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* The Higgs boson was the missing piece of
‘boson in the H->ZZ*. > a1 the Standard Model (SM):
decay channel: k- 44 responsible of the spontaneous symmetry breaking
& § :Z;‘i‘%sﬂlé ! that allows elementary particles to acquire mass.
'S : ZZI pp— 1IY |+ The SM, despite being very successful:
15; | k\ It does not explain the matter-antimatter
| 12: | {}i asymmetry of the universe, the dark matter, it
B T I ] "‘l : does not include a description of gravity...
my; = 125.09 £0.24 GeV &
(ATLASICMS 22" ¢ W) {la Higgs boson properties: possible
5 deviations from the SM and New
4 : \\ | { Physics effects, can be hidden in the
A \ // | Higgs sector.

m,, (GeV)

A  Itis crucial to study the h(125) properties! /
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In this presentation:

* Introduction
» ATLAS detector
* Higgs @ LHC
* Overview of Runl measurements
* Present the H->ZZ*->4] decay channel
* Studies on the Higgs boson properties
» Cross section per production mode, Runll, 14.8 fb'@ 13 TeV
» Sensitivity study based on an EFT parameterization of the decay
amplitude (Isidori et al.)

* Conclusions and future perspective

Giada Mancini (LNF INFN)



ATLAS @ LHC

A Thoroidal Lhc ApparatuS

Inner Detector:

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

good momentum resolution
(e.g. A/Z = nu, H— 4u)

Hadron Calorimeter:
0/E =50%/JE ¢ 3%

good jet resolution

(e.g. H— 1)

Inner Detector:
Si Pixel & strips; TRT
o/pt+=5-10"* p: # 0.001

good impact parameter res., i.e.
o(do) = 16 um @ 20 GeV
- iy (e.g. H— bb)

Solenoid (inner detector): 2 T

Toroid (muon spectrometer): 05 T
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« Silicon trackers (pixel e microstrip)
* Gas trackers (with measurement of the

transition radiation, TRT)

Electromagnetic
Calorimeter:

Sampling Pb+LAr

Hadronic Calorimeter:

good missing Et resolution

Fe+scintillator
LAr technology

Muon System:

Superconducting
thoroids

Precision tracking
chambers

trigger chambers




Production modes [ wN | \

Laboratori Nazionali di Frascati | |

The Higgs production at LHC can occur through the following mechanisms:

gF: is the dominant production mode,

8
9 FETTTTETTY] 088F/oTOT = 87% @ 13 TeV.
g g fusion : ty . . . .
) : VBEF: whose signature is characterized by H

W,Z bremsstrahlung +2jet forward, oVB/oTOT =79, @ 13 TeV.

q

| . VH: whose signature is composed by a H
- iy € associated to a W or a Z boson,

W cemston (T fusion: v " H GVH/GTOT = 49, @ 13 TeV.
q PP
q " ttH-bbH: in which the H is associated to tt-
bar /bb-bar pairs, otH+PbH/gTOT = 29, @ 13 TeV.
Decay channels: g T s Gev
: NLO EW) B
«  H->ZZ*->4l: pure channel by very low statistics (BRyy.. 77«4~ 2 104) g 09

¢ H->yy: “easy” final state but low BR

o(pp — H+X) [pb
)

E WM/ E
: . : D +NLOEW) ]
*  H->WW?": good sensitivity but low mass resolution | pmn 7

E W E

; oo (L0052 — 3

. . : - - ]

*  VH->bb-bar & H->tt: interesting for the measurements of couplings - = ]
. E P E

to fermions (huge bkgs)

* H->Zy & H->pp: low BR 10-2;7 .

o b b b b b B b e |

6 78 e 0 T 2 s 14 45
(s [TeV]
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Analyses in Runl have been optimized for the discovery

* The first measurements of the properties have shown
that the observed boson was compatible, within the
uncertainties, with the Higgs predicted by the SM

Measurements in terms of:
* Signal strenght: defined as the ratio of the XS * BR with respect to the

SM (more model dependent): y#=(0BR),, /(6 BR)gy,

* Coupling modifiers (k;), added as multiplying terms in the Higgs boson
couplings to fermions and bosons in the SM Lagrangian, in order to take
into account for New Physics (NP) effects that can occur both in
production and decay:

2 SM

(-1 ) ;g
o.-BRS = o,(k) - I () where Kj = FJ/FéM , K;j=0;/0]

l FH

> k].=1 refers to the Standard Model case (SM)
Giada Mancini (LNF INFN) /
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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)

- ATLAS
--CMS

-- ATLAS+CMS
—z*1c

* Measurements of the couplings to SM particles * ;“* ol | BT
consistent with the SM within uncertainties u :;: =
« Combined signal strength: i :M— i
u=1.09 £ 0.07stat £+ 0.04exp.syst. + 0.03th.bkg  "“—— o
10.07  cth.sig | ——— | V| T
I i B
«  Non-SM hyp. (JPs,, = 0*) excluded at > 99.9% CL % s if| o g a

« Indirect limits on the width: I'y/T';M < 5 @95% CL

(Assuming BRg,,) ( Assuming XSg,, and
XSSM(7TeV):XSSM(8TeV) )

< Mg yoff-shell 8 oA e

ATLAS H— 277" - 4] ™~ [ o —_ L ATLAS and CMS -=-- ATLAS H-yy ]

—— overes " 12 ATLAS preiminary | © on—shell ~ ['SM " LHC Run 1 T owshly

------- Expected 5=8TeV, 203 15" [ 212v+4i+4l,, , ., combined u H o5 oM H_;z_m ]

—l H— WW* - evuy 10f-1s =8 TeV: [Ldt = 20.3 1" 3 ~ JPEELEE -~ —— All combined ]

[ Jo'sM:3c s=8TeV,20.31b' + 1 3 L ~ o Bestit 7

-J:i“’ H-yy [ --- expected with syst. ] - - S -

5 jpziz s=7TeV, 451" 8l ..... oxpected no syst. ) 5 ) 2 —— 68%CLL. ]

o 100 s=8TeV,203fb | I — observed . 9 - R -

30f E 6 B E C ]

10 ._l l._ .. E 4k S = = C X ]

M - - i : * F ]

-10f l . I I oF ] L S I T = ]

-20f E L C ™ ]

-30F 1 AN, ol ENPETE IEEP EPEPET IR P - | | | | | | _
g Wm0 Wiz WPez WPez ez yPe2 % 2 4 6 8 10 12 14 0.5 "'124:"1'24'5"'125'"1'25'5"'126'"1‘26'5"127

R OB T W " . . .
I m,, (GeV)
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Differential Cross Sections: Runl wN |
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Measurement of the differential fiducial cross section:

dogq,i n
dCIL,; C; - Eint . sz

*  Fiducial phase space (to minimize the model dependency)

» Corrected for detection efficiency and resolution effects
 Variables sensitive to the H boson properties have been chosen (production modes,
spin and parity, proton pdfs, QCD effects)

« Results have been compared to several theo. predictions

S R B AR an s o R MIARRRRns F — -— 5 Fr e
8 o0.0sF ATLAS +data | syst unc. - — 3s5f ATLAS 4data | syst. unc. E = 6:— ATLAS Preliminary 4 gaia syst. unc. 3
g H-2zzi >4l , 777] gg—H (MINLO HU+PS) + X H] % FHoZzZ o _‘ 7777} gg—H (MINLO HJ+PS) + XH] > FHozz o . [ gooH N Hues) + XH ]
o 0.05 |s=8TeVILdt=20.3fb S gg-+H (PowneasPS) + XH ] > 3:_ |s=8TeVJLdt=20.3fb Y gg—H (Powrea+PS) + XH | § 5:— S=5TeV:det=20.3 fb S a9-oH Pomecsrs) s XH ]
° [T gg—H HRes) + XH 7 8 L,eb [T gg—H HRes) + XH 7 5 s e XH S VBFAVHaTH ]
& === XH = VBF+ VH+fTH s === XH = VBF+ VH+fTH ] = 2 B
© ] 2 ERAE- F ]
b o I T N

0 20 40 60 80 100 120 140 160 180 200 0 02 040608 1 12141618 2 22 24 0 01 02 03 04 05 05 07 08 09 1

p,, [GeV] ) |cos 6°|

o) T T T E = F LU L L B B B S T T LA RAREE RARAE RARRE RS
'_x_é 1.8 ATLAS Preliminary 4 data syst. unc. e 3 - ATLAS Preliminary 4 yan syst. unc. 1 3 o ATLAS Prellmlnary 4 data syst. unc. 3
© 46 Ho72" >4l . [ ggH o ws)  XH 2 0.05f H—2z' -4 A gg-H MNO Hies) + XH = g 0'18:_ ezt [577 9g—H (MNLO HUsPS) + XH ]
14 |i=BTeV: Ldt=203fb Y ag-oH Pomecses) + XH ] 5, . |s=BTeV:ILd!=20.3fh S ogoH Pomeas) s XH 3 3 0.16 fe=8TeV: [ Lt=203t S 9-oH Poweesps) « XH

“HE Py >30GeV == XH = VBF+ VH+ fTH 3 T 0.04 === XH = VBF+ VH4TH ] 5 0.14F “=cc XH - VBF4 VH4{TH

1.2 - 2 - 7 = C 3

. 3 =) ] 2 — 3

4 S 0.03[ 3 3 3 E

0 3 3 2 3
0.6f 3 002 E : 3

04 3 0.01F i . = -

0.2 E N 1 + = | -

| RN bbb SEETEY YT Eovee e dop o %" 105" 7 1" § " cpdopoyogopop o dopas ST swfal irtrirt T lmnadrrrr e e i e
0 1 2 >3 0 20 40 60 80 100 120 140 1 5 20 25 30 35 40 45 50 55 60

Miets Fi:t [GeV] my, [GeV]
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Golden channel (S/B~2):

Cut-based event selection H

Lepton definition

Muons: pr > 5 GeV, |n| < 2.7 Electrons: pr > 7 GeV, |n| < 2.47
Pairing

Leading pair: SFOS lepton pair with smallest [mz — myg|

Sub-leading pair: Remaining SFOS lepton pair with smallest |mz — my,

Event selection
Lepton kinematics: Leading leptons pr > 20,15, 10 GeV
Mass requirements: 50 < my < 106 GeV; 12 < mgy < 115 GeV
Lepton separation: ~ AR(¢;,£;) > 0.1(0.2) for same(opposite)-flavour leptons
J /U veto: m(€;,£;) > 5 GeV for all SFOS lepton pairs
Mass window: 118 < myr <129 GeV

(EATLAS
EXPERIMENT
http://atlas.ch

Experimental signature:
+ 2 lepton pairs

» Opposite charge

* Same flavour

* High py

* isolated

« Coming from the primary vertex

Giada Mancini (LNF INFN)



ner->»

Laboratori Nazionali di Frascati

1

Irriducible background: a !

