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In this presentation:

 Introduction
* Higgs @ LHC
* Runl discovery of the Higgs with my~ 125 GeV, JF¢= 0**
consistent with the SM expectations within uncertainties
* Run2: Higgs boson property measurements
« Mass and Higgs Width
 Cross section per production mode, and Differential XS
measurements in most sensitive channels
 Run2 observations: Hbb-bar, Httr, VH, ttH
* Summary and perspectives

* Conclusions
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Production and decay modes [
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The Higgs production at LHC can occur through the following mechanisms:
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g g fusion : l‘>—'
929020900000

W,z bremsstrahlung
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WW, ZZ fusion : tt fusion: A
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Decay channels:

«  H->ZZ*->4l: pure channel by very low statistics (BRy..zzq~ 2 + 104)
¢ H->yy : simple final state but low BR and large background

¢ H->WW?"->lvlv: good sensitivity but low mass resolution

*  H->bb-bar: huge bkg, best accesible via VH production

¢ H->tt: very large bkg, best accesible via VBF and boosted H production

* H->Zvy & H->pp: low BR

, ggF: is the dominant production mode,
028f/oTOT = 87% @ 13 TeV.

VBF: whose signature is characterized by
H+2jet forward, ¢V¥ /60T = 7% @13 TeV.

VH: whose signature is composed by a H

associated to a W or a Z boson,
oVH/oTOT = 49, @ 13 TeV.

ttH-bbH: in which the H is associated to tt-
bar /bb-bar pairs, otH+PbH/gTOT = 29, @ 13 TeV.

CERN YR4: arXiv:1610.07922v2
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Analyses in Runl have been optimized for the discovery

 Observed boson compatible, within the uncertainties,
with the Higgs predicted by the SM -> deviations are small

Measurements of:

* Fiducial Cross Sections and Differential Cross Sections in variables
sensitive to the quantum numbers of the Higgs boson (spin, CP), production
modes, proton PDFs and perturbative QCD effects

Interpretations in terms of:

+  Signal strenght: defined as the ratio of the XS ¢ BR with respect to the
SM (more model dependent): = (6 BR),,./(6 BR).,,
* Coupling modifiers (k;): parametrizing production and decay, coupling

modifiers as multiplicative factors, narrow width approximation

.. ) M
- BRf = o(R) - TV (§) where K? = FJ/FéM , K= O'j/O'JS-
' I'y > k=1 refers to the Standard Model case (SM)
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Higgs mass and off-shell couplings [
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Higgs mass and off-shell couplings

HZZ* and Hyy are the most sensitive channels
- high p;isoltated leptons from Z decay

- 2 well isolated photons in mass range
Resolution on mass 1-2%

Low BR but clean signature

> 50pTr T 3 e o s
8 F ATLAS ¢ Data E © 600F ... Background = g
© 45: , —Fi @ F —— Signal + Background Vs =13TeV,36.1 10" <
o F {s=13TeV, 36.1 fo’ it B = 500 — Signal In(1+S/B) weighted sum | n
> 40? H—2ZZ*— 41 [ ]Background 2 S I -
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Higgs width (no direct measurement

dominated by detector resolution)
2 2
0'off-shell” k g,off-shell k Z,0ff-shell

2 2 SM
0-on-shell"' k g,on-shellk Z,0on-shell / (FH/ I_‘H )

Measurements from HZZ improved

expected limits by a factor 2 wrt Runl

T,< 3.8 (3.4) T,,SM @ 95% CL
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Differential Cross Sections from yy and 41 -
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ATLAS CONF-2018-028

* Fiducial phase space (to minimize

—_

the model dependency)

do,, / dp!" [fb/GeV]

_.
<

* Corrected for detection efficiency

and resolution effects

{0
1072H]
{
4

H—-y}' Vs =13 TeV, 79 8 fb’
-¢- Data, tot. unc. = Syst. unc:
. gg—H default MC + XH 7
B NNLOUETGSCET + XH
S5 XH = VBF+VH+ttH+bbH

e Variables sensitive to the H boson

properties have been chosen

0

* A

Ratio to default MC + XH

300 350
Py [GeV]

o [fb]

Theory/Data

Yy

ATLAS CONF-2018- 018

L H—=ZZ"— 4]

‘ {
ATLAS Prellmlnar ¢ Data B
¥ [ Syst. uncertainties ]
P MG5 FxFx K =1.47,+XH ]
57 NNLOPS K =1.1, +XH 3

65554 XH = VBF+WH+ZH+tH+bbH _—
Total stat. @ syst. uncertainty |

13 TeV, 79.8 b

p-value NNLOPS = 18%

0.5

I p-value MG5 FxFx = 17% E
= |E+]. n -
- [ - -
:,m;mmzz// e Ll e ]

A= |

- .

