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Outline

* Higgs boson discovery
« experimental setup
- experimental features of Higgs boson production and decay at the LHC

- observation of a Higgs boson with m~125 GeV

- Higgs boson characterisation with the full ATLAS data from LHC Run1
* mass
 production and decay strength
« couplings
« width
 spin and CP
- differential cross sections
- beyond-SM (BSM) decays

 Future perspectives
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1. The Higgs boson discovery

fWE FOUND IT/
WE FOUND THE

HIGES BOSON/

b
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The Large Hadron Collider at CERN

- LHC is a proton and heavy ion collider

* Run1: ~25 fb! of pp collisions at
Js=7,8 TeV

A J e e e e e e
- ATLAS
25— Preliminary 2012, Ns = 8 TeV
N .LHC Delivered Delivered: 228 fb"’
20 - Recorded: 21.3fb"
D ATLAS Recorded Physics: 20.3 fb’

Good for Physics - 1 « Bunches of ~1.5e11 p cross every 50 ns
l 20 fb
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- More than 25 pp interactions per bunch
crossing on average

2011, Ns =7 TeV
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The ATLAS experiment at the LHC

- General purpose detector optimised for diboson final states, considered in 90’s
most promising for Higgs boson discovery: vy, ZZ', WW’', ZO—¢££, WO—£v (£=e,p)
- e, M: inner detector (tracker) with high precision, even at low transverse momentum
* e,y: e.m. calorimeter with excellent energy resolution and direction reconstruction

« v (ET™s9), jets: calorimeters with large acceptance and good jet energy resolution for
reconstruction of missing energy in transverse plane

« M: muon system with good precision up to 1 TeV Inner Detector

* In|<2.5
* op/pP7~0.05%pT®1%

E.M. Calorimeter
* n|<3.2
« oe/E~10%// E®0.7% (barrel)

Hadron Calorimeter
* In|<4.9
» oe/E~50%// E®3% (barrel)

Muon Spectrometer
« Inl<2.7
* op/p<10% up to 1 TeV

Magnets: solenoid (2T) &
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SM Higgs boson production @ LHC (mn~125 GeV)

2. Gluon Fusion
Y, (0F)
x'@a'm%

Production Cross section [pb] Relative
process J/s=T7TeV /s=8 Tevy fraction
ool 5.0+ 1.6 192+20 86%
VBF 1.22 4+ 0.03 1.57 £+ 0.04 7%
WH 0.573 +=0.016 0.698 = 0.018 } 59
JH 0.332 +0.013 0.412 4+ 0.013
bbH 0.155 4+ 0.021 0.202 +£0.028 0.9%
ttH 0.086 £ 0.009 0.128 £0.014 0.6%
tH 0.012 4+ 0.001 0.018 4+ 0.001

174+1.6

22.34+2.0

~500k Higgs bosons in ATLAS interaction point in Run1 collisions
(before reconstruction)
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SM Higgs boson production @ LHC (mp~125 GeV)
%Luo(g gll:J)SiOn

- Different production processes

« sensitive to different couplings
« ggF, ttH: fermions (t, b)
- VBF, VH: bosons (W, 2)

- different signatures

« sub-dominant modes have cleaner signatures
with better S/B than ggF

- VBF: two jets with large mj;, large rapidity gap,
little hadronic activity in between

- WH, ZH: V boson decay to
« charged leptons (W—¥v, Z—¥¥)
* neutrinos (W—fv, Z—wv)
* jet pairs w/ m;~80-90 GeV (W,Z—qQq)

86%

:‘,%n H

q

associated production

N
VH &

S
N

5%

W, Z| ¢

- ttH: tt—->WDbWb, W—¢v or W—qqg: many jets (=4-6), b-jets, leptons, neutrinos
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SM Higgs boson decays

BR(H—X1X2) vs mH
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Q

Higgs BR + Total Uncert [%]
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BR(H->X1X2) for mnu=125.36 GeV

WW

Decay channel

Branching ratio [%]

H — bb
H— WW~*
H — gg
H— 711

H — cc
H—Z7Z"
H — vy

H — Z~
H — JLL

LHC HIGGS XS WG 2013

N
N

57.1 £1.9
22.0£0.9
8.53 = 0.85
6.26 = 0.35
2.88 = 0.35
2.73+0.11
0.228 4 0.011
0.157 £ 0.014
0.022 4+ 0.001

Total width I

4.12 MeV

-4
1080 100

140 160

180 200
M, [GeV]

« Many final states with non negligible branching ratios @ my~125 GeV

- not all of them can be cleanly identified (cc, gg..)
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Backgrounds in pp collisions

Fermilab SSC

CERN l LHC l

|

I I | | :

10s at LHC:

Quark-flavour N\~ 10 billions evts

Vs TeV

* that’s indeed like searching a needle in a haystack!

Giovanni Marchiori
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1 » g :
O o zfi]: q production ~ 100 millions
g g b quarks
g High-p- QCD jets
i / g
SR : q W, Z production ~ 200 000
L ; -1 _ >""’W‘" 44 W bosons
O (W -» CDF (p p) q /
u(m_/'f
—  Ogg(mG=500Gev) ~——/ / g t gluon-to-Higgs fusion
= Ot m, = ?94‘:(‘,?' .......... 0 ~ H
m, o= 1756 Gev ._'P : H -~ 3 nggS
Qob o : bosons
1 £ \ 3 |
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| | 1 g c7 ,
0.001 0.01 0.1 1.0 10 10 VEFOUND 11 f

WE FOUND THE
HIGES BOSON/




SM Higgs boson decays exploited at the LHC

 To reduce QCD backgrounds or get best invariant mass resolution, privilege

* photons

« W—?v (£=e,u) (BRww = 4.7 %)

« /—{¢ (BRzz =0.45%, BRz, = 6.7%)

« VH—-Vbb, V— ¢¢/¢v/vv (ovi/on™BRv = 1.15%)

but reconstruct also other final states (like W,Z—jj) to increase stat or access
specific Higgs boson couplings