DL ILLELY WWWW
e Same final state as for the Z 2>l
2= TBSETTTTT MWWV
signal. ! ’ : : 17
Reducible background: 1 I
 Leptons from secondar . . = t /
p y DT T ORI TEESTTTTT \ b tf_)wbwt‘;‘ ;
vertex I Zbb )5,
BEEETTTTT v

|

* Not isolated a wiz C

> N SALARRRRRRRRRRS * .
& 3 _ATLAS Prellmlnaryé 3:;;5 (= 125600 ] 27 bkg estimated
10 H— 22" - 4l .
S 30 :_13:e)v,14.8_ﬂ)>" . e E from MC
< C 2 Uncertainty
o 251 =
g ’ |
- ] Z+j ets & ttbar: « Data-driven methods for the bkgs

estimated from
Control Regions (CR

3
80 90 100 110 120 130 140 150 160 170 OZjets ~ 10° o
bl Ottbar ~ 10° Osignal the contributions

-> hlgh rejection factor to the signal region ﬂ

estimate using control regions
+ Likelihood fit
» Transfer factors

signal to estrapolate

Giada Mancini (LNF INFN)
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Fit of m,,

* 3 bkg components: ttbar, Z+heavy flavour, Z+light flavour

* 2 CRused for a simultaneous fit of ttbar and Z+heavy components (eu+uu, tthbar
enriched, and inverted-d0, enriched in Z+heavy)

« theinverted-iso CR (enriched in Z+light) is then used to estimate Z+light component

* SR estimates obtained using MC based transfer factors from CRs (description of cuts

checked from Z+u control samples)
T 90—

> L B B B I B > r T > S U BN L ILUU R R
& 200 ATLAS Internal A ?:tt; 3 & | ATLASIntemal ¢ Data & 90F ATLASInternal . ?:::I 3
3 180 Inverted d, CR tt E Ny 805_ eu+uu CR . ;mal E S goE Inverted Isolation CR ft 3
Eqof '18TeV.133m7 Zsheavy 2 70F 13Tev, 183" .. Zeheayy £ b 1aTev, 13367 Z+heavy
o 140F E o g ] g 70F Z+light E
. o0l 5 W 60 Y 6o £
: 50F 3 3
100; a0t T 50§
80F 40t E
60F 3¢ 30; 3
40, 20 : 20 . :
20: 10F E 100 N
5(_3 S S I S l*»r/l\J -
50 60 70 80 90 100 50 60 70 80 90 100
m,, [GeV] m;, [GeV]
Background Fit yields Extrapolation factor [%] Yield in SR
Z+heavy flavour jets 310+-27 0.60+-0.04 1.85+-0.16+-0.11
ttbar 323+-13 0.21+-0.03 0.68+-0.03+-0.09
Z+light flavour jets 14+-14 2.3+-0.3 0.32+-0.33+-0.04
WZ (MC-based estimation) 0.63+-0.27

Giada Mancini (LNF INFN)
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\"\'x Fit of ny..pi, (# of innermost pixel hits or next-to-innermost in case)
* 3 bkg components: misID of light-flavour jets as electrons (f), electrons from photon

conversion (y), electrons from semi-leptonic decays of heavy flavour hadrons (q)

e the 31+X CR is used to estimate the f and

de+2u2e
y bkg (templates taken from MC in the Z type datafit  efficiency [%] SR yield
. f 1121 +34 024 +0.03 2.47+0.08+0.34
+X CR and corrected to the data with ’ B+10  076+£005 0.56 < 0.08 + 0.04
fake-enriched control samples) q (MC-based estimation) 245£0.75
N q bkg is estimated from MC & Split per channel: 4e/total is 53% for f, 60% for y
% T “T T | — ® T — T T
g 1.2I" ATLAS Simulation Internal 71 §10°F ATLAS Internal - Data
3 [ Z+e — { (uncorrected) | u>J - ee/uu +ee — Fit
S T f : CoeTeviasan’ ¢
S [ . ] 10°F . E
T 0.8 . g !
o L e
0.6F y 10°_, . E
0.4F . :
[ : 108 E
0.2 - :
G- ] ] ] [ 11 | | | =
0 1 2 3 0 1 2 3

nlnnerPix nInnerPix
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Data-simulation comparison [

> RERRN RARRE LN RAALN RRRRE BN RN RRRRN RARRN
&S sk ATLAS Internal éﬁ;‘;‘s(m”=mev, E
0 - H— ZZ* - 4l -z ]
ol N , N Z+jets, tt ]
a L 13 TeV, 13.3 b tt+V, VWV b
= 25 — 777 Uncertainty 7
s - §
> X i
W 20+ ]
151 E
10 .
51 ]
0]

80 90 100 110 120 130 140 150 160 17(

m, [GeV]

> ._IIIIIIIIIIIIIIIIIIIIIIIIllllllIlllllllllllllllllh
8 22| ATLAS Internal éﬁfg‘;s(mfmmew;
0 200y, 722 L 4 -z E
% 18 F13Tev, 133 10" v, VWV =
€ 16 F 115<m, <130 GeV 727 Uncertainty B
e F :
w 14 - =
12 :
10 s
8 -
6/ -
4F E

O— LX) 3

50 55 60 65 70 75 80 85 90 95 100

Giada Mancini (LNF INFN) m;, [GeV]

m,, [GeV]

Events/4 GeV

INFN

= T T T T T | T N
100+ ATLAS Internal —
" H—>ZZ* -4l ¢ Data 1 7104
[ 13TeV, 133 10" W Higgs (m, = 125 GeV) | 0.35
80 115 <m,, <130 GeV |:|zz*, Z+ets, tt, VW _| '
i {03
r . 71 —0.25
60 i 7
Lo 102
[ csQOooooooo o :
401 % iiiiiiiioo o e
k: ...... £e o : : n : .‘- - . . 01
-« - v v & a = om o -g or ] > 7
Dl d% il e e | doos
Y I - R
R T I S W T.HJ_‘QL' B I o
60 80 100
m;, [GeV]
2 il|IIIIIIIIIlIIIIIIIIIIIIlIIlIIIllIIIIIIIIIIII:
OFATLASInternal %, D S
18 - H - zz* - 4 =§fj.ets,ti E
16 [13TeV, 133 10" tt+V, VW -

E 115<m,, <130 GeV 7% Uncertainty E
141 E
12f ;
101 E

8 E
6F i g
! ;
2 ;
0 | = -
15 20 25 30 35 40 45 50 55 60
m,, [GeV]
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Kinematic
distributions of
the events
recorded with
13 TeV.




Run2 preliminary [

To investigate possible deviations from the SM:

mm) Interesting to study a categorization which allows to have more
sensitivity to production modes:

* Observation of exclusive production modes in each channel
splitting the events in more restricted phase

* “measure” the BSM deviations
* better precision on the coupling measurements

m) From the k-framework to the effective field theories (EFT)
 To use a more general model for the signal: ’Os, EFT -> have
assumptions on the model but allow to use all the experimental

information in a coherent way

Giada Mancini (LNF INFN) A
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Measurement of the cross sections per production mode with 14.8
fb! during Runll (ICHEP2016)

In order to gain sensitivity to different production modes a

categorization of the Higgs candidate events has been performed:
+ Exclusive categories: additional lepton and number of jets associated to the events
+ Dedicated discriminants in each category

* Particular care for the 1jet category (~30% ggF events and ~30% VBF)

BDT 1jet training variables BDT 1jet

o

~ A N A A A &= T T T T T L2 mMva,

gnal ] &l ] e e

2 0.04 3 i = 3 [T slgnal diedt sampid) «' Sighal (traifling sample) | |

EO 035 Seckoround ] = 12: 1.4 [£77] Background (test + Background (trainii pley ]

% i ‘; . " Lo 1 " ? 9 [_Kolmogorov-Smirnov test: signal (background) probability = 0.228 (0.052) ]

€ oo £ HE Bl
0.025 18 ] g " 1z
0.02 15 £ 15 08 r 2
1= e 1= 13
0.015 1g ] 1s 0.5 18
0.01 EL a 1= o4 =H
13 3 15 C Ja
0.005 £} : 13 o2k 13
1 g ] g ’ ] §
0 g 0 - : o Bl nE
50 100 150 200 250 300 350 400 450 432-10123 4 2 4 6 8 10 12 R TR R T S TR

leading_jet_pt leading_jet_eta dRHj BDTGNTrees=200:MinNodeSize=5.0%:Shrinkage=0.5 response
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S o eonat & oot
Fraction of events in V\QX 3¢
each category. ‘ib,.% Qo‘* m,, [118-129] GeV
(ggF+ttH+bbH VBF V11) Priec> 30 GeV {

JdA 19(C
PIr
1200

" daiHA
HA 13(¢

>=1 leptons jet Tjet <120 GeV >120 GeV
(p, > 8 GeV) 0j J my my;
: Discriminant | | Discriminant | | Discriminant | | piooininant
5 Just counting | | BDT-ZZ BDT-1j BDT-2jVH BDT-2jVBF
M - BDT_ZZ: BDT_ljet: BDT 2jet VH:  BDT_2jet_VBEF:
* Pra * Prjet * P * P
¢ Mg * Myjer ) * Prj2 * P12
+ KD: * AR (ZZ-jet) P * Praj
log(ME;;z,/ * An; *© Any
ME,) * My PP L el
. mu . mu
* min AR (j-Z) * min AR (j-Z)

The same categorization has been used in order to put limits on EFT couplings

without using discriminants. !

Giada Mancini (LNF INFN)



Results and discriminants INFN
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Higgs candidates in the m41 [118-129] GeV in each category
BDT based discriminants are used to separate the contribution per
production mode in each category.

Analysis Signal Background Total Observed
category ggF + bbH + ttH VBF WH ZH z7z* Z +jets, tt  expected
[ 0-7et 11.2+1.4 0.120 £ 0.019 0.047 £ 0.007 0.060 + 0.006 6.2+ 0.6 0.84+0.12 184 +1.6 21 ]
[ 1-jet 57+ 2.4 0.59+£0.05 0.137 +£0.012 0.091 +0.008 1.62 4 0.21 0.44+0.07 85%24 12 ]
2-7et VBF enriched 1.9+0.9 0.92£+0.07 0.074 £0.007 0.052 £0.005 0.22+0.05 0.244+0.11 3.4+0.9 9
[ 2-7et VH enriched 1.1+0.5 0.084 +0.009 0.143 £0.012 0.101 £0.009 0.166 £+ 0.035 0.088 +0.011 1.6 +0.5 2 ]
VH-leptonic 0.055 £+ 0.004 < 0.01 0.067 £0.004 0.011 £0.001 0.016 £0.002 0.012+0.010 0.16 +0.01 0
Total 20+4 1.71+£0.14 047+£0.04 0.315+£0.027 8.2+£0.9 1.62 £ 0.07 3214 44
L7 T A L LA LR RARS RARE RN RN RN RARY L2 IO s R RS LA RN RRRN RAMN RARN RERRRARS 10 AR RS R RN RN RAL RARN RN RRE= T AR RN AR R R RN RA RN AR A=
S 10 _ATLAS Preliminary o oot . w1 ] 510" £ ATLAS Preliminary =% oof s E S [ ATLASPreliminary =% oo« i S [ ATLASPreliminary o oo« i E
D [Hozz o4 EEEF 11 @ CHo 7z 54 EEEF ] D [Hozz o4 EEEF ] O [Hozz o4l E"ZJEF
gluae " R 10 by 142 R 10 i vvormenes SEEESE 10 s L
S 2w, Uncertainty 7 f 27, Uncertainty E f 27, Uncertainty E ; 277, Uncertainty E
b
10-‘; A 10“;— 107
0 - 102 102 P _ 102
-1-0.80.6-0402 0 02040608 1 -1-0.80.6-040.2 0 02040608 1 -1-0.80.6-0402 0 02040608 1 -1-0.8-0.6-0.40.2 0 02040608 1
BDT zZ BDT One Jet BDT VBF BDT VH
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Cross section per production mode [
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Signal extraction: Likelihood fit to the BDT discriminants distributions in