L . |
0 1 2 3 =4

(p;'! to probe perturbative QCD and the relative rates in production modes, Njets

sensitive to the relative rate in production modes and radiative corrections)

 Results have been compared to several theo. Predictions

data SM
Oﬁd(W) 60.4 £ 6.1(stat.) + 6.0 (exp.) £ 0.3(theo.) tb 63.5+3.3 b
gﬁd(4l) 4.04 + 0.41(stat.) £ 0.22 (syst.) fb 3.35+0.15fb
Giada Mancini (LNF INFN) SILAFAE 18

Good agreement
with SM

Most measurement

statistically limited !



Observation of H->bb-bar decays [ INFN ATLAS
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ATLAS —o— Data B :
\s=13TeV, 79.8 fb" I VH, H - bb (1=1.16) -

Diboson
0 lepton, 2 jets, 2 b-tags #*

p¥ > 150 GeV [ Single top
Bl W+jets

Bl Z+jets
Uncertainty
«+«+ Pre-fit background —|

additional production mode products R

* Dominant decay channel for 125 GeV Higgs
(BR 58%)
* Huge QCD background suppressed by

Events /0.13

* Very important to confirm the Yukawa

- 1.5 :—’"Y"‘l'"I"'|"'l"'l"‘l"'l"‘l"‘—:
coupling of the Higgs to the quark sector g ! e e SR
. 8 08060402 0 02 04 06 08 1
* Previous measurements leave room for BSM BDT,, output
physics: H ->bb-bar drives the uncertainty on Physics Letters B 786 (2018) 59-86
the total decay width "ATLAS | HobB  f=7TeV,8Tev, and 13 Tev
—Total — 4.7 fv",20.3 b and 24.5-79.8 fb”'
o a Tot. (Stat., Syst.)
. . . . VBF+ggF | g . i 68 1 {0 ory
« MVA used to increase S/B in the signal region 112 11007081
+ Bkg from Control regions, shapes from MC ) g 100 %5 (%2 04
VHI  kew 0.98 03 (044,203 )
* Runl+2 results: 5.4 o observed (5.5 expected) [~ S
. ) o Cont. "T" 1.01 T2 (0425015 )
« Now dominated by systematic uncertainties T e e T me
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Observation of H->tt decays [
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Two analysis categories:
VBF and boosted (mainly ggF)

Largest backgrounds from Z + jets and from multijet

Control regions to constrain Z/vy* -> tt background

Fit simulation to data using m_, distribution

Run2: observed (expected) significance 4.4 (4.1) o

Combination with Run-1: observed (expected)

