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The (Unnecessary)
Qutline Slide

» discovery
@ H->ZZ*->4l
+ happiness
» discovery, more in detail
+ crucial ingredients
+ characterising our signal

» what’s next (or, why should we keep on running)

PhD thesis defended on February 18", 2014
V. Ippolito - Frascati - June 24, 2015 6
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Why Do We Even Care/

or: a short slide about motivations

» tremendous agreement between SM and experimental results
+ + missing particle (Higgs boson)

+ + unsolved mysteries (e.g. Dark Matter, baryon/antibaryon
asymmetry)

» knowledge advances usually require attentive scrutiny of
newfoundthings

l“'

 Diddovered anbthmg ‘\ 'm m .m
@& tonight, Galileo? ‘x i
\) [ W'J'W “

+ like no-more-missing particles (Higgs boson)
+ like the SM itself (probe possible extensions)

» TeV scale is our sky, LHC our telescope!

V. Ippolito - Frascati - June 24, 2015



0 Higgs Boson, where Art Thou?

Status in ~October 2011 (my PhD thesis day-0)
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Discovery

Phys. Lett. B 726 (Jul, 2013) 88-119
Phys. Lett. B 716 (Aug, 2012) 1-29



experiment

result
QATLAS

EXPERIMENT
http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST



v
*
.

2011 pp collisions at’y TeV

Muon 2012 pp collisionsat 8 TeV
Spectrometer i
F)T2=I3x2"'gy2
N=-2In
y
Hadronic 74
Calorimeter
X
d The dashed tracks
- are invisible to
the detector
Electromagnetic
Calorimeter

Solenoid magnet
Transition

Tracker___FACTA ATLAS
Getnck A EXPERIMENT
http://atlas.ch

41

-
44

-1: C
-~ e

Tracking




The Golden Channel

charged leptons give the cleanest signatures:
0- pp— H— ZZ<*> — 49 [My=100+600 GeV]

* [ow cross section: 2-5 fb

(~10° times less probable than pp—=Z—£+2)

0+ x low background contamination
"‘0- from other processes faking signal

+
-
* fully reconstructed final state X

unlike HWW®— 2vLv

= handy when you want to know what you discovered!

* if mu < 2mz, only one Z boson is on-shell

let’s call it Z1

V. Ippolito - Fra We label final states like e.g. 2p2e (Z1—=pp, Z2—ee) .



The Golden Channel

charged leptons give the cleanest signatures:

- pp— H— ZZ<*> — 49 [My=100+600 GeV]

* [ow cross section: 2-5 fb

Run-1 signal region means 0(30) ntam.nat.on

ses faking signal

£+

1. understand your detector
2. maximise your acceptance
3. optimise signal sensitivity

= handy when you want to know what you discovered!

* fully reco

unlike

x If my < 2mz, only one Z boson is on-shell
let’s call it Z1

V. Ippolito - Fra We label final states like e.g. 2j12e (Z1—py, 22— ee) 3



Reconstruction: a Challenge

pile-up is the price you have to pay if you want a discovery in <3 years...

L up to 7.7x1033 cm2 s
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Fvent Selection

S N four leptons with pr > (20, 15, 10, 6/7) GeV
- a E_ggF,mH=360GeV§ .
102} : | * isolated (ptcone20/pr < 15%, etcone20/pr < 20/30%)
10°F x from primary interaction (dol/err < 3.5/6.5)
10 gy
10°0 56 ~"40 50" ""80" 60 120" 40 160 180 200
true Z, mass [GeV] m4|'dependent maSS Cth On Z‘|, Zz
5 0.04—— ARPFPFEE YRS R P L i
S S S, * 50 < My < 106 GeV
0.03|- < ggF, m_ =360 GEV ] ]
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OF g ey T s |

rue 2, mass [GeV] | 6verallsignal efficiey«is
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Background processes

irreducible background e
* pp—=ZZM 48 (M s \
* same final state as signal 5 > < 5
\
* dominant at high my Z \__’ ¢
£+
: e
reducible backgrounds
* 7+bb, Z+jets, tt [data, MC] T‘
* relevant contribution at low ms
* rejection: ask leptons to be isolated Jet jet
and compatible with the primary interaction p > <
* estimated from data [MC modeling is hard] /z

S

V. Ippolito - Frascati - June 24, 2015 X P+



The Z Mass Constraint Fit

mass resolution
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good mass resolution is crucial in the low my region

* one way to improve it at analysis level is to refit leptons
from on-shell Z with a constraint on their mass my

* we can’t do that using mz=91 GeV, but must use mz""¢

which is an event-by-event observable
HOW?

V. Ippolito - Frascati - June 24, 2015



From m, to mztrue

we need a meaningful constraint my=mjzue

* the more uncertain the momentum measurement, the
more my is let to go back to m;

* the way this happens is a consequence of event-by-event resolution

maximize S prior on mgzie
Ve (Breit-Wigner)

p(mz"|mag) o< p(mae|om,,, mz") - p(mz"¢|mz, 'z)

)

resolution term

(gaussian with oma from lepton

momentum covariance matrices)

correction is applied using constrained fit oy MO correction :

. for off-shell Z .
of lepton momenta (Lagrange multipliers) 0151 E

. . _—'IlllIllllllllllllllllwlll
V. Ippolito - Frascati - June 24", 2015 080 60 70 80 90 100

unconstrained m, (4e) [GeV]



My, - My FWHM [GeV]

/ Mass Constraint Fit

0(10%) improvement in resolution
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Intermezzo: Building a Discovery

an exciting team work!

* first hints at a 5O
| | discovery on June 19th,
" “I‘E 9q 1 1ard 2b ¥ ’ g 2012 <at 1h02 AM)

I 4 (232 1938 4b *
| 9eth it AREE B

¥ oa 45 v or ¥ : ‘ .
A * different layers well
WSS . | represented by the
“discovery whiteboard”

team

* from day-to-day candidate
search with increasing
integrated luminosity to
paper editors, group
conveners, ATLAS
management...

