolificdecay is H — bb (about 60%), also very hard to observe

bb (58%)

The most sensitive channels for observationare H - ZZ — 4land H - yy

How accurate are these predictions? [LHC Higgs Cross Section Working Group]
Typically 1-2%, more accurate than production cross sections
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Experimental Analyses targeting specific Higgs boson
decay modes (specific channels)

-
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Run 2: oxBxL = 850 events

Experlmental ana|y5|s features to note:

CMS Experiment at LHC, CERN

Data recorded: Thu Oct 13 03:39:46 2011 CEST
Run/Event: 178421 / 87514902
Lumi section: 86

Relatively low event yield: 850

best final Signal/Background (S/B) -ratio in
this mode, better than 2:1

Excellent Higgs mass resolution= 1-2%

As a result: the best channel to observe Higgs
at 125 GeV (due to excellentS/B ratio, despite
of low yield)

Best for the Higgs mass measurement
(very small systematics, particularly for muons)

Best for studying Higgs spin-parity JP
properties (fully reconstructed four-body final

state)

Best for studying Higgs width, particularly via
ratio of off-shell to on-shell production rates

Second-best for measuring cross sections

———————————————————————————————————— e Lthe diphoton channel)

Guenakh Mitselmakher Pontecorvo neutrino school 2019, Sinaia, Romania
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H - Z7Z" — 4¥: analysis strategy
(experimental selections to reduce backgrounds)

R ”most forward IeRtpn ~ a four leptons ranked by py
Selection: four “stable” (directly detected) leptons, e and/or p g 3 I 2y ]
(relatively low p; and forward leptons important for high 5 At I o
efficiency of detected events! See pictures) ]
pp-collisions have plenty of leptons, produced in jets pgid D o
' |
Selection: require all four photons to be isolated and not - 1871167 (13 TeV)
. . . . . . 350 — =
displaced wrt Interaction Point (IP). This will kill most of leptons § > signal ik =
produced in jets background; it is hence called “reducible” @ 300F i “irreducible” Gaaiss. 2
o E remnants of “reducible” EBZ+X 3
background 2 250 =
2003— —f
BUT: there is still large “irreducible” background, e.g. pp->2Z->41 150 =
Invariant mass of such four leptons will be all over the place r0oF- E
50f- 3
Selection: look for a narrow peak (dm/m = 1%) in four-lepton - p
mass distribution m,, (GeV)
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H - Z7Z" — 4/ differential production rates

a subset of results

CMS Preliminary 137.1 b (13 TeV)
IIIIJIIIIIIIII|IIII|IIIl!1III|PPII|IIII|IIII1IIII
filed H—ZZ—-4l
m,, profile
HP Gy (D)

ggH,bbH 0.96°°;! L 5.55

VBF 0.62%5 | H—=—H 0.45

VH 113707 | p—f— 0.27

fiHtH 0.13%% Hm : 0.06

AETIEEEY AN RSN NEEE FENTE FERTA AT ARETl ARA
0051152253354455
G/GSM

p = 0.947007 (stat.) Ty o5 (syst.)

G4 (fb)

5.1 fb' (7 TeV), 19.7 fo™' (8 TeV), 137.1 fo'' (13 TeV)

LHC HXSWG YR4, m =125.09 GeV

W
| I | | I I | | L I 11T l LB | LI L | I
- =

2
1 s "-’557:51’?3--"

pp — (H = 4l) + X
0

IIIIIIIIII|IIII|III|IIII|IIIl

=)

IIII|IIiIlIIII]IIIIIIIII|IIII|IIII|IIII|IIIIlII
6c cms
¢ Data (stat. ® sys. unc.)
5 - Systematic uncertainty
------ Standard model
4

—l]!lllllillll]illlllJII[llJIIIlll

Lovelonl
6 7 8 91011121314

/s (TeV)

Ratio to NNLOPS

—

o
A

SoOO0 e
OMN PO LM

CMS Preliminary
L I I I T I I I I T I I T

137.1 b7 (13 TeV)

e

t

Data (stat. ® sys. unc.)
Systematic uncertainty

S gg—H (NNLOPS) + XH

% gg—H (POWHEG) + XH
[7] XH=VBF + VH + ttH (POWHEG)
- (LHC HXSWG YR4, m,

I 1 I I I I I I

=125.09 GeV)

T
|

=5 5(p.(H) > 200 GeV)

11 1 1 I L1 1 1 I 11 1 1 I L 1 1 I 11 1 1

o

50

100 150 200

All event rates measurements agree with the SM predictions
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H - Z7Z" - 4¢: Higgs mass measurement

Mass measurement: = mgmslr%J
* Three event categories: 4u, 2e2u, 4e S 6o } B Hozo
%) n ] ag—22, Zy -

* Momenta of two leptons forming Z, are refit using pdf,,(m,) % 59; = MmN 2
* Fitis performed for m,in 3D space: pdf(mu,D’,;;"';, am4l|mH) 40}
* With respect to using just mass distribution 30

e Z,-refit improves my measurement by 10% 20

* per-event four-lepton uncertainties -- by 8% m;-

*  ME-based discriminant (signal-vs-background) -- by 3% :

?’G 80 90 100 110 120 130 140 150 160 170

Run 2,2016 CMS result: my = 125.26 + 0.21 = 125.26 + 0.20(stat) + 0.08(syst) GeV my, (GeV)
This is the best Higgs boson mass measurement at the moment

Run1 2016 dataset H->2Z->4l H->yy Combination
ATLAS+CMS ZZ+yy combination | | spag 124.79 + 0.37 124.93 + 0.40 124.97 + 0.24
125.09 + 0.24 GeV cMS 125.26 + 0.21 125.4+0.3

Awaiting updates with full Run 2 dataset, stat errors are expected to improve by a factor of 2 (systematic errors smaller!)
With HL-LHC results: stat error will improve by a factor of 10: ~20 MeV
One needs to improve systematics proportionally to about 10 MeV, or 0.01% — huge challenge!
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H - ZZ" — 4¢: Higgs boson mass implications (fun stuff)

Mednye Degrassi et al. 2012
Vacuum stability: | i D R
200 | ‘ ]
* |f no BSM will be found up to the Planck | > Instability =~ ——~ .-~ Meta=stability - |
scale, the experimental top quark and Higgs & 1s0 \%A&Q\\,V’ 2 S _ T .
. R= e = o [ (A \ -7 T
boson masses seem to imply thatwemay = @ % = R I T I 1224
. . . 2 100 | Stability 2 3 STt e 4
be living in a metastable universe -what?!: 3 N
) : = pr i '
« If you about to get scared, you can relax a bit: = 2 s | 10* Stability
with m, =173 GeV and m, = 126 GeV, : :
Tieancition ~ 10788 T, . S e w o s 0 1s 10 13
transition Universe 0 50 100 150 200 : -
Higgs mass M, in GeV Higgs mass M, in GeV
MSSM constraints: oo+ eV EL2L 2017
* In MSSM, at tree level, Higgs mass my<mj. |
. . 15000 |
 One can boost it somewhat higher (up to as |
much as 130 GeV or so) via loop corrections 3 |
£ 10000/

* Mass my=125 is fairly large and sets
interesting constraints on the average mass

of two stop quarks (SUSY partners of the top 5000,
quark). |

- my = 125.1 + 5(0.24) GeV (very generous!)
- tanB = 10 (very weak dependence)
- u =500 GeV (Higgsino masses, not yet excluded)

5000 0 5000
AlGeV
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Spin-parity (J°) properties

27, SPIN () PARITY (P)

Parity -- internal quantum number of a particle, like its spin ]

Spin —internal quantum number of a particle; its internal Allowed values: P = +1 (or even/odd)
angular momentum. It is quantized, | = Eh n N

Symmetry upon reflection in a mirror (x - —x)

Experimentally, we see H — yy decays:

e Spin must be integer (itis a boson) A X > -

* Spin cannot be 1 by the Landau-Yangtheorem P =P — P=+1
(a massive spin-1 particle cannot decay to two photons) ~ ( ~

P(P )=P2 = (must be) =

Allowed P==+1 X —x

—

Can spin be 0?
* Yes. In fact, for SM Higgs boson, J=0.

