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LHC luminosity delivered (per experiment)

Run 1 2010-2011 7 TeV 5 fb1
2012 8 TeV 25 fb1!
Run 2 2015 13 TeV 4 fb!
2016 40 fb1
2017 50 fb!
2018 65 fb!
Run 3 2021-2023 14 TeV 300 fb-!
HL-LHC 2026-2038 14 TeV 3000 fb!

Integrated luminosities shown are approximate (small differences between ATLAS and CMS)

In this short talk:
* Only a select set of recent results will be presented (many more interesting results are available and
continue to come out)

*  For simplicity, | will often select only either ATLAS or CMS results (results from ATLAS and CMS are
always comparable)
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h(125) production modes (pb)

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 2.5 3.9 3.9 2.4
° g wo, loop ZH (2°
g t induced WH (3%) (2%)
g g fusion ‘ \ / bbH (1%)
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h(125) production-decay modes

cc yAY KL gg + ...
all 58% 21% 6.3% 2.9% 2.6% | 0.23% | 0.15% | 0.022% | 9%
leptonic 1.0% 0.012% 0.010%

cc (3%) 2z (30/0)

YY (0.2%), Zy (0.2%), pp (0.02%)
NS
gg + other
R (0%)
T (6%) )
N
WW (21%)
bb (58%)
/b W w*
loop induced » - b H oo W H oo
t/b w* we
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Event categorization

All analyses use event categorization, based on
» decay final states (e.g. H->ZZ->4l: 4e, 4u, 2e2u; H->17: ..., etc)
e quality of particles in the decay (e.g. photons)
e production mode tags (e.g. VBF-like jet pair, Z(ll) for ZH, etc)

Different categories have different S/B ratios, which helps improve
search sensitivities and measurement accuracies

Production mode tags help disentangle contributions of different
production mechanisms
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Event Selection Strategy

> R L L L o o
2 " 4 Data i 1 * 2 “tight” high-p; photons
- 1500 |~ — Signal + background | Vs=13TeV,79.8f" | ] . .
e [ --.Continuum background  my = 125.00 GeV ] * vertex: use recoiling charged particles,
-~ In(1+S/B) weighted sum, S = Inclusive | “ . . ”
2 i pointing” of photons
()] .
g 1000 * key observable: di-photon mass
S * split events into exclusive categories:
ctg) 500 * di-jet/MET/e/p tagged (VBF and VH like)
i * untagged events are further sorted into a number of
classes based on the quality of photons
o - T T e S A AR 1 BaCkgroundS
m 60 o -
§ 40f | * entire background = fit of the m,-distribution
(O] C 3 .
. 20¢ | Analysis features to note
S 0 .
S o | | E » fairly high event yield
10 120 130 140 150 160 * bad “effective” S/B-ratio: 1:10
m,,, [GeV]

* good mass resolution (instrumental): 1-2%

Signal strength

Note: statistical, experimental syst,

"= 1.06 tgizzl —1.06 +0.08 (stat.) tggg (exp.) tggg (theo.) and theoretical syst uncertainties are
. : ’ already of the same scale!
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Event Selection Strategy
* 4 “tight” leptons (4e, 4y, 2e2p)
* final key observables:

* four-lepton mass is the key observable
*  ME-kinematic discriminant (+20% sensitivity)

Backgrounds
 ZZ (dominant): well calculable process (MC)
* reducible (WZ+jets, Z+jets, tt, WW+jets, ...):
data-driven

Analysis features to note

* small event yield

* high S/B-ratio: >2:1 (best among all)

* most sensitive channel for H observation

* good mass resolution: 1-2%

* four-body decay, fully reconstructed: spin-parity
* on/off-shell production: indirect width

(stat) 9% syst)
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Mass ‘JHEP 11 (2017) 047

