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Bnef overview of the
experimental setup

LHC, ATLAS, CMS
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The Large Hadron Collider

LHC is a proton and heavy ion collider.
Run 1 pp collision data recorded by ATLAS and CMS:

I I I B B B
- ATLAS
— Preliminary 2012, s =8 TeV I

. LHC Delivered Delivered: 22.8 fb™*
Recorded: 21.3 b

- DATLAS Recorded Physics: 20.3 fb"
- [ Good for Physics
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Delivered: 5.46 fb™'
Recorded: 5.08 fb”'
Physics: 4.57 fo”'
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Bunches of 1.5 10! protons cross every 50
ns.

More than 25 pp interactions per bunch
Crossing on average.

Comparison with previous generation collider, Tevatron: 2001-2011, ~2 TeV, 10fb”.




The LHC data taking program

« Run1(2010-2012):\s = 7-8 TeV L, =25 fbo! Today’s
lecture
L=7x10%3 cm?s!  bunch spacing: 50 ns  <PU>~25

Mostly results
Long shutdown 1: LHC upgrade to 13-14 TeV, detector consolidation.  from Run 1

. Run 2 (2015-2018): Vs = 13-14TeV L., = 100 fbo!
un 2 | Jons SV it Some Run 2

€ prospectives

L=10%*cm?2s! bunch spacing: 25 ns <PU>~25

Phase 1

> Long shutdown 2: luminosity upgrade, detector upgrade.
starting soon!

A few words
«  Run 3 (2020-2022):\s = 14TeV L, =200-300 fb! about physics

beyond Run 2
L=2x10%4 cm?2s!  bunch spacing: 25 ns

Long shutdown 3: major LHC upgrade. New injection complex (linac, PS

High luminosity 26>50 GeV), magnets 8213 T, crab crossing, etc. Detector upgrade.

LHC (HL-LHC)
highest priority

of European .
strategy L=5x10%4 cm?2s! bunch spacing: 25ns  <PU>~140

for particle physics
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«  Run4,run 5 (2025-2032+): Vs = 14TeV L, = 3000 fbo




Particle detection

How can a particle detector distinguish the
hundreds of particles that we know now?
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Particle detection

Povkcle Mass (re) Life Lime v o

How can a particle detector distinguish the - A b

hundreds of particles that we know now? %2 (vd,a5) 140  2.6-107
K*(vs,5s) 494 1.2+ 10
E1- 10°%

only 27 have a lifetime that is long enough k*(ad) 48F  sa-as
. D? (cd,za) 1869  Ap-70"
such that at GeV energies they travel more g i
than one micrometer; D (ccz) 1968 4.8-40°"
(remember I = Byct = (p,,,/m)ct) B (83) 5239 1707
R°(L4,43) 5279 15107
only 14 travel more than half a milimeter; B:(s8,s0 5370 AS10"
B (c4,88) ~C¥o0 ~§5-170 "
p (wa) 9323 >40%y
n (vee) 93396 8857s 2655 102 kn
A (vds) 11152 2640  7.83 cm
S'(wus) 1183y 2040 2. 4okcm
2 (das) 413%4¢ 15707  G.43%cm
S°(uss) 1315 2.9-10°" 8. F1em
= las) 1321 16170 4.97cm
L2 (ss9) 1632 8240  2.461cm
Al (vae) 2285 ~2-40" 60 pun

= 24¢¢ Gy g0 13240

Cie (use)
3: (des) 2432 1-40° 2'5/«4-
<L (ate) 2698 . 010" 19 pum
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Particle detection

How can a particle detector distinguish the
hundreds of particles that we know now?

+ only 27 have a lifetime that is long enough
such that at GeV energies they travel more
than one micrometer;

(remember I = Byct = (p,,,/m)cT)

only 14 travel more than half a milimeter;

among those 14 particules, 8 are by far the
most frequent ones:
e, u, v, o, K*, K9, p*, n

lloelts Lydia Roos (LPNHE) TDPASE. Paric




Particle detection

How can a particle detector distinguish the
hundreds of particles that we know now?

+ only 27 have a lifetime that is long enough
such that at GeV energies they travel more
than one micrometer;

(remember I = Byct = (p,,,/m)cT)

only 14 travel more than half a milimeter;
among those 14 particules, 8 are by far the

most frequent ones:
e, u, v, o, K*, K9, p*, n
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A particle detector must be able to identify
and measure energy and momenta of

these 8 particles.

The difference in mass, charge and
iteraction is the key in identification.

Lydia Reos (LPUAE) TDPASE. Parie




Particle detection

electrons ionize and show
Bremsstrahlung due to small mass
- electromagnetic shower;

photons don't ionize but show pair
production in material >
electromagnetic shower;

charged hadrons ionize and show
hadronic shower in dense
material;

neutral hadrons don't ionize and
show hadronic shower in dense
material;

muons ionize and don't shower.

neutrinos do not interact at all:
hermetic detectors to measure
missing energy (in the fransverse

plane)

muon spectrometer

hadronic calorimete

AN electromagnetic cal.

solenoid
1101

inner
detector

electron




The general-purpose detectors:
ATLAS and CMS

The design of the ATLAS and CMS detectors has been largely driven by what was
considered in the 1990’s as the most promising channels for the Higgs discovery:

H-> vy = excellent energy resolution of the electromagnetic calorimeter

H>Z*Z with Z2>e*e = high precision inner tfracker, even at low transverse momentum
or Z2>utw = high intensity solenoid, precision outer chambers

H>W*W with W1v (I=e or u)

= excellent hermeticity of the detectors in the tfransverse plane to
measure missing energy
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The general-purpose detectors:
ATLAS and CMS

CMS (15m x 26m):

* 4T solenoid!