WW ZZ* Vbb Zy

Hi2s — 7Y PPy —>4f ot V—£tL,fv,vv HE —tLy

o*BR/oror [2.28E-03| 1.06% |1.25E-04| 6.3% 6.4E-03 | 2.2E-04 | 1.03E-04

« A’e ~30-40% for modes without v (yy/4¢/¢fy/up), 2-10% for the others

- ~1.5k Higgs bosons (mn=125 GeV) in full 8 TeV sample after selection

Giovanni Marchiori Higgs boson studies in ATLAS



Higgs boson search strategy: the H—yy example

- Reconstruct final state of interest: two photons in the detector

« Apply selection optimised based on expected properties of signal (S) and background (B)
to improve S/B while keeping good signal efficiency

- Define (at least) 1 discriminating variable between S and B: the di-photon invariant mass

m, = (B, +E,)* -, +,)* =2EE, (I - cosb)
- Fit my, distribution to estimate S and B yields, Ns and Ng

» signal and background distributions from simulation and data control samples

A No HIGGS A
, BOSON ) YES HIGGS
= ) = >
:-.B) :B: NS\>
) [ o
'q;é g Ne— > § H

- —

g pig « background »3-r L&

> >

mass pp — Y Y mass

« Claim discovery if “>5¢ significance”: Ns/\/[Ns > 5 or some equivalent but more complicated
criteria. The probability (“p-value”) that B fluctuates to yield a fake S that large is 3*10-/

- Search in as many final states as possible to increase sensitivity
Giovanni Marchiori Higgs boson studies in ATLAS 11



Higgs boson discovery: CERN, 4th July 2012

Vs=7TeV,L=5.11" i
 Vs=8TeV, L=53f" "

Events / 1.5 GeV
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Higgs boson discovery

« ~10 fb™! for each experiment (5 fb' @ 7 TeV + ~5 b’ @ 8 TeV)
- Maximum deviation of data from B-only hypothesis near mn=125 GeV

« ~5c/experiment mainly from largest-sensitivity (i.e. best Ns/\/Ng) final states

> T v T T v T v T T T T v T 1 v T v T | T v v T 1 T v T L4 > [ 4 ] T T 1 4 | I T 1 4 | | l 1 4 | 1 1 q
D
O 3500F ATLAS ¢ Dana 8 - Data ) ATLAS ]
> 3000 —— Sig+Bkg Fit (m=126.5GeV) 025~ [l Background 2Z E
%) — 2] " : 7 -
‘8‘ E N, e Bkg (4th order polynomial) g i ] Br':lckground Z+jets, U ]
Z 2500 E— Lﬁ 5 0-_ Signal (m =125 GeV) N
2000 ;_ " 7/ Syst.Unc.
1500 {51s =7 TeV:|Ldt = 4.8 fb* ;
1000F- 15=7 TeV, [Ldt=4.8fb s = 8 TeV: fLdt=5.8 b’ ¢ ]
500 158 TeV, [Ldt=5.9fb" @ 10E
_5‘7) 200 =l P R B B \:
o -
100
2 0 o
8 -
$ -100 :
w200 L . ‘ . , 0
100 110 120 130 140 150 160 100 150 200 250

My [GeV] m, [GeV]
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2. Higgs boson characterisation with full

Run1 data

Name: Higgs boson

Route de Meyrin 385,
Address: 1217 Meyrin, CH

Giovanni Marchiori Higgs boson studies in ATLAS
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Productions

Decays

1Y
2Z*—4¢

wWw*
TT
bb

Zy

HH

ggF

S X X X

v/

v/

VBF

S X X X

4

VH

Reconstructed production and decay modes

ttH 6m/M
v 1.3%
v 1-2%
4 15%
15-20%
4 15%
1.4%
2%

- plus searches for rarer/forbidden decay modes (see later)

Giovanni Marchiori

S/B

0.03

1.5

0.02

0.03

0.03

0.003

0.002

Observed
(expected)
significance
or limit

~400 5.26 (4.60)
~15 8.16 (6.20)

~1000 6.56 (5.90)
~100

~160 1.46 (2.60)
~15 <11 (9) * SM

~35 <7.0(7.2) * SM

Higgs boson studies in ATLAS
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Invariant mass distributions of main decay modes

Phys. Rev. D90 (2014) 112015 Phys. Rev. D91 (2015) 012006
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»; vee+ Background : S 30’_—“_’10\,‘[“’“‘5"’- -BacbormmaZZ‘ —: _I LA B B [ T™r=Tr—r [ ™rr-r l ™rTreY [ ™7 1};-
3000:_ — Sigral E §2] E GoaTer ILal-"o:lb' - Background Z+jts, 1 > = ATLASH_)WW B
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= T 200 : : ]
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* no hint of peak at 125 GeV in Zy and pp channels (not shown here)
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Higgs boson mass

 In SM, Higgs sector is determined by a single parameter, mu (+vev~245 GeV)

- need to know mn to predict couplings to all other SM particles

+ In SM, quantum corrections to many observables depend on mu, m: and mw

- test consistency of SM by comparing direct mi, mw measurements to

indirect constraints from fits of SM observables after fixing mn

; 1 1 1 I I | 1 1 1 I ' ) I I I 1 : : ] ] I I 1 1 1 l I v,
3 - 68% and 95% CL contours e ‘;’:"‘: ;3?';‘4"-6;\;" P
— L : = . L —
— 80.5 — I fitw/oM, , and m measurements il L. 5 =076 GeV —

- b -~ Y
Eg | fitw/o M, m and M, measurements |[:j —7=076¢ 0.50, GeV d
- I ’ p—
. [ direct M, and m, measurements : -
80.45 — ; |

'
— ] ’.-'
: ' ,‘/ :
80.4 < // "'7’\)-
— M, world comb. + 1o e A
80.35 — m,, =80.385 + 0.015 GeV —
80.3 — —
o Q —
B C.)QO(fr \’f).\ SQQCZI’” b -+ s > . ]
8025 — %7/ . NN fitter]sv]: -
—A’I” 1 1 1 1 1 1 1 Al” 1 1 L”’I 1 1 1 I 1 1 1 1 I 1 l—
140 150 160 170 180 190

m, [GeV]
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Phys. Rev. D90 (2014) 052004

Higgs boson mass from H—yy and H—4¢

- From position of invariant mass peak in channels with best resolution om/m
L(datala, 0(a))
L(datald, 6)