~ 80pr e e 580 e o 200
eaCh Category  r ATLAS Internal 1 £ [ ATLAS Internal € q1af ATLAS Internal E
ﬁ 257H 77" = 4] —— Obs.: stats. + syst. unc. Cﬁ 25;H 77" = 4] —— Obs.: stats. + syst. unc. < 18: H— ZZ* — 4| —— Obs.: stats. + syst. unc. ]
C t.b .l. t " 13 Tev, 148 10" —g:;ss:::ss:r;is?niync "L 13 Tev, 148 10" _(E’fiifi.ff"sis?"lync iR 16?13 TeV, 14.8 1" - Sfjiﬁj.‘:f“;f“ﬂync{
(.)mpa 1b1i1ty 20 ggH+bbH+ttH /4 200 VBF 14- VH ]
with the SM: : 12 g
150\ 15? 107, 7777777777777777777777777777777777777777777777777777777777777777 i3“
OggF+bbH+ttH B(H->ZZ*) @ 1.10 10 oo S 2 2: ;
oyse BH->ZZ*) @ 140 5 5 4l 1"
F R = =10
o ‘ oS et T A D
0 05 1 15 2 25 3 35 4 0 02 04 06 08 1 12 14 C
o S F N A TN
Cross section per production mode compared to
. e g 22T T T T T T
the SM predlctlon: 2 2F ATLAS Preliminary +f-Bestfit
N 1 giH—ZZ -4 —68% CL E
. +() 49 N "7F 431ev, 148107 "."95% cL ]
Tyab e, E
+0 28 o CF 1
E | =
ovn - BH > ZZ*) = 0+°-15 pb :
0.61 3
Expected: O SM,ggF+bbH+tiH B(H — ZZ") = 1.31 £0.07 pb 8;’;: :
osM.vBF - B(H — ZZ7) = 0.100 + 0.003 pb T HE i S e S
. csggH+be+onBR(H 227 1o
OSM,VH * B(H — 77 ) = 0.059 + 0.002 pb
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Cross section per production mode [

The same results can be expressed in terms of couplings with fermions (ggF,
bbH, ttH) or vector bosons (VBE WH, ZH).

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

modifiers (k) :

* kg for the production mechanisms mediated by fermions

+ ky for those mediated by vector bosons.

25-H- 77" >4l
r 13 TeV, 14.8 fb"
[ my=125.00 GeV

2r

1'5: -+ Best fit
r —68%CL
1 - 95% CL
- < SM

0.5

3? T T T T N T T T T E T T T L. T T T T
- ATLAS Preliminary
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Results obtained with the current statistic
does not show significant deviations with
respect to the SM

« Higgs mass fixed to my; = 125.09 GeV

* Only the kg>0 and k>0 quadrant is shown

since the H->ZZ*->4] channel is not sensitive to

y.

the relative sign of the k
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EFT are excellent ways to characterize the properties of any new state

EFT description for the BSM-containing process in Higgs production and decay
resents:
P Lopr = Loy + Y600
* the assumption of some high scale of NP (A) adding higher dimension BSM
operators to the SM Lagrangian (SM reproduces the low-energy limit of a more
fundamental description)
+ Narrow-width approximation -> 2"¢ order polynomial both in production and

decay

BSM effects in the Higgs sector can be probed in an Effective Field
Theory (EFT) approach:

New physics at high mass scale introduces new types/structures of Higgs boson

couplings, which change the Higgs boson kinematics with respect to the SM.

Giada Mancini (LNF INFN) A
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Sensitivity to BSM couplings _ IN FN

The defined categorization shows a good sensitivity to BSM interactions
in the HVV vertex, parameterized by Lagrangian terms:

£V JHEP 11 (2013) 043
§ = h Contributo SM | Preliminary study on the k;
_ key=1, A=1 TeV
(7% .
ﬁ Sak avygary Au A :| Contributo BSM and kAVV Coupllng Constantsl
ﬁ sakamar ZwA®™]  Ruzz=Kmww=Knvy
- kAZZ=kAWW=kAVV
SRR - s 1cs G 5]

Cakrzz ZuwZ" + Sakazz Z;yzlw] ]
11 — e pseudoscalar particles with the W

which represent respectively the

[

:

coupling to scalar and

- %ca (s10y ZuOuAM + Kstos ZuBuZM + (szow W 0uW " + h.c.)] }Xo and Z SM bosons.

 The highest sensitivity in this study comes from the VBF and VH production
modes — the number of events scales as kyg*

 Contributes are proportional to kgg,,* in the BR(H->ZZ*) for ggF

q q

Production:

q q

Giada Mancini (LNF INFN)



Production mode studies and constraints on kg

and kv sina

Constraints on BSM couplings:

 Categories are used to give sensitivity to BSM interactions between the Higgs

and the W-Z SM vector bosons
* major impact on the VBF and VH: factor kgg,,* in the yields but also change
in the BR (H->ZZ*) proportional to kg, included for ggF

+ we follow the Higgs Characterization model parameterization: only the
effective Lagrangian terms related to the BSM couplings k;;y and k,yy are
considered (coupling to scalar and pseudoscalar respectively, V=W,Z, A=1TeV)

+ Standard Model Lagrangian component fixed to unity (k.,,=1)

* one coupling at a time studied

 only using event counting per category

* Signal samples have been generated using MG5aMCatNLO and used to
emulate every value of the coupling via the morphing technique in order to
obtain a continuous signal parameterization of all the physical as a function of

the BSM couplings. Impact of the BSM couplings on total width also included. l

Giada Mancini (LNF INFN)



HEFT and Morphing [

The plan is to combine measurements of shape and rates within

an EFT framework.

In order to model the contributions of different operators independently by

independent MC samples -> Morphing Idea:
* The final histogram can be produced starting from the histograms from
individual MC samples
« Allows to model easily BSM contributions by mixing a finite set of base
samples.
« Allows to use a large set of EFT parameters to describe kggy,
couplings
+ Continuous modelling of Physics distributions and rate predictions
* Morphing is applicable beyond the EFT framework
» Independent of specific generators

* Only requires that any xs can be expressed as polynomial in BSM operators

Giada Mancini (LNF INFN) A



Morphing an histogram has been SM

introduced to describe the dependence

of a given physical observable to an \ K2u
arbitrary configuration of kggy, _ \\1

The morphing function linearly Mix Interference

combines the values or differential w . /\ s * Fesu \/\j
distributions at a number of selected

discrete coupling configurations BSM /

The input distributions are normalized K24,

to their expected cross sections such that /

they include not only the correct shape,

but also the correct XS prediction.

The minimal number of samples required to describe a particular production +
decay process depends on:

« How many couplings we consider in each of the vertices

«  Whether some of the couplings are equal for production and decay

Challenge: number of samples grows quickly with EFT parameters (e.g. 1BSM op. ->

3 samples) A

Giada Mancini (LNF INFN)



Limits on BSM couplings [
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Limits have been obtained fitting the number of events in each category:

* Kkgy=1

12III|III|III|III

T | ATLAS Preliminary
<
[aV)

10; H— ZZ* — 4]
" 13Tev, 14810

T

\||||‘x|||\r|‘:_ 12

— Observed

----- Expected .

*  kyyy € kayy studied separately

[ T "J. T T T T | T
 ATLAS Preliminary
L His zz* > 4l

[ 13Tev, 1481

LI B

— Observed

Exclusion limits observed

I are less stringent than
----- Expected ',-": ]

1| what expected due to the
| excess of events in the VBF
2jet enriched category.

Compatibility with the SM:

kv =0 compatible @ 2.10
k vy =0 compatible @ 1.80

Exclusion limits:

Not excluded KHVV Kavy
range at 95% CL | expected observed | expected observed
[-6.3,5.1] [0.9,7.5] | [-6.3,6.5] [-9.7,11.0]

Next steps: interesting to add the BSM discriminant contributions in each

category, evaluate pryy subcategories (BSM contribution at high pyy)

Giada Mancini (LNF INFN)

y.



Categorizzation [ MadGraph5aMC@NLO

Istituto Nazionale
di Fisica Nucleare jm

MC studies on the sensitivity to BMS:

To increase sensitivity to BSM terms divide 2-jet category in bins:

- pru<>120 GeV

} 1]

SM kSM=1, kKHVV=0
BSM kSM=1, kHVV=-10

Normalized to o x L(100 fb!)

VBF+VH processes M;; <130 GeV

i i i’ d L I 1 L L L I L L L L
300 400 500

Giada Mancini (LNF INFN)
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kSM =1
kAzz=20 kSM=0
kAzz=kAww=kAvv

pry and Prj: sensitive to EFT terms

VBF process 90 KSM=0
= H =
= 5—_|_ _:
= ™ —
= =T E
s SR =
i == W oo
200 600 1000 1200 1400 1600 1800 oo 2000
Mjj
= —7% o
PT,]l
70 200 300 o 500 ;o
PT,H

N



Next steps: H->ZZ* [

Ideas for the next steps:

* Study new couplings
+ Improve the analysis with observables (some preliminary studies on OOs in the
2jet category have been already performed)

» Perform multidimensional analysis (e.g. kiyy, Kayy 2D scan)

PP > X(0) > 4] at the LHCS ] PP X(0) > 4l atthe LHCS 3 Representative set of distributions for key

o -

0s spin-correlation observables.
0.4 B

Higher-dimensional operators

02 .

N corresponding to «;;,, (CP-even) and i,

(CP-0dd) have dramatic effects on angular
distributions (cos0,, A¢) while the

derivative operators corresponding to xyy,;

mainly affect m,;, and m,,.

cosh, Ao

Normalized distributions in pp — 2e2u for different

choices of the couplings.
Giada Mancini (LNF INFN) A



Sensitivity study [ wN I

di Fisica Nucleare
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The decay amplitute of the h->2e2u can be expressed, using a general EFT
approach (which combines both kinematics and rate information) with a
parameterization in the invariant masses of the lepton pairs

(q,=my,, q,=my,) -> Isidori et al. (arXiv:1412.6038v1)

.2m2 B ~
A=i—Z 3" 3" (&va€)(ilypm) X
(Ja . .
e=er,er W=LL,LR CP invariance o
Q1 g2 9%° — ¢2%q1” 2P ot
) + ) I B T o
A
/ f f

f_f
FIT(@2 ) = & 9297 L2 9z | Czrr 97
1 000) = Rap ap o T @) T mE Pu@)

K77 €ze1s €zu1s €zer Ezure => D parameters!

0.4

function generated with the parameters set to SM values:
(KZZ=1’ EZQL=O’ EZPL=O’ EZQR=0’ £ZHR=O) 10 20 3 40 50 60 70 8 9 100 °

2 _
->d°T h—2e2u /dm,, dm;, = zjzl Ajj K K;

m,, [GeV]

Studies performed to gave the sensitivity to the contact terms never
considered before.