Can spin be 2?

 Many theorists say don’t bother; a massive spin-2
particle cannot be elementary (QFT is a mess otherwise

* Experimentalistssay... we must check

The Higgs bosonin SM is scalar P=+1
) (as opposed to pseudo-scalar P=-1)
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H - ZZ" — 4{: Spin-Parity and more (1)

For a spin-0 boson, the most general amplitude describing its on-shell decay to two vector bosons (V) of mass m,,
can be translated into the following effective Lagrangian:

m? Qs 3

Lygyy ~ KVTVHV”Vu + THV”DV” + w

v HV”"VW + —HV”"VW

SM Higgs 0* (k = 1) scalar 0*, decays via loop, pseudo-scalar 0-, decays via loops,
[tree level decays] In SM, a~B~0(1072) In SM, appear only at 3-loop level, y~0(10711)

If exists (larger than SM), this term would provide
e an additional source of CP violation

For a spin2 boson, the number of distinct terms is more than twice larger...
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H - ZZ" — 4{: Spin-Parity and more (2)

* Essential kinematics of a four-lepton final state can be fully 4 leptons x (py, Py py) = 12
. COM frame: P,=0, P,=0, P,=0 (-3
described by 7 observables. il ' 03

Phi rotation of the entire systemis not essential: (-1)
Ein COM frame = my: (-1)

* Distributions and correlations of these observables are sensitive
to the presence of all underlying decay amplitude terms. 12-3-1-1=7

e With all four leptons reconstructed, one can identify which Usually, these observables are:

5 angles shown in the figure +

distinct terms are responsible for decays — this goes beyond just invariant mass of dileptons associated with each V.
spin-parity study

Overall, this is reminiscent of the classic t® > y'y" > 4e studies

Parity of the Neutral Pion and the Decay =" —» 2e*+2e-1 1962

N. P. Samos
Columbia University, New York, New York and Brookhaven National Laboratory, Uplon, New York

AND

‘ data agree with pseudoscalar hypothesis,
B il ey 1713680 scalar excluded at 3.60

R. PLano,* A, Probkrs,! M. Scuwawrz, ANp J, SreiNserors
w York

Determination of the Parity of the Neutral Pion via Its Four-Electron Decay 2008

E. Abouzaid,* M. Arenton,'" A.R. Barker,>* L. Bellantoni,” E. Blucher,* G.J. Bock,” E. Cheu,' R. Coleman,”
M.D. Corcoran,” B. Cox,'" A.R. Erwin,'* C.0. Escobar.” A. Glazov,* A. Golossanov,'"' R. A. Gomes," P. Gouffon,"”
Y. B. Hsiung.” D. A. Jensen,” R. Kessler,! K. Kotera,* A. Ledovskoy,'' P.L. McBride.” E. Monnier,*’ H. Nguyen,”
R. Niclasen,® D.G. Phillips IL'" E.J. Ramberg,” R. E. Ray,” M. Ronquest.'" E. Santos,'” W. Slater,” D. Smith,"!

N. Solomey." E. C. Swallow,*® P. A. Toale,™"* R. Tschirhart,” Y. W. Wah,* J. Wang.! H. B. White,” J. Whitmore,”

V. J. Wilking." B. Winstein,* R. Winston,* E.'T. Worcester,' T, Yamanaka,* E. D. Zimmerman,™ " and R. F. Zukanovich"

fractional scalar amplitude admixture <0.033
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H - ZZ" — 4¢: Spin-Parity results

In nut shell:

 Construct a LO ME-based discriminant D of, e.g., pseudoscalar vs scalar. It is an
observable calculated using momenta of four leptons

(one can use CompHEP, JHGen, MadGraph — all the same, of course)

* Simulation of Higgs H(0*) or X(0-) gives one pdf(D|H) and pdf(D|X)

v

* Forall events from the signal peak, build a test statistics
(one number for the entire set of observed events)

) pdf (Di]H)
a=2n] [T o

 The larger observed q, the more likely the decaying particle is H(0*)

v

* Simulation of H and X events can be used to quantify the consistency of the
observed q with one or another hypothesis

Pseudoexperiments

PLOT: Test of X(0~) vs H(0*) in Run 1: By now,
Observed q agrees with H(0") all other pure J=0 and J=2 decay amplitudes
Pure X(07)is excluded with 99.9% CL are excluded as well in one by one test against H(0*)

Events / 0.05

CcmMms

H(0%) sm
X(O_) faa=1
oL 22z
- B z+x

r: ¢+ Observed

19.7 fo’' (8 TeV) + 5.1 fb' (7 TeV)

Dy > 0.5

CMS preliminary Ys=7TeV,L=51fo" ys=8TeV,L =196 f"
rrrr|yrrrr|prrr1r[rrrir

F |
0.1~

0.08—

0.06

0.04—

0.02

Using CMS datasets of Run1 and 2017 + 2018 Run 2 in combination
Possible wrong parity 0-addition to 0* ~ 20% ,or: —0.19 <y, /K, < 0.21
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H — ZZ: T, from off-shell to on-shell production

100 = I T 1 I I I | I

Breit-Wigner productionpp - H - ZZ i - — _ 1>
10 L gg (— H) = Z(v*)Z(y*) — e0tl, My=126GeV Z
9 4 pp, /s = 8TeV H ] %
b ‘ do 2 9 F(m) = 1 LPre> 3GC\"= |7e ] f 26 ]
- am2 ~ 999z 22 212 s [ Mg > 4GeV, pr(Z) > 2GeV _
g z : (m= —mg)” +mply g 01 L | o]
= [ <+ on-shell peak: helght~r—2,
001 o . H
g o g | [ my- > 2my width~Ty _
On-peak cross sections: o°" !l — A9~ 9992 < 0001 ¢ both Z bosons -
) dm mul'n e are on-shell
|m—mu|<nl'u S 0.0001 i
le-05 ¢ my+ > 2m; .
I Effective coupling
le-06 to gluons increases 3
off =shell __ do d 2 9 8 ]
Off-peak cross sections: = dm ™ 999z le-07 ' ' * ' ' ' | '
m—m ST ' 0 100 200 300 400 500 600 700 800 900
Mzz [GeV]
F(m) depends on:
Jgﬂf—shell - huge boost for my+ > 2m;, (both Z bosons are now on-shell)
Off-peak to on-peak ratio — 'y - Hgg coupling gé evolution (notice the bump for my* > 2m,)
gon—she - partonic gg-luminosity drives F(m) down

- tensor structure Hgg coupling (non-SM couplings tend to give a
large boost to off-shell production)
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H — ZZ: T, from off-shell to on-shell production (results)

The picture gets more complicated due to interference

with non-resonant gg>7Z

Signalgg > H —> Z7 ﬁii

g
foveve)

Non-resonantgg — ZZ |

AVAVAVE

The two amplitudes have negative interference
Assuming constant yield for on-shell events, the event

vield in the tail changes with Higgs width as
N ~1—=2aVT + a?I

100 = I T 1 I I I | I

¢ [ g9 (= H) = Z(v*)Z(7*) — £008, My=126GeV
0 F [ pp, /5 = 8TeV H 2 ]

1 Lpre>3GeV, [ne < 2.6 Hi2+\cont\2
- My > 4GeV, pr(Z) ) >2GeV ___ H+cont|?

gg2V.\)

—
—
|

0.01 ;
0.001 } ]
0.0001 }
1&05;
1&06;

le-07 L
0 100 200 300 400 500 600 700 800 900

M zz [GeV]

do/dMzy [fb/GeV]

CMS RESULTS (ZZ—41/212v;Run 1 + 2017+2018):

I'y (MeV) = 32125

0.08,9.16]

Guenakh Mitselmakher

[95% Conf. Interval]