- Through maximisation of profile likelihood ratio A(a) =
- L = likelihood function
* o = parameter of interest = mny

« 0 = nuisance parameters (systematic uncertainties, bkg and signal model
parameters, signal cross section*BR)

* @, 0 maximise L; f(a) maximises L for given a

g " amas T a1+ mu=125.36 +0.37 +0.18 GeV
o g '\s=7TeV [Ldt=45fb" — H -y — TRETT
© 15=8TeV [Ldt=203 1" —Huozza 1+ 2.00 compatibility between the
s without systematics - two Channels
4 % o (My"-mp*t = 1.47+0.67+0.28 GeV)
3F- E - - .
: 1« Limited by statistical uncertainty
2 ]
1;_ 4.+ Systematic uncertainty dominated by
: R « : energy and momentum scale and
' I T . e i VN P AT T N b .
0123 1235 124 1245 125 1255 126 1265 127 127.5 resolution
m, [GeV]
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ATLAS+CMS mass combination

Phys. Rev. Lett. 114 (2015) 191803

1 1 1 1 l I 1 I I

ATLAS and CMS

I I I 1 1 I 1

1 1 I 1 1 1

 mu = 125.09 + 0.24 GeV (2%o0 uncertainty!)

—e—i Total Stat. 3 Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—-yy ———y 126.02 £ 0.51 ( £ 0.43 £ 0.27) GeV
CMS H—yy i 124.70 £+ 0.34 ( £ 0.31+£ 0.15) GeV
ATLAS H—-ZZ -4l } - i 12451+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—2ZZ —4l —t— 12559 £ 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy —e— 125.07 +0.29 ( + 0.25 + 0.14) GeV
ATLAS+CMS 41 ——— 125.15+£0.40 ( £ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I-?—-l 125.09 +0.24 ( + 0.21 + 0.11) GeV
1 1 1 1 l 1 1 L 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1
123 124 125 126 127 128 129
m,, [GeV.

- Compatibility (p-value) between the 4 masses: 10%

- Expected uncertainties for same values of nuisance parameters: +0.19 +0.10 GeV

Giovanni Marchiori
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arXiv:1507.04548

Production and decay rate strengths

— an —
@dsm 1T (BR)sm

can be inferred correlating the signal rates measured in all channels c
s = Z Z.Ui(o' sm X ur(BRp)sm X Ajp X &1 X L

T 77 T T

Measured |
Estimated

* Production and decay “signal strengths”: | ui

Asymptotically -2In/\(a) distribution

via maximisation of profile likelihood ratio A(ui,L) ~ ¥2 with n d.o.f., n = size(a)

« u#1 = deviation from SM assuming that production and decay kinematics are
similar to SM expectation

« corroborated by measurements of differential x-sections and tests of spin/CP

- Simplest model: one overall u
p-value of SM

» p=1.18*015044 [+0.10 (stat) +0.07 (syst) ©0% 07 (theo)] = (W =1):18%

 systematic error dominated by background estimates; theory error due to

uncertainty on SM x-sections, BRs and kinematic distributions
Giovanni Marchiori Higgs boson studies in ATLAS 20



Signal strength parameters

arXiv:1507.04548

by production mode
(@ssuming pr=1, UpoH=UggF, UtH=HttH, UWH=ZH)

ATLAS
68% CL: sl \/S=7TeV,45-4.7f"
95% CL: Vs=8TeV, 203"

L) ' L) L) T . l LJ L l v A L

S—
+0.23
HggF = 1.23 255

Myer = 1.23+0.32

MyH = 0.80+ 0.36
Uy = 1.81+0.80

my = 125.36 GeV

o 05 1 15 > T 3
Signal strength (u)

» All u’s consistent with SM expectation = 1

 VBF evidence > 4¢

by decay mode
(@ssuming pi=1)
ATLAS - °((§‘y°s‘;,)m Total uncertainty
_ — O\theory
my=12536 GeV | oY) ticonp
H- vy —
02 | o1 =l
w=117" iR |
H - zzo 0 ——t
0.40 | 0 3 >4 4
u=146 "
H - ww* B
0.24 |-0%4 I
u=1.18“‘ : W
H - 1t ::’ —r
042 | o5 e
=144 s Ao
H — bb -
039 | om —t—
u=063"_ ‘_ 5 J
H - pu
=-0.7"7 .5
H 0 3.7 ‘ 1 1 |
H - Zy ‘3
. 46|12
nw=27 as ! ' i —
Combined 1E
015 |- 0% b
u=118" 1: i K : J
\s=7TeV, 4547 " ~1 0 1 2 3
1s =8 TeV, 203 b’ Signal strength (u)

- VH, ttH not firmly established yet (but evidence of VH at Tevatron); pw1<3.2@95% C.L.
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arXiv:1507.04548

Total cross section

- From SM predictions and measured pi (removing osm uncertainty from )

Measured x-section osm [pb]
op(1TeV) =221%14pb =221 (stat.) *5] (syst.) {7 (theo.) pb 17 4+1 6

oy(8TeV) =27.7+3.7pb =27.7+3.0(stat.) 39 (syst.) * 15 (theo.) pb 22.3+2.0

» uncertainty dominated by gluon-fusion contribution

« ~106 higher than theoretical prediction
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Phys. Rev. Lett. 115 (2015) 091801

Differential cross-sections from H—yy and H—4¢

- Several distributions sensitive to various theoretical effects: QCD modelling in
ggF production (pt, y), ratios of different production mechanisms (Njets), modelling
of partonic radiation in ggF and of jets in VBF and VH events (pr of leading jet, pr'")

- Measured separately in 2 channels from differential yields, efficiencies and BR

- Two combinations: absolute xsections (assume SM BR) and normalised ones
(shapes only; no assumptions on BR), vs analytical calculations and MC generators

4
—

)