Giada Mancini (LNF INFN) A
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2D function and POs extraction INFN
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Asimov dataset normalized to the statistics recorded by ATLAS+CMS
in the Runl at LHC ( 7+8 TeV, ~15 events in the 2e2u channel in the
signal region [120-130GeV] )

CMs Vs=7TeV,L=511";Vs=8TeV,L=197 "
> lIlllllIIIIIIIIIIIIIIIIIIIIIII llllllll Illll > T T I T T T T T T T
& 35F ATLAS ¢ ome o 35 « Data
LQ H—7Z* - 4] |:| Signal (m_ =125 GeV u = 1.51) (D l: mH =126 GeV
S 30 [ orrev J.Ldt ~a5m" B ocouns 22 2 30 Iz zz
b2 - Background Z+jets, ff - Z+X
qC.’ % Systematic uncertainty

o
80 90 100110120130 140 150 160 170

m,, [GeV]
m,, (GeV)
Table 11: The number of events expected and observed for a my =125 GeV hypothesis for the four-lepton final states in a . N
window of 120 < mys < 130 GeV. The second column shows lhe" number of expected signal events for the full mass range, Table 4: The number Of observed candidate events Compamd to the mean exPeCted baCkgrou-“d
without a selection on mys. The other columns show for the 120-130 GeV mass range the number of expected signal events, and 51g-nal rates for each final state. Uncertainties include statistical and systematic sources.
the number of expected ZZ* and reducible background events, and the signal-to-background ratio (S/B), together with the .
number of observed events, for 4.5 b~ at /s =7 TeV and 20.3 fb~! at /S =8 TeV as well as for the combined sample. The results are mtegfamd over the mass range from 121.5t0 130.5GeV and fOl‘ 7 and 8TeV data
Final state Signal Signal zz Z +jets, tt S/B  Expected  Observed combined.
— full mass range =TT =T . Channel de 2e2u 4y 4/
8= ev an 8= e
4u 6.80 + 0.67 6.20 = 0.61 2.82+0.14 0.79 £+ 0.13 1.7 9.81 + 0.64 14 ZZba%kg[l‘:’und d 11+01 32+02 25+02 68103
22 458+ 045 404+ 040 199010 0694011 15 6.72 + 0.42 9 Z+Xbackground 0.8+02 13+03 04+02 26404
2u2e 3.56 +0.36 3.15+0.32 1.38+0.08 0.72+0.12 1.5 5.24+0.35 6 All backgrounds 19+02 46+04 29+02 94+05
4e 3.25 + 0.34 277029 1.22+0.08 0.76 £+ 0.11 14 475 +£0.32 8 my = 125 GeV 30+04 794+10 644+07 173+13
Total 182+ 1.8 162+ 16 7.41+040 295+033 1.6 26.5 + 1.7 37 my = 126 GeV 34+05 90+11 72+08 196+15
Observed 4 13 8 25
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Distribution of the d*I'/dm,,dm;, varying the parameters

taken into account.
+ Projection along m;, 1050500 (1,0,0,0.5-0.5)
integrating over my,
» The integration over the angle
as been implemented . /L A 7 ]
analytically at amplitude level. - =
Analyses:
(k=1 £7,,=0, £7,,=0, £,.z=0, £,,3=0) * Extraction of the events from the d’I": Asimov
s , . , , , dataset normalized to the number of events
ool expected

¢ Binned Likelihood (Poissonian statistics)
varying the parameters under study (2D scans)

 Studies performed with the statistics available

_ in the LHC Runl, but also (rescaling the

| A | | expectations) for 300 fb! @ 13TeV (~expected

’ “ “ o B 1°° for Runll at LHC)

-> ATT: at the moment bkgs are not considered, events are

assumed to be truth (in future trasfer function from truth to reco)
Giada Mancini (LNF INFN)
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Introduction [

Assumptions:

«  h(125) is a spin-0 particle
*  No new particles with mass up to 125 GeV able to distort the decay amplitude
of the Higgs in SM particles

Different cases under study:

Different combinations of the parameters have been studied, fixing some of those
to their SM expectations and fitting the others;
The cases here reported are the most interesting ones to study:

A) Scanon (K, €z.r); => €z,1. s €701 s €z, fixed
in order to study the sensitivity on the contact term

B) Scanon (K, , €/ ..r); = €ssendo €, ...
imposing LFU and the Higgs to be part of an SU(2), doublet

C) Scan on (&7 epr s €z1epL) = Kz fixed & e7=€7,x
imposing LFU

D) Scanon (ez, €7R); > Kz7 fixed & e7.x=-E7.1 , €7, r=E7u1
Exotic: No LFU, axial coupling of a Z’ with pairs of leptons

E) Scanon (ez, €7r); > Kz7 fixed & €7.p=¢7.1 , €7, 7=€7,1
Exotic: No LFU, vectorial coupling of a Z" with pairs of leptons

_n * _
=2 €ZLepR & E€zux—Ezex

Giada Mancini (LNF INFN)



* Interesting in order to give an estimate of the sensitivity to the
contact terms (~end of Run2 the sensitivity becomes

interesting in order to exclude possible EFT theories &,~0.2).
« k,, differs from the signal strength reported by ATLAS and
CMS since it is linked to a defined kinematic distribution (SM

like).

Ay? as a function of the
number of free
parameters for 1sigma

and 95% C.L.
|1-a[%] |m=1|m=2]
| 68.27 | 1.00 | 2.30 |

Results are shown for the statistics available in Runl and projections
to 300 fb! for the Runll at LHC.

epsER
8

o
)

s 74+8TeV

Giada Mancini (LNF INFN)

L v b L 1
-3 -2 1 0

s 100fb"@13TeV

Kzzn = 0.95:

&g

P -
-3 -2 -1 0 1 2 3

xed

epsER

-o.2f
-o.4f
-o.ei
- 300fb'@13TeV

N N I AR BT A

0

-0.8

s

o.sf
o.ef
04
o.2f

o

PSemin = 04

3

-2

PRI B
-1 0 1 2




First plots INFN
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B) Scan on (kx,,, eZLepR) -> being €7LepL™ =2 €71epr & EZpX_EZeX

-

1 Koz = 0.968

2 sy L o C [any e Kzzmm = 1050
% C eps, . =0.002 % C eps, =0.002 % C eps, =0.002
%08; ” o 73_'08; o g‘oej -

r values [0} r % SMvalues [0} C * SMvalues
08 g 06 - 08 — 1doma
0.4 ; —— 95%C.L. 0.4 ;7 —— 95%CL. 0.4 ; —— 95%C.L
0.2 0.2 0.2

0; 0; 0;7
0.2 } -0.2 } -0.2 ;
-0.4F -0.4 _0_4;
-0.6 -0.6— _0_5;
oo 74+ 8TeV <3 100fb-1@13TeV o= 300fb1@13TeV
-1’“‘HHHHH““‘“‘“““‘“‘ _1:1111111111111111111HHMHWH ST N SR R AN B IR A
3 2 0 1 2 3 3 2 -1 0 1 2 3 -1 ) =
kzz kzz =
kzz
C) Flavor Universal contact terms
S ( ); -> fixed
® - & —_
%‘ 1 F oS, =-0002 T%' 1 - epsu,ﬁmnfj-szz é_ 1 F €pS,, =000
g‘ 0_8:— epsumm“:-ﬂ.ozo T&I 0_8} OPS,y =70 é 0_8} epslmm:-o.ozs
o - *  SMvalues © C *  SMvalues o C *  SMvalues
0.6 0.6— 0.6—

C —— 1sigma C —— 1sigma C —— 1sigma
0'4% —— 95%CLL. 0'4; ——95%CL. 0‘4;7 —— 95%CLL.
0.2 0.2 0.2
-0.21 -0.2— —02F
-0.4— -0.4— —0.4F
-0.6/— -0.61— —06F
~or 7+8TeV o 100fb 1@13TeV o 300fb 1@13TeV
4:“ cov b b b by ey b b Ly _1C g utlut PR R utlutlutlut 4: R 1‘ S — H‘xu‘xu‘xu‘

-1 -os -o.e -0.4 2 0 02 04 06 08 1 -1 06 -04 04 06 08 1 -1 —06 04 06 08 1
epsLepR epsLepR epsLepR
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Crispos ]

INFN
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D) Flavor Non-universal axial couplings
SCaII on (EZCR 7 EZMR); -> KZZ ﬁxed & aZeR=-£ZeL ¥ €ZMR=-€7,,T

1 eps,., =-0.002
eps,, =0022

o8- 7+8TeV

» P IR TR B

-1 —08 -06 —04 —02 0 0.2 0.4

L
0.8 1
epsER

0.6

E) Flavor Non-universal vector couplings
SCaI'l Su (EZeR 7 EZMR)’. '> KZZ ﬁxed & eZeR=€ZeL 7 EZMR=£ZML

1 =
eps, =-0020
eps, =-0.000

8

7+8TeV

v b b b b Lo P Lo Laus

—— 95%CLL.

)
N
ST T T T[T [T T

JV A

—08 -06 -0.4 —02 0 02 04

Giada Mancini (LNF INFN)

06 08

1
epsE

di Fisica Nucleare ™

Laboratori Nazionali di Frascati | |

c 1 [ eps,,, =-0.000 c 1 [ S, = 00
% E eps,,, =0021 % E ps,,, 0023
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C —— 1 sigm: C —— 1sigma
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* T have shown results focused on the study of the Higgs boson properties,
analyzing data collected up to ICHEP16 at LHC with the ATLAS experiment in
the Higgs-> ZZ*-> 41 decay channel

* Measurements performed shows that results are compatible with the SM
predictions within the uncertainties

* Measurements presents limits due to the low statistics

* Info from observables and yields should be combined in the EFT context!

° Run23647fb-1 = i L L DL L IR L R LN IR — 80T T 1 E
2 50— ATLAS Online Luminosity  /s=13Tev - 2 45 ATLAS Online Luminosity 3
> > F 3
= - [ LHC Delivered ] £ E ——2011pp Vs=7TeV 3
Of data § 40; |:|ATLAS Recorded _ § 405_ — 2012pp (s=8Tev _E
= N € 35 — 2015pp Vs=13TeV =
=1 [ Total Delivered: 38.9 fb™ ] = E = 2016pp Vs=13TeV 3
* Expected 3L T 1| 3 T e E
g 30 . ® .F E
bS] C _ o 25F —
. . . © - 1 g <o E
Increasing in 54 . . T 20 =
< 20__ ] (] E 3
e e e c__u C 7 15;— _;
sensitivity S o = 10- 3
r g c Js
¥ ] 5 =L
ICHEP2016-end of 0L < N E
19/04 17/05 14/06 12/07 09/08 06/09 04/10 01/11 yan [Xe) W oct

Day in 2016 i

Run2 by a factor ~5! ! Month In Year
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12 FT SRR
£ ATLAS Preliminary /= ggF + ttr
C VBF

107"

[ Ho>ZZ* - 4l
13 TeV, 14.8 b
E NJet = 2 VBF-enriched

102
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VH

. 2

Bl Z+jets, tt
tt+V, VWV

2y, Uncertainty

-1-0.8-0.6-0.4-0.2 0 0.20.40.60.8 1
BDT VBF

2e2u VBF event!

m,=128 GeV, m;=2TeV, An;=6.4
Z,=91GeV, Z =29 GeV

Laboratori Nazionali di Frascati

EXPERIMENT

Run Number: 280862, Event Number: 53564866

Date: 2015-10-02 16:24:44 CEST

115 ET (GeV)



Couplings: ATLAS + CMS

Yukawa sector and Higgs boson couplings are of different origin and structure,

therefore comparing fermions to boson couplings is a crucial test of the SM

..gu2.5_"'1"'1"']"'I"'I"'I LDARLARE RRAS B AAREERERAN LARLERLARRE RAREY RARRS RERRN
g fgé/'\qs and CMS Iél: > 1.6 ATLAS and CMS -

i un 1 BT - LHCRun1 e !

- - H—'WW | - . -

2}~ Preliminary * 8 Hobh 1.4[ Preliminary -~ -

: OH=w ] i "- :

i [ combined N _
1.5(- 2 ;
: 1 -
1 i :

i 0.8 -
0.5 0.6/ s
- *SM —68%CL i | «SM  —68%CL [Ccms -

[ ¢Beatm gL 0.4/~ +Bestfit --95% CL CJATLAS+CMS

W R NS RS TS NS SRR SRR NN S FTETITE INITET AT  A AT AN AT AT AT SO S AT AT S AT A AT A A
GO 02040608 1 12141618 2 07 08 09 1 11 12 13 14
L3 Ky

Good agreement with SM expectations.