significance 6.4 (5.4) o

L UL LN B B B B B B B
ATLAS Preliminary Vs=13TeV, 36.1fb™
—total —stat. —SM exp.
total (stat., syst.)
Boosted cat. +1.54 ;1078 +1.33
—_—e——i 3.92 ", (4)_77 ,71_08)
VBF cat. +1.61 +0.89 +1.34
ca ——e—— 3.37 o (%)
Combination @it +1.06 [ +0.60 +0.87
3.7 -0.95 (_0_59 ’-0.74 )
lIIIlJllIIIlIl|III|IIIIIII|III[IIIIIII
0 2 4 6 8 10 12 14 16 18 20
O-H—n'r [pb]
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% 1 50_[ l T T T T | T T T T ] T T T T l T I_
G [ ATLAS Preliminary = E,afff‘(/f:'j‘"gge) 1
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s I
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O C_1 | | 1 | | | | | | | ] | | | | | | |-
50 100 150 200
m¥YMC [GeV]
ggF  _ +1.6
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L e AR w A
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Observation of VH production [ INFN &I!Tﬁé
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« VH takes ~ 4% of the total Higgs Significance 7
Channel )
boson production modes at the LHC Exp. Obs. i
* O
* Observation combining Run2 results: H—2z" =46 L1 1L g
H — vy 1.9 1.9 Q
H->bb-bar , H-> yy, H->ZZ* H — bb 43 49 %
. . VH bined 4.8 5.3 =
* Assuming SM Higgs boson BR o v
i Signiﬁcance 5.3 G (4.8 expected) -> LI l LA l AL ] LI l T l """" I ‘‘‘‘‘‘‘‘‘‘‘‘
ATLAS VH \s—13TeV 79 8fb‘
Dominant contribution is from bb-bar —Total  —Stat.
Tot. ( Stat., Syst.)
channel I . 094 T (2 w0z
« Direct rvation of the Higgs boson
ect observation of the Higg Hospy L 103 08 (1933 021
being produced in association with a
H bB H-o—H 1.17 +0.27 (+0.16 ’ +0.21 )
vector boson ~ 028 e e
* Results still statistically dominated Comb. He-H 1.13 ff,’f; (2‘3'1'? : Lﬁ’a’? )
[T NI R | IFENIRETS AT AT ST ATNATA SN AYAT AT AN AT TN A S A
005 T 15 2 25 8 85 4 455

lbLVH
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Observation of the ttH production [ INFN &]E'!Tﬁé
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 Direct Higgs coupling to top quark, largest g T ]

88 plng Pq , larg & oo ATLAS ER

Yukawa Coupling 9 0 t .:,I: 0.8§— ﬁaITheow(NLOQCD+NLOEW) _f ﬁ
______ H g_ 073_ $ Combined data = E

& E Stat. only =+

9 TV ——— ; ° 086" ERN

C ~

055— — g

0.4f ~

* Deviation of couplings -> sensitive to new physics! o3 ®

) 0.2- H

* Challenging to detect G,,;~0.5 pb @ 13 TeV ot ER

« Complex final state and huge bkgs 06 e 0 2 e e

. ) (s [TeV]

e Combination of results from different

T T T T | T T T T | T T T T | T T T T I T T T T | T T
decay modes ATLAS e Tota | | Stat. [ Syst — SM
. . Vs=13TeV, 36.1-79.8fb”

« Results still stat. dominated T ow st Syt
ttH (bb) Fé_, 079+ 80 (£ 52 +0.53)
ftH (multilepton) H—=— 156+ 04 (030 .+ o5 )

* Run2 (up to 80 fb-1): S
ftH (yy) —==— 139+ 0% (* 04 % 05v)

5.8 o (obs.) 4.9 ¢ (exp.)
. . ftH (22) fe <1.77 at 68% CL
-> driven by yy and multileptons ——mfF————— a
Combined H==H 132+ 0% (+0.18,% 02
. M 6.3 0 (ObS.) 5.1 O (exp.) 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1

-1 0 1 2 3 4
SM
Oy O
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Cross Sections per production mode [ INFN ATLAS
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= 1.19 + 0.12(stat.) = 0.06(exp.)*.%8(th.) = 1.19*9:16

Inclusive signal strength compatible with SM

AR RN LR LR R RN R R RN R
. o1 - . ATLAS PreI|m|nary +  Expected SM >
expectations within 1 sigma: R e B Ot S5 1 =2
- Stage 0 - IyHI <25 B [fb] (G'B)SM I | a
ggF ! 1220+ 185 1170 = 80 ln
p=1.13739 =1.13+0.05 (stat.) £ 0.05 (exp.) T5:% (sig. th.) +0.03 (bkg.th.) ' - . 4 8
VBF - 250 = 85 91728 l'l'l
— — N
VH — 5050 52.4°%° 8
oo

- ] |
. . . . " %_ SO e o
Interesting to investigate XS per prod mode since Lo S 1 e

Inclusive 1570 £ 175 1330 + 90
. A T ST BT PR P FETEE PR NN N
the measured cross section reflects the strenght of 012 8 4 5 6 7 8 9

oBl(oB),,

the coupling of the Higgs to SM particles

=1.06 *3-13 = 1.06 + 0.08 (stat.) +3 0% (exp.) T0-7 (theo.)