Result comparable with the SM Higgs width ', = 4.0 MeV,
Much better precision than results of direct I'; Measurements
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H - yy

Run 2: oxBxL = 16K events

X

Analysis features to note:

fairly high event yield:
20 X (H->ZZ" - 4¢)

Excellent Higgs mass resolution: 1-2%
fair final S/B-ratio: 1:20
Excludes J=1 (Landau-Yan theorem)

Best for measuringcross sections
(comb. of high yield and fair S/B ratio)

Good for Higgs mass measurement
but not the best due to systematics

Decay is via loop: look for BSM
contributions!
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H — yy: analysis strategy

Selection: two photons

BUT: pp-collisions have plenty of photons produced

% 500001 A':"LAS IPIreIIimlin:ary I ¢ IDétal. _:
. © - (5-13TeV, 139" it ]
N jEtS! ‘% 40000:_ ----- Background —:
Lﬁ - _
30000 —]
Selection: require two photons to be isolated :f/ 20000F- =
a:\&‘ 10000 1y, m,, = 125.09 Gev
BUT: there is still large “irreducible” background. L3 2 1500F ' | ' ' 3
© 1000 =
Invariant mass of such photon pairs will be all over € 500 3
.. . . @ 0 = ¢
the place, i.e it should gave a broad distribution , sl £ g0 | | 3
P \\%:%:f‘ o 110 120 130 140 150 160
S sm ., &
Selection: look for a narrow peak (— ~ 1% P
m el

In di-photon mass distribution
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H — yy: analysis strategy (cont’d)

BUT: To form an invariant mass, one must know the origin (primary vertex)
from which photons come from, and there are many vertices in the PU spread
over about +10 cm (bunch size)

Selection: Take the vertex with the largest energy flow of charged particles. CMS  3591'(13TeV)
R smaneasous nansinati
Validation: Can one validate how well we do it? Yes, use Drell-Yan pp — uu f:o.s'— - .
events. Muons unambiguously identify collision from which they come from. _ - -
Remove muons from the list of reconstructed particles and select a vertex as %ﬂo'ef - 1
you would do for a di-photon event. Probability to get it right is indeed high. _’§ 0.4}: 2+ 1Ll .
- i} —— Simulation
0.2j —
Selection: ATLAS EM calorimeter is capable of providing good photon .
directionality — this is used for vertex unique determination too. 3 ” h 150;,;-? oy

Validation of correct vertex finding
using Drell-Yan events
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H — yy: analysis strategy (cont’d 1)

Categorization (1): categorize events (i.e. putthem in different
buckets), based on presence of “production mechanism tags”: VBF, WH, ZH,
ttH, untagged (more on the next slide).

1) Categorization helpsto separate events with different S/B ratios and
improves the total precision (As we get more and more data, we always find
more ways to slice the data.)

2) Thisis also obviously necessary for studying relative contributions of
different production mechanisms

|Il

Beware: Experimental “tags” are never pure, i.e. X-tagged events do not
necessarily come from production mechanism X. (Of course, the fraction of
X-produced events is enhanced by construction.)

CMS Simulation

Untagged 0
Untagged 1
Untagged 2
Untagged 3
VBF 0

VBF 1

VBF 2

ttH Hadronic
ttH Leptonic
ZH Leptonic
WH Leptonic
VH LeptonicLoose
VH Hadronic
VH MET
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B oo+ B ver

H-vy

DttH ] boH B tHq B tHw

. WH leptonic . ZH leptonic WH hadronic - ZH hadronic

32.5 expected events
469.3 expected events
678.3 expected events

624.3 expected events

25.2 expected events

"0.5 expected events

3.6 expected events

10 20 30 40 50 60 70 80 90 100

Signal fraction (%)
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H — yy: analysis strategy (cont’d 2)

best

Categorization (2): not all photons are equal! 3 o s G prfminary
The untagged category (the largest) is always sub-divided R
further based on the expected diphoton mass resolution: é i

S
A photon’s energy measurement resolution depends ; o4l
strongly on whether the photon is measured in the central 02
or forward parts of the detector. I S UL V—

100 110 120 130

A photon’s energy measurement resolution also dependson " (SEV)
whether the photon is converted on not to e+e- pair inthe 3 | Cewviiaw  —som
tracker on the way to ECAL. % Z’: =

E I

Events with PV deemed to be reconstructed unreliably
have a worse diphoton mass resolution as well

Guenakh Mitselmakher

Observe the differences in m,, resolutions, S/B ratios
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Events /(0.5 GeV)

Events /(1 GeV)
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160 180

2.02—
1.5;
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o
T

300F
200
100F

worst

C —%3— Simulation
3.5
:_ —— Parametric Model

2.5i o, =277 GeV

FWHM = 5.39 GeV

CMS preliminary
% Simulation

-0.05 <= BDT < 0.5

P O M
100 110 120 130

m,, (GeV)

; CMS Preliminary

Fis=8TeV,L=53 b’

—&— Data

— S+B Fit

«====+ Bkg Fit Component
[Cl+1e

Bl 2o

-0.05 <= BDT < 0.50

[

L L L | 1
?OO 120

L L | 1 L
160 180

m,, (GeV)
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H > vy results: signal strength

(Run 2, 201642017 = 60% of all Run 2)

Guenakh Mitselmakher

| | I I .I .I I 1 I I I | 1 I I [ I ] I I | ] I 1

ATLAS Preliminary . e Total Stat. [ Syst. — SM

Vs=13TeV, 79.8 fb~

H—yy, |yH| <25 Total ( Stat. Syst.

ggF —— 087 Too (041 T2 B

VBF H N 140 05 ( fon R

VH : S— : T s -

Top b a2 S T X T

1 1 | 1 | | I | 1 1 1 1 | | 1 1 | | I 1 1 | 1 1 |
0.5 1 1.5 2 25

3

(6 xB)/ (o x B)SM

All four main production modes are probed with
reasonable sensitivities. Observations agree with the
expectations for SM Higgs boson.

Overall signal strength [ATLAS, 80 fb-!]:
p=1.06%13=1.06 +0.08 (stat.) T0-05 (exp.) 007 (theo.)

stat errors = exp. syst. = theory uncertainties in ggF
Looking ahead, a very hard life awaits both
experimentalists and theorists
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H — yy results: differential cross sections

(Full Run 2)

10—

o+]
o

S‘ T 'E .III.III.II.1.,III.II.IlllllillII.III.III.III.II 'E T T T T T

8 ATLAS Prellmlnary H—-by ¥, “r— 13 TEV 139 TD 1 = - ATLAS Preliminary H—yy,Vs=13TeV, 139" 1 = 1 03 | ATLAS Prelimir‘lary B gg—+Hdefaut MC + XH ] Powheg NNLOPS + XH _|
8 — —+- Data, tot. unc. syst. unc. 5 -¢- Data, tot. unc. syst. unc.] z E 4 Data, tot.unc. . syst. unc. B NLo+xH |8l GoSam+Sherpa+ XH
= L T i 1 c C H-syy, Vs=13TeV, 139 fb" B LowWVE+ XH 4 Sherpa (wepsanwo) + XH ]
AT LY B gg—H default MC + XH 1 eot BE gg-H default MC + XH I g B & STWZBLPTW+XH [l MGSaMC@NLO + XH |
Eu B NNLOJET @ SCET NNLO ® N°LL + XH g : [ gg—-H SCETIib+MCFM8 + XH 1 t S ¢ Bl NNLOJET + XH B XH = VBF+VH+ttH+bbH
8= S\ XH = VBF+VH+ttH+bbH I “ = XH = VBF+VH+ttH+bbH 10? E E =

40+

" | | +
k borag 1 20+

o k=]
8 B B
£15 ++ = 5
1 s 1 &
: s S
205 —+— o I o
T & %
o

...............
..............