CERN 40/4-Co8 - Sunday June 24th, 2012 - ~2 AM

paper editor
paper editor

discovery whiteboard o
\ :

Higgs boson
convener
V. Ippolito - Frascati - June 24", 2015
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Born on the Fourth of July e
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Combined results

events observed
events expected

ATLAS —ota  Total uncertainty
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we discovered a new particle.. .. juieen 05 1 15 2
=3 iS it the Higgs boson? \s=8TeV [Ldt=20.7 b Signal strength (u)

V. Ippolito - Frascati - June 24, 2015

=133 £ 0.14 (stat) £ 0.15 (sys)
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From B-physics to
A-physIcS

(or, the importance of spin-parity studies)

Phys. Lett. B 726 (Jul, 2013) 120-144
ATLAS-CONF-2013-013
arXiv:1506.05669



Why Spin-Parity?

the SM requires H to be a parity-even scalar (0*)

= it could be a J=1 state (and H—=YyY would be a different particle)

= it could be a graviton-like J=2 state, or a pseudo scalar...

x it could be a CP-even/odd admixture

2_

£+

4 " defined in the final state
0. /
H -o.... £+

- June 24", 2015 L-

V. Ippolito - Frascati

we can relate what we measure and what we want to know
<p1'p2rp3rp4> = f [A<H_’ ZZ)]

8 unambiguous well-measured DOF

\.m,,;7 expressed in terms of my, m1, m2 and angles

24



Know Your 9riens Bosons!

we write the most general Lorentz-invariant decay amplitude A(H—ZZ)
e.g.: for J=0
A(X — Z1Z2) =1 (@lmzzfl ggf*(l)f*(Q),uV + g3 f*(l),,uuf*(2) qvq _H( f*(l) =*(2), pj)

SM Higgs pseudoscalar

we relate it to the differential mass and angular distribution

phase space + propagator

dI' y(m1, ma, (2 (
2 2D o Plangsma) - 3 K, ma) ()

v J=0: three helicity combinations (A++,A--,Aco)
= Ki = |A12,Re(AiAno), IM(AiiAco’) ... (9 terms)

Q = {cos 07, ¢1,cosb1,cosbs,d}

V. Ippolito - Frascati - June 24, 2015
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http://arxiv.org/pdf/1208.4018v2

theoretical
calculation

Hypothe3|s Testing

theoretical
calculation

acceptance

acceptance
corrections

corrections

collapse the 7D information on the final state on a single observable

~—— it is the Bayes discriminant between data likelihood in Ho and H1 hypotheses

5 mathematically it’s the optimal discriminant in the ideal case

the difference between “real” and “ideal” is the effect
of reconstruction and selection criteria

, , w p(m,,m,, Q) is corrected using acceptance functions
V. Ippolito - Frascati - June 24", 2015 27



How Good ?
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V. Ippolito - Frascati - June 24, 2015 28



The J°-MELA Discriminant

distributions of the discriminant D are calculated on full-sim MC

obtain discriminant shapes for the two signal hypotheses and for backgrounds

effect of ESS

Y e T S se ]
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0.02F R
0 ' S M=o T
o 0.2 0.4 0.6 0.8 1

J°-MELA (4e) all

build a likelihood model in the observable D

wrong pairing effects
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Entries/0.02

JP-MELA discriminant

reducible background
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JP-MELA Discriminant (0%/0)

L(e|pn) = Pois(N|uNgs + Np) - < fs|€- p(datalHy) + (1 — €) - p(data|Hy)| + Z fv.p(data|B;)
1=4 Z,red

V. Ippolito - CSN1 - January 19", 2015

sum across two mgl bins: 4X2X2 channels

([121,127] and[115,130]\[121,127] GeV)



The J°-MELA Discriminant

shapes of the discriminant with 7+8 TeV data

JP’-MELA = o for alternative hypothesis, 1 for SM Higgs
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4e High 1.95 | 0.58 0.32 4e High 0.24 | 0.09 0.07
4e Low 0.77 | 0.83 0.43 4e Low 0.11 | 0.12 0.10

2e2u High 3.01 | 1.02 0.31 2e2u High 0.51 | 0.20 0.07

2e2 Low 0.79 | 1.41 0.42 2e2u Low 0.13 | 0.28 0.09

2u2e High 222 | 0.68 0.44 2u2e High 0.33 | 0.11 0.10

2u2e Low 0.65 | 0.94 0.61 2u2e Low 0.09 | 0.17 0.14
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0
0 0.1020.304050.6 0.70.80.9

JP-MELA Discriminant JP-MELA Discriminant

statistical analysis is split in 4 final states, 2 c.o.m.
energies, 2 mgl bins = enhanced Ho/H, separation
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Hypothesis Testing Results

use distribution of log[L(Ho)/L(H,)] sampled on pseudo-events to build a test statistics

80.3_| | IR B T
£ | ATLAS [Preliminary  —Data
W 0.25} H—ZZ —4l Signal hypothesis
- \s=7TeV:[Ldt=461o" (m,=125GeV) |
0.2~ \s=8TeV: [Ldt=20.71b" Y LY o
- JP - MELA o
015:_ i a JH1 =0 1
Y ” _-"‘ II': 7
0-1:_ S+b ’I:.‘ '.' “ b" _:
0.05F -
0:.1-1'7-:_| L1l N (I i
-15 10 -5 0 5 10 15
Iog(L(HO)/L(H1))

exclusion given w.r.t. o* with CLs=CLs.b/CLy method

Py —— —— —— —

el 10: ATLAS IPreliminar;} | g
3 gl Hozz0-a ® Data Spin0]
- [ \s=7TeV:[Ldt=4pfp! Somahveetness [lig ]
= gl 1s=8TeV:[Ldt=20.7f" o Jf =0" []20]
S I ruEa analysis o F _o i}

= H — =m
4+

V. Ippolito - Frascatl - june 24", 2015

ATLAS
H— vy e Data
\s=8TeV [Ldt=20.7fb"
v CL, expected
H— ZZ* — 4l

\s=7TeV [Ldt=46 fbo

Htio
\s=8TeV [Ldt=20.7 fb"

H —-> WW* — evuv/uvev
\s=8TeV [Ldt=20.7 fb"

assuming JP=0"*

JE-MELA analysis
tested J* for tested 0" for 4
an assumed 0% an assumed J”*
expected | observed observed*
0~ | po | 0.00I1 | 0.0022 040 | 1>95%
17 | po || 0.0031 0.0028 0.51 '
17 | po 0.0010 0.027 0.11 J 25 50 75
2 [po | 0064 | 0.1 0.38 excluded by
27 | po | 0.0032 0.11 0.08 40+yY+WW

\_,y only sensitive to o* vs 1/ ww), 2*

100
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Probing the HZZ vertex

arXiv:1506.05669



Can We Say More/?