H->ZZ->41 channel provides the most accurate measurement
cMS om0 03 rev)
S (/L L A A A A A A B m(41) distribution forms a narrow peak:
8 605_ 5?&25) E « good muon/electron p; resolution (detector design)
2 1 E :g:z;; * small systematics thanks to the tag-and-probe calibration technique
:3’ S0F Bl z:x B per-event four-lepton invariant mass uncertainties are taken into account:
: * Events with well measured four-lepton mass get higher weight in the fit
* one lepton pair comes from mostly on-shell Z boson:
* Z-boson mass constraint allows one to improve p; measurements for
two leptons in individual events
*  Four-lepton configurations have different probabilities for ZZ and H->ZZ
i * ME-based discriminant reduces weight of ZZ background like events
70 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
Run 1 2016 dataset H->ZZ->4l H->yy Combination
ATLAS+CMS ATLAS 124.79 + 0.37 12493 +0.40 124.97 +0.24
ZZ+yy combo
125.09 £+ 0.24 GeV CcMS 125.26 +0.21 1254 +0.3

PRL 114 (2015) 191803

+ 0.20 (stat) + 0.08 (syst)

HL-LHC: stat error will improve by a factor of 10: ~20 MeV
need to improve systematics proportionally to about 0.01% - challenge!
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Spin-parity from H->ZZ->4|

CMS HIG-18-002

g
«

o
>

Relative kinematics of four leptons are sensitive to JP properties of H
(parity of m° was assessed similarly from m%— yxy* —4l| decays)

Observation of H = yy excludes J=1 by the Yang-Landau theorem
Pure J=2 states and pure non-SM J=0 states were excluded with Run 1 data

Studies of possible non-SM-like admixtures continue:

Most generic amplitude of spin 0 decay to two vector (V) particles:
vV K?’V‘ﬁ +5VB | 2 . . VV e#(1) p=(2) v, VV gx(1) 7(2),uv
AHVV) ~ |a; " + (AVV)? my1€vi€va + a2 fuv ' f +az fu fTO,
1
a,=2 describes SM Higgs tree-level decays to ZZ (zero for H— yy)
a, is CP-even term; in SM, it is O(10-2) for H— ZZ due to loop-induced decays (lead term for H— yy)
a, is CP-odd and hence CP-violating term, present but unmeasurably tiny in SM (three-loop decays)

Experimental limits: | 5.1 fo™ (7 Tev) + 19.7fb™ (8 TeV) + 80.2 fb™' (13 TeV)

~0.14 < a,/a; < 0.29
~0.18 < ay/a; < 0.21
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[y from off-shell to on-shell production -

Breit-Wigner production gg—)H—)ZZ

CMS HIG-18-002

—_
o

T I T T T | T T T I T T T I T T T

ATLAS sSimulation Preliminary Vs=8 Tev

do 9 o F(m)

(m?2 — m%) + m44

On-peak and off-peak cross sections:

>
3
é ol g8 — ZZ — 2e2n
=10 —gg— H = 2Z(9)
E a0 99— ZZ (B)
z A —-gg— (H—) 2Z
S 104 === 9g— H=)ZZ(u , , =10)

l 1 IIlIlIIl 1 IIlIlIIl L1

—
o
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T T TTTII0 T T T TIIIII T T T T T T T TTTTIT
J{
:l'
.l
l'-

on—she . (I” (lg(l% uﬂ'—shel] — ([_U é
o = / dm " ot [ a / dm dm ~ (I 9z e T ]
|m—mu|<nl'u m—my > . 'l---h._
5 Sm, 4
_off—shell 10 e, 3
Off-peak to on-peak ratio| —— _ ~ I'yg -
O—OH_Shell 1 0-6 1 | | | I In-l-l

200 400 600 800 1000

F(m) depends on:

- phase space for H>Z7

- partonic gg-luminosity

- Hgg coupling evolution with m«
- tensor structure Hgg coupling

The picture gets more 9
complicated due to interference

g
with non-resonant gg->72 D
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CC0T00)

ZL 11 m, [GeV]
Far Off Shéll domain

H—-ZZ - 4l and H - ZZ - 2I2v
5.1fb" (7 TeV) +19.7 b (8 TeV) + 77.5 fb™ (13 TeV)

: 'y (MeV) 3.2735[0.08,9.16]

[95% Conf. Interval]

SM Higgs I, = 4.0 MeV
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H->WW - lvlv