Demonstrates the power of combining all the analyses.
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Introduction

M|_|_ 4_ 1 I 1 1 1 I 1 1 1 I 1 I 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1
- ATLAS ]
3 Vs=7TeV, 4547 b =
- Vs=8TeV, 203" -
2 [ my = 125.36 GeV . E
1; 3 oo :: .\_:
O —
) P
oF CH->vy S
_ CJH->Zzr _
n CH->wWw 3
—3; * SM — 68% CL + %ﬂ:g; —;
— + Best fit I ---95%ICL I | | ] Combined T
4704 06 08 1 12 14 16 1.8
Ky
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Introduction [

Higgs boson measurements are typically divided into:
* Coupling measurements (event counts in various phase-space regions)
 Property measurements (quantum numbers and other properties using

dedicated analyses)

-> both sectors influence each other: m;; determine the SM expectation for

couplings
mw= gv/2 mw/mz = cos Bw My
Lew = Lo HO"H + i(v-l— H? (W, W 4 NP )+ 5 1 2u*)H? — \wH? — Lamt+
9 H 4 » 2c0s2 Oy~ 4
HVV and HHVV vertices HHH and HHHH self-interaction vertices

~92v (....mZIv) ~92 (~m2[v2)

AfU < Af
‘CYuk,u.-gauge = - \/E\I’ lI’fR - ﬁq’fll lprH + .

mi~ Af V Hff vertices ~ms¢/v

Giada Mancini (LNF INFN)
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Signal strength (n) [

Signal strength:

+ can attempt to isolate different production and decay modes
» Measure event yields in various phase-space regions enriched in
different production/decay modes

* Primary observable: number of events per bin after counting for bkg

f_ _JiXBRy ith Tt and i M.D' e
. = = u; X , W1 s = an = == -
Hi (i X BRf)sm Hi B Hi (Ti)sm K (BRp)sm & aaae ‘: W 7z
ﬁ g
P————

» Combining all the channels/categories, the number of signal events can
be defined as follows:

ng = Z Z pi()sm X pr(BR p)sm X Afe X &7 X L°
i f
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Statistical procedure [

Measurements of the parameters of interest () such as the Higgs boson signal

strength (u), the Higgs boson mass (my), the coupling strength scale factors (k)
and their ratios (A) are performed via a profiled likelihood ratio test statistics.
* The likelihood function is built using sums of signal and background pdfs of

the discriminating variables

- ATLAS —— Combined (stat+sys)
C \s=7TeV|[Ldt=46-48f" - Combined (stat only)

- \s=8TeV [Ldt=20.7fb" — Hoyy
— —— H—>272" >4l

-2InA

L(a, B(e))
L(&, 0)

Al@) =

I
|

(%)
|

1D scan mass measurement combining

H->77*->41 and H->yy channels:

my = 125.36 + 0.37 (stat) £ 0.18 (syst) = 125.36 + 0.41

Giada Mancini (LNF INFN)



Signal strength (n) [

. . ATLAS :z((g;z‘;gc_ Total uncertainty
Signal strength for different decay channels and m.-1zssscev | “0en " <45 onp
o 4 . H-> 155 f - f
their combination (my = 125.36 GeV): 1 A
-0.26 | 0.8 T |
H-zz* =
, . i A |
Combined measurement assuming a common p to all  woww T
decay modes -> compatibility with SM: 18% o b
poressel )T
_ +0.15 _ +0.08 - ; L g |
u=118771 = 1.18 £ 0.10 (stat.) = 0.07 (syst.) * 57 (theo.) H - bb g 1
H - pp :05 :
° ° ° H= -0'72; EE
Decoupling different production modes: Hozy &
h=27C
ATLAS Combined oo T
68% CL: meimm \/5=7TeV,4.5-47fH"" =180 i .
95% CL: -8TeV,20.3f"" : ; :
II\/EIeII \s=7TeV, 4547 fo" -1 0 1 2 3
0.2 : \s=8TeV,20.31b" Signal strength ()
Mggr = 1.23 55
Uysr=1.23+0.32 ————
Hvy=0.80+0.36 = * Assuming SM Higgs decay BRs
Hiw =181 £0.80 - « Compatibility with SM at 1o
H my = 125.36 GeV
OOI51I1I52IZ|53

Signal strength (u)

Giada Mancini (LNF INFN) /



Production modes [

Mass dependence: gh [T T
. . g 1L ATLAS t.»'é
* Generic model of tree-level coupling factors oL seTTevasaTw 23
. . . . [ 's=8TeV,20.3 fb’ 1
(no BSM contribution to loop induced process eb W
& 10 3 — (S)'\kjlszrvedt ) ) -
and total width). o . 5 el
Yvi = \[Kvi5 - = VKvi— -
VA ) v 102 3 I‘f -
gF.i M, i < b
YFi = KFi—= = KFi— i
‘/5 10° 3 i E
hili - . :.';;I Ll Lol Lol
« Compatibility with the SM hypotheses: 57% - 1 Ty
Particle mass [GeV]
& PR e T PSSR
2 + Best fit ATLAS
° . —68% CL \s=7TeV, 4.5—4.7_1fb'1
Fermion vs boson couplings: 1.8 swect

Yukawa sector and bosonic Higgs boson
couplings are of a different structure ->

comparing them is a crucial test of the SM
Good agreement with the SM expectation

Giada Mancini (LNF INFN)
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Couplings [

Probing relations within the coupling sector:

Many extensions of the SM (two Higgs-doublet models) contain different coupling
strengths of the Higgs boson.

Interesting to probe the:

* up-type and down-type fermions symmetry (k,: gg->H via top loop, k;: H->bb and H->t, H-

>up in ttH production)
* leptons and quarks symmetry (k; H->tr, H->uu)

~ 30T S RS RARAS RARRS RARRS RARAS RARRS RARRS RARAS RARRN
< - ATLAS [Kuwhyyb ] . < - ATLAS [Kaghvgrhvg] ]
< L \s=7Tev,4547f" o SM expected i < L As=7TeV,4547f" e SM expected 1
c 25 Vs=8Tev,203 10" — Observed - c 25 (s=8TeV,203 10" — Observed —
o C ] o n ]
20f - n .
151 - C =
101 - C =
50 . - - ‘ ]
_II1VIII\\J'/II_ W W I N7/ N T

—%.5 -2 -15 -1 05 0 05 1 15 2 25 —%.5 -2 -15 -1 2 25

A A

du Iq

A4, = 0 provides 4.50 evidence of the coupling of A, =0 is excluded at 4.40 from H — Tt

the Higgs boson to down-type fermions measurement. /
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Kappa Framework

Coupling modifiers (i) to parametrize the signal contribution:

- SM _SM 2,2
o BlioH—f=2ils % -7 .("' f)

Cy e K%
2 ai 2 [y 2 PR Y
KD = Kt = —=u7 K = =<7
i 0,;5' M f I*.ISM Z F? M
Production Decay Total width

» Assumes SM like coupling structure (J*¥ = 0**) -> only account for rates!
« Signal in different channels from the same resonance
* Narrow width approximation

» Kappas correspond to tree-level H couplings to the different particles

ggF production of H->VV

Oggr= (1.06 K2 + 0.071K,2 -0.07K,K,) Ogoe(SM) 'y 7= K2y, 7y ASM)
-> Useful as long as the overall picture is SM like

Giada Mancini (LNF INFN)



: A
Event Selection IN{N) @E
L—/ Istituto Nazion:rI: a

Tagli cinematici:
* muoni (elettroni) con p; > 6 GeV (Er > 7 GeV)
pr cuts =20,15,10,6 GeV

y—

IP = distanza di
minimo

* nel range |n| < 247 (|n]| < 2.7) 4‘ \a,gr;:irg:c:r)i n(::Irio
Tagli in parametro di impatto: A (PV)

. do < 1 mm (rigettare CR ed eventi non dal PV) —

. ( ao) —— < 3.5 (6.5) per muoni (elettroni) Y _g; :u:,m:

gli elettroni sono affetti da Bremmstrahlung

Tagli in isolamento:

- Isolamento di traccia: 22Z < 0.30 delle tracce in un cono M’]
S o ypyal o
di raggio AR < 0.2 intorno al leptone p——
* Isolamento calorimetrico: % < 0.15 dei depositi Traccia isolata  Traccia non isolata
T
calorimetrici in un cono di raggio AR < 0.2 intorno al leptone 7, § \ w
0 , \ | //
AR = \An* +A¢? , n =—Intg7, pr=psinb \g}:z’
Selezione del quadrupletto:

Coppie con stesso sapore e segno opposto: m, > 50 GeV (on-shell) m, > 12 GeV g

Giada Mancini (LNF INFN)



Event SQ]ECtiOl‘l INEN

Laboratori Nazionali di Frascati | |

Prysics OBJECTS
Changes wrt previous ELECTRONS
. Loose Likelihood quality electrons with hit in innermost layer, Et > 7 GeV and |p| < 2.47
public results: Moo

Loose identification
Calo-tagged muons with pt > 15 GeV and || < 0.1

* Muon Pr cut relaxed Combined, stand-alone (with ID hits if available) and segment tagged muons with py > 5 GeV]
to 5 GeV gives an . fers
] ) ann-k7;| jets with pp > 30 Ge\sll |n| < 4.5 and passing pile-up jet rejection requirements
improvement in the [ —
Signal acceptance QuabrupLET  Require at least one quadruplet of leptons consisting of two pairs of same-flavour
b 57 SELECTION opposite-charge leptons fulfilling the following requirements:
y ~o/0 pr thresholds for three leading leptons in the quadruplet - 20, 15 and 10 GeV
) ]et P cut ti ghtened to Maximum one calo-tagged or standalone muon per quadruplet
. Select best quadruplet to be the one with the (sub)leading dilepton mass
30 Gev mn or der to (second) closest the Z mass
S Leading di-lepton mass requirement: 50 GeV < m2 < 106 GeV
Optlmlz.e the L Sub-leading di-lepton mass requirement: 12 < m34 < 115 GeV
Categorles definition Remove quadruplet if alternative same-flavour opposite-charge di-lepton gives my < 5 GeV
AR(£,¢€") > 0.10 (0.20) for all same (different) flavour leptons in the quadruplet
* Vertex cut added to IsoLaTION Contribution from the other leptons of the quadruplet is subtracted
cut the additional Muon track isolation (AR <= 0.30): Zpr/pr < 0.15
Muon calorimeter isolation (AR <= 0.20): ZE+/pr < 0.30
background that Electron track isolation (AR <= 0.20) : Er/Er < 0.15
appe ar after rel axing Electro‘n calorimeter isola?iorf (AR <=0.20) : ZE7T/ET < 0.20
. ImpacT Apply impact parameter significance cut to all leptons of the quadruplet.
muon pr cut (Z+]et ParaMeTER  For electrons : dy/oy, < 5
. _ SieNIFICANCE - For muons : dy/oy, < 3
reduction 25% ) VERTEX Require a common vertex for the leptons

SeLecTioN | x%/ndof < 6 for 4y and < 9 for others.
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Common Background estimates [ INEN

Background estimates:

Irreducible ZZ* (both qq,gg initiated) production is the dominant one:

modeled using MC (qqZZ:Powheg, ggZZ low mass:gg2VV, ggZZ high
mass:Sherpa) simulations and validated in side-bands

NNLO QCD and NLO EW corrections applied

k=1.7 for higher order QCD+EW corrections for ggZZ with 60% unc.

qqZZ: Sherpa samples have been used for systematics in n-jet based categories
shapes (m, and BDT) are taken from MC and validated with single resonant
and high mass data vs MC comparison

Reducible bkg:

Z+jets and ttbar estimated from data using Control Regions (CR)

WZ production is included in the data-driven results for the ll+ee and taken

from MC simulation for the ll+uu

ttbarV and VVV contributions are minor and taken from MC

shapes taken from the Z+jets and ttbar MC and validate in CR (m,, shapes
smoothed using the kernel density estimation method) A

Giada Mancini (LNF INFN)
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XS x prod mode
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Fiducial XS [

are different POI in the fit; total XS can be given as:

fiducial
XS prod.mode

/) Y
) = I\ A
(| \
INFN N
I
Istituto Nazionale i
di Fisica Nucleare jm

Laboratori Nazionali di Frascati | |

* the sum (without assumptions on the relative Higgs boson BRs, more

model-independent but slightly reduces the statistical sensitivity.)

 combining the 4 decay channels assuming the SM BRs (combination)

< r T I.l T T T T : T ‘ T T T ‘ T T T I < 1 T T :, T ‘ TTT ‘ TTT TT I:
c 6 | i/ ATLAS Internal - c 6 i| ATLAS Internal -
o [ i[ 's=13 TeV, 13.3 fb” o L i[ Vs=13Tev, 133"
s : 5 :
at at ]
I : o ]
zi \ — Observed tot. uncert.j zi . — Observed tot. uncert.j
C ' . Observed stat. uncert.] C i Observed stat. uncert.]
B J/ — Expected tot. uncert. - C j  — Expected tot. uncert.
1 / 1 .
:|\XL/|* T\X/F
0—= 4 6 8 10 12 %0 40 60 80 100 120 140 160 180 200 220
ol [fo] ol Ipbl

Inclusive | 4u de 2e2u 2u2e SF OF

Expected [fb]

3.087 10588

0.934 *044

0.731 T93%  0.665 *0448

0.762 *0310

1.663 *0.836 1 496 *06LL

Observed [fb]

4.166 3930

1.325 +9510

0.547 0468 1 057 +0.348

1.100 *324

1.978 T0.881 9 154 +0.741
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Systematic uncertainties [ Ll,'LFN Ny

Systematic uncertainties on event categorization:

0B -

« ggF prediction in n-jet categories based on updated ST method (impact
on VBF XS of the order of ~15%). Shape uncertainties on ggF in 1 and 2
jet categories: envelop between Powheg-box vs MC@NLO 0,1,2 jets
merging and theory unc. on MC@NLO

« ggF Showering and PDF unc.

« ZZ* bkg migration unc. comparing Powheg-Box to Sherpa 2.1.1, also
validated with single resonant and high mass data vs MC

* the reducible background uncertainty on the BDT shapes is obtained by
varying the isolation cut

* jets syst. unc. affect the measurements based on the event categories and
the high mass searches for the results given in the ggF and VBF

categories

Giada Mancini (LNF INFN) //////



Couplings [

INFN

|/
A
RAX
NP7
;3
Istituto Nazionale )
di Fisica Nucleare jm 'y

Laboratori Nazionali di Frascati | |

3 w— L N T T | T T T T I T T T T I T T T I T T T T ]
Interference effects (as in H—=vyy, t-W & of ATLAS and CMS E
. . - LHC Run 1 ]
interference in the loop) allows to test 1.5F Preliminary 3
- [(JH-w 1
the relative sign of 1, and 1 (universal FOn-z E
0 5:_ [JH->ww .
coupling constant of the Higgs boson to Iy :
. O:_ [J Combined B
vector bosons and fermions) o5t .
E>|> [T ror T T rTT roT T l _1;_ _;
> 1k ATLASand CMS L. 150 3
f £ LHC Run 1 Preliminary Zi ] . - % SM —68% CL .
5 - V‘\7 i —2F +Bestfit 95% CL 5 =
L _ - e n Cooo v by b b by T
o et boson 0 . L05 T s 2
< C ] ATLAS-CONF-2015-044
B ] CMS-PAS-HIG-15-002 K{/
102 1 3 .
- T : Reduced-k can be also defined:
10°% u | E F,i P V,i
E ; yF,i = KF,i " e yV,i = KV,i v
Tein - where v is the vev of the Higgs field.
:lllll | | ||||||| ||||||| L L """l 7 . . . .
10- ; 10 102 Indicates in a qualitative way the

ATLAS-CONF-2015-044

CMS-PAS-HIG-15.002 | article mass [GeV]

Giada Mancini (LNF INFN)

consistency with the SM predictions. A



Cross section per production mode and BR

Rate measurement -> information on XS * BR

INFN

Istituto Nazionale
di Fisica Nucleare jm

Laboratorl Nazionali di Frascati | |

Expressing the results in terms of a reference process,
the ratios of XS ¢ BR can be extracted.

ATLAS and CMS Preliminary :éIALéAS
| LHC Run < ATLAS+CMS
: —
ol9g> i ik
H_>ZZ) s— Th. uncert.
Sver/ Oggr —
GWH/GggF :
GZH/GggF
GttH/GggF
BRYW/BRZ =
vy ;
BR /BRZZ —=
BR"/BR* =
BR*/BR*| ==
|||II\|I|l||||||\||||||||||\I|I|||
4 0 1 2 3 4 5 6

ATLAS-CONF-2015-044 Parameter value norm. to SM prediction
CMS-PAS-HIG-15-002

Giada Mancini (LNF INFN)

-> Ratios are independent on theoretical
predictions (and relative incertezze) on the
inclusive XS per production mode (syst.
relative unc. ~4%).

- BR/
o, BRI =0(gg > H— ZZ) x Ti )« —
o-ggF BR

- gg->H->ZZ" is the refetrence process,
since it has the less syst. unc. associated.

- The values of the ratios obtained are
compatible with the SM predictions.

M



Categorizzation w N

Laboratori Nazionali di Frascati

ner-»

Run 1 Run 2

ATLAS
H—2Z2Z* - 4]
4/ selection
I m,, [118-129] GeV
High mass two jets Priet > 30 GeV |
- VBF enriched
VTF i
Low mass two jets >=1leptons | | gt || et | | m<I120GeV | | m>120GeV |
W(= j)H, Z(= ji)H (pr>8GeV)
| - VH enriched Discriminant | | Discriminant | | Diseriminant | | pygoriminant
— Just counting | | BDT-ZZ BDT-1j BDT-2jVH BDT-2jVBF
Additional lepton
W(— Iv)H, Z(— I)H . X .
_ BDT_ZZ: BDT_ljet: BDT_2jet VH:  BDT_2jet_VBF:
l ¢ Pra * Prjet ¢ Pmjn * Pt
] ¢ Mg ¢ Miet . ¢ Pt * Prj2
) + KD: * AR (ZZ-jet) R P * Praj
agF - ggF enriched log(MEy;,/ « An .« Ang
) ME,,) e “Zepp ¢ “Zepp
. mv . ]]1].J
* minAR (j-Z) * min AR (j-Z)

FIG. 2 (color online). Schematic view of the event categoriza-
tion. Events are required to pass the four-lepton selection, and
then they are assigned to one of four categories which are tested
sequentially: VBF enriched, VH-hadronic enriched, VH-leptonic
enriched, or ggF enriched.
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HEFT and PO [

N> =1

Experimental data Pseudo Observables Lagrangian parameters

raw data, masses, widths, Wilson coefficients,

fiducial cross-sections, slopes, ... renormalization scale,
running masses, ...

Correspondence between PO and combinations of couplings of the most general

Higgs EFT:

- “Ideal observables” such as myy, Ty Dipogey Lsary d0(ppshz)/ dmyz ...

- “Effective on-shell couplings” such as k,, Ky, kKyyw, K7z, €77, €5 -

The PO can be computed in terms of Lagrangian parameters in a specific theoretical
framework (SM, SM-EFT, Susy,...)

-> the goal is to provide a general encoding of the experimental results in terms of

a limited number of observables of easy theoretical interpretation.

The experimental determination of an appropriate set of PO will help any explicit
NP approach to Higgs Physics (including EFT)! /

Giada Mancini (LNF INFN)



HEFT: H->41 case [

There is more to extract from data other than the k; in case of a non trivial
kinematical structure (e.g. h->41, pp->Vh, ...):

» Form factors f,(s) -> EFT parametrization of the f.(s) -> f,(s) = f,,(1+\;s)

Momentum expansion of the f.f. around leading poles

K. N
SM+NP — i 4 k. and €. are well defined PO!
Eg.: f, S - my2Hm, T, + mz + O(s/m,%) i i

Interaction of a scalar particle with a vector boson pair can be described as follows
(most general EFT approach) assuming:

«  h(125) is a spin-0 particle

« No new particles with m<125 GeV able to produce distorsions of the decay amplitude of

the Higgs in SM particles.

..m SM-1L . « 3
- / Z Z Ya€ ) f1Y31L) X (-,‘-, ~ 3.8 x 10
E=€L.CR P=UL.MR (‘}il'”‘ ~6.7x 1073
q r,“., €7 l// €Zu _;J‘_, ) ol
KZZ 5 T T = = + g "+
[ ( l’z(qfll’z(_q.::) mj?( PZ(‘IE)) ml l/(qI )
+ ((// 9297 T ( €Qugz , €Qedz ) +p SMALS Q:Qn) 0@ 9 —@ta” |
4 b ) VZ~€E7A 5 = T -5 B T =
PZ(‘IT)PZ(‘I-E) q:)Pz(q,‘) quz(q; ae m?

+ ( (/E/—q/’/ 5= + € ( eQuyy |, €Qeyy ) 4 (CP§ Q. Ql‘) - '1.’“’11”]
P; (‘ll)PZ(‘l ) . ‘1)1 (‘11 ‘II)PZ((If) (11(1‘ mi

Pz(¢*)=¢ - m"} +imzl'z
Giada Mancini (LNF INFN)



Sensitivity studies [

Imposing CP invariance -> Kz, €z, €741/ €zers Ezur: O Parameters that contain
possible NP effects to fit!

N> =1

d2gamma(1.,0.,0.,0.,0.)

Sensitivity studies with the parametrization from
Isidori et al. (arXiv:1412.6038v1) in the 2e2p channel:
The double differential rate is a quadratic polynomial
funciton in k = (kzz, €z, €715 €zer s €2ur )/

therefore, given the decay amplitude as a function of

the parameters (Xi]-): dI ;i rery [dmy, dm,, = 2, X;; ®; K;

10 20 30 40 50 60 70 80 90 100 0
m,, [GeV]

Asimov dataset normalized to the statistics recorded by ATLAS+CMS in Runl (7+8 TeV, ~15
evens in the 2e2u channel in the signal region [120-130GeV] ) -> binned Likelihood fit

epsER

eps,y,,, = 0.000

Scan on (kz7 , €7.g) => €7, ,

lues
—_ a
E —— 95%C.L.

- 100fb'@13TeV
defined kinematic distribution

: i P T S S )
kZ -3 -2 -1 0 1 2 3k
Giada Mancini (LNF INFN)

€zeL 7 EZuR fixed

* sensitivity on the contact term,
never considered before oof

« kyy differ from the “usual” u 0af

since it is not related to a

S S S SN RN -S RN S SR
TT ‘




d>’Gamma/dm,,dm,,

d*T’/dm,,dm;, as a function of the parameters under study:

(kzz=1, €7, =0, €7.1=0, €7.x=0, EszZO)

012~

0.10F

1/ dridm1
=)
o
=2

0.04F

0.02F

Projection along m;,
integrating over my,
The integration over the angle

is analitically implemented at

amplitude level.

