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INFN Introduction

* The Higgs boson has been observed decaying to m
- massive vector bosons (Z, W) and photons, H - yy 0.23%
— third-generation charged fermions (b, 1), H - 2z 2.7%
* coupling to top quark has also been observed. Ho WW 216 %
e The interaction to the 1st and 2nd e A | o 5.3 06
gen fermions not observed yet. ¥ i - o
.- s E - %
« Small deviations from the SM L 1
expectation might reveal the L Sitgptosen |
presence of new physics, » Mea || -2y 015%
S Rl 0
- rare decays could be modified by = - e | H 0 290
new physics interactions. § od g 8.56 %

Particle mass [GeV]
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INFN Higgs —» pM

PISA JHEP 01 (2021) 148
Phys. Lett. B 812 (2021) 135980

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run / Event / LS: 323940 / 44997009 / 65
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Phys. Lett. B 812 (2021) 135980

137 o™ (13 TeV)

* Both analyses divided by the production modes: fo{ws o T2
- VBF (no b jets, no additional leptons, VBF selection), S ? .E%h:rbkg'
- ggH (no b jets, no additional leptons, VBF veto), u
- WH (no b jets, 1 additional leptons), o
- ZH (no b jets, 2 additional leptons), .

— Leptonic ttH (=1 b jets, 1 add. leptons),
— Hadronic ttH (=1 b jets, 2 add. leptons). [CMS only]

0.6
-08 -06 -04 -02 0 02 04 06 O.
ggH BDT output

A multivariate discriminator is trained in each oo H o ol B wegnag | S

region.

Weighted Events / 2 GeV

— categories with different signal purity,

| () I )
=Tt T To 4 77T

Data - Bkg.

- fit the Higgs boson peak dimuon mass.

0 115 120 125 130 135 140 145 150 155 160
my, [GeV]
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Phys. Lett. B 812 (2021) 135980 EXPERIMENT

* Final state radiation (FSR) energy recovery: S B AT Smustn ks
c [ fs=13TeV, 139 b ]

- p, resolution improvement (3%), CH ;

. .. . 4 - Mean: 118.6 GeVi

- signal efficiency increase (2%). ; i ol

2r RMS:4.3GeV

* Muon track fitted using primary vertex, N
110 120 130 140 150 160

- p; resolution improvement (3 — 10 %). My [GEV]
RS LAY

iginal g g imulation Supplementar, ]

FSR orgnat . M after PV 007;_CMSS VH/, l;v/o cofecﬁ),:,lHWHMZLg; GeV _;

gorrection 006 bR B

0.045— —

_\ A W | ‘ Ll | LiLl ‘ LLLlL | 111l ‘ Ll | LAE) ‘ LEL | L il ‘ I“I‘\“I’
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m,, (GeV)
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INFN Higgs £

JHEP 01 (2021) 148 TL
PISA phys. Lett B 812 (2021) 135980 EXPERTMENT

l
jo
T

Background model:
“core” function x “empirical” function.

..... T ———————.
4= ATLAS Simulation - Templale

: Vs =13 TeV, 139 o' — Bkg. pdf

H — pu, VBF Very High ---- Core function
x?n.d.f. =121 (p=22%) — Signal pdf

* Core function:

- common to all the categories;
- based on theory to model the Z/y - yy line-shape.

* Empirical function:

Events /2 GeV
N W A O »

[TTTTITTITT[TITITT[TTIT[TTTITTTTIT]TT
AR R LR R LA

- specific to each category;
— Chebyshev polynomial [CMS] or
power-law functions/exponentials of poly [ATLAS].
* Thorough bias studies:

- based on fitting MC simulations [ATLAS]
» alternative MC generators used as a cross-check

» 20 billions of (fast) simulated events;
- pseudo-experiments generated with alternative

functions [CMS]. 0.8
: . 110 115 120 125 130 135 140 145 150 155 160
Less free parameters — improved sensitivity ~10% M, [GeV]

Temp./Bkg. Temp./Core
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Phys. Lett. B 812 (2021) 135980

@JHEPOWO%)MS VBF nggs - ””

* Simulation-based analysis in VBF category [CMS]:
— signal extracted by fitting a DNN

discriminator including m,, in Side band Signal region
UPSNSNENSINL 1. k(L. DD .. - -
* signalregion: [m,, =115-135 GeV], L Bl I SV o
. 5[ VBF-SB Run2 [[]Diboson 10°F VBF-SR Run2 [ Top quark []Diboson
i S|de band [m”H:]_lO—ll5 & 135-150 Gev:l 1047 m,, = 125.38 GeV 105F m, =125.38 GeV = VBE —9gH

- side-band DNN obtained using
m,, = 125 GeV,

- background estimated using
simulation templates;

- expected sensitivity: +20%.