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

e
(&)

0 50 100 150 200 250 300 _ 350 0 0204 06 08 1 12 14 16 18 2 22 24
Py [GeV] ly |

jets

* There are already many different results: very detailed studies of Higgs production are beginning to unfold
* Experiment massively confronts theory (Recall that ggF calculations are notoriously challenging!)
* BSM physics may reveal itself in the tails of distributions (e.g., Higgs high pT tail)
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H—-WW - tviv

Analysis features to note:

* high eventyield:5 X (H - yy)

* Neutrinos in each event: loss of energy (loss of
information)

 Many backgrounds: WW, tt, Drell-Yan, W+jets,
afer removal large systematic errors remain

* bad mass resolution ~15%

e fair final S/B-ratio: 1:5

* Reasonable sensitivity to Higgs at 125 GeV (high
vield with fair S/B)
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H - WW — {£v{v:results (Run 2, 2016)

2000_I|Ill|||l|||r|||||

1800 ATLAS WA, B He
1600F H—-WW"—=evuv, Ne =1[_] tt/wt [l ww
1400f Vs=13TeV,36.1 1" W zy [ Mis-id ]

B vv

Events / 10 GeV

1200}
1000}
800}
600f
400}
200

e LA o e e e
4 Data - Uncertainty

T

Data-Bkg.

200

e Vo | E AT 0L 0 e 2 P A0 R | N | G5 R 0 R R

III\I||II||]\I1|

PPN PRSPPI PRI BRI RN PPN -l Bl SR I
60 80 100 120 140 160 180 200 220 240

m; [GeV]

ggH

VBF

I

WH

HZH

=1.38

=0.29

=3.27

= 1.00

CMS 35.9fb" (13 TeV)
H->WW
—— Combination
+0.21 ;
-0.24 '
§ - SM
oy —
+1.88
-1.70
+1.57 L
-1.00 H
1 L 1 i 1 1 1 L 1 1 I 1 L 1 | 1 1 1 L
0o 1 3 4 5 6
6/Cgy,

Over * Bu-ww* [pb]

HggF

HVBF

+0.21

2-0 G I TR T L T ISR LA TR LA T A T B T T L
[ — 68%CL ATLAS Z

L _‘1 i

- — H%CL s=13 TeV, 36.1 b ]
L5F % Bestfit j
[ + SM :
L0}
05f
0.0
B T S I
OggF * Br-ww* [pb]

= 1.10%)-00(stat.)* 013 (theo syst.)*0-13(exp syst.) = 1.1073:3)
+0.12

0.62+0-3(stat.)

-0.13

0.36
(theo syst.) + 0.15(exp syst.) = 0.627 53

After several selections suppressing backgrounds, Higgs signal is clearly seen on the left plot (top red)

With the full Run 2 dataset, the stat errors will be re

uced by a factor of two, but systematicerrors are very

significant. Improving systematic uncertainties is a challenge for both the experimentalists and theorists

Guenakh Mitselmakher
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Run 2: oxBxL = 450K events

Analysis features to note:

Very high event yield:
6 X (H->WW - {tvtv)

EXPERIMENT

Run: 300571

Event: 64794822

e with one/two neutrinos each: loss
of energy information

* 2/3 of decays are hadronic: expect

large background

bad mass resolution: ~15%
* Bad final S/B-ratio: 1:50

* The best channel to probe Higgs
boson couplings to leptons since
Tau massis large
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H — tt: analysis strategy (1)

Strategy:

e Selection: di-tau pairs (et;, Uty €M, €€, UM, T;T,) + MET

DiTau mass (including MET): key observable —
Main background is Drell-Yan
It is huge and “irreducible” — it is very difficult to compete with

Introduce a category with a high p; jet (boosted Higgs, suppressing
Drell-Yan)

—
ISR off quarks in DY is ~cpag,

ISR off gluons for ggF is ~c, as (twice more intense than for quarks)

Introduce a VBF di-jet category, also suppressing Drell-Yan

VBF/ggF ~ 0.1
(DY+2 jets)/DY ~ a? ~ 0.01. VBF dijet selection — bkg more suppression
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H — t7: observed! (at the right place, with the right strength)

D s e e e e e e I A e e  CMS 35.9 b (13TeV) 35.9 b (13 TeV)
Q L _ Q ETT T T[T I T T[T I T T[T I T T[T T T I [TT T I [TTTI[TTTTg ' oo L v
O 150 ATLAS e b ] = - ' |
=2 - V{s=13TeV, 36.1fb™ Eﬁ_m v §10_11' """"""""""""""""""""""""""""""""""""" ! "Q';f - CMS
~ _ AllSRs B Other backgrounds | & E — Observed [
2 i [ Misidentified i T P T et 2.03 B O-jet 1
3 1001 e Grosriety G102 - Expected 2 pea0a 339
> - - 3 = 3
g L i 104";— 30—; B Boosted )
B [ i 3 3 n=1.17 0h0
S 50— ] 104 L . VBF
O] L ] e N R O 3 u=1.11+0:34
; i ] oF - = -0.35 _
C i 10 3 E Combined
- - _1_091-0.27
o 4 o 1 #=1.09 ;526
Bn 2 10°F 1 | i
10
% 4 e ER
D N Co1 1 I L1111 I 1111 | 111 | 1111 ] L1l I L 111 I [ , . | . 1 . , , ,
5 105 110 115 120 125 130 135 140 145 0 > 3
my (GeV it =
mMMC [GeV] ( ) Best fit p = O'/GSM
ATLAS Run 1 +Run 2 (2016) CMS Run 1+ Run2 (2016)
Significancg l=86.4a 026 016 Significance =5.90
_ +4). +U. +U. . g i ) g 1 g s
p=1.09" 7 (stat.) 7555 (syst.) T ] (theory syst.) 1= 1.09791 (stat) 7018 (syst) T0. 08 (theo) 013 (bin-by-bin).

* Signal strengthis forthe 2016 dataalone
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H - bb

Analysis features to note:

« The highest eventyield: 9 x (H - t7)

* b-quarks make jets

* bad massresolution: ~10%

electron

 H UEe acb background

At the time before the LHC startup, an
observation of this decay at LHC was widely
thought to be impossible due to
overwhelmingly large QCD bkg...

e After selections: much better

acceptable final S/B-ratio: 1:20




H — bb: analysis strategy (1)

Selection: two b-jets

BUT: QCD pp — bb background is 107 times larger than signal
Categorization: Use the full suite of production tags enhancing S/B in the sum

the order of the best-to-worst S/B sensitivities in the categories:
* VH: Z(ll), Z(vv), W(lv) - most sensitive;

* ttH:
* VBF
 ggF+jet (boosted Higgs) SO e 11 LI
& “7F cms ]
E'j - Simulation Supplementary )
3 ol Powheg PYTHIA Z(I') H(bb) T Ji}
= | No recail jets, p? > 150 GeV i ?3
= - ’ ?—
B L a— Kinematic fit + b-jet regression .‘:r:f: \"\l
° e o ° 1.5 u=120.7 GeV, o =99 GaV e“'\ g T i
Use in the above recently Improved di-jet mass resolution: — e A
. . . i [ = W= 1243 GeV, o = 14.9 GeV J b
*  Apply b-jet specific corrections dependent on the jet substructure (e.g., presence of soft muons). [~ Pronsies id R ki
F -~ n=1159GeY, c=174 GeV E é _‘_&'._ "ll
* For Z(ll)H(bb) candidates, refit jet energies with a constraint that MET=0 (within uncertainties). " j:-‘f Ly 7
0.5 i A \ —
il 3 ﬂ{n W il
i -.«.—I/ ;' ,-’*’ \3‘% J]
oloisoial a-dauﬁ.a.fmgd‘cﬁaﬁ{ ooy (o gy | W}E}%&
0 20 40 60 80 100 120 140 160
m(jj) [GeV]
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H — bb: analysis strategy (2)

Main remaining backgrounds
* Vbb, Vcc, V+jets, ttbar, single-top: all assessed from control regions

* VV: fromsimulation /
VZ(bb) is a standard candle in this analysis: w K
* Experimentally, VZ(bb)is nearly identicalto VH(bb), S— " N
except for the mass of the j j, -system. r 7 b
» The expected VZ(bb) event rate is somewhat larger than that of VH(bb). b