T\

0.00+

0

20 40
m1 (GeV)
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60

100

1T dridm1

1M dridm1

1K dridm1

0.20,

0.15F

0.10f

0.051

(1,0.5,-0.5,0,0)

e
=

°
8

°
8

o
R

0.02]

(1.5,0.2,0,0,0)

015

0.10f

0.05

(1,0,0,0.5,-0.5)

m1 (GeV)

AN dridm1
o e
8 8

(1,0.25,0.3,0.25,0.3)

|

60
m1 (GeV)

1T dridm1

/\\ MJ\:

(1.5,0.95,0,0,0)

100
m1(GeV)

1M dridm1

(0.05,0.95,0,0,0)
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Effective field theory _mm l _

Espression of the double differential rate as a function of F;:

Fe o B P‘ . . .
o T 1 120k 57 — 2.5€z0,, +2.9€ 26, — 2.5€2,, +2.Qez,,L' k., is linked to a defined
eteptp~ e . . istri -

/ kinematics distribution.

Kzz = 1+ (SK,ZZ
Kzz and contact terms

ar ) (2 ) 12872 , , +2ﬂ1/32—2(ﬂ?+/3§)+313?ﬂ§z FIT RS

dg?dgs — 219(2m)my, \ vp 9 e (1-89)(1-83) .

ZFff’Fff’* _ (1+ 2‘mZZD Eff’(gég;y n 2(gf —m%) Zf,f’ (g )2
|Pz(q) *|Pz(3)I? m|Pz(qf )I2|Pz(q )2

| 2d—m}) > rlezslal (a5)?
m2 | P2 () P|P2(@)?

2 2\ 2 2 2 462, m?2

q q g7 T ¢ Q12

’\p=\/1+(l 22) -27 22’ Bz = 41— 2 l(2) 212
mj, mj, (9i2) — G0y +MR)

Giada Mancini (LNF INFN) A
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HEFT: H->41 case

Two main hypoteses:
 Fermion couples to the Higgs via helicity-conserving local currents

« Neglecting short distance modes corresponding to local operator with D > 6
[(h — 2e2p)[kzz]
B(Z = 2¢)B(Z — 2p)

T ” P
h 'l \“
_ b + —e%h + + 4 :
" J# ‘\.. "o"
\ 2 V" v
:,i L(h — 2e2u)(ezz]

F(h — ZLZL)

=0.209 |kzz|* MeV

Double Z-pole T(h — ZrZr)

= 0.0189 |ezz|* MeV

negligible
B(Z - 20B(Z — 2p)
[(h = 2e2u)[e5Y]
B(Z = 20)B(Z — 2p)

IPV(h — ZpZr) = 0.00799 |e55|* MeV

Single Z-pole ['(h = ZY7) = 0.0366|ez|* MeV

h

>€é [(h—Zv) T(h—~vyy)

Double y-pole zZ

Z&‘y—pole

Giada Mancini (LNF INFN)



Cicwese ]

! /

Iy ;f( j € q;f €y ¢ (/[ : ‘
FIV (1. 63) = hpp— 202+ 2L 22 4 28 92 4 AP (g}, q5)
PO: Pz(0)Pz(43)  m7 Pz(@3)  m7z Pyai)
° Description Of Production and PO | Physical PO Relation to the eff. coupl.
. . . <CP D fF) = \ FYSM) [, 2 CP\2
Decay amplitudes as expansion 1 01 I
] Ko 053 D(h—7y) = D(h— 1) [(k,)* + (65)7)
around physical poles: o 657 Fhos 22) = T(h o 22 [(g)? + (65
° Double poles (KVV, SVV) Kzz U(h— Z1Z;) = (0.209 MeV) x |r,4|*
€22 T(h— ZpZp) = (1.9%x 1072 MeV) x |eyy)*
» Poles + contact terms (e V) A I
» Weak assumptlons €zs D(h— Zff) = (3.7x107% MeV) x N/ |ez[*
° Analyticity Kww D(h— W, W) = (0.84 MeV) x |k |*
. eww LC(h— WypWy) = (0.16 MeV) x [ep|?
¢ CfOSSlng Symmetfy evw | TV (h > WpWyp) = (6.8 x 1072 MeV) x |esrw |
. ; ws D(h—Wff) = (0.14 MeV) x N/ ey |?
J}I’LF q L’ ! Kq 0(1’1’ - h)g_q—fusi(m = U(]’]' - h):(]]\l— hlsiun""?]
h_( ) > """"" ( K Ky (J’(])p - ”_h)\’ukawa = U(P]) - H_}’)‘\q}l\x‘kawaﬁ'lz
T Vf K b ki Pii(h) = Tiot (W)
P d 1 EW *  Matched to independent observables: corresponds
[ J . . .
Oocused mainly on to maximum available experimental observables
« Can be combined with STXS * depends on availability of CP measurements,
for detailed description of ete. .
F * Less constrained than SMEFT
gg o ) * Not dependent on computation order
 Finer description of ttH being But mapping to perturbative results will be
developed * No influence on backgrounds

* Encodes specifically Higgs amplitudes only
Giada Mancini (LNF INFN) /
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Differential Cross Sections: Runl [ wN |

Laboratori Nazionali di Frascati

Differential fiducial cross sections in sensitive variables

sig
dogfa,i n,

da:i N C; * Lint : A.’Ez
where L, ,=20.3 fbl, c; are the CF defined bin by bin and for each variable of

int
_reco

interest ¢ = ]X;_ﬁd (mainly detector efficiency and also resolution effects),

Ax is the bin width, (do/dx); is the cross section for all the production modes.

20.3fb ' @/s =8 TeV, 118 < myy < 129 GeV

SM Signal ZZ Reducible | Total Background | Observed
14.1 6.7 24 9.0 34

NLL

do/dP; :0.019700

0.013

Signal extraction performed building a profiled
Likelihood as the product of Poissonian
distributions in each bin for each variable and
extracting the n*¢, (i.e. (do/dx),) fitted values.

0.04 0.05

* errors are estimated from |2ANLL | =1 I ' dsdx - bin, \

Giada Mancini (LNF INFN)



Differential Cross Sections: Runl [

INFN
(S

Measurement at a glance:

Everts

 H->ZZ*->41 event selection

* Event counting measurement in mass
window ( 118<m,<129 GeV optimized to
maximize S/V(S5+B) )

* Bin events in each variable of interest

* Background subtraction

* Unfold the reconstructed signal distribution
to the truth one in fiducial volume (CFs)

* Profiled likelihood fit to perform the
measurement (previous slide)

* Comparison of the measured cross sections to
different theoretical calculations/generators
which differ for the QCD treatment

* HRes 2.2 for Pryyand |y |y, (NNLO+NNLL
prediction; not including jets)

« MINLO HJ for all, (0+1jet NLO)
e POWHEG for all (NLO, nominal in ATLAS)

Giada Mancini (LNF INFN)
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¢ Py interesting to probe
pertubative QCD

Results in the sensitive variables

= L N B I BN I IR IS = U B B I I B I U S IS R m Calcu1ation8andthe
& o006l ATLAS 4data systune. S gsf ATLAS tita WSy une, 3 . .
8 ool | 77 99H (MNOHLPS) + X1 > TTp oz | [ 90-H tanLowuies) + X relative rates in
Q'_ 005:— “s=8TeV.I-Ldt =203 gg—H (Powrea+PS) + XH —: \_-9 3~ VYs=8TeV | Ldt=203f> gg—H (PowHea+PS) + XH -
N B ([T gg—H (HRes) + XH . g 5 5; [N gg—H (HRes) + XH 3 production modes
_8-3% 0.04F ---- XH = VBF+ VH+ fiH — ~E "t XH = VBF+VH+fiH 7
F ] 2:_ _: . o e
0,050 E i 1 |© |y l:sensitive to
i 1 1.5 — . .
0.021] E ) ‘ E radiative QCD
0.01F = i I - corrections, protons PDF
0720 40 60 80 100 120 140 160 180 200 002040608 1 127141618 and relative rates in
p_ [GeV] .
e v production modes
« N..:sensitive to the
Qo - L T T B = L L AL A B LA BRI J . . .
‘_;‘g 1.8:— ;:Tl;;s Zrellmlnaw ~4-data syst. unc. 3 3 - ATLA‘S Preliminary 4 data syst. unc. 7 relatlve rate mn productlon
© 1.6 I_’ - } 7 99—H MINLO HuPS) + XH | g 0.05- Hozz' >4 . [ 9g-H MNOHLPS) 4 XH .
] 4:_ \i=8TeV:ILdt=20.3 fb gg—)H (PowressPS) + XH _: %, E |rs=8TeV:J.Ldt=20.3 fb TS gg—H (PowrEssPS) + XH E mOdeS and radiative
B PPz 30GeV S-ec XH = VBF4VH4H ] § o0.04f S-c- XH = VBF4VH+fH ]
1.2 — > = 3 .
) : 8 o oak ] corrections
: 3 0.0 -
0.8} 9 | R ] . 1
9l E - i |* Py corresponds in ggH
04 E ol E to the most hard QCD and
o2 E : i : : can be compared to
ob—— oo O Ea PO sl i S e il T S [0 T ) SRR g p
0 1 2 >3 0 20 40 60 80 100 120 140 . . .
et P [GeV] higher-order predictions,

relative rates in
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Differential Cross Sections: Runl [

i) RN RARRE RAREE RERRE LS LR RN LS U RS
;‘ 6:— ATLA‘S Preliminary 4 gata syst. unc. E
3 B 'j_’zi :}[Ld B F5557 gg—H (MINLO HU+PS) + XH 7
8 5:— I1s=8TeV: t =20.3 gg—)H(POWHEG+PS)+xH —:
T N -=== XH = VBF + VH + fTH 7
= 4F =
o - ]
© u ]
3 =
2 =
1 —_—
Pt il eIt i S ol S S S Brirurui el it i u ol S i i
0 .1 02 03 04 05 06 0.7 08 09 1
|cos 67
S g T T
(?J’ 01.85_ ATLA'S Preliminary 4 gata syst. unc.
g A8 H222 > a4 . [ 99-H MNLO WIPS) + XH
<+ 0.16F |rs=8TeV:J'Ldt=20.3fb SIS ggoH (PowrecsS) + XH
-g 0.14F = === XH = VBF + VH + {TH
z -
-8“_ 0.12:
0.1
0.08F
0.06F
.,'-'-'-'-'-" 33
0.0 RS
15 20 25 30 35 40 45 50 55 60
my, [GeV]
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* The distributions of the m,, and | cos6* | (angle

between the Z, and the beam axis) are sensitive

to the Lagrangian structure of the Higgs

boson interactions: e.g. quantum numbers of

spin/CP and higher-dimensional operators
(useful also for EFT studies)

No significant deviations from the SM

expectations.

Compatibility (%)

Variable PowHEG

MiNLO HRES2

PT.H 30

ym| 37
m34 48
| cos (6%)] 35
Njets 37
])J;Ft 33

23
45
60
45
28
26

16
36

Compatibility to theoretical predictions computed
as the x? probability for n dof (n=#;,.).