T T T T 1
4

T T YT T T — ™
; W HRs « XH > . W HRs « XH
(D 1 | { o ‘
% 'T" | . seee XM = VBF + VH + 1tH + bOH ] @) —— W NNLOPS+PYE + XH
. 3 ;_ _— ' # MG5_sMC@NLO+PYS + XH
a - o data, 1ot unc. - syst unc. | = i . .‘._‘__._ | W SRR 1 1a I
:58:- . ‘ . 1s=8TeV, 20310 %10'2 . '“". “ess XM = VBF + VH + [tH + bbH
+ 4
‘ s | ATLAS pp-H ~ i | e -4 data, tot. unc syst.unc. |
—~— ‘h—*—. +
'8101» s -t 3 il o 1s=8Tev, 2031
"B L ©oW' aTLAas poon
s
S | 10°F T T ,[" 3
............ i .
1072} z [ -SRI NUTORURRIRRI
---------------------------------------- '
.- Lol ] | Lol ]
8 T T ; T ] 8 T T
4 I 4
- - 4 l _L | XL 2 i s = 1
2 2 | e | 1 =B RSN e i I L l‘:l
E | - - E ' 1 | ' T
! 1 1 I ) ] ‘ 3 1 1 I ) J
00 20 40 60 80 100 120 140 160 180 200 00 20 40 60 80 100 120 140 160 180 200

p!! [GeV]

p!! [GeV]

- Total xsection larger than SM but shapes in good agreement with prediction
(p-values between 8% and 88%)
- Statistical uncertainties (23%-75%) dominate

Giovanni Marchiori
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Ratio to SM

arXiv:1508.02507

Constraints on BSM in EFT using differential xsections in Hyy

- SM lagrangian augmented with dim-6 operators of Strongly Interacting Light Higgs

- Differential xsections in Hyy mainly sensitive to CP-even and CP-odd operators
affecting interactions with: photons (c,); gluons, via ggF (cg); WW and ZZ via VBF
and associated production (cHw, cHB). Other operators have very small impact

L= ¢2,0,+¢,0y + cuwOnw + cupOnup
+ Z‘yéy + Z‘gég + Z'Hwéyw + Z'HBO~HB,
- Particle-level predictions with Madgraphb reweighted to account for higher-order
QCD and EW corrections, assuming factorisation wrt EFT effects

2D limits after setting other coefficients to SM (c=0)

i 1 1 1 1 1 1 1 1 1 1 1 1 | | | | 1 | 1 1 1 1 ) o n v r r * * r T ]
3}~ Impact on gluon fusion H- yy,\s=8TeV - © ] pp—»H—»yy \s= 8TeV 20.3 fb" ATLAS -

B, =0.0001 -G, =0.0002 ATLAS Simulation | 0.001/- & M E

5 5[ Impact on VBF+VH ; E - \ .
Ol .5, =005 - &, =0.1 : N 0.0005 ‘\\ =
I v b N OF ~ma-. -

: ___________ : : r‘ : : —— > :
R R ot LR St -0.0005}~ <l
15;‘ \ __: : ' - B L —
1:_ .............. | " TR deaneared _ '0'001:_ ( % Standard Model -

_ : o] 95%CL 3

- -0.0015 v - sxc
Oso‘eg,'%' R I TN YR Wy i ey P e E s ! A N I I
2L E5E 6807 PR RL R I RME I L2 -0.002 0 0002 0004  0.006
p." (GeV] N | m; [GeV] Ag; | Py (Gev) o

Y
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arXiv:1507.04548

Coupling-strength fits

+ Scale strength of SM coupling to particle j by factor k;j (SM: ki=1)

: : : : : OWH I
» Parametrise x-sections and partial widths in terms of {k}, e.9. —sur = #w, T = #%
WH

oi(kj) - I'y(k;)
['a(k;)
» k of loop-induced couplings (g, v..) defined either:

O'(i—)H—)f)z

- as function of scale factors for fields in the loop (t, W, ..)

- as additional free parameter
K (k) SM
(l - BRi.,u.) #

- Total width depends on invisible/undetected decays: T'u(x;,BRiu) =
- make some assumptions: BRi =0, or kw<1, kz<1, ..

* or measure ratios of coupling strengths

« Assumptions:
 observed signals come from single resonance with m=125.36 GeV, I'=0
 production and decay kinematics compatible with SM expectation

« tensor structure of the couplings same as in SM (pure CP-even state)
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arXiv:1507.04548

Parametrisation of x-sections and partial widths

Production Loops Interference Expression in fundamental coupling-strength scale factors
o(geF) v b-t h‘_,?; ~ 1.06-K; +0.01- K3 — 0.07 - Kk
o(VBF) - - ~ 0.74- K3y + 0.26 - K%
o(WH) - - ~ Ky
olqg — ZH) - - ~ Ky
olgg — ZH) 7t Kooz ~ 227 Ky +0.37- k] — 1.64- kyk,
o(bbH) - - ~ K
o(ttH) . - ~ Ko
o(gb — WitH) - Wt ~ 1.84-K7+ 157 K1y — 241 - Kk w
o(gb — tHq') - Wt ~ 34-K7+356-Kk3y —5.96 - K, Ky
Partial decay width
Loy - - ~ he’;
Cyww - - ~ o Kw
[zz2 - - ~ Ky
r., - : ~ Ky
Lo - o~
L., v Wt Ky ~ 159Ky +0.07- Ky —0.66 - Ky Ky
L,. Wt Ky, ~ 112 K3y +0.00035 - k7 — 0.12 - Ky Ky
Total decay width ‘
_ ) 0.57 - Kj + 0.2 Ky +0.09 - K+
Ty Y b k3~ 0.06- K% +0.03- k% +0.03- K2+

0.0023 - k2 + 0.0016 - k7., + 0.00022 - K,

» Interference terms allows the determination of the sign of ki, kz, ko relative to kw
* Negligible effect by approximating the xsections with inclusive expression (neglecting
kinematic dependence of interference for ggF, gg—ZH), except for tH, explicitly modelled

Giovanni Marchiori
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arXiv:1507.04548