 ATLAS decided to use a data-driven analysis which is independent
from the background MC models/systematics.

VBF DNN bin VBF DNN bin
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INFN

PISA

JHEP 01 (2021) 148

Phys. Lett. B 812 (2021) 135980

Higgs - pp

Results:
- CMS:

M

- ATLAS:

1.19 + 0.40 (stat) £ 0.15 (syst) - p-value: 3.00 (2.50 exp.);
1.2 +0.6(stat) * 8% (syst) - p-value: 2.00 (1.70 exp.).
* The uncertainty is statistically dominated.

rrrr [ T

e Total Stat.

VH and ttH categories

[ Syst.

| sm

T L I
ATLAS Vs=13TeV, 139 fb

T
1

LI I

H — up

Total Stat.

—=e=— 50 +35 (£33, £1.1)

Syst.

ggF O-jet categories —@&— -04 +16 (£15, £0.3)

ggF 1-jet categories - 24 +12 (£1.2, £03)

ggF 2-jet categories @ -06 £1.2 (+1.2, £0.3)

VBF categories | 18 £1.0 (£10, £02)

Combined Fe 12 £06 ( £06, 702

| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 I
-10 -5 0 5 10 15 20

Signal strength

137 fo' (13 TeV)

— ———— :
CMS Combined i =1.19°0%
- —— Combined best fit u =
VBF-cat. L= 1.36_*:;9 - === SM expectation
: [ 68% CL
0
H-cat =0.630%° Iy
ggr-cal. | n=063,,, m,, = 125.38 GeV
= _ +2.27
ttH-cat. | Rr=2327
_ +3.10
VH-cat. n=5487 " -
P O ) B P R S IS ST B
-4 -2 4 6 8
Best-fit u

Local p-value

107

10745

1

137 b1 (13 TeV)

[ Observed

TTT T TTTTT [rTTT T

— Combined — VBF-cat.
— ggH-cat. ttH-cat.
— VH-cat.

[ NS NS W N |

Ll .
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INFN

PISA arXiv:2103.10322

Higgs — y'(£0)y

un: 331951

vent:

334662243

Run:
E
2017-08-08 19:24:59 CEST

EXPERIMENT
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CINFN  Higgs — y'(@)y &

e Search for H- &y
- { = electron or muon.
 Low-mass % (m, < 30 GeV)

- dominated by y* - £8&.

>
. . . . o Vs =13 TeV, 139 fb™' By, AR<02 ]
* Nine analysis categories: Ebyfrom 5 sofommesiong, | Wy anos ]
simulation 5 o5 Wiy :
- [uw, ee-resolved, ee-merged] x w Toan

- : ) 150
- [VBF-enriched, high p;, low p4]. iy fr::)ml _ 100
_ control region
 Backgrounds: (misid. jet _ €) ™
— lrreducible non-resonant {y bkg; eej from
- Resonant H- yy, with y.ee conv.  control region S AR A z
(<7%, only in H - eey channel). (misid jet ~y) 00 0 0 w0 o
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CINFN  Higgs — y'(@)y &

« Merged-ee challenging: il | il ; 1r ,.,...+m++3:
- background from \“fé sl ++:::::i§§:§§:§§55ﬂ*
Yy - ee conversion, _¢_++:*****' st <247
- dedicated trigger; NV, o= gt |
- special reconstruction. Pree e °'97?; . 6% 8:(1(:;) |
» Calibrated using the hypothesis e e e
of a converted y (r = 3 cm). oo R
* Reconstruction and ID efficiency from data: I | |
Z (%) + converted y with r_,,, < 16 cm. NS
-+ Further minor corrections are based on MC.  § o= Twoiilen