For finding final observable MVA-discriminantis used. It is trained on MC samples
(signal vs bkg soup). The most important input observables used in the training:

* M(jpib)

* pAV)

* b-tagquality(score) of two b-jets

* angularseparation of two b-jets

* numberof additional jets (top events tend to have more jets)
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H — bb: observed! (at the right place, with the right strength)

Run 2 (2016+2017) <5117 (7 TeV) +<19.8 " (8 TeV) + < 77.2 b (13 TeV)
772107 (13 TeV) CMS o Observed

S . Fhmas I T = — 11 (stat ® syst)
o] £ ATLAS —e— Data g |

7 18:_ {s=13TeV,79.8 10" I VH, H - bb (1=1.06) - I CMS i i _ H-bb = 115 (SySt)

= 1BF 0+1+2leptons [ Diboson B Il vHH-bD
2 F 2.3jets, 2b-tags Y Uncertainty ) I [Jvzz-eb : stat  syst
_c;é :II:E_ Weighted by Higgs S/B Dijet mass analysis _; 000__ {77 s+B uncentainty agF i 2804208 +1.30
o 't
2 10F l
S o VBF | ——— 253+0.98+1.17
[45]
=3 :
> ttH -—|- 0.85+0.23 £ 0.37
O |
= :
= WH ~p—- 124 £0.29+0.24
% i i i | s i i 1 s L i | M i L :
o 100 120 140 160 ZH | - 0.88£0.24 +0.16

m(jj) [GeV] |
Dijet mass mbined - 1.04 +0.14 +0.14
PRI ISP I (NI GV (N SO (NS A P NP U ST A SPAN A G A U B T

0 1 2 3 4 5 6 7 8 9
Best fit u

Final results with Run 1 data included:
ATLAS: Significance= 5.40

* The standard candle process pp->VZ->V(bb) =101+ 0.12(stat.) 7 3(syst.)
at right place with right strength CMS: Significance= 5.60 Note: the analysis becomes
icel lid h Ivsi u =1.04t0.20 systematic-error dominant:
nicely validates the analysis 0.19 more hard work ahead
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Higgs (125) coupling with 2" generation particles
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Probing Higgs couplings to the 2"d gen. fermions ?

All production/decay modes observed are associated with Higgs boson couplings
to the 3 generation fermions only (and W/Z bosons).

Fermions in the other generations are much lighter and their couplings to the Higgs boson are expected
to be much smaller (*m), and hence the expected decay rates are much smaller (*m?).

Can we possibly probe Higgs couplings to fermions in at least second generation: u, c, s?

Muon: Charm:
* Muonis 17 times lighter than tau lepton ( BR(H->17)=6% )  Charm s >3 times lighter than b-quark ( BR(H->bb)=60% )
 BR(H->uu)=0.02% - tiny, 10* smaller than BR(H->yy) — BAD * BR(H—>cc)=3% - much smaller than H>bb - BAD

 Muonsare well identifiable particlesat LHC - GOOD  Charm jets are hard to tag, their properties are
e Signal dimuon mass will form a narrow peak — GOOD somewhere between “light-flavor” jets and b-jets.
 Thereis huge Drell-Yan production of muon pairs -- BAD One needs to fight overwhelming “light-flavor” jet

background on one side and b-jet background on the
other side (including H->bb!)— TERRIBLE
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Search for H > pu (1)

Analysis features to note
Very small signal

> B AR R N B U TR R L
very bad “effective” S/B-ratio: ~1:400 (!) 3 300F ?_TLAS Prellmmary -¢- Data =
ood mass resolution: 1-2% o =» =13 TeV, 139 fo" — Total PDF ]
g 0 ~ 250F H — pp — Signal PDF -
= A\ log(1+S/B) weighted -- Bkg. PDF 3
Backgrounds: mostly DY, some tt Q 200E -
T = =
B 150 =
Event Selection Strategy b= - =
*  SELECTION: 2 high-p; muons, 3 100 =
isolated, not displaced = 502_ =
key observable: di-muon mass - -
& F :

5 1

s 0

©
B

110 115 120 125 130 135 140 145 150 155 160
RESULT: Upper limit on signal strength 1.7 (expected 1.3) m,, [GeV]
Signal strengthu = 0.5+ 0.7
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Probing Higgs (125) = invisible decays (BSM level?)
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Search for H(125) - invisible (BSM?)

* InSM,BR(H - invisible) = 0.1% (due to H>ZZ->4v)

 Searchesfor H>invisible probe BSM possibilities,
e.g., Higgs boson decaying to DM particles

4

* Directsearch: production modes exploited

35.9 fb" (13 TeV)
I I 1 |

1.4 CMS Preliminary .

mono-jet

mono-VBF

SM

[ —e— Observed ]
1.2 =

I --&- Median expected o
9 I . 68% expected J

95% expected

* Main backgrounds: Z(vv)+jets, W(lv)+jets, Z(vv)+V, tt

 RESULT: Direct search upper limits:
Run 2, 2016: BR(H - inv) < 0.26 at95% CL
Combined withRun1: BR(H - inv) < 0.19 at95% CL

Side note: Combination of all visible decays is also sensitive to invisible decays. uzF
0 | I

M ore on t h at | ate r Combined VBF-tag Z(lH-tag  V(gq)H-tag  ggH-tag

95% CL upper limit on ¢ x B(H — inv.)/c
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as dark matter searches

Limit on BR(H=> inv) can be recast in the context of direct dark 491" (7 TeV) + 19.7 fo' (8 TeV) + 38.2 b (13 TeV)

matter searches assuming Higgs is the mediator of interaction a\E 10‘3?!; T T T T T T T T e

between DM and SM particles S o - CMS 90% CL limits ]

5 - B(H— inv) <0.16 3

Direct DM searches look for scattering rate of DM+N -> DM+N. 2 10%¢ Higgs-portal models

Rate = (cross section DM+N -> DM+N) x (DM flux) x (Target size), abg 100 L B ot

where the flux is know from the local DM density, Scalar DM

assumed dark matter mass, my,p, 107 _ , .

d th ) locity | | 2 Direct detection =

and the sun’s velocity in our galaxy 1o | | SENBRLAF

= : — LUX =

DM DM 10° g . —— PandaX-Il =

p L —— CDMSLite :

) DM w 1074 E :"I —— CRESST-II =

pEM_ - | RSM - ;'I —— CDEX-10 =

10—45 L y =

nucleon N N 1078 " | +

- m/2 -

. e o = 1 1 L1 11 I| 1 1 1 1 11 I| 1 1 1 | I S
H->invisible search Dark Matter search 107 1 0 : 10? 10°

e BR(H->inv) limits sets max coupling (mpy<m,/2, of course)

* Thiscouplingsets a limiton cross section DM+N -> DM+N Note the complementarity of LHC results

and the results of the direct DM searches
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Experimental Analyses targeting specific Higgs boson
production modes

-
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Couplings define the dominant productions mechanisms:

Higgs boson production in SM

* one needs to produce a heavy particle first, to which Higgs boson couples willingly
* that heavy particle can actually be virtual (in loops) and not presentin the final state

gluon fusion into Higgs
(ggF). It is loop induced

associate Higgs production
with Z/W (VH)

Guenakh Mitselmakher

vector boson W, Z fusion (VBF)
into Higgs

|

m/ H
t

associate Higgs production
with tt (ttH)

10°

o(pp — H+X) [pb]

\'s= 14 TeV

] IIIlIII’

LHC HIGGS XS WG 2010

| IlIIIII|

200 300 400 500

Higgs production mechanisms
as predicted by SM, as a function of Higgs mass
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Higgs: ggF production mode

ggF is well established. Program of detailed studies is underwayusing H - yy, H - ZZ - 4¢, H — bb

1
35.9 fo'' (13 TeV) 4
CMS 359f'(13Tev) __  CMS 35.9 fo (13 TeV)
Ac(p!! > 600) / 250 Qo 10°E }  Combination % E ¢  Combination

’;_‘Ir‘ 531 . AG{pH >200) /120 g E Syst. unc. Syst. unc.