—yes, if we assume |=0

let’s take again the most general H—ZZ decay amplitude

— * % | * * v * V f* 14 * 2),uv
A(X — leQ) = 1 ((:qlmQZ51€2+g f (l)f (2),N +g f (1), f# 2)(] q +( f (1) ()Nj)

in the SM:
O('I 0_2) (suppressed by scale? of NP) ~0

hree | i
(one loop diagrams) (three loops diagrams)

2i
non-zero g,, g, affect final state distributions

* CP even/odd admixture present if g4 and g1 are both non-zero
can hint to CP violation (e.g. mixing between multiple Higgs particles
a la 2HDM) which might explain matter/antimatter asymmetry

(excluded) pure pseudoscalar state corresponds to the limit |g,/g.|— oo

* new physics could contribute in loops giving g2=0

V. Ippolito - Frascati - June 24", 2015 33



The ldea

Q: How good will we be able to probe the HZZ vertex in the next future?

“——> sensitivity to CP-even/odd admixtures

|gi|20'i gi
Joi = , @y, = arg | =
%9120 +lgalfora + |galtos” T

fep = AL ~f
[Aol2 + A2+ |[AL2 &4

start from the parton-level description of the 7D final state
* add acceptance corrections (2D for m, vs m,, 1D for angular observables)
*add my, to obtain discrimination power against backgrounds

parametrise backgrounds

* use full-simulation Monte Carlo

* empirical parametrisation (2D for m; vs m,, 1D for angular observables)
perform 8D fit for imaginary and complex parts of either g, or g,

“~——> cross-check validity of empirical parametrisations

, , with 2D MELA-like discriminant method
V. Ippolito - Frascati - June 24, 2015
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Hltlooks like

c;‘ 4 AR IR B UL I 1 ] Q 4_ """"‘""""""""""""': o AT T T T T T T
=, ATLAS Prellmmary Slmulatlon ; - af ATLAS Preliminary Simulation 1 =, ~ATLAS Preliminary Simulation ]
2 — = = - E 2 - =
> 35 : = : ] = 35 E
2 E 2r = of E

1% i 1= e 1 -

of . o - o =

A - A E A .

2f ; 2 2 g
B S : oS 3F -

- 8D Fit: injection test g, = -1 + i 1 SD F|t |nject|on testg =-1+i . - 8D Fit: injection testg, _2+2| .
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0.1
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Prospects @HL-LHC

High Luminosity upgrade of the LHC foreseen in the next future (> 2020)

* studied sensitivity on HZZ vertex structure with 300 and 3000 fb" at 14 TeV

Final State || Signal | ZZ* | Reducible Backgrounds
4u 1186 | 427 214
2u2e 867 287 144
2e2u 1035 | 383 191
4e 871 317 158

* systematics: 3% (lumi) + 5% (lepton reco) + 7-10% (bkg, acc)

o 3.—' """"""""""" [rrrryprl
= - ATLAS Prellmlnary
i Simulation
2r -
IS -
i 3000 fb™": 68%-95% CL
0;_ 300 fb™: 68%-95% CL-
A ]
-2:— -
e 8D Fit
| L I TR L Ll
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
f
gd

V. Ippolito - Frascati

- June 24", 2015

oF > .7 .
N ATLAS Preliminary 1
| Simulation -]
o | -1 :
SR 3000 fb™": 68%-95% CL -
1: 300 fb™: 68%-95% CL ]
-2F " N _
| f 8D Fit
S |t LN T B | N W=
0 01 02 03 04 05
fgz

0.8

0.6

0.4

0.2}

S

« CMS exp. 25 fb -

1 arxiv:1411.3441
_(/ i—( ATLAS exp. 300 fb™
< ——( , ATLAS exp. 3000 b’
0 5 10 15 20

Abs g4/g1

Luminosity (fb™') | f,,  fo.

300
3000

0.20 0.29
0.06 0.12

+ arXiv:1506.05669 for recent update 36
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physics reach ( + B

(biased view)
C DM searches
precision
searches tell us something
(e.g. dijet) .
Higgs precision
WE ARE HERE measurements
| time
| | >
2022? H L- LH C tenurej’
positions
available?

money



LHC as a Higgs Factory

%% / MY precision measurement of coupling scale factors
Ky/K |
O - : —Y{H) * test for NP in loops, wider H sector, custodial symmetry..

g

* typically need 0(1-5%) precision to test sensible SM
K .
M : extensions

: v ATNS Smdston Py L
ATLAS Simulation Preliminary 15 i o 'Tluha \I/SW* |e|l Inary - 25
's =14 TeV: [Ldt=300 b ; [Ldt=3000 fb" ~ E T el L T ol
q = | e S5 B h—1t, h—»bb, h-uu, h—»2Zy W i
—>YY (comg?ii " ; 10" _ [i<7, Ky» Kb Ko Key Ky _
J — — -
(VBF-like) - BR,~0 .
(WH-like) - b . N
(ZH-like) ol 3 ]
Sanli) 107 =F  \s—14Tev =
T ot : x .
-lIkKe — L _ _ _
i) ¥ [Lat = 300 fo ]
(VBF-like) 3L _ _ 1
o) 107 1 Ldt=3000 " =
H>WW (comb)) g : .
ggi; el | il | )
J — _ -
(VBF-like) = 1.2F E
H—-Zy (incl.) H 11E 3
h (comb.) = 3
H— bb (V&IH-Iike) L2 | . E ------- =
(ZH-like) 9 = -
Hotr (VBFlke) g 0.9 E
H— (comb.) = =
uu (InC|) 085 | N N | E

e 10" 1 10 102
[hashed bands = m. [GeV]

|

V. Ippol... ... theoreticians’ fault] ATL-PHYS-PUB-2014-016 39



https://cds.cern.ch/record/1956710

Going Fo rward (Iﬂ '1

» extending tracking capabilities in forward
region for HL-LHC

0_9f_ ATLAS Simulation Preliminary

0.8 ; — Total acceptance assuming 100% efficiency
[ — - + Analysis selection cuts
0.7F -~ <1 with [n<0.1 or n|>2.5
0.6F - <2 u with [n<0.1 or n|>2.5