The different predictions have been normalized to
the most precise value measured by LHC XS-WG. ﬂ
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Several basis have been proposed for the EFT: Higgs Characterization (HC) has

ner-»

been used up to now (WW™ and ZZ*) and will be used in the near future (also yy):

Effective Lagrangian (spin-0 hypothesis) includying CP-even and CP-odd terms:

1
L(‘)/ = {‘ta""'SM [;gﬂzz Z”Z“ + guww W;W-“] ] CP even
3 CP odd

p A A" 3 o ka Gan A AP A=1TeV

:Caﬁuz-ygnz-y Zy A" H(Sakaza9azy ZWZ‘“']] d : i
H q w/z:
CalHgg9Hgg GZVGG’”V }" [‘sanAngAn GZVGG’W]] % W
q q RN
CaKuzz ZpuZ‘w]'*‘ @aﬁazz Zpuzmj] ;

cakmww Wi, W)+ ok aww W,Tuﬁ;-‘a]]

1

l\ﬁha (o

—
ek .;;l —

+

+

1
1
-
1

g 5
m

EFT

Contributes to the XS proportional to kgg,,” : effects in the production and decay rates

(strong sensitivity for VBF and VH for the H->ZZ* and H->WW¥)

Giada Mancini (LNF INFN) A



EFT: H->ZZ* and H->WW* [

Run 1

The spin-0 particle interaction with pairs of W or Z bosons is given through the

following interaction Lagrangian (considering SM spin-0 and BSM spin-0 CP-even,

lv

lv

KHZZ, and CP'Odd Y KAZZ, COl‘ltI‘ibutiOI’lS): EAVV = m——KAVV and ;('HVV = m=——KHvy

4A
L= {COS(Q)KSM Hg”ZZZMZM + GuwwW, W “‘]
-%% ICOS(Q)KHZZZ;WZ“V + Sin(a)KAZZZWZﬂ"]

-1% [°°S(°’)Kuww W W + sin(@)k g Wy, W_”V]}Xo'

2Ink

<

30~ £ 30
L ATLAS H— Z2Z* - 4] o I ATLAS H-—>2Z* - 4]
N (s=7TeV,45M" ] N Vs=7TeV, 450"

25k — Observed Vs=8TeV,203 1" R 5[ — Observed s =8TeV,203 1" E
[ ____ Expected: " ] [T Expected: ]
- signal strength fit to data :-_i - Ww _)‘ evuv r signal strength fit to data H—ww* _> evuv ]
Foee Expected: SM s=8TeV. 2030 R Fooeeeeen Expected: SM s=8TeV, 2035 ]

20— X ] 20— -
[ oo 68% CLL. o ] [ oo 68% C.L. ]
Foeeien 0 l‘ .' : : EIETETEY 0/

15-_ 95% C.L. ; .: . 15- 95% C.L.

10f 10f

(Kpfxgy ) -tana

Coupling ratio Best-fit value 95% CL Exclusion Regions

Combined Observed Expected Observed
Kyvy/Kksm -0.48 (—00,-0.55]J[4.80,00) (—00,—0.73]|J[0.63, o)
(Ravy/ksm) - tan a —-0.68 (=00,-2.331U[2.30,00) (—00,—2.18](J[0.83, )

Giada Mancini (LNF INFN)

4A

To quantify the presence of
BSM contributions in H — ZZ*
and H — WW* decays, the
ratios of couplings ("k sy / Kgpy) -
tan a and "k / Kgy are
measured one at a time, while
the other one is assumed to be
absent.

The measurement is performed

y.

via a fit on a set of CP

discriminating variables



0B r=-i»

N1200"'l"'|"'|"'|"'|"'|"'|"'|"'|"' :l’ 3:'|""|""|'--'|'-' l':._l3.5:""I""I‘"'I""I""l"":
| [ . g —— Observed 21 g —— Observed ]
N [ ATLAS + Data 7~ Exp=syst ] 9 7 ATAS -+ Expected,u=iq < ap ATHAS 4 e Expected, u= i
» & f s=8Tev,203fb" . Expected,u=11& [ Vs=8TeV,20.3fb ' i
21000 Vs=8TeV,203f" [l S=0" [l ww = Noef . T 7o e I . -+ Expected, p=1]
S [H-ww,n=0 . i F H—>WWin=0.eu 7 g5e0 GL { 25 H-WW.n=0en __ ggo'cl ]
o - n=0en [l zx [] Top ] 5F 3 : E
W 800 [ wset [l Otherwv af |
i ] 3f E
- ] 2 E
] 1 _;
) of :
- — ]
: - AR B T ™ L
-1 -0.8-0.6-04-02 0 0.2 0.4 06 08 1 = 14 ——Observed -
= 14F ATLAs T Expoctod u=ii ]
BDT, & 12f (5=8Tev, 203" 7 Expected b= -
o HSWW*n= ---- 68% CL ]
10p H=WWin=0.en 7 gger 6L X
g _||||||||||r|||||||||r|| 8:_ " _:
Y, - e -
< 1000—ATLAS + Data 7~ Exp =syst 6l P E
g L Vs=8TeV,20.3f" [l F=0" [l ww h3 2% E
Q goo-"—WW.n=0en Wzy [JTop of :
w - J =0"BSM [] w+jet [ Other v :
: 1 W
gty =™ M™% 1 2 _
Khww
Ksm

Illllllll

The asymmetric shape of the expected and observed limits in the
"KHVV /kSM results is mainly due to the interference between the
BSM and the SM contributions that gives maximum deviation
from

'BDT,, the SM predictions for negative relative values of the BSM
couplings.

IIIIIIIlIIIlIIIIIIIlI
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Next steps: H->WW* [

Purpose of analysis:

« measure/set limits on EFT parameters (correlating HWW and HZZ coupling
use cross-section (rate) and kinematics (shape) information) -> later
combination with ZZ* channel
 use Higgs Characterization model implemented in MADGRAPH5_AMC@NLO
using the Morphing method e [caKSM [ a2+ W W_u] M
 Perform multidimensional fits . " effective couplings
=, [Ca KryyGHyyAuy AV 4 osuk 2y GaryAuy ;‘uv] from SM/2HDM
I—‘ effective couplings

from EFT
= CP even

« Apply for the EFT studies, the

1 - . -
> [Ca KHZ’ngZ‘)’z[.LVAu V+sq KAZygAZyzuvAuv]
same pre-selection as in the

—7 - - -
2 [Ca KHgg9Hgg sz G*HY + sq K'AgggAggG‘awGa ,uv]

. 1 1 . t . O d L — CP odd
nominal analysis separate in 0O and = % /1_\ (a2 Zin 2 4 SakrzzZay 2]
>2 jets channels 11 = .
J “2A [CaK'waW[,"vW BVt sokaww Wi, W ”V]
-> work in progress: 1

find phase-space to separate EFT

floating paramters: Ksm/Bsm

Signals from SM by tralnlng BDTS fixed paramters: so = sin(a) = 7z, cq =cos(@) = 7z, A=1TeV
(A-suppressed couplings derived from EFT Loy = L5V +Y, 23 0n)

Giada Mancini (LNF INFN) /



EFT H-> vy @

First EFT studies in the H->yy channel were performed including possible
additional CP-even (¢,) and CP-odd (c;) contributions to the Lagrangian (SILH basis)

-> this reflects in modifying the kinematics properties of the Higgs boson and in the

spectrum of the associated jets w.r.t. the SM case.
Lefr = +
+ +
¢
v g T
H | T"’“- HO
¥ g 209000

 Theoretical prediction determined at fixed values of Wilson coefficient

in each bin by reweighting the SM prediction to the EFT prediction

do ~ Z dO'j ref dO'j MGS/ dO'j MGS5
dx &4\ dx dx /. dx

¢i=0
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EFT H-> vy

Measurements have been performed via a global fit at the 5 differential

distributions simultaneously (statistical correlation between bins of
distributions have been performed and taken into account)
Limits have been obtained on the Wilson coefficients by performing Likelihood

scans of new CP-even and CP-odd interactions.

;-l.‘ T T T T T T 'uaslosse\'/ 3‘102_ T T T T T T T T T T T T T T T T T T T T T T T _]
@ ATLAS Preliminary m, =125, g T ™ T T T T T [ - a1

g 4 data, tot. unc, (7] syst.unc. B 99—+H NNLOPS + X s | ATLAS Preliminary ."\':':z:'::fpzl‘x” — r pp d H s 77, \S = 8 TeV, 203 fb + data

;. Hosyy, Vs =13TeV, 133" Koy = 110 © -¢- data, tot. unc. [7] syst. unc. ZM-HO g

§ ©

s

°

— X = VBF T VAT Hopr (5=13TeV, 1831"  Rawe 110 3 L ATLAS — Standard Model
‘N- anti k, A =04, p, >30 GeV| : . Eg =0.0001

20+

I
o

i IPerTTrreTTrTree
§ T T T T < g”;--- rv\': n : 1
- =
g 2 EE k]
s 2
FER =
g s |

0 s I

0 20 40 60 80 100 120 140 160 180 200 .

oY (GeV) =0 -1 =2 =3
NPB

pp— H— 7y, \1s=8TeV, 203" ATLAS

100
Z 3| 28 20 52 52 79 104 105 209 90 =
410 $10 #1010 210 210 10 210 %0 g
B 70
2 47 73 9.0 97 127 225 216 205
10 #11 £10 210 10 209  $10 110 60
- 50
-1 77 143 230 294 286 300 194 153 40 7
10 #11 $1y 209 200 209 10 10 30
20 P
0 230 125 41 37 1.3 03
- $12 12 10 10 210 11 10
0

0-20 20-30 3040 4050 50-60 60-80 80-100 100-200
p7 [GeV]
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EFT H-> vy

+  Wilson coefficients produce large shape changes

Coefficient | 95% 1 — CL limit
in all distributions and the obtained limits are z, [-7.4,57]x10 % U [38,5.1]x103
strongest when fitting all five distributions Cy [-1.8,1.8]x107>
simultaneously &y [-0.7,1.3]x10"* U [-5.8, -3.8]x107*
o &g [-2.4,2.4]x107*
* Results have been also translated within the HC Caw [-8.6,9.2]x1072
basis for ¢uw and ey CHW [-0.23,0.23]

-0.08 < kgyv/ksm < 0.09 and —-0.22 < tan(a) - Kavv/ksm < 0.22,

" FEpp—Hoyy1s=8Tev,20306"  ap) "1% 04f ppoHoryscsTev,208m' | ATLAS 3 F o0 no . lecaTev.08m’ | ATLAS
0001:_99* —vy,1s=8TeV,203 ATLAS | 7 04/~ pp—H-yy,1s=8TeV, 203" ATLAS | & 4 PP—~H-—11,(s=8TeV,203 0" ATLAS _|
: U e 10 :

0.0005 E_ _E 0.2 N ] 0.2 _

oF . i ] r ]
- ] o _ 0

-0.0005— B i i C
'0'001;_ [ / * StandardModel_; 0.2~ ] 0.2 eaw = Cup * Standard Model

-0.0015F l / Tl e%er 7 - 01 es%cL \\\__,// * Standard Model | C éuw = éus T 9%cCL ]
: E < B 68%CL B _0_4"_- selx%CL | 1 1 | I_‘ 04—  68%CL —

C_1 L L L L L L | L L L | L n L 1] - PR PR M PRI N - —
N N N T R o e N
-0.002 0 0.002 0.004 0.00_6 0.6 0.4 0.2 0 0.2 B 0.34 02 _0'.1 0 0'_1 02
c, ng10 z
HW
Gluon fusion: enhanced gluon CP-odd and CP-even Even without the HVV decay
coupling (X) can be balanced operators can be constrained channels, competitive/
by reduced photon coupling simultanously improved limit w.r.t to
(1/X) dedicated analysis of HVV

angular decays.
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Next steps: H->yy

Future plans:

repeat the analysis for H—vyy using diff. & fid. cross sections

Better statistical precision and new differential spectra motivated by
the EFT

Timescale: Moriond and to be included in the HGam main publication

 About the basis: both SILH and HC can be used (or use SILH and then
translate with Rosetta), as long as the final result can be comparable with

the other channels

« STXS: No concrete plans yet to use this for EFT limits; likely more worth

doing with several channels

Giada Mancini (LNF INFN)