- ’\i% ! ) - g 10 b H

» = ey Ao(p! > 600) / 250 T L H— vy o E E oA

T E 4 o --ﬁ---% -------- Z ek v (Hewia 2 ¢ i
o = Combination 'ﬁ ﬁ ; - : /) aMC@NLO, NNLOPS -§ _ - aMC@NLO, NNLOPS
S 1072 e Syst. unc. _ 1; 8 i Gg, from CYRM-2017-002 % 1 §_ Gy, from CYRM-?017—002
2 E + H— bb 10 %f "“‘6 : {% Ac(pft>95}r’40
0% + W | - | {, % - < "4 ; Ao(p]’ > 200) /80
- Y Hozz "l i i | 107 | 100 — % _____________________
1074 aMC@NLO, NNLOPS L A s N 1 : - ;

" 6, from CYRM-2017-002 ‘ - ) J B _ 1
C10_5:_""'l""ll“‘]""lll”l '''''' e i ‘ , 10’27...“...:....1.......,....|..,‘.I..,.l....,
2 2: S 4F & 4F
o 3 = E = y
s 3 | g % S o y
ot E. b . & . 22‘ 4 ' 9 E I 7
I s S e S S 8 Fitio .. ‘}‘ 5 frrd b g } ] ____________________________
1] o e ) *i """" -~ R g L] 7 [ { """"""""""" i —~ A % T
g _1§hl|I||I||I|ll|I]|I|II||||l]|l]|||||||_||li|lll % 01‘;-:-‘ T ‘g 01_1- T

=] -1 el | = PO AR S A 0 0 A0S 00 Y L1 1 | 1 Ll Ll
0 15 30 45 80 120 200 35: 600 a 0 3 5 3 =7 o} 30 52 o8 ) 500 -
et
p; (GeV) N 0 (GeV)

Examples of differential distributions shown
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Higgs: VBF production mode

= q
S

LWW,Z
,'777 H
"W, Z

e g

. = 4

Analyses in all decay modes include categories targeting
VBF production:

* VBF is about 8% of total H production
* VBF-tag is fairly efficient for VBF Higgs production
* VBF-tag has a large suppression for background

However, experimentally VBF-tagged events tend to
have a substantial contamination of ggF

To ascertain an observation of VBF production,
one needs to analyze the VBF-tagged and untagged (ggF)
categories simultaneously.

Bringing all decay modes together (assuming SM BRs)
gives a large boost in sensitivity

ilIII|IIIiIII|II{]IIIIIIllllllllllillllll

ATLAS Preliminary  —e— Total Stat. @@ Syst. | SM
Vs=13TeV, 24.5-79.8 fb"
my = 125.09 GeV, |y | <2.5
Py =76% Total Stat. Syst.

|
ggF —o— 1.04 o009 ( 007, ‘gor)
VBF —— | 121 520 B, e
WH & < — 130 0%( 20z, loz)
ZH I 1.05 133 ( +o2a, '312)
ttH+tH 121 5 oz, 10%)
1I|Illllll!lllllllllIllllllfllllllillllll
06 08 1 12 14 16 18 2 22 24 26

Cross-section normalized to SM value

VBF observed experimentally with significance >50
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Higgs: V(W,Z) H production mode

H
"""""""" N R
2 ATLAS VH 1s=13 TeV, 798fb1
g
5 3 —Total — Stat.
W, Z oa a Tot. ( Stat., Syst.)
! +1.30 +1.26  +0.32
H— ZZ |» & i | 0.94 _0.87 (_0.35 1 0.14 )
VH production rate, once practical decay modes for the
o H H 0,
associated W!Iv) and Z(ll,wv) are f:on5|dered, |s: only 1.5% Hos vy —b " 1.03 :‘,’;22 (1053 4028
of the total Higgs boson production cross section
Unlike VBF, VH-tagged events have very high purit _ +0. 1046 +0.
e y HER purty Ho> bb He 147 07 (918,08
+0.24 +0.15 +0.18
Comb. Fo 113 "y (50455017 )
1111 | IIIIIIII l IIIIIIII I IIIIIIII I 1 111 ] 1 111 ] 1 111

005 115 2 55 3 85 4 45 5
l.L\/H

VH production observed expertmentally with significance ~5¢
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ttH m()de Run 2, 2016: oxL = 700K events
probing “direct” coupling of H with top (not in top loops as in ggF!)

Analysis features to note:

g

* The only way to prove directly Higgs couplings to
the top quark

Direct top — Higgs coupling @ = = = = = H * Rareproductionrate: 1% of all

* Main background is tt+X: tt : ttH=2000

= t * One also mustfight “huge” non-ttH  Higgs
background: non-ttH : ttH = 100

&

* Need a coordinated search in as many decay
modes as possible; all five most-sensitive decays
are exploited: yy, bb, 1t /WW /ZZ — leptons

Not in top loops

(asin ggF),
Where additional (e.g. BSM)
backroundin loops possible

Guenakh Mitselmakher Pontecorvo neutrino school 2019, Sinaia, Romania 61



pp — ttH: analysis strategy

* Useall five most-sensitive decays
44
* bb
e 1t /WW/ZZ - ¢ty

Jet

e Consider distinct tt final states
* 64%:2 b-jets + 4 jets Proton debris (UE)
e 32%:b-jets +1 jet + lepton + MET '
* 4%: 2 b-jets+ 2 leptons + MET

Proton debris (UE)

Jet
* Eventcategories:

« H - bb(3): =3b-jetswith 0¢, 1¢, £ ¢~
* H-yy(2):yy + 0+ 3jets (2 2 b- tag),yy + £ + 2jets (= 1 b-tag), et

Jet
1t /WW/ZZ - ¢, 1), (6): defined by the multiplicity of £ and 7
Note: Leptons from Higgs (tt /WW /ZZ ) and from tt cannot be easily resolved

* Use kinematics of top quark decays, includingtop and W mass constraints
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pp = ttH: observed with significance > 5!

%J 351 HENE-EER B LT Ea T E [ d & Lo r—r o | 1 ¢ [ 1 ¢ .| 1 r . r 1t ] r1 g 15 L L L E
A E + Dala. ATLAS P E ATLAS e Total Stat. [ ] SySL — SM : 09:_ ATLAS _:
g 300 wu Continuum Background Vs = 13 TeV, 79.8 fb - VS =13 TeV, 36.1 - 79.8 fb” uI;- 5 8— B Theory (NLO GCD + NLO EW) _:
- - ===~ Total Background m,, = 125.09 GeV B Total  Stat. Syst. 3 e O L ]
g 25;_ ——— Signal + Background Al categorie§ —; ftH (bb) 0.79% oo (o3 ,£058) & 0-75_ La,_ﬁfmblned = E
=) C In(1+S/B) weighted sum 7 5 060 E
@ 20 ] fiH (multilepton) 156+ 042 (& 00 4 0% TF .
HB_ E ] 0.5 -
o - 7 5 0.48 0.42 0.23 i .
£ 15F e tiH (vy) —==— 139+ o3 (55 ,% 0%7) 0.4f =
D q0k o fH(@Z2) <1.77 at 68% CL 0.3 =
5F- ' LF [combred (e e N e ] i
- : ty 'Y ' 01 =
_I 1 | 1 1 1 L L 1 Il 1 Il | 1 ] L 1 I 1 1 L 1 I 1 1 1 1 7] 1 1 1 1 E 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 H n
TR RN M T SN [N S W TN N T T N N T G W O L T
110 /}20 130 140 15r(l)1w [Ge\jf?o -1 0 1 2 3 . i/csm 0 6 8 10 12 14 16
¥ ttH 't /s [TeV]
//
Vs
Vs
/ > A PR L I B TEL L T e v v I B B
K Run 1+ Run 2 (2016) Fresh out of press: S e e e e
non-ttH Higgs ATLAS, full Run 2 dataset = = 7w, oo™ -
. . e :s-g E In{14S/B) weighted sum
background CMS: Significance =5.20 ttH, H—> yy : N
. +0.31 ionifi 5
. w