Acceptance [[——

+ improved pileup rejection, VBF

sensitivity, MET resolution... 05 P
0.4F \s=14TeV =
- . 0_35_ _[Ldt=3000fb" _é
» silicon tracker (ITK) extension up to 4.0 02 -
(depends on funding) i N
0 0.5 1 1.5 2 2.5 3 3.5 4
m|
» foresee 20/30% gain in HZZ acceptance
600? A'I"L;Alsls‘m;ulla{tilon Prelllmlnary | is=14 Tlv | _E
500 o mi<2s ILdt =3000fb"

[ — H-=4u ] ]
o |:| 22 background with Z mass constraint 1 i
400

+ aim at significant s/sqrt(s+b)
improvement in bbH I

- [ zZ background
200}

+ 10-20% better precision on couplings 100

Events/ 0.5 GeV

Hal mass (after Z |
‘mass constralnt) ‘

S B

» http://atlas.web.cern.ch/Atlas/GROUPS/ P ]
PHYSICS/UPGRADE/PLOT- N ]
UPGRADE-2014-002/ | ]
oo 110 ' T30 140 150

V. Ippolito - Frascati - June 24", 2015 M [GeV]


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/PLOT-UPGRADE-2014-002/

Seelng Through The Invisible

» invisible Higgs decays are precious for looking for new
physics

+ many models predict H as “interface” between SM
and a dark sector

» BRy can be probed with direct or indirect searches
% VBF H->sinv: BR < 0.29 @ 95% CL MET

% Z(IDH->inv: BR < 0.75 @ 95% CL

+ W/Z(qq)H->inv: BR < 0.78 @ 95% CL

+ couplings: BR < 0.27 @ 95% CL

something

ATLAS-CONF-2015-004 » most sensitive to Dark Matter!
ATLAS-CONF-2015-007

arxiv:1402.3244 ) ) . . .
5 + coupling either directly to H or via scalar mediators/

mixing/MSSM-like scenarios...

V. Ippolito - Frascati - June 24, 2015 41



A Dark Matter Factory’

» “Higgs portal” models: unique sensitivity at LHC to low-mass DM

+ for each value of mpy<my/2, BRy is connected to DM/nucleon

scattering cross-section measured by direct detection
experiments

» EFT approach allows to look for massive DM probing coupling to
Higgs boson

0.

+ complementary to (more general) mono-X searches, e.g. via
e.g. H(->yy)+MET

‘  from BRH (V|a ZH- >|nV)

=

4,9 H nggs portal Model TLAS Slmulatlon Prellmlnary
ZH — ll+invisible
SNU Is = 14 TeV, [Ldt=3000 fb™

¢ 8 10 41
- = X > F ATLAS ' ' #+H D H E » 1042
H,Z % u fs=8TeV [Ldt=20.3fb" xoxX 4 DO Timeal :,
l, Y o 10% = H+ETm'ss,H—>w - ol W eaame %
ZaSa" © = 3 A 10 ety
3 - LUX = o 45 Bl i
a 0'3 . i C 10 ., i
a.9 X f@ 1 E = (@] 10-46 ,,,,, ".’ lllllllllllllllllllllll
= - ™ ] - e e
ol BF(Z—-inv)[ 1 g 10%e " e
T ——_F ZH0®E T
- e EI 1 0'49 ------ ] DAMAI/LIBRA 3 [ CRESST 20
10 Non-perturbative (g>4x) —— No truncation - =K T AE et [ cDMS 95% CL I CoGeNT
E —=— Trunc. g=4x § o 10'50 ‘‘‘‘‘ s XENON10 s XENON100
C ’ 3 B51E T smeoxen ON1T s ATLAS 3000 fb™, scalar DM
1 5 O . O 1 O 1 V 1 I 1 - 1I'runc. g=1 10 = === ATLAS3000fb", vector DM === ATLAS 3000 fb", majorana DM
1 ! : e ! ! e ! ! — -52 1 ll 1 1 1 11 11 ll 1 1 1 11 1 11 | 1 11 1 11 H
1 10 107 \9; 10 > 3
. . m, [Ge 1 10 10 10
V. Ippolito - Frascati - June 24 , vy

_ DM Mass [GeV]
— Y XXS — Hps|H|* — N\ps®|H|? 42



Can We Get Into ThatPlane7

| 8 TeV monOJet results 00
» how (and how far) can LHC go in the oL e S I
: : : =10 2 01: 7m0 (e=8TeV, 20.3%" 5855?3? Is;saz/cczl_ i
comparison to direct DM detection S O = T o
: 5 F 102 011:pG, 8" 405176, 6" e e mass | O
experimentss B ol e, —wemma] R
TEes CMS 8TeV D11 —
: : : >
+ the answer is quite far provided we use : I T B
both EFT and simplified-model eyeglasses , R Y S
. o «
(arXiv:1506.03116) e,
. . . Ll el |
» our ultimate job is to produce and study 1 10 102 10°

particles, and DM is a particle... WIMP mass [G] |

» experimental challenge for Run-2 and beyond

. ATLAS Prellmlnary
- May 2015 comm., 13 TeV

® Data:fit 0.52 {X E;

miss RMS [Ge
N
o

+ most signatures based on MET/jet/e-y
reconstruction, need to fight against pile-up!

data will tell us how the DM puz.zie
ballkes ko our brand new SM-ish

y
=
)

|

E)r(niss’ E

IIIIIIIIIlIIIII]III'III

........ |
0O 100 200 300 400 500 600 700

V. Ippolito - Higgs, and if there are surprises... CEcev 43



V. Ippolito - Frascati - June 24, 2015

Surprises

<intentionally left blank>
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Conclusions

t L . :
July 4 2012 marked an historic milestone for particle physics

v

+ a new era of precision measurements and searches for new physics is now
open

v

the aim of this thesis was to contribute to the reaching of this milestone...