2030 40 50 60 70 80 90 100
pl or pi [GeV]
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CINEN Higgs — y'(t)y [

* The fit is performed using analytic functions for &0 s .
both signal and background based on templates. g0 ~see
- double-sided Crystal Ball function for signal, 2% |
- (second order) exponential or power law % it N ]
for background. o
« Analytic function chosen and tested using B o SR
templates w low-P_ |
- Large #y simulated bkg sample using a
parameterisation of the object efficiency
iInstead of full simulation. 3 sg”"'””_'_;'_ """"""""""""" b s
8 50 ) :
1101151201251301351401451{151)”(11[(5359\1/?0
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INFN

PISA

arXiv:2103.10322

Higgs — y'(%0)y

 Simultaneous fit of 9 categories: y = 1.5 + 0.5 (stat.) tg-%(syst.).
» Cross section: 8.7 + 2.7 (stat.) * 3-Z(syst.) fb.
 Observed (expected) significance: 3.20 (2.10).

All categories

SN IS N AN R [ B — 1 ¢+ % T T F v T T ' ] it ¢ 7 N T > RS R IS R
ee resolved VBF-enriched 1 = ee resolved channels —te—— ATLAS [0} F - Bkg
. . 21 9 o8t ~ Bkg+H-yy
ee merged VBF-enriched E —— ee merged channels _j.g:__ {s=13TeV, 139 fb g — Bkg +H—>yy +Sig (£=1.5)
VBF-enriched — i = Totalunc. | & oo
Hit ! uu channels | —— == Syst.only | 2 7
ee resolved high-p - — ] . W 15F
T ; VBF-enriched channels o —————
ee merged high-pﬂ o ; 10k
. : High-p_ channels : ——  ATLAS 1
uu hlgh—pTr i N 5F {s=13TeV, 13910 .
ee resolved Iow-pTr — - ATLAS Low-pn channels i [ In(1+Ss/ By) weighted sum 1
: Is=13TeV, 139 fo™" — =S bbb
ee merged Iow—th —a-— | B — | g A r
pp low-p_ *—f— m Syst. only up channels . —=— ; 5
. . : . . [T 2 0
Hovioiygiobaltit e | ] [Hopromygoealtt BR[| W oty b TR SR
-3 b 4 2 0 2 4 6 8 10 -4 -2 0 2 4 6 110115120125 130 135 140 145 150 155 160
6xB/(c>B)sy 0xB/(0xB)sy My, [GeV]
S. Donato (INFN Pisa) Rare SM Higgs channels 14


https://arxiv.org/abs/2103.10322

CINEN Higgs - Z(%)y &)

— ATLAS

EXPERIMENT
d 3

L Vy Y 7: © e
l v 4 2018-09-02 06:06:47 CEST
n ) : \
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@!EN Phys. Lett. B 809 (2020) 135754 H i g g S - Z (EE)Y @

Similar to the low mass #y analysis, £ = electrons or muons.
Divided in six categories with different purity using a BDT:

- VBF (using BDT), high-relative p; (p;/m;, > 0.4), [high/low p] X [uu, ee€].
Background non resonant Z(#)y, small contribution of Z(€) + jets

Signal extracted fitting m, using analytic function for signal (double-sided crystal
ball) and background based on templates.

Signal template: from simulation,

Background template: from simulation (Zy, main background) and from control
region (Zj).

Invariant mass resolution:

- +3% recovering the energy from the FSR;
- +14% using the kinematic fit for the Z boson mass (+10% for muons).
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INFN JHEP 11 (2018) 152
PISA Phys. Lett B809 (2020) 135754

Higgs

e

XPERIMEN

m

* Full Run-2 result (ATLAS):
- p=2.0=+0.9 (stat.) i8
- 2.20 observed (1.20 expected).

4
3 (syst.);

Z weights / GeV

R
9
8

/s =13 TeV, 139 fb
All categories
In(1+Sgg/Bgg) Weighted sum

- —e— Data
« CMS result (2016 only) 40‘TSIQ+BKQ F't
- Z(8)y + y*(8)y combination, 3
- 95% CL upper limit: f\] :
<39 (u<20exp.) 115920 125 130 135 140 145
m, [GeV]
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I N F N JHEP 03 (2020) 131
PISA Phys. Rev. Lett. 120 (2018) 211802

Higgs — ccC

CMS

S

Wy <
5
AN 1T

pp—>ZH

=

c +c
e+ e

c-track

c-track
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Higgs — ccC

* The H - cc has been searched in the VH ch., similarly to VH(bb).
- First analysis by ATLAS, fit m_, distribution in the resolved Z(€€)H(cc) cat.