AT e s o S|
* Good agreement with SM (some excess in VBF) ::F” W2 . ™ Eso'; s“’) g
+ Large evidence of ggF, VBF and (in yy) ttH ver E— 4 i (0w om g
e 4] stat limited VH I—T_——i 108 105 (G o) g
* vyy: syst and stat errors becoming comparable ” | e g
e L
0.5 1 1.5
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Couplings in kappa framework [
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The same results can be interpreted in terms of couplings with fermions or

vector bosons.

Potential deviations of this couplings from the SM can affect the coupling

modifiers (k) :

* kg for the production/decay mechanisms mediated by fermions

+ ky for those mediated by vector bosons.

LI I T T 1 I LU I LI I T T T LI I LI I T T 1 I LI I T T 1 I

@2-5__ATLAS Preliminary + Bestfit
T Vs=13TeV,36.1-79.8 0™ —68%CL ]
o= 125.09 GeV, ly, | <2.5 ---95% CL 7

o, - * SM .
S :
0 C ]
P 1.5 ]
oN - = m
woor A ]
P B pf ]
o 1= B
j : — Combined — H—-yy '. :
é 0.5:_ —Hozz HosWW _:
< - H—bb —H-r11 ]
C Ll ]

v e by b g by
0 02 04 06 08

Giada Mancini (LNF INFN)

1

o ey by by v by o |l
12 14 16 1.8 @

Results obtained with the current
statistics does not show significant

deviations with respect to the SM

* Higgs mass fixed to my; = 125.09 GeV

*  Only the k;>0 and k>0 quadrant is shown
(the H->ZZ*->41 channel is not sensitive to
the relative sign of the k but Runl exclusions

y.

from other decay channels)
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Summary and perspective [ INFN . ?&I!Tﬁé
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ATLAS_CONF-2018-031
T rTTTTI T !

> > _""| B ° ° . . .
E > L ATLAS Preliminary | The Higgs boson couplings, with current precision,
14 F = Z 3
F {s=13TeV, 36.1-79.8 b JearE . .
& [ me-12s08CeV.ly <25 ~w 1 scale with particle masses as expected from SM
E'-'—|> 10—1? ---------- SM Higgs boson .
va predictions
- & -
1072 i b E : : :
: P i+ Nonew particles in loop and no BSM Higgs decay
10°:, E considered so far
1074 1+ Already working on couplings to 2" generation
:Illll 1 1 IIIIII| 1 1 IIIII\l 1 1 \I\\I\l 1 =
—1 2 .
10 1 10 10 fermions ->(o(Huw)< 3x SM, o(Hcc-bar)< 120x SM)
Particle mass [GeV]
S I L B B L L I I I
3 ATLAS Preliminar ota at. st —
Cross-sections for ggF, VBE WH, ZH 3 i T?w bt Total | Stat. B Syst = s Signifcance
R . [o%) my = 125.09 GeV, Yy <25
and ttH+tH normalized to their SM = Toal st syst | _ODS. (exp.)
(@V]
T . ! F 107+ G (£ 557 .+ 557 ) Runl
predictions, measured with the s | =
& | ver e 1212 0% (x 08 x50 | 6.5(5.3)
assumption of SM branching fractions. 4 | w = e T }4 L6
: . < H——— 74508 (18 % 0 o
Measurements still dominated by = e
< | tH+tH == 1225 % (£ 637 % o%) 5.8 (5.3)
statistical errors. L L

-05 0 05 1 16 2 25 3 35 4

Cross-section normalized to SM value
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« LHC has rapidly moved from discovery to exploration

«  With the first 36-80 fb-1 @ 13 TeV:

* All main higgs production modes and decay channels directly observed
* Direct evidence of higgs coupling to 3*“ generation SM particles
* No significant deviations wrt SM up to now

* End of Run2: 150fb-1 @ 13 TeV

 Statistical improvement on differential XS measurements and cross sections
per production mode

 Increasing precision of kinematic property measurements (sensitive to BSM)

* Second generation Yukawa coupling

* CP violation

 Search for LFV higgs decays

* Invisible Higgs decays

Giada Mancini (LNF INFN) SILAFAE 18 A
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A Thoroidal LHC Apparatu$S

Inner Detector:

« Silicon trackers (pixel and microstrip)