PLB 789 (2019) 508

3 2000 T T Uncertang T )
O 1800f ATLAS W, BH. Event Selection Strategy
T 1600F H—-WW'—evuv, Ne < 1] tiwt [l ww R e ”
2 ja00f[s=taTev.oei o’ | W 2y [ visi ; * two “tight” leptons (ee, up, ep) + MET
> | w ] e ae e .
W 1200 * main discriminating observables:
1000 * m; -transverse mass
800 * my -di-lepton mass (tends ta be small fo% 2WW), — miss
600 i m, =1nv. mass of (m,, W and (O,pT )
400 * pyof sub-leading lepton (tends to be small for HS *)
200 +
W-_ e W+ e
g o @ 0 @
@ - a . . .
5 2000 = Higgs (spin=0) ==> small dilepton mass
100?- —f
of 3 Backgrounds (many!)
I PR PP EPEPE BPEPE B B S - PR B e
60 80 100 120 140 160 180 200 220 [é“‘\’n «  WW, tt, DY+jets, W+jets, Wy: data-driven
my e
e 2ZW,ZZ: from simulation
— 2.0 T T T T T
2 — 68%CL ATLAS .
T f T oo Us=13Tev,36.1 17 ] Analysis features to note
=
ERN ] « fair signal event yield
g sl @ ] * not-too-good “effective” S/B-ratio: 1:5
0.0} ] e poor mass resolution (neutrinos!): 15%
—033 0 5 10 15 20 25

OggF * Buww* [pb]
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. I ATLAS: PRD 99 (2019) 072001
H 9 Tt Observed ‘ CMS: PLB 779 (2018) 283

3 L B I Event Selection Strategy
o] 150-_ AT A -e- Data 2015+2016 | . . did
S r DI Hoee =109 7] di-tau candidates (et;, ut;,, ey, ee, py, T 1) + MET
% - AlISRs W Other backgrounds _ * key observable: di-tau mass
& 100~ Unceriainty *  most-important event categories: e
% r ] » 2-jets (VBF-tag): usual reasons
£ 5o N * Boosted (high p;(tT))
'% i ] — better di-tau mass resolution y
= - : — better S/B for gg >H vs qq >Z S
e : - S boosted
o 4 = Backgrounds (many!) Higgs boson
°|° 3 _  Z>11, Z>ee, tt, W-jets, QCD: from control regions
3 :ﬁ B * di-bosons: from simulation
0 750 100 150 200
mVMC [GeV] Analysis features to note
e small signal event yield
Run1+Run? (2016) » poor “effective” S/B-ratio: 1:50
* Higgs boson “blip” is on the falling slope of the Z peak
. .. ° i i 1) 0, - 0,
ATLAS: Significance = 6.40 mass resolution (neutrinos!): 10% (t;ty,) -- 20% ()
; % +0.27
Signal strength™ 1.097 ;¢
CMS: 590’ a nd 098 :l: 018 * ATLAS signal strength is for the 2016 data alone
CMS —for Run 1 + Run 2 combination
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: | |
H - bb: observed! OMS: PRL 121 (2018) 121801

18 - atAas 0 Jpam Event Selection Strategy
Ir 13 TeV, 79.8 fb’ | Bl VH, H — bb (1=1.06) . .
16[- 0+7+2leptons W Diboson * Two b-tagged jets (QCD bkg is huge!!!) ' v
2+3 jets, 2 b-tags [."] Uncertainty R . q
14 Weighted by Higgs S/B Dijet mass analysis Target VH prOdUCtlon

* split event further by p.(V) r "
* higher p{(V): better S:B, better 6m,, L/

_+_

IIIIIIIl||l|||||IIIII|IIIIIIIIII|II

Illllllllllllllllllllllllll]llll

Events / 10 GeV (Weighted, backgr. sub.)

8 all other bkg  key observable:
subtracted
6 ¢ MVA of many observables (m;; is the most important)
4
2h Main backgrounds (many!)
05 : * Vbb, V+jets, ttbar, single-top: from control regions
_2_Illllllll]lllll]Jllllllllllllllll ] . .
40 60 80 100 120 140 160 180 200 *  di-boson: from simulation
m,, [GeV]
Analysis features to note
With Run 1 data included: * fair signal event yield: O(1000) events
* poor “effective” S/B-ratio = 1:20
ATLAS: Significance = 5.4¢ * not-too-good mass resolution (jets): 10%

(= 1.01 + 0.12(stat. )12 (syst.)