Many models explored

: Vs=7TeV,45-4.71b"
+ Custodial Symmetry (kw vs kz) f{fAS e 8 Tov. 205 o
- Fermion vs vector-boson couplings (kr vs kv) 0 i — .
) Ky < 1 Ko[; = Kot BRI..U =0
- Up-type vs down-type fermion couplings (k4 Vs ku) BRI R B B
- Quark vs lepton couplings (kg Vs k) Kw |
- BSM contributions in loops and decays (kg, ky, kzy) Ky B
» Generic models w/ or w/o new particles in loops and
. t
assumptions on 4 -
Kp —
S il BB AL N AL B L L i e
&1 ,| ATLAS t ] k. —
[ s=7TeV, 45471 z.3 : )
° s=8TeV, 203 fb" A v
| SW
L 10" — Observed 1
- --- SM Expected : 5
: : K |
'2_— ’ — K E
Rl At d
[ <R b ) KZY'E
10°: B _“Assuming no BSM particles BRLu e e
" in loops and BR(inv)=0 : Ty
ALl bt sl et szl 1 ,—3!\1 my = 125.36 GeV ——|
10'1 1 10 ‘IO2 EENEEEENE NN FREEE RN N
Particle mass [GeV] -2 -1 0 1 2 3

Parameter value

- All tested configurations consistent with SM

« Negative sign of k: disfavoured
Giovanni Marchiori Higgs boson studies in ATLAS 27



ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002

New! ATLAS+CMS coupling combination

€|> _Illll | LI IIIIII 1 L lllll] ] LI lllfll 1 )

011 g 1L ATLAS and CMS t.-‘a

|J=1 .09+Y. -0.10 . - LHC Run 1 Preliminary ’ZI

o i - .

w - .,‘ W -

£ |> 10~ — Observed —~

Observed Expected \ e SRR SM Higgs boson 2

Production process Significance(o) Significance (o) . -
VBF 5.4 4.7 .| ’
WH 2.4 2.7 | 107 Fx:
ZH 2.3 2.9 . AN :
VH 3.5 4.2 I |
ttH 4 4 2 0 10-3 E_ l"’ "_."’ —_'E
: : S o Within current precision -

Decay channel - Hi " lewith
Howe 5.5 5.0 o _ |gg.s Icoup ings scale wi _
Hebb 2'6 3‘7 é1111 11 1p11ach e1 'T‘laislﬁls L1 11 g

Ll 111 1
107 1 10 10
Particle mass [GeV]

- VBF and H—1t now established at over 50 (like ggF and yy, ZZ*, WW?)
« couplings measured to: ~10% (W,2); 14% (t,7); 21% (b)

- assuming no BSM particles in loops and BR(inv)=0
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Total width and off-shell couplings from H—Z2Z,WW

* [h=4.12 MeV in SM for my=125.36 GeV, could be increased by BSM contributions
95% C.L. observed (expected) upper

* Direct determination from width of m,, and ma,
peaks limited by detector resolution (1-2 GeV)

decay

limit on 'y from direct method

_ Y <5.0 (4.2) GeV

being deconvoluted Phys. Rev. D90 (2014) 052004 4 2.6 (3.5) GeV
» Indirect constraint from ratio between off-shell / §‘°§ ATLAS Simuigton  renstev
on-shell strengths £ 102] m e
goH VYV o g—H—VV 2 ) £ \ f " .« W22 |

. (3) N Kg.on-shell * XV,on-shell 2 - — - 00 () ZZ
off-shell = 2 (5) - 2 (5) on-shell - 9 ’ 8 10° | ﬂ‘ﬁ, e g W) 22, =10) |
SH —VV .~ ,off-shell V,off-shell S H— 1l -, ' |

"'g?ﬁ-s::u. wm@® o-gz-sh’cill. ;,rt/l /Ty |

- sizeable off-shell x-section at high mass (>200 GeV)
- measure with WW (evpuv), ZZ (44, 2£2v) events @ large myv

after accounting for interference with VV bkg

95% C.L. observed (expected) upper

Eur. Phys. J. C 75
(2015) 335

limit on 'y from indirect method

WW4ZZ0) <22.7 (33.0) MeV

CAVEAT: neglect dependence on S and assume

e same off-shell/on-shell couplings

background not affected by new physics affecting Kot

no sizeable kinematic modifications to off-shell signal or new signals in search region
ratio of k-factors for gg—VV (unknown) and gg—H*—VV (calculated) in 0.5—2.0
ZZ/\WW xsection ratio as in SM for both on-shell and off-shell (for combination)

Giovanni Marchiori Higgs boson studies in ATLAS

~ ATLAS

- HZZ+WW off-shall+on-shell
K. =K

V on shel ".,'.' N st

12 i
[ s=8TeV:|Ldt=203R"
1 0: w— cs@rved with syst. ‘
b olsarved no syst 4
[ eeeee @upoCiod with syst 1
8, weees QupOCiod NO Syst i
6| :
D S i
2| .
—— ,,_,.v. ..............................................
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Spin and parity in H—diboson decays

arXiv:1506.05669

+ Kinematic distributions of production and decay are sensitive to J°

« yy: pt" and photon production angle (sensitive to spin only)

- Z/Z*—4¢: production and decay angles

« WW*—evpv: Mee, pt¢t, Adee, mr

-

04 06

\00 02

0.8

)

|cos(6)|

" =

Giovanni Marchiori
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D - ATLAS Simulation Ot ]
8 0.12 rwr o 10 MBecgound 2"y 77y
g [ 1s=8TeV :‘fg.i:"‘o £ 14 I Background Zvjes, S=7TeV, 450" -
1 o J=2' Xm0 < : =0 N " ]
hod 0 i p<125 GeV — Su2" xm2x, Wwok s °A o s=8TeV, 203 0"
g T f:o .
- 0.08 = 10
L -
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:

o N
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1
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arXiv:1506.05669

Spin and parity in H—diboson decays

SM (0*) tested against alternative hypotheses w/ EFT approach
* pure O
- pure (BSM) 0+ with anomalous couplings to vector bosons

* pure 2* with universal or non-universal J=1 excluded by observation of
couplings to quarks and gluons = (L T R,
. _ and previous studies of WW
- mixture of 0t (SM-like) and 0+,0 (BSM) N and ZZ decays S
« Assumptions: ATLAS H—ZZ* - 4l
. . : —— =7TeV,4.5fb'
- single resonance with m~125 GeV, narrow width, e S B ToV. 205 1
negligible interference with background —— B H = WW* — evay
- any other BSM particle has m>1 TeV ] 0'SM+3c 5=8TeV, 2031’
[ J: t10 H— Y
- Hypotheses discriminated based on ratio e s=7TeV, 451’

P 2 A s=8TeV, 2031’
'L(JSM’IIJ;'M’B-I;’M)