+ optimisation of selection criteria and Higgs mass resolution to achieve a timely
discovery

v

.. and to go beyond

PC . . . .
+ | of the new particle, perspective studies for probing HZZ tensor structure

v

they were (and are!) exciting times, which shed light on paths for new physics
» can it be a doorway to the unknown? (e.g. Dark Matter)

+ LHC is an unique opportunity to be a Higgs-factory first, and a Dark Matter

factory possibly... . )
new data will tell us... let’s

V. Ippolito - Frascati - June 24", 2015 remain open 1o the unknown!
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ATLAS - the Instrument

Muon Detectors Electromagnetic Calorimeters

Solenoid

Forward Calorimeters

ATLAS

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t [ID]

Barrel Toroid Inner Detector

Hadronic Calorimeters

V. Ippolito - CSN1 - January 19", 2015

CERN AC - ATLAS V1997

B=2T uptolnl«<2s

End Cap Toroid O/pT ~ 3.4x10% pT ® 0.015

[MS]
up to Inl < 2.7
a/pr < 10% up to 1 TeV

Shielding
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Reconstruction: a Challenge

x10°
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Efficiency

Data/MC

Efficiency

Data/MC

Muon Reconstruction
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Events/GeV
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Muon reconstruct
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Electron Reconstructlon

'\?“ 102_| T III T | LI | LI | | L I T T | | | | L | T 17T IIII_
°; 100:_ ATLAS Preliminary E
o — p—
C n o v v v Y
S oggp¥ _L,gY Y "W S R
= N Y ; & 4 8 & 5 ¥ Y -
© 96 — & —
S - F A Z
= 94__ ]
g M. 4 PR
B RS EC S & A
c § .
o) -
S 90— I
S 88 2011 . 2012 -
e - —k Dataj Ldt~4.7fb —y Datadet~770 pb ]
u% 86 . wmc —F— MC E
84_l L1 1 I L1 11 I | I .| I L1 11 I L1 11 I | | I L1 11 | L1 11 | L1 11 I L1 1 l_
2 -15 1 05 0 05 1 15 2
T]CIuster
§' 102:| T I I | I I T | LI I I | I I LI I T T I I I LI I LI l:
> 100 ATLAS Preliminary -
S C . v ¥ ¥
S 98— % ¥ ]
= C ¥ A
© 96 A e
S C i A a —
= 94— —]
= n ! m
7 92 'E —
S - .
' 90— =
& 88 2011 2012 —
5 - . DataI Ldt~4.7 fo" v Datadeh?TO pb” =
u% 86:_ —&— MC —5— MC B
Covovv v v v v v v by oy b v by by oy T
84520 25 30 35 40 45 50
V. Ippolito - CSN1 - January 19%, 2015 Er cluster

Electron identification efficiency

Electron identification efficiency [%]

| L | L | L | I | I | L | L | L | L | 1]
100 f— ATLAS Preliminary  Data 2012 IL dt=11-181" =
952— o 2 S . ¥ 2 . —i
90 $ %* =
75 ;_ MultiLepton selection criteria —;
rop <2 -
- @ DataZ— ee O MC Z— ee -
65— M Data J/y — ee 00 MC Jiy— ee —
60 :l | I | I I | | | | L1 11 | L1 11 | I | | | I | I L1 11 | L1 11 | I:
5 10 15 20 25 30 35 40 45 50
F. [GeVl
1 05 B T T T | T T T | T T T | T T T T T T | T T T I T T T l T T T l T T T | T T T ]
~ ATLAS Preliminary Data 2012 I Ldt=770pb" ]
100— ]
95‘% f%?????§??§f+ P
Q- o -
~  MultiLepton selection criteria ]
85 v Data —
B v MC _
80 B | 1 | | 1 | | | | | 1 | | 1 | I 1 | | | | | | I | | | I | | 1 I | | | | 1 | | |
0 2 4 6 8 10 12 14 16 18 20

Number of reconstructed primary vertices 53



ner-»

Isolation on £{+ee

optimization of electron isolation criteria

efficiency

* introduced topocluster iso

= working point against electron fakes

* AR(e,p) to reject FSR fakes

efficiency
J _
—

0.8

[T 11
[
N
I\!

0.6

sig, topoetcone20/pt < 0.2
conv+had, topoetcone20/pt < 0.2

0.4

sig, topoetcone20/pt < 0.25
conv+had, topoetcone20/pt < 0.25
sig, topoetcone20/pt < 0.3
conv+had, topoetcone20/pt < 0.3

0.2

1 | | I | 1111 | 111 1 | 1111 | 11 14 | 111 1
10 15 20 25 30 35

electron n,,,

O
g—r|||||||||||||||||||

V. Ippolito - Frascati - June 24, 2015

0.9

0.8

0.7

0.6

0.5

0.4

0.3

entries

R s e e e e e e R A =

———

sig, topoetcone20/pt < 0.2
conv+had, topoetcone20/pt < 0.2
sig, topoetcone20/pt < 0.25

N
conv+had, topoetcone20/pt < 0.25 §
sig, topoetcone20/pt < 0.3 /] \
conv-+had, topoetcone20/pt < 0.3 il §

\
-

M

A

10 4

-2

0 1 2

electron n

w

T T TTTTII

T IIIIIII

....................... all electrons

FSR electrons

hadrons

non-isolated electrons

|

L1 IIIIII|

T—= 1l

AL

1l Ll Ll l 1 1Ll I Ll -l
2 25 3 35 4 45 5
electron AR with closest Z—uu muon

54



Choosing the model

Z mass resolution for different constraint methods
* include tails in mz, for low mu

* use crystal ball model (fitted on MC) instead of gaussian resolution

—
—
—

I | | I I | | I | I

no mass constraint
GAUS®BW
CB®TEMPLATE
CB®BW

I

I
*—_.ﬁ_llll

130 GeV

* effect of resolution CB qualitatively
dominant in model improvement at
this intermediate mass