Note: the analysis becomes systematic-error dominant

0.20
CMS: 5.60 and 1.04" {9

Andrey Korytov New Trends in HEP, Odessa, 15 May 2019 13



Search for H > pu

ATLAS-CONF-2018-026

Most sensitive event category

- 1000 | = RS I IS IS I I I I
& ATLAS Preliminary
E 7000 Non-central high p’Tln lVs=13TeV, 79.8 fb".l
E 60001 XZ/ndof=37.5/48 H—uu analysis
= —e— Data
5000 = Background
40005_ ——— Signal x 20
30003—
20003—
1000;—
0:'
4= +
SE O 2E t SRR
IR T W SRR T LY
§% _2?+ + + ++ *+++ +++*+ ++ +++++ + + * + ++
-4

110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]

Event Selection Strategy
* 2 high-pr muons
* key observable: di-muon mass

Backgrounds: mostly DY, fit of the dimuon
mass distribution

Analysis features to note

Very small signal

very bad “effective” S/B-ratio: ~1:150
good mass resolution: 1-2%

Upper limit on signal strength 2.1
Signal strength ;. = 0.1*}-

Optimistically, expect 30 evidence in Run 3
(need further analysis optimization)
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H

> invisible search

35.9fb" (13 TeV)

I I I

s I

s
L 1.4 CMS Preliminary
> L
c L —e— Observed
T 1.2 '
T r e Median expected
f 1"_ - 68% expected
o L
S 95% expected
= 0.8
E 7
g L
206
a L
o F
o\o 0.4 __
7o)
oy L

B |

| | I

o

Combined VBF-tag Z()H-tag V(qq)H-tag  ggH-tag
- 35.9 b (13 TeV)
10 — - R
7k CMS Preliminary 90% CL Limits

si
OBhnucieon (€M)
=

B(H- inv) < 0.20

& Fermion DM
B scalar DM

Direct Detection

— LUX

— CDMSLite

—— XENON-1T
CRESST-II

= PandiaX-ll

auslls ol ol sl sousd sl 3o e el 10

b

.
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11l L 11 L L 111
10 10° 10’

Mgy, [GeV]

CMS HIG-17-023 (PLB)

In SM: B(H=2inv) ~ 0.1%
Searches for H=2inv probe BSM possibilities, e.g.,
Higgs boson decaying to DM particles

Production modes exploited are:

Run 2 (2016) limit: B(H=>inv) < 0.20 at 90% CL

This allows one to set limits in the space of (DM mass,
DM-nucleon cross section) for mpy,, < m,/2

Results are complementary to direct DM searches

New Trends in HEP, Odessa, 15 May 2019 15



pp > ttH: observed! CuS: P 120 1) 231801

| 51fb"' (7 TeV)+19.7 b (8 TeV) +35.9 fo' (13 TeV
® Observed
CMS — +10 (stat @ syst)
| . mmm +10 (Syst)
N : —— +20 (stat @ syst)
ttH(WW™) T ——
ttH(ZZ") (=
ttH(t*t) :o:
ttH(bb) ——g————
7+8 TeV e
13 TeV —eo—
Combined —-.-—
MEPETESS NSRS BT RIS RS S AT S

-1 0 1 2 3 4 5 6 7

Very challenging search
* very few events are expected
* tt background is BAD: ttH:tt = 1:2,000

* all other Higgs production mechanisms (99%) must be
suppressed as well

Search strategy:
* Make use of all main five Higgs decay modes

Take into account b-jets from t->Wb
* Consider tt decays with 0, 1, 2 leptons in the final state
* Extensive use of MVA techniques

Run 1+ Run 2 (2016)

CMS: Significance =5.20
+0.31

ATLAS: 6.30 and 1.32 = 0%

Signal strength =1.26"5¢.

LA (L S S S S B S S Sy S S S S S e S e S e s -

F T T
. ¢ Data ATLAS Preliminary
FrESh OUt Of press' 30:— e Continuum Background |s = 13 TeV, 139 fb”'
-~ Total Background m, = 125.09 GeV

ATLAS, full Run 2 dataset
ttH, H— yy

Significance 4.90

Signal strength1.38 704!