Signal strength1.38 " ;3¢

ATLAS: 6.30and 1.32 = 02
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Experimental studies of the double Higgs (125) production,
probing e.g. Higgs self coupling
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Search for double Higgs production, pp - HH
includes Higgs self coupling, predlcted bv the SM

Two main HH production modes: (pp — HH + X) /o™

: : : : THTH ---H MHoBE g 7, My =
« associated with the Higgs-top Yukawa coupling H e ; 8=14TeV, Mg = 125 GeV
. . . . ——.\ 0
« associated with Higgs self-coupling (1) RN gg — HH
Q0 -=-=-H “H 25 qq’ — HHqq' ---------
aq — WHH

Each, by itself, would give a fairly small cross section i

Worse, they interfere negatively, and almost completely kill each other ol
° O'HHNO.OO]. XO'H 5|

qq <+ ZHH -----

Why do we need to measureit? Nenn/ N
* If H(125) is the SM Higgs boson, we need to measure its mass and nothing else

* However, all “standard models” are temporary... As is, the Higgs field is already
weird and fascinating — all aspects of this new phenomenon must be subject to
detailed scrutiny...

* There is not a lack of BSMs that may readily reveal themselves in the di-Higgs Possible BSM?
production, in particular:

H +H
* New heavy particles decaying to two Higgs bosons [look for a resonance!] x H L
I : -~ --@
« Modifications of the self-coupling A [non-resonant] e .\):BSM
SH “H
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Double Higgs production pp — HH: analysis strategy

* Pursue searches for both non-resonant and resonant HH productions

* Final states explored:

 (bb)(bb) - go after the largest BR(bb), but suffer larger background: 33% ofall HH decays

* (bb)(t7) - di-tau signature is much cleaner (less QCD background), but smaller BR(z7): 7% of all HH decays

* (bb)(yy) - VERY clean di-photon signature (narrow peak, low QCD bkg), butalso very small BR(yy): 0.3% all HH decays
« more final states are being added recently... E.g.,, (W, ;W) (YY) - 10 times smaller rate than (bb)(yy), but cleaner

Recall mass resolutions:
« m(bb): ~10%
e m(z7):~15%

« m(yy):~1-2%

 Combine all final state searches to get the maximum sensitivity
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double Higgs production pp — HH: future prospects

HL-LHC projections (arXiv:1902.00134)

ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)
— e R = '
"TEJ" Y SM HH significance: 4o — o iRatE
g o ¢ | 0.1<k<23[95% CL] ; B
v | 05<Kk<1.5[68%CL] : "==" bbyy
99.4% CcL °[ bbre
E "~ bbbb
6}
‘i‘ bbZZ*(41)
95% CL 4:“-‘ - bBVV(ivlv)
2|
e | * Expected significance for observing HH
o production at HL-LHC: 40 (ATLAS + CMS)

e Higgs self couplingis going to be measured with
50% accuracy
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Combination of the Higgs (125) boson experimental
analyses
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Ww

Combination of all Higgs boson analyses

Y44

bb

Tt

YY

M

invisible

Guenakh Mitselmakher

Pontecorvo neutrino school 2019, Sinaia, Romania

(Xx— H)-BRH — yy) o« —X ¥
TOT

One needs 11 independent parameters to describe all
currently relevant production & decay mechanismes:

(loop induced: t and someb)

My (loop induced: W and t)

ruu

invisible

decay modes not studied or, perhaps,
studied, but not included in combination
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One parameter fit: u

(xx— H)-BRH > yy) ocu—2*—%

TOT < 8:|-u..|.......|.|.|.|.|.H|.|......1.:

= - ATLAS Preliminary = Total .

. N 7F (5-13Tev,245-798 1" — Remove Bkg. th.

SM values are in blue | - m,=125.00GeV, |y | <25 — Remove Sig.th. -

1T, (loopinduced:tandsomeb) 6 p -18% " Stat. o
M Tww 53— —f
r - .
Hlzz Al =
1P - E
K Ty 3' :
Bl 2F :
pr, (loopinduced: W and t) 1= ]
[ 0' ||E
U I-invisible 1 1.1 1.2 1.3
[or= (sum of all ur listed above) + p(sum of all other SM I') 34Gqy, 7t

p= 1113309 = 1.11 + 0.05 (stat.) 705 (exp.) 0:0; (sig. th.) = 0.03 (bkg. th.)

Note the relative scale of stat and systematic uncertainties,
including theory uncertainties
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Two-parameter fit: (ky, k)

Consider one modifying factor for vector bosons (k) and another common modifying factor for all fermions (k).
Couplingsto gluons and photons are loop induced via t/b and W, and are not independent

SM values are in blue 78 _l T 1 T | o8 B3 | I | L) I T I3 I T h 71 I L I T 17T I T 171 | T 17T l =]

.pe . e - imi : el

I, (modified asloop induced: t and some b) 25 éiﬁfi& reliminary # Bestfit

1.8m, =12509GeV, |y | <25 —68% CL 3

KylTww ; 6:_pSM=41% H ----95% CL k=

r 1.4 -

K C ]

Ftt T2 =

Krlyp 15_ _f

r, (modifiedasloopinduced: W and t) 0igE- Weomined Pty \\\_;

KFI'W 0.45_ —H-2Z H—WW —f

KVI-inViSibIe 0.2 :—l l_l’-:ﬂlblb 1 l :Fijrr 11 l 111 l Ll l 111 l ] l 111 l 111 [ l_l:
Mor = (sum of all T listed above) +k(sum of all other SM I') £F,, 0 02 04 06 08 1 12 1.4 1.6 1.8 i

v

All other T are for light fermions
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Two-parameter fit (different parameters): (k¢ , k), )

Consider one modifying factor for loop induced couplings, for gluons (k) and photons fermions (k).
All other couplings are set to the SM values.
l.e., search for new physics contributing to the loop induced couplings

SM values are in blue > iR UG R M DM Wk S
Kg g (loop induced: t and someb) %2 1.3 %T:.J:I?JSTZL?I;T.?&_]%BWA .8 Beost fit N
- m,=125.09GeV, |y | <25 —68% CL ]
Fww - b, -88% < .:95% CL A
M2z 1.2~ * SM —
r : i
* 1.1 -
oo I .
Mo 1 .
K, T, (loopinduced: W and t) B .
™ 0.9:— .
rinvisible 08:|.|I|..|||.||l....|.||.[.|.{I||..|...|||. -
lor = (sum of all T listed above) + (sum of all other SM I') + 26 085 09 095 1 105 1.1 115 1.2

All other T are for light fermions

Guenakh Mitselmakher Pontecorvo neutrino school 2019, Sinaia, Romania



Six-parameter fit: Ky, k7, K¢, Kp, K, K,

Fit for couplingsto W, Z, and fermions relevantin the current measurements/searches

Assume no new physics contributing to the loop-induced processes or to invisible/undetected decay modes

The uncertainties from the fits for each of the six parameters,

while treating the others as nuisance parameters

SM values are in blue |¢

Vv

1 ATLAS Preliminary

Parameter Result

1.10 + 0.08
1.05 + 0.08

0.19
306212

0.11
I '02:).10

1.07 +0.15
< 1.51 at 95% CL.