* using BW we underweigh left tail (as
we expect from truth mz; shapes)

I
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Comparing different models

Higgs mass resolution vs my for different constraint methods

— 8 T T T T T T T T T T T T T T T T T T - p— 11_ =
?DJ 2 5F no mass constraint b = | | ]
s GAUSEBW =S E
< 5 5§ CB®TEMPLATE / I o = E
Lo OF CBOBW 1 & F -
g  6f =4 & 8 B
3 S5 ER G E
= 5 3 E £ 6 f_ 7( —f
4.5 — - o -

: ] 5 - —_—

4 | . | t

355 | ‘ k 4E _

3 = | T S R R R TR S TR R SR S T = 3 - | I T N NN NN NN NN NN NN SN N NN NN NN A
100 120 140 160 180 200 100 120 140 160 180 200

my [GeV] my, [GeV]

improvement in mass resolution
from more complex models is
negligible (covered by systematics
needed for a my-dependent model)

introduced in H—=4¢{ search
the Z mass constraint fit
with gaussian resolution

and Breit-Wigner mz'"™€ prior

V. Ippolito - CSN1 - January 19", 2015



Building a Discovery

4., TUE B LA
4 1241 1ar.d b *
41932 1938 4k %

| 9eth it AREE B

de (45 1246 LI
4o 195.5 2058 Ak )
e 12321294 af- &

CERN 40/4-Co8 - Sunday June 24th, 2012 - ~2 AM

paper editor
paper editor

discovery whiteboard

\ ‘

Higgs boson

convener
V. Ippolito - Frascati - June 24", 2015

an exciting team work!

* first hints at a 5O
combined discovery on June
19th, 2012 at o01ho2 AM

* from day-to-day candidate
search with increasing
integrated luminosity to
paper editors, group
conveners, ATLAS

Valerio Ippolito 19 Jun 2012 01:02 An Aol
To: Konstantinos Nikolopoulos Cc: Luis Roberto Flores Castillo, and 2 more... ‘ﬁ:"";,&
Re: resolutions !

Hi Kostas,

you can find under
lafs/cern.ch/work/v/vippolit/kostas/candidate _lists

what you asked for. There you have three candidate lists:

- datal1

- data12 (the 79 candidates)

- my list for data12 (full dataset available up to yesterday evening

Let me know, particularly for the third one! My biased and tired eye finds interesting the following:

4mu | 204769 | 71902630 | 398 | 124.09 | 86.34 | 31.57 | 125.09 | | bb

4mu | 204769 | 82599793 | 447 | 123.25 | 84.01 | 34.21 | 123.47 | | bbbb
4e | 203602 | 82614360 | 429 | 124.49 | 70.63 | 44.66 | 124.61 | | bbbb
4e | 204910 | 22993546 | 376 | 125.52 | 88.93 | 22.28 | 126.36 | | bbbb

(keep in mind that everything beyond run 204668 | accept blindly without GRL, so those three candidates might disappear - but
maybe Fabien has hints on these runs/lumiblocks?)

Cheers,
Valerio



Building a Discovery

CERN 40/4-Co8 - Sunday June 24th, 2012 - 2:13 AM

V. Ippolito - Frascati - June 24, 2015

an exciting team work!

* first hints at a 5O
discovery on june 18th,
2012

* different layers well
represented by the
“discovery white board”
team

* from day-to-day candidate
search with increasing
integrated luminosity to
paper editors, group
conveners, ATLAS
management...



Detector effects

Impact of different reconstruction regions on my resolution

channel name description frequency m [GeV] o [GeV] events outside +2¢
UL L all all events 1.00 124.89 £ 0.02 | 1.64 £0.02 0.15
LLLLLL L bbbb all muons in the barrel 0.19 124.81 £ 0.04 | 1.42 £0.04 0.16
LLLLLL L bbb three muons in the barrel 0.28 124.86 = 0.04 | 1.69 £0.04 0.14
UL L bb two muons in the barrel 0.26 124.91 £ 0.04 | 1.56 £0.04 0.17
UL L other any other event 0.26 125.06 £ 0.04 | 1.74 £0.05 0.17
ppee all all events 1.00 124.24 £ 0.04 | 2.15£0.04 0.19
Lpee any_onecrk at least one electron in the crack region 0.10 124.154+0.18 | 2.97 £0.04 0.19
ppee bb_bb all leptons in the barrel 0.29 124.40 £ 0.06 | 1.73 £0.06 0.22
ppee other_bb electrons in the barrel, at least a muon in the endcap 0.35 124.32 £ 0.07 | 2.08 = 0.06 0.17
ppee other_other any other event 0.26 124.05 £ 0.08 | 2.28 +0.08 0.21
eepLiL all all events 1.00 124.22 +0.03 | 1.85+0.03 0.25
eeps onecrk_any at least one electron in the crack region 0.10 124.05+0.14 | 2.62+0.14 0.23
eeLLs bb_bb all leptons in the barrel 0.31 124.34 £ 0.05 | 1.58 £0.04 0.25
eeps bb_other electrons in the barrel, at least a muon in the endcap 0.25 124.32 +£0.06 | 1.64 +=0.05 0.24
eelLiL other_other any other event 0.34 124.03 £ 0.07 | 2.10 £0.06 0.25
eeee all all events 1.00 123.37 £ 0.05 | 2.54 £0.05 0.20
eeee bbbb all electrons in the barrel 0.46 123.66 + 0.07 | 2.08 = 0.06 0.22
eeee onecrk at least one electron in the crack region 0.18 123.59+£0.16 | 3.05£0.13 0.20
eeee bbb three electrons in the barrel (none in the crack) 0.22 123.15+£0.12 | 2.80 £0.12 0.20
eeee other any other event 0.15 122.91+0.14 | 2.60 £0.13 0.23

V. Ippolito - CSN1 - January 19", 2015
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Systematics.

E 8TeV Op 4e

NLo
o
(s3]

normalization systematics
> signal cross-section + MC statistics: 20%

~ ZZ cross-section + MC statistics: 7%

> data-driven reducible background: 32% ?scq Smel Zeelsfa. 4 ms ©weghiU Jitrethtio ™.