- More recent analysis by CMS including both the resolved and merged H(cc);
« signal extraction based on a BDT (resolved cat.) and on mg, (merged cat.).
» explores all the categories Z(€€)IW(ev)IZ(vv)H(cc),
- c-tagger is a key ingredient.

ATLAS Simulation
Vs=13TeV, tt

=

20.057
2
® 0.04+
o

ATLAS Simulation
(s=13TeV, it

0.034" .
0.024ITF 1
0.013"

ATLAS Simulation
[s=13TeV, tt

light jets |

Light-flavour or gluon jet efficiency

100 CMS Simuiation

L DeepCSV

: VH(H - cc)

Working Point

2016 (13 TeV)

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

100 00
b jet efficiency

c jet efficiency
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CINENsernem s e Higgs — cc
* Results based on 2016 data (36 fb-1):

- ATLAS: p=-69 + 101 - 95% CL UL: p < 110 (150 exp.)
- CMS: p=37+17 (stat) + S1)1(syst) —~ 95% CL UL: p< 70 (37 exp.)
* Large improvements expected in Run-2 legacy analyses.

EXPERIMENT /A

359" (13 TeV)
= et CMS 35.9 b (13 TeV) —
5 $ Data i " pp—> VH(H- o CMS
g ATLAS .- Preit — oL pp—> VH(H- ct)
= s=13TeV,36.1 fb" — Fit Result 3 -
T ; . 3 Exp.=79xSM pp— VH(H- cc)
P 2 c-tags, p? 2 150 GeV 5% + jets g Obs. <83xSM
§ Combination N
i E u=37+20
ZHeS (o) 1L B |
—2H(eE) (100EM) - Exp.=72xSM ZH(H- cc) NI
Obs.=110xSM n=36+24
WH(H- ct)
n=37+36
I B 4 [ I SUS—— | SS—
Exp.=57xSM oL
Obs.=93xSM n=20+36
.................................................. 1L
o — 1=30+36
Combination ____.abzewe:xpem 5
-g, ]‘2‘5: gﬁziggizm [ 68% expected k ~
& 8%: - [ 95% expected n=46£29
= BF L L
%0,6'—.I..‘I...I\..I..\\...I\\I|. 0 50 100 150 200 _50"“6""5'0*"
o 60 80 100 120 140 160 180 200 95% CL upper limit on M
m [GeV] VH(H-cT) VH(H-cB)
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INEN. o e HIQQS — Iy ATLAS

2 ATiAS

* A futher way to probe the coupling sy
of the Higgs boson to ¢ quark is the =i

30 [CIB(Z— w(nS)y)=10° ]

rare decay H - JIp vy :

BSM (H - \]/l.lJ Y) - 3.0 i 0.2 10_6.

* The 95% CL upper limits: AR
- ATLAS: BR < 3.5 10+ (3.0 10+ exp.) e e
- CMS: BR<7.6104 (5.2 10+ exp.) S
« ATLAS set similar limits also for i
P(2s), Y(3s), Y(ns)
lsmeicanicmy A N R

m,,., (GeV)
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(INER Conclusions £)

EXPERIMENT

 A3c-evidence for H - pp and

for H - y*(8€)y have been reported by oy [ ey
CMS and ATLAS, respectively, > - CMS Supplementary w2,
s [ my=125.38GeV ]
- large improvement have been obtained wrt 219" pvaiue - 44%
the previous analyses. = o - ‘
: : : : 102 el | E
* Further improvements will be obtained with ; L ;
Run-3 data, and finally with HL-LHC data. 0w j.. Iﬂ"

* We are probing the Higgs boson decays oL | Iﬂll @

at the level of 10-4! B 1SpT— T

" » A DR
- No significant deviation from the SM & osbu i
prediction has been found, so far... particle mass (GeV)
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