LUE, ﬁja’;‘, 0 ")
Alternative hypotheses excluded based on

g = log

ATl o I
" g

p(JH)
CLy(JE) = e
] - P(JSM)
- All alternative hypotheses rejected at ; ;
>99 9% CL JP=0 JP=0 J“’:z‘ Jf’_=02' Jf’_:oz' J"=2 {"_iz'

9 %
p <300 GeV  p <125 GeV pr‘-am GeV pT\-!Z‘S GeV
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SSM Higgs boson searches

« So far the discovered Higgs boson look like the SM one, but:
- the level of precision which we know the Higgs sector is still limited
- the SM cannot be the ultimate theory

- Beyond-SM theories predict a richer Higgs boson sector (more final states
accessible or more Higgs bosons) = Higgs boson searches as portal to BSM

« Exotic decays of Hi2s
- |lepton flavour violating decays
* invisible decays

- Additional low/high-mass Higgs bosons
« pseudoscalar A boson decaying to ZH125
 scalar boson decaying to ZZ
 scalar boson decaying to diphotons
+ charged Higgs bosons decaying to WZ and tv

Giovanni Marchiori Higgs boson studies in ATLAS
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arXiv:1508.03372

Lepton Flavor Violating decays: H—tp

 Not allowed in the SM

- CMS observes a 2.5¢ excess in 8 TeV data in H—-tu
- Indirect constraints by LFV p,t decays: BR(H—ue)<O(108); BR(H—tu, H—1e)<10%

x10,3 e
% 3 ’ -
- ATLAS —e— Data 2012, 20 1b .
(D [~ ptm‘, events wen H(125) — u (BR = 0.77%)_‘
S 23 (s-8Tev [Ldt=2031" -fv’;“’({::;;s' 59 B
-~ R B same Sign 7
» 20 B Z e W (OSSS) ]
"E ™ 777 syst. Une. ]
o 1.5 — .
w —~ * 1.30 excess in 8 TeV data
11—
: + BR(H—1u) = (0.77+0.62)%
05— [
- « BR<1.85% at 95% C.L.
OF
o 100?
2 st
P ot
8 -50-
50 100 150
MMC
my,"~ [GeV]
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Phys. Rev. Lett. 112 (2014) 201802
Eur. Phys. J. C75 (2015) 337

Invisible decays: VH, H—invisible, V—£¢f or gg’

« BRH—>ZZ*—w)<0.1% in SM; BR(inv.) enhanced if H coupled to BSM WIMPs
- Final states: Et™ss + 2 leptons or 2 jets, mi2~mw,z

« No excess in Et™Miss distributions = 95% CL limits:
/M: \ ﬁqq (assuming owr/ozr as in SM):

* ozh"BRinv<0.03-0.4 pb (mMx=110-400 GeV)| * ovi*BRin<0.13-1.6 pb (mn=115-300 GeV)
* BRinv (H125)<75% for czn=6z1°M * BRinv (H125)<78% for oyh=cvu°M
3
_ I s
S — N .
8 103 E:_— ATLAS L ] Data —gs O ATL?? — e g(ait:v)z?égzl) N
o [ \s=8Tev,[Lat=2030" [ z- cowincin 5 Q 14 1s=8TeV 2030 B Diboscn E
™ o 3 — 2 jets, 0 tags i VH(bb)
~ = ZH = £ +inv. - WZ — £ve e (inel. T) - P Lo‘;“ =
% 107 E = B oGl w2 = ‘tq':; =;V‘.:je’t:t :
R = Bz e . @D A Uneriaty
_____ W+ jets, multijet, semiep. 1op ... Pre-fit bkg :
10 ? """“_" """" ZH = £¢ +inv, BR(H = inv.) = 1_§' —:(:'l":gazvxw—:
1 [ g = ]
B 2;_ — _:'
o = -
g 198 o > — — —
u\J 1?. ’ MR é :'::f P G, 0l T s 7 fgf,f;fffiffi
100 150 200 250 300 350 400 450 S 150 200 250 300 350 400
E™ [GeV] ET™ [GeV]
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Events/50 GeV

Invisible decays in VBF (and ggF+2jets)

arXiv:1508.07869
arXiv:1509.00672

» Final states: Et™'ss + 2 VBF-tagged jets

« No excess in EtT™Mss distribution

* BRinv (H125)<28% assuming SM for ggF and VBF x-sections,
acceptance®efficiency = better than global coupling analysis!

T fT T rrTYyYTYTTT

S S A S s
VBF Signal (mu=1 25 GeV, BR=100%)
Wo v

10°

B Zowy

I Other Backgrounds
BN SM Uncertainty
—4@— Data 2012

Ll lllllll

10°

L1 lllllll

ATLAS
20.3fb", 8 TeV
SR1

10

L1l llllll

450 500

P50 200 250 300 350 400 |
EM*[GeV]

- also translated into limits on WIMP-
nucleon cross section in Higgs
portal models

-34

1 0 L 1§ L ] L3 L] L L L L] LA I

1 0—35 [ DAMA/LIBRA, 99.7%CL 90% CL exclusion:

CoGeNT, 99%CL —— CRESST-ll

1 0-36 @mm CRESST-II, 95%CL v COMSlite
a7 mmm COMS-Si, 68%CL — r.oorcws

10 ) COMS-S|, 95%CL ... fﬁx N100

1070 s veriow)
- S

107 Y.~

1 0—40 e fermion

1 0—41

1 0—42

1074 2

1 0—44 o / -

B P PP prcsesasnanettis

~
. > e
-//////’//////7//// //////// ~

10748 1s=8TeV, 2031
10749 BF (H — invisible) < 0.23 at 90% CL
10—50 ‘ A A A A - A A A A bembeniad l

1 10 10°

WIMP mass [GeV]

* BRinv<23% combining VBF and VH results!
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Events / 8 GeV

Data/SM

Phys. Lett. B 744 (2015) 163

Pseudoscalar Higgs boson A—ZH125, Hi2s—1t, bb

AP (JP=0") appears in many models with extended Higgs sector like 2HDM
Reconstructed final states: ¢f1t, ££bb, vwbb
Search for narrow resonance (I A/ma<few %) for 220<ma<1000 GeV

Improve invariant mass resolution (~few %) by constraining me,=mz, Mpb=MH
Similar to SM Higgs boson searches with additional cuts on mpb, Mm:: and pt4

| " 'Data 2012 * No excess in data, upper limits @ 95% CL.:
ATLAS 4 m— m, = 500GeV
Sor st g mmSMEn * o(PP—A)'BR(A—ZH)"BR(H—17)<0.098-0.013 pb
— ga%ﬁt'uet . o(pp—A)*BR(A—ZH)*BR(H—bb)<0.57-0.014 pb
. L+
—Ft _ S L ATLAS = A-zhmei0Gev
7727 Uncertainty * also combined and T ol oot TG0 o1 e bana
. . - 203" " 20 band
translated into limits ; SR Rkde By At

on 2HDM parameters _ q
- Ma=MHo=MmMu+=300 GeV |

2_ 2 2
1 0&1712 =ma<tanf/(1+tan ,B)?