r

> all: (anticorrelated) high/low mae bin migration due to ESS and assumed mu: 14%

shape systematics

> wrong-pairing: very small with new selection

> ESS: negligible effect on J*-MELA shapes

> reducible background shape parametrization: from variations in the multi-gaussian
adaptive KDE models + variations related to the available data-driven statistics

all systematics taken as not correlated between 2011 and 2012
> with the exception of reducible background (same sample for both years)

V. Ippolito - CSN1 - January 19", 2015
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[parton-level]

Where does sensitivity come from?
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does sensitivity come from/
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sensitivity on complex g,
is basically on |g,l

* here you see |g,l = 4
(g4=4+0i, 0+4i, 4/sqrt(2)-(1+i))

* some separation
recovered from cos(0,),
cos(0,) (asymmetry), ¢

and m,
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Reweighting samples

o* x p(0)/p(o*)
full-sim o

m1 0 moda (channel=0) m2 0- model {channai=0)

i B =
— A N r} — 4 S

8 Seeebbd B S 5 I 3 3
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o 0 mode (channel«=0)

FYTY PETY P YT T YT PTTY T T T
o & n» ~A -n ns ]

e*
cos(0”)

pnl O- mode (channel«0)

|
i

|H—ZZ* >4

phil O mogel {channai=0)

closure of matrix element:
reweight full-sim o* to 0~ and
compare with full-sim o

we can produce any “full-

sim” sample with g, !=0

starting from the SM sample
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different!

2D discriminant
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2D: statistical approach

we assume SM and explore sensitivity in the complex plane ga/g1 (g2/g1)

N
L(p) = Pois(N, uNs + Np) Z fsp(wilgr, 92, 94) + fopB(2i))

1=1
ONONONONONONG > A v = i i
©000060 o <m4';§' Dg?i;)) 0 e
OOOOO O 8D3Xi=<m4l,m1,m2, )
ONONONONCAONG TR IR
OQO0000O0O0 ot it ol
ONONONONONONG
ONONONONONONG .

Re(ga/g1)

N\
-2 log L(p)/L(p)
full information on g4 (g2) is obtained
with a scan of the complex plane g4/g1 (g2/g1)

approach similar to Higgs search vs my

V. Ippolito - Frascati - June 24", 2015 65



Compatibility 2D vs 8D

Luminosity (fb=%) | f,,  fo
>D | 300 0.12 0.34
3000 0.04 0.15

Luminosity (fb™%) | f,,  fo
3D | 300 0.20 0.29
3000 0.06 0.12

compatible within granularity of the scan
in the fg vs Arg(gi) plane (~0.02x0.02)

V. Ippolito - Frascati - June 24, 2015



Conclusions

» discovery

» looking for a low mass Higgs boson

» how we improved sensitivity

» a new particle has been found
» is it the Standard Model Higgs boson?

) ]P-MELA discriminant: exploit final state kinematics

» spin-parity studies: excluded o-, 1+, 1-, 2+ against SM o+

» ... enough for 2013 EPS Prize and for the Nobel Prize in Physics!
» is it really the Standard Model Higgs boson?

» probing the HZZ vertex: 8D and 2D matrix-element techniques

» projections for high luminosity (300/3000 qu): sensitive to 6-20% CPV

fraction

V. Ippolito - Frascati - June 24, 2015
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@ATLAS

EXPERIMENT
http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST




£+

g
Z
> I
A Y
e-%—
g ALl
-
(b) g9 > ZZ
(a) 99— 22 o T e : Tretran
o v6.0 3 E{D) [ — pp—>ZZ">2e2n 13
~10? = pp—Z*Z*—eeun @ S F - §
2z E M,>12 GeV iz = 50 @I o 2e2n g
o L o _ 13 s — g9 ZZ' 22 ]
= With single-resonant diagram - D gy Eoo7 .
> -8 N Boos ]
RS 10 = N 0.05

5t ] 3- o0 ]
] C 0.02] ]

L J 2; %% 25385 a%o Sﬂﬂ[ee(\a/l]m{

1= E : ]

E vb.8 . ] 1+ -

b Double-resonant diagram only~ : M ]

L .J.,..l....[,“,|.,,,< 0".5'_‘:““.;; N e A ]
100 200 300 400 500 0 100 200 300 400 500 600

M, [GeV] M, [GeV]

Q
S




£+

p y

jet jet

< P

TMVA lnput Variables: Zod lowest pT eteone2dpT

/ TMVA Input Variables: lowest pT etcone20/pT
=4
=8
K

(1/N) dN/0.234
(1/N) dN/0.133

WO flow (5,B): (0.0, 0.00% 1 {0.0, 0.4)%

lowest pT etcone20/pT 2nd lowest pT etcone20/pT

TMVA Input Variables: 2nd lowest pT ptcone20ipT TMVA Input Variables: lowest pT |d0/d0_sig|

(1/N) dN/0.184
(1/N) dN/ 1.37

UNOflow (5,B): 0.0, 0.00% 1 (0.0, 0.3%

2nd lowest pT ptcone20/pT lowest pT |d0/d0_sig|

Valerio Ippolito - In the Footsteps of the Higgs Boson (sep 4™, 2013)

WO -flow (5,B): (0.0, 0.0)% /1 10.0, 0.57%

UMND-flow (5,B): 10.0, 0.00% 1 (0.0, 0.20%

Reducing the Reducible
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ne»r-p»

Reducing the Reducible

Correlation Matrix (signal)

Linear correlation coefficients in %

100
80

st pT |z0sinB| 60

st pT |z0sing|

T |d0/dO_sig| 40

T |d0/d0_sig|
ptcone20/pT

ptcone20/pT -40

etcone20/pT -60

etcone20/pT

lowpt: etcone2o, do
lowpt: etcone2o, ptcone2o

IOWptZ Zo, do
lowpt: ptcone2o, do

Valerio Ippolito - In the Footsteps of the Higgs Boson (sep 4™, 2013)
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FSR

effect on Z peak
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Angular Observables

relevant observables in H=ZZ—4%£ J°¢ analysis (similar for H=>WW,yY)

m,: invariant mass of the on-shell Z (Z,)

m,: invariant mass of the off-shell Z (Z,)