* Gas trackers (with measurement of the

transition radiation, TRT)

EM Calorimeters: 0/E = 10%//E ¢ 0.7% * Solenoid (2 T)
excellent e/y identification Prescision Muon Spectrometer: o/p;=10% @ 1 TeV .
good energy resolution (e.g. for H = yy) fast trigger response Electromagnetlc
good momentum resolution C alorimeter:

(e.g. A/Z = nu, H— 4u)

* Sampling Pb+LAr
Hadronic Calorimeter:

Hadron Calorimeter:

O/E ~BO%/JE & 3% * Fe+scintillator
good jet resolution o
good missing Et resolution LAr teChHOIOgy
(5. H=>%0) Muon System:
* Superconducting
Inner Detector: :
Si Pixel & strips; TRT thoroids
a/pieB 10 pim 0,008 * Precision tracking
good impact parameter res., i.e.
. 0(do) = 15 um @ 20 GeV chambers
- iy (e.g. H— bb) ,
Solenoid (inner detector): 2 T « Trigger chambers

Toroid (muon spectrometer): 05 T
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Overview of Runl1 results [ |N FN
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 Discovery of the Higgs with mass Signal strength: 1= (0 BR),,y/(0 BR)sy,
my,= 125.09 + 0.24 (+ 0.21 stat. + 0.11 syst.) GeV (kinematics distributions assumed as from SM)

. . :ZI&A;J na:‘d CMS Preliminary :éLLSAS t;‘&A:u nal:d CMS Preliminary —ATLAS
« Measurements of the couplings to SM particles oo i ~MAsons
o o o o o o Hogr — o o - —+io
consistent with the SM within uncertainties - g ~
Moer| o B
- S s
« Combined signal strength: b= -
we =
u=1.09 £ 0.07stat = 0.04exp.syst. + 0.03th.bkg  "“— -
+0.07 . b — | ¥ =
0.06th-sig T
M= I
«  Non-SM hyp. (Fs = 0*) excluded at > 99.9% CL * & T i | i fos
(Assuming BRg,,) ( Assuming XSg,,; and
SM
 Indirect limits on the width: I';/T';;M < 5 @95% CL XSsnerrevy=XSemstev) )
. N ff—shell
514?'1 T T uo FH L B B B LN B
N . = r — L S CcMS - - ATLAS H-yy ]
g;A;seNed l.sljrrzj,«stb“‘? RERPYS 2277-'43 Pfe'if:f":'Y #on—shell 'SM C f;'&Anuﬁ"f " -y ineaiaadi
-Ofgillmzd‘lc s=8TeV, 20315 : +41+4l,, , ., combin H 25 CMS H-2Z41
I 0'SM 26 H— WW* — evuv 10} \s=8TeV: JLdt=2031" - — r L e===== - —— All combined 7
[]0'SM+3¢ s=8TeV,20.3fb' r 1 5 C . ]
.o H-yy [ --- expected with syst. ] < r X Begs”'t ]
5 jP z 2:’, s=7TeV, 45 fb“r‘ 8 ... expected no syst. -~ g’ 2r —— G%CL 7
o ol s=8TeV, 20315 | 6:_ — observed 5 g - ' S ]
Cradabe | e R
10 4t~ - k=)l - X, ]
I_rl’_ L = °F ’ 1 2 -
o ® W W - . = = o / 1 I = .
20 C ) ]
0 : GOu—émﬁ‘i“lél”é‘”1I0lH1I2‘”1I4KA 05_"""""""'""""""""'_
) y ' 124 1245 125 1255 126 1265 127
Yy m,, (GeV)
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Di higgs production and higgs self coupling

| Higgs self interaction
V(¢) = —p’¢* + o'

keystone of the Higgs mechanism and
« Tiny cross-section, o = 33 fb Standard Model, never probed in nature

Non-resonant HH production main probe

for the Higgs self-coupling

* Require full HL-LHC statistics to Nk Mh

approach SM sensitivity === b
Y S S ) hh-production  hhh-production
- th h .,
b b b -
: t l : h (\\h
RTINS o \ U<@95% | ATLAS
bbbb <I3
bbWWw
T comb < 6.7 X SM(10.4 exp.) bbTT <12
bbyy <22
WWyy <230
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