_l_l_l_l_l_l_]_l_l_l_l_]_l_l_l oo d S
2' IIIYYYI 111['1!11']TYY‘IYYY]I!IYIII/'I Y/'/Z”////jf‘a
Y ® ° ks W

WP 7%,/ ?5?55555555%55552 .

A i # iirs, 77 /////////////////////////~

o BY SN w4

0 4 W /77

111111111111111111111111111111111111 XA
300 400 500 600 700 800 900 100011001200 1 =
my* [GeV] .

| ool L llmlllllllllllllllll-
-08 06 -04 02 0 02 04 06 08
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arXiv:1507.05930

Heavy neutral Higgs boson H—Z/—4¢, 2£2v, 2€2q, 2v2Q
» Search narrow resonance, 140<m<1000 GeV, produced in ggF, VBF (all) or VH (4¢)

« No assumption on ratios of production cross sections = separate limits

 Similar selection to SM Higgs boson searches, but include H12s (+ off-shell production
and interference with continuum) as additional bkqg

v
<L

T ST S

2 LR oot et . * No excess in data: @ 95 CL

A BeZ 0g9gr<0.008 —0.53 pb, over<0.009—0.31 pb
@ 10 []Zejets, t !

£7Uncertainty

* also combined and translated into limits on
2HDM parameters

b 4 |

10" 1 l
': 'T'""'T’T'T'T"'"""T’T'Q ]’"""T’T'T'T'T """""
" [ ATLAS H-ZZ, cos (-x)=0.10 1 ATLAS H-ZZ, cos (-x)=0.10
2HDM T | © 2HDM T ]
200 400 600 800 1000 —om&cu. limit @ v band " —om&cu. limit @ <10 band -
m,, [GeV] \s=8TeV .. Exp 95% CL limit [ +20 band \s=8TeV .. Exp 95% CL limit [ +20 band
- L 203 | Excluded 1> 05%m, 2038  Excluded 1> 05%m,
8 eof ATLAS = ggF H (900 GeV) ] | MA=MHo=MH | | MA=MHo=MH |
© [ 15=8TeV, 203" 30 « obs. limit 5 A + 5 - — A
§ of HoZZowaqtagged N - muP=matanfB/(1+tan<p) -mi2=ma?tanf/(1+tanp)
: f 2
g "

i
S RS SRR A ST O Y T

i
PR R S SR T A SRR T R W N

150 200 250 300 350 400 150 200 250 300 350 400

m, [GeV] m, [GeV]

Data/Pred
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dN /dm,,, [GeV']

Phys. Rev. Lett. 113 (2014) 171801

Low/high-mass scalar di-photon resonances

Search for narrow di-photon resonance, 65<m<600 GeV in fiducial region
where reconstruction efficiency ~independent of event topology

 Similar selection to SM Higgs boson search, but include H125 as additional bkg
- Interference with background neglected
« At low-mass, contribution from Drell-Yan included (Z—ee data + e—y MC corrections)

 No excess in data, c<1—90 fb @ 95% CL

T T T T T T =

\, ATLAS 2200 1 —
3 2000 o = T L T E
10°E 1800 ERN = ATLAS =
= 1600 1 o [ 7
~ 1400 1 =2 2L _|
102 b= 1200 e 5
= 1000 Data 4 © = =
- e BOOL—gnnnuum»Hm (m, =125 Giv . :‘é - 7
- e 600F " nt:nuum coxmponenl‘of the n‘ 1= 10 k= -
10 15 120 125 130 135 | O = =
= 4 & - -
- 1 8 - -
is =8 TeV, JLdt -203f" Tt A ) b )
1 E—Data t i 1 E = \s =8 TeV, [Ldt=20.3 b :
- Continuum+H fit (m, = 125 GeV) |ﬂ'|1|ﬂ . = , N
B Continuum+H fit (m, = 250 GeV 1 M P RS RS S U RSP |
10" conti "a (my 500 G V) g 10 100 200 300 400 500 600
E —— Continuum ek fit (my =p00GeV), o L 3 my [GeV]

0 200 300 400 500 600 700
m,, [GeV]

"y
o
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Events / GeV

Data/Pred

Phys. Rev. Lett. 114, 231801 (2015)

Charged Higgs bosons: VBF H*—-W/—qqgf?

H* appears in models with extended Higgs sector (additional doublets, triplets ..)
Search for H* coupled to W and Z: VBF production followed by H*—WZ decay
Final state: VBF jets + jj#¢ (om/m~2.4%) from W—qq, Z—¢?¢

Assume narrow width, 200<m<1000 GeV

10°E s a4 ,+ Noexcessindata
. B H ->W Z-qqll
-8TeV,203 b .
102k How'zoq ikt + 6<31-1020 fb @ 95% CL
o xBR=1pb -mgl‘;ii‘e):‘ | o | |

10 7 Uncertainty » also translated into limits on Higgs triplet model

’w”'am -+=- Pro-it background (sw? = fraction of mv? generated by vev of triplet)

1 2 I :‘}- 73

o

o=1 pb « 240<mnp<700 GeV excluded for sy=1

107"k (weaker limits for smaller sh)
- IIINIIPL 1 T T =
TR, 3 E
1072} 3
10 b _é
2 1 ] 1 1 1 1 I 1 1 T 1 I T 1 T T l T T T ] T T 14 T _{: E
. H— W'Z - qqll =