.. (modified asloop induced: t and some b) £ TE We-13Tev,245- 798" z,,.»;%
g8 & - m,=125.09GeV,ly, |<25,p, =72% ‘_,.d"' 3
KW rWW Eli 10 e T SM Higgs boson W -
KZ I-ZZ 102%— "._.- 'f‘;.' "-;
Ke Ty - i
10° —
Kp Moy o 3 Ky
K‘L’ rtt 107 J | . | = Kw
re ) g e T o K
r, (modifiedasloopinduced: W and t) - ter 1
(44 S 11f " + 3 ki
L S | S (NOER———— A - NESa————— A —]
K, T . 09F q %
L 0.8} cB”
0.7 , ; : : —
I-invisible 10" 1 10 102
Mror= (sum of all T listed above) + (sum of all other SM T') + Iz Particle mass [GeV]

Clear SM-like dependence on particles’ masses

Kl HKp T +(the rest is negligible) Precision on W/Z/t/b/7 coupling measurements is 10-20%
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Eight-parameter fit: (o, iz, K, K, ¢, k), BR(H — inv), BR(H — undected) (1)

* Open a possibility for new physics contributing to invisible/undetected decay modes ATLAS Preliminary s - 13 TeV, 245 - 79.8 15"
« This leads to a degeneracy predicted rates on the fit parameters (if something depends on the o e TImoESheEs
ratio of a/b, one cannot constraina and b as independent parameters) 9WROL gy <
= 88% —— 97%
* To break the degeneracy, assume Ky, k; < 1 (from theK _________ p_, ’ —
theory side, it is virtually impossible to pushthese coupling above 1) <k -
Ky [ -
- : SM values are in blue o — =
.. (modifiedasloop induced:tandsom., N : 1
b Ea——
fwlww  (kw= 1) o b =
Kz [ (kz< 1) Ky s :::
Ke My K, | -~
Kb rbb inv i "—| |
KT ru Bundet_ ~—l
r, (modified asloop induced: W and t) - In black are the results
frolm thelpreviolusfit | ]
Kﬂ ruu 15 -1 -05 0 05 1 15
rinvisible Parameter value
Ior = (sum of all T listed above) + (sum of all other SM T) + [zop At 95% CL CMS ATLAS
BR( H - invisible) <0.22 <0.30
K.l Kl +(therestis irrelevant) BR( H — undetected) <0.38 <0.22
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Eight-parameter fit: (i, iz, Ky, K3, K1, k), BR(H — inv), BR(H — undected)(2)

* Open a possibility for new physics contributing to invisible/undetected decay modes
* This leads to a degeneracy predicted rates on the fit parameters (if something depends on the

ratio of a/b, one cannot constraina and b as independent parameters) o 1O 359" (13TeV)
* To break the degeneracy, assume Ky, kz; < 1 (fror  4¢ CMS E
theory side, it is virtually impossible to push these coupling above 1) ot N E
[ — serve ]
7E ==+~ SM expected 3
. SM values are in blue 6F I < E
[, (loopinduced:tandsomeb) 5E o ]
3f .
Kz Tz (kz= 1) 5 E
Ke My i 4
Kp Top 0" 25 3
K; I'u [/Tgy
r, (loopinduced: W and t) The fit results can be recast as
Kyl a limit on the total Higgs boson width:
— +0.31
RSBl FtOt/FSM o 0'98—0.25

o7 = (sum of all T listed above) + (sum of all other SM ') + I'zs,

Cf. results form off-shell/on-shell H->ZZ analysis

K¢l tKpT+H(therestis irrelevant) (with twice larger dataset): Iyot/Tsm = 0.801¢:%2
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Upcoming LHC upgrade.
HL-LHC (3000 fb-lintegrated luminosity) projections for Higgs
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Guenakh Mitselmakher I

LHC / HL-LHC Plan

High
Luminosity
LHC

LHC
Run 1 Run 2
L31 EYETS 14 TeV
13-14 TeV
R2E project Civil Eng. P1-P5

2013 2014

I |

2 x nomingd lurmir
experimentupgrade | | ————

We are here f

Pomival e
EXd
Phase-0
upgrades

Accumulated datasets in Ran 2 (CMS, ATLAS similar)
~35 fb1:
~80 fb1:

~140 fb:

2016
2016+2017
2016+2017+2018 (full Run 2)

Pontecorvo neutring school 2019.Sinaia. Romania

Phase-1
upgrades

HL-LHC installation

1

energy

3000 fb"

Phase-2 detector and
machine upgrades
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HL-LHC Outlook (compared to final LHC statistics ) for Higgs (ATLAS, CMS similar)

LR | ¥ LI J LU 2 ) | L |

ATLAS Simulation s ATLAS Simulation Preliminary t .
\s =14 TeV: ; [Ldt=3000 fb = hoyy, hoZZ 41, hSWW siviv Z.& =
=200 " exrpeletod o 745 Tev ST [ Mo hobb, hopp, hoZy W

r./T . . 1 (K2, Ky Kir Ky Koy Kyl
2 107 E
g - BR =0 -
lﬂt/rg - ' b =
......................................................... - -2 - I ‘," B
Ce/ Ty 107k - T \so1aTev =
___________________________________________________________ | e T _ =
r,/T, ’ — [Lat=300 " =
& I 10° | — [Ldt=3000 b =
T Z E g.' E
C/T | j e.H{ -+ e -+ j
w'tz = - i -
] = 1 '25 | :
I,/T; » 1.1 L =
i e s o ST I A SO » S P -
[gel', /Ty ? : : =~ 1§ 1 E =
| | 1 1 | ‘ | 1 1 l 1 1 1 I | g 0!95_ o _E
0 02 04 06 08 0.8;— L I E

A(FX/FY) . A(KX/KY) 1 0-1 1 1 0 1 02
r,/T Ky /K

X'ty Xy mi [GeV]

ATL-PHYS-PUB-2013-007, arXiv:1307.7292[hep-ex]

P
P Jenni (Freiburgand CERN) Experimental Review - LHC - ATLAS 78




HL-LHC projections (without comparing to LHC): couplings

Vs = 14 TeV, 3000 fb' per experiment
p p

. Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental . . ..
— Theory Uncertainty [%] With cautious optimism, summary for 3000 fb1:
2 A Tot Stat Exp Th
KY 1.8 0.8 1.0 1.3 OK ~ 2-4%

1.7 08 07 13 BR(H>BSM)< 0.07 at 95% CL

15 07 06 1.2

25 09 08 2.1

34 09 1.1 31 Extrapolation scenarios:
| 37 13 13 32 Theoretical uncertainties: halved
| Experimental stat. uncertainties scaled as 1/sqrt(L)
Limited MC statistics—ignored
| 4.9 S8 10 17 Instrumental uncertainties: same as now or specifically revised
Kz, 98 72 17 64 Luminosity uncertainty: 1% (halved)

19 09 08 15

L @I“ UL

0O 002 004 006 008 01 0.12 0.14
Expected uncertainty
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Many experimental searches for additional to Higgs (125) neutral and charged
Higgs bosons have been also conducted at LHC, they are not covered in this talk

See e.g. some BSM motivations for searches of additional Higgs bosons in the
next slide
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Slide on searches for additional Higgs bosons:
- many searches in ATLAS and CMS, why? (some reasons)

What is it good for? Higgs bosons
SM: one doublet of complex |3 d.o.f. give mass to W* and Z bosons h
scalar fields (HD) Yukawa couplings generate fermion masses
HD + real singlet attractivein the context of DM, EWK baryogenesis, ... h, H

Prerequisite for SUSY

Naturalin Grand Unifying Theories
Additional to SM source of CP violation: needed for h, H A, H:
observed matter-antimatterasymmetry.
Helps DM originatingdirectly from 2HDM

HD + 2" doublet
(2HDM: 2 Higgs Doublets Model)

Used in so-called nMSSM, next-to-minimal Super Symmetry
2HDM + complexsinglet resolves the p-problem MSSM hl’ hz’ h3’ a;, ay, H+
h(125) is unnaturally heavyin MSSM — not in nMSSM

HD + triplet can provide Majorana neutrino masses h’ H, A, Hi, Htt
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Conclusions
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Higgs particle is unusual, studying it may be a good way to look for deviations from the SM predictions
Many Higgs particle properties have been measured with high accuracy,

more to come at LHC, HL-LHC and other future accelerators
No deviations from SM so far have been observed, but the search is on

| expess my gratitude to Prof Korytov for helping with preparation of this talk
Guenakh Mitselmakher
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