0": angle, in X reference frame, between Z, and beam axis

@, @.: azimuthal angles, in X reference frame, between X, Z, and
Z, decay planes

0i: angle, in Z; reference frame, between lepton and Z; flight line
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asymmetrical
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cos(0,), ¢ distributions
very different from SM o*
* less separation for the
other half-plane
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Spin 2*: gg VS g
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Low mass searches
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Signal cross-section

mu o(g9—>H) o(qqd - Hqq) o(eqq—>WH) o(qq— ZH) BR (H—)ZZ(*) —)46)
[GeV] [pb] [pb] [pb] [pb] 1077
Vs = §7TeV
123 15.8723 1.25 £+ 0.03 0.607002 0.33 £ 0.02 0.103
125 15.34+2.3 1.22 £+ 0.03 0.57 & 0.02 0.32 %+ 0.02 0.125
127 14.9+2.2 1.20 £ 0.03 0.54 % 0.02 0.30 & 0.02 0.148
400  2.0579-39 0.18 £ 0.01 - - 1.21
600  0.3410:0° 0.06210:005 — — 1.23
Vs = 8TeV
123 20.2+3.0 1.61 £ 0.05 0.73 4 0.03 0.42 4 0.02 0.103
125  19.5+2.9 1.5810 05 0.70 £ 0.03 0.39 = 0.02 0.125
127  18.9+2.8 1.55 4 0.05 0.667 002 0.37 £ 0.02 0.148
400  2.92799¢ 0.25 %+ 0.01 — — 1.21
600  0.52790° 0.097 & 0.004 — — 1.23

V. Ippolito - Frascati - June 24, 2015
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Events/4 GeV

Events/4 GeV

Red

L UL T
- \s=8TeV JLdt=20.7fb" :
50_— ]
T e Data2012 _ ]
40  — Z+jets and tt fit -
I tzt Zfit ]
30 Z+jets .
N 1 ]
20 Wz -
10f
0 iiiiiiiiiiiiiiiiiiiiiiiiiiii
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m,, [GeV]
F T 1T I T 177 T 17T T 17T L | T T :
45t ATLAS E
C , 2e2u 1
40F \s=8TeV [Ldt=20.7ft =
351 =
- e Data2012 ]
30— Z+jets and tt fit E
o i it ]
255— 77 E
20F E
15
10

L — —

90 100
m,, [GeV]

ucible background

Method Estimate for /s =8 TeV Estimate for /s = 7TeV
44 4
mo fit: Z + jj contribution 2.4+0.5+0.6 0.22 + 0.07 £ 0.021

my9 fit: tt contribution
tt from ey + pp

0.14 + 0.03 & 0.031
0.10 £ 0.05 & 0.004

0.03 +0.01 £+ 0.011

2e2u

2e2u

mio fit: Z + jj contribution
myg fit: ¢t contribution
tt from ey + pp

2.5+ 0.5+ 0.6
0.10 & 0.02 & 0.021
0.12 £ 0.07 & 0.005

0.19 +0.06 &+ 0.027
0.03 £ 0.01 £ 0.01f

2u2e 2u2e
00 + e*eT relaxed cuts 52+ 0.4+0.5 1.84+0.34+0.4
20 + e*eT inverted cuts 3.9+044+0.6 -
3¢ + ¢ (same—charge) 4.3+0.6+0.5 2.8 £0.4 4+ 0.5
same—charge, full analysis 4 0
4e 4e
00 + e*eT relaxed cuts 3.2+0.5+£047 1.44+0.3+£0.4
20 + e*eT inverted cuts 3.6+0.6=+0.6 -
3¢ + £ (same—charge) 42+05+£0.5 2.5+ 0.3 £ 0.5
same—charge, full analysis 3 2




Isolation efficiency

7

efficiency
J I

sig, topoetcone20/pt < 0.2
conv+had, topoetcone20/pt < 0.2
sig, topoetcone20/pt < 0.25
conv+had, topoetcone20/pt < 0.25
sig, topoetcone20/pt < 0.3
conv+had, topoetcone20/pt < 0.3
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Systematic uncertainties

» muon ID/reco » signal
+ 0.8% (4y), 0.4% (2p2e,2e2p) + QCD: 8% (ggF), 1% (VBF/VH)

» electron ID/reco + alpha strong: 8% (ggF), 4% (VBF)
* My = 125 GeV: 9.5% (4e), 8.7-2.4% » ZZ background

(2e2y, 2p2e)
@ QCD So]o
+ my=1TeV: 2.4% (4e), 1.8-1.6%

(2e2y, 2p2€) + alpha strong: 4% (VBF), 8% (ggF)
» luminosity » energy and momentum scale
© 7 TeV: 1.8% + electrons: 0.4% (4e), 0.2% (2e2})
» 8 TeV: 3.6% + muons: 0.2% (4y), 0.1% (2pu2e)

V. Ippolito - Frascati - June 24, 2015
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Single resonant
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20 GeV < m, < 106 GeV
1 GeV «<m; < 115 GeV
pT > (20, 15, 10/8, 4) GeV
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The likelihood model
n81gnal Z,uloy SM XAleSIf]X,UfXBf,SMka

L(p, O(u))

A —
TP

L(mu , ftyy(mp) , flae(mp) , O(mp))
L(ﬁlH, ﬁ)”)’a ,a4f, 9)

A(mp) =
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mass measurement

< 20— B

< 180 ATLAS Prellmmary H—>ZZ”—>4I',-"
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14} R

—all systematics .
--- without MSS(e) and MSS(u) -]

(sys) GeV

Ly = 1243155 (stat)

«d BTN B B
124 125 126 127

combination with other channels
my = 125.5 + 0.2 (stat) *02 (sys) GeV
u = 1.33 + 0.14 (stat) + 0.15 (sys)
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Signal strength (u)

Results
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Results
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4-lepton breakdown
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Is it the SM Higgs boson?
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events observed

events expected

mass measurement
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