. | + >

1 Ww ’ +/,M+f }*¥¢7¥N—L//// 7 zzz:: E
E e ] — Observed (CLs)
0 1 l | T T - l | T T — l | W T - l | W T - l | W W S 'F ...... Ex ted CLs j
200 300 400 500 600 700 ATLAS o Cipected (GLe) S
m,. [GeV E
i | ] \s=8TeV,203fb" 20 . E
IH-/m".>15/o r
PP I PP U PRI PR T e

900 300 400 500 600 700 800 900 1000
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Charged Higgs bosons: H*—1*v

JHEP 03 (2015) 088

« Search for narrow H* coupled to fermions: decaying to t*v and produced either in

- top decays in ttbar events (pp—tt—HbWb) =

low-mass: 80<mu<160 GeV

- association with top (pp—tHX—WDbHX) = high-mass: 180<mn<1000 GeV
(main production modes of H* in type-ll 2HDM like MSSM)

+ Final state: a hadronic t decay, ET™ss, b-jets, a hadronic W decay, no isolated ¢

> TTIITTT1ITfTTI1ITT]’T1‘lIIY.YTITTTTI1TTT
8105 ATLAS —e- Data 2012
o 1 [ JTruet
« 10 J.Ldt =195fb et
D 3 e/u—-t
‘210 \s=8TeV ... m,- = 130 GeV
O 1 0? B(t — bH)x B(H'—= tv) = 0.9 %
w 10 Low-mass H* selection
N e ' post-fit

102 L | PR
2 21]] T]IITI]IITT. TII]. ITIIITA]IITT
- Te
= 0.5 f+
O 0 l 1 I L1l I

100 200 300 400 500 600 700 800
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Higgs boson studies in ATLAS

(U
—

- No excess in data, upper limits @ 95% CL.:

« Low mnu: BR(t—bH)*BR(H—1v)<0.23% —1.3%

« High mu: o(pp—tHX)"BR(H—1v)<0.76pb—4.5fb
- also translated into limits on MSSM parameters

 e.g. tanf>1 ~completely excluded in 3 benchmark
scenarios for low mn

60Ty T T
m._ T T T T T T T ]

- Median expected exclusion ]
50 — |: Observed exclusion 95% CL a1
E ------ Observed + % theory :
40 [ semmn Observed - 1o theory

—

- ATLAS
30F |Ldt= 195" E

20~ \5=8 TeV
- Data 2012

10:_MSSMnf:“scenario

o : :
80 90 100 110 120 130 140 150 160
m,,. [GeV]



3. Future perspectives
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LHC schedule (with caveats..)

LHC

Run1

: Accelerator:
: splice
: consolidation :

Run2

15 (2016 2017 2018

LS1 LS2

: Injector
: upgrade

13TeV
8TeV : Experiment: gExperiment:
ACLA BeFa)lm pipe. Upgrade
ool Jin
: pixel detector : nominal :
- luminosity  : readout)
75% nominal :
luminosity :
25fb1: 100fb1

today

Giovanni Marchiori

: Accelerator:

LS3

: Accelerator:
' HL-LHC
: | installation
% (new final
: focus, ..)
1
1
. nomm.l' Experiment:
» Upgrade
ﬂ PhaseQ new
, tracker, ...)

300fb

Higgs boson studies in ATLAS

High
Luminosity
LHC

Energy

5x nominal
luminosity jnstan.

luminosity

3000fb-1 ntegrated

luminosity
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Run? plans (100 fo' at 13 TeV)

100 ———r—r

10:-

luminosity ratio

* gg fusion
* VBF

MSTW2008NLO

000
M, (GeV)

* bbH

qq

qq

88

g8

m(H+jets)
~500GeV

mv+ my

m(H+2tops)
~500GeV

m(H+2tops)
~150GeV

production | gg/qq
process

.

0(13TeV)

/ o(8TeV)
2.3

2.4

2.0

3.9

D

- Exploit larger sample (4x more luminosity, 2—-4x higher cross section) to

+ Re-establish signals observed in Run

Giovanni Marchiori

Higgs boson studies in ATLAS

More in-depth look for richer BSM Higgs-boson sector
NOTE: also bkg x-sections increase by ~2 (W,Z,yy)—3.3 (ttbar)

More fiducial/differential cross-section measurements, at 13 TeV

Observe more exclusive production (VH, ttH) and decay modes (bb)
Investigate in more depth few excesses observed in Run1 (tu, ttH, ..)
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ATL-PHYS-PUB-2013-014
ATL-PHYS-PUB-2014-019

HL-LHC perspectives (3000 fo ' at 14 TeV)

ATLAS Simulation Preliminar
1s = 14 TeV: |Ldt=300 b G iLdt=3000 o’ )

Houp  (comb) F

Hos>tr (VBF-like) R

H— ZZ (comb.)

H— WW (comb.)

H— Zy  (incl)

H—yy (comb.) E

0 02 04
Au/p

Events/2.5 GeV

25

20

ATLAS Simulation Preliminary

™= H(bb)H(yy)
"= bbH(yy)
' Z(bb)H(yy)

|

\s=14 TeV, 3000 fb"'

Others

|

L i | i
100 150 200 250

m,., [GeV]

Enter precision era. Search for BSM in coupling deviations from SM (cxk~few %)
Establish coupling to 2nd generation fermions (Hup: >70)
Strong evidence of loop-induced rare decay to Zy (~40)

Higgs-boson self coupling (A): through di-Higgs production. In bbyy S~8, B=47:

~1.20 significance = more channels and ingenuity needed. Aim for )\/A~30%

Giovanni Marchiori

Higgs boson studies in ATLAS

44



Conclusion

* Higgs boson discovery

- ATLAS and CMS have observed the existence of a Higgs boson (>50)

- Higgs boson characterisation with the full LHC Runi data
- mass (~125 GeV) measured with 0.2% precision
* no significant deviation from SM
* In spin, parity, width, couplings, rare or forbidden decays, extra bosons

e o/osm = 1.18%0-155 44

* Future perspective for Run2 and beyond

» rich program of searches for deviations from SM or for extra states in the
scalar sector exploiting larger datasets. Towards a precision era
measurement

Giovanni Marchiori Higgs boson studies in ATLAS
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