Signal + Background All categories

In(1+S/B) weighted sum

Sum of Weights / 1.375 GeV
n
=)
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Search for pp>HH

HH— bbbb

HH—> bbt*t

HH— bbyy

Combined

F-13Tev 275-36.11b"

ogat (PP — HH) = 33.4 fb

ATLAS Preliminary

S
—e— Observed
------ Expected

N Expected = 1o
Expected + 20

Obs. Exp. Exp. stat. |

129 20.7 185

126 146 119

P B PEEPEEI SRS RS PRI SR
0 10 20 30 40 50 60 70 80
95% CL upper limit on Ogor (pp — HH) normalized to o

SM
agF

ATLAS-CONF-2018-043
SM: ¢ /,; h y D — [
t/b _h_._<::‘ ik !

Current result:
o(HH) < 6.7 x SM
-5<K;<12.1

* Di-Higgs cross section:
e Higgs trilinear coupling:

HL-LHC projections (arXiv:1902.00134)

3ab1 (14 TeV)

— 102 | : : ATLAS and CMS HL-LHC prospects
Qo E Y o o o 'E 12 —
F -- bhbh e: - -- Combined . = —~ "L [ s age '
2 - bonno ‘p T7" Combined (obe, 3 2 [ SM HH significance: 40 — Combination
T I 28 {“Pg m Expected =10 (Combined) | c [
T - - bbyy (exp.) Expected +20 (Combined) ﬁ 10} 0.1 <K <2.3[95% CL] _
t 10— bbry(obs) S Theory prediction = L 0.5 < K1 < 1.5[68% CL] *- bbyy
a - 3 - —
e(l C - . 00.4%cL & NN bbr
O I . ! =+ bbbb
c E 3 6
2 - : i bbZzZ*(41)
£ I ] o5 oL s ik e B
S 10"k ATLAS Preliminary - e o S e “* bbVV(iviv)
= - Vs=13TeV, 3 i
> - 27.5-36.1fb" ] 2=
- - n o L .
cg T ] NS U P U P F P P 5% CL [~ N T L an AR
S 20 -15 -10 -5 0 5 10 15 20 ol b i FCEs PR EERTY PEUE FPET)
o)) K. =\ /9 -2 A 0 1 2 3 4 5 6 7 8
A HHH SM K
R S
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Combination of all Higgs analyses

r_-r
o(xx > H)-BR(H — yy) o< 2

I ror
One needs 9 independent parameters to describe all
currently relevant production & decay mechanisms

I-WW

WW rZZ

= Moo

bb

Tt I-Tt

YV l,y (loopinduced; W and t)

m J

invisible I, (loopinduced;tand some b)

rtt

Mtor (or Tror=Tww + Tzz+ Mpp+ ... + rinv/undetectable)
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Combo: coupllngS ATLAS-CONF-2019-005

TTTT T T T T T >~ T LA L LB L L L L L L L LB L L L LB (L B

My
\

T T — T T T E
S | ATLAS Preliminary _f % y3f ATLAS Prelminay o & Bestfit ]
= TE Vs=13Tev,245-79.8 1" 7.7 C - 125,08 GeV, by | <25 —68%CL
-y - m,=125.09GeV, ly, | <25, p,, =72% '_,o' a [ Py, =88% --95% CL 7

EJ; B SM Higgs boson W _ 1-2:— * SM 7

- o . 1.1 B
102 b = C ]
- L - 1 -
108 = - .
S o 3 0.9 =
10‘45—1 = 08:...1.H.1....11...|....|....|....1....1..:

Es § g P : o ©77085 09 095 1 105 11 1.15 1.2

= 12F - Kg

© 11r = . . .

R | o ts (AN S # +— Assuming SM-like tree-level couplings,

09 ~ . .
081 - measured effective couplings to
R 3 10 e two loop-induced couplings (Hgg, HyY)
Particle mass [GeV] are consistent with the SM predictions

Assuming no new particles/interactions,

e six relevant Higgs boson couplings to the SM
particles are right on mark

e W, Z t couplings are already constrained with
an accuracy of 5-10%
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Summary

 Higgs boson mass is measured with better than 2 ppm accuracy
* Five Higgs decay modes are established: ZZ, WW, yy, t7, bb
* Four main production modes are established: ggF, VBF, VH, ttH

* No deviations from SM have been observed, but the search is on
* Higgs boson is the most recent fundamental (?) particle discovered

* It has a very special role in the SM

* Itis the only scalar particle in SM, and scalars are not particularly friendly
entities in the quantum field theory

Andrey Korytov New Trends in HEP, Odessa, 15 May 2019 20