* high resolution EM calo: 1.5-2% on E,
« full silicon inner detector

ATLAS (25m x 45m):

2T solenoid+ toroid (0.5T & 1T)
high resolution hadronic
calorimeter:

o/E=50%/NE ® 0.03 GeV
3 longitudinal layer EM calo + fine
transversal segmentation
ID: silicon + transition radiation
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Production and detection
of the Higgs boson at LHC




Proton-proton collisions

Parton distribution functions
Representing structure of proton




Higgs production

At the LHC, the Higgs is produced dominantly from gluon fusion.

Gluon is massless: coupling through heavy particle loops, mainly top .
coupling to vector bosons: 2m,2/v coupling to fermions: m/v

reminder: vaccum expectation value v=246 GeV

Total production of
~600 thousand Higgs
bosons of 128 GeV in
011 and 2012 in each
ATLAS and CMS




Higgs decay

At the LHC, the Higgs is produced dominantly from gluon fusion.

Gluon is massless: coupling through heavy particle loops, mainly top .
coupling to vector bosons: 2m,2/v coupling to fermions: m/v

reminder: vaccum expectation value v=246 GeV

W,Z, Q;L;S;Y

W;z;q;{;é‘ﬂ
-2 Higgs preferably decays to heavy parficles




Higgs production

gluon-gluon fusion [ VH (V=Z or W) [

86.4% 5.0%

vector boson fusion tt (bb) fusion

7.1% 0.6% (0.9%)

Higgs production VBF and Higgstrahlung (VH)
fractions at E_,=8 TeV can be used to fight

against background.

ttH important to study the top
Yukawa cupling.
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Higgs decays

H->bb

* largest branching ratio (58%) but high QCD background
» use VH or boosted topologies to fight against background

H>T'T

« reasonnable BR (6%) but large bkg and poor mass resolution (escaping v's)
» use VBF or boosted topologies

H2uw u”
« extremely low BR (2. 104
» excellent mass resolution

H-=>yy
* very low branching fraction (2. 103)
* BUT... 1-2 GeV mass resolution

H22W*W-2*vv (I=e or u)

* but poor mass resolution (escaping v’ s)

W+ v l+
H-=>77" I (I=e or u) v
 extremely low BR (0.3%x(6.7%)?=104!) but very clean (excellent mass resolution)

H->gg,cc,e*e are hopeless




SM Higgs event yields at run 1

—

T

w H->bb 320000 (VH: 16000)

LHC HIGGS XS WG 2010
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W HZZ DFHHT (1=e/w) 72

|

Actual numbers of observed events are
further reduced by:

+ detector acceptance

* reconstruction efficiency

+ event selection efficiency




Cross sections at hadron
colliders

LHfl 10s at LHC:

I : Quark_ﬂavour ~]O bi”iOﬂS eV-I-S
production

=~ 100 millions
b quarks

High-p- QCD jets

: Gjet
jet
E>0.25TeV __

W, Z production =~ 200 000
W bosons

o (W _’EW\CDF_(N;) o)

Gag'(ma = 500 GeV)
Ot
mp= 175 GeV

KA bosons
m,,= 100 GeV .

gluon-to-Higgs fusion
=~ 3 Higgs

CDF/DE
P 174 Ge'

mto

NE squarks, gluinos
my, = 500 GeV —_ (m~1TeV)

| | | H
0.001 0.01 0.1 1.0

Vs TeV
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Higgs search basics

Example: search for H 2>vyy
+ look for two photons in the detector

« measure their energy (E), momentum (p;), the angle between the two

« calculate the “invariant mass”
m, = \/(El +E2)2 - (p, +132)2 = \/2E1E2(1 —cos6)

~ NO HIGGS N\
YES HIGGS
BOSON BOSON ?

\'
STi— « background » I H —yy
>

mass p p — Y Y mass

Claim discovery if NS / | /NB > 5 (or use some equivalent but much more complicated criteria).
The probability that the number of background fluctuates that much is 107 (probability to throw a
dice and get 21 times the exact same number).

mber of events

number of events
nu




H-> yy and H>Z*Z->4l
signals

L L e B L R L B B B I LSS B
fs=7TeV I Ldt=0.02fo " Apr 18,2011 fs=7TeV | Ldt=005f" Apr24, 2011

|
I

30

Events / GeV

25

Events / 5 GeV

ATLAS Preliminary
H—yy channel

ATLAS Preliminary
H—22"' 41 channel

[_] Signal (mH=125 GeV)
I Background 22"
I Background Z+jets, tt
(¢) ]
—4— Data

_+_
5
5

— Background-only 20

15
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Data - Background

250 300 350 400 450 _ 500
M, [GeV]

Similar distributions in CMS.
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Higgs decay observation status
(2011+2012)

ATLAS: 1.40, CMS: 2.10 run2 major goall H=>fermions

= ATLAS: 3.70

ATLAS: 450, CMS: 3.26  almost there! CMS:  3.80

non-universality
of lepton
couplings!

ATLAS, CMS upper limit: ~7xSM prediction

ATLAS: 5.20, CMS: 5.70 H->bosons

clearly
established

[H>Ww->Iiv | ATLAS: 6.16, CMS: 4.30

|Hazz* SIHAT | ATLAS: 8.15, CMS: 6.80
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Higgs decay observation status
(2011+2012)

o . p
Warning: not the same plot as on slide 18 u=(0 X BR) jpservea/(0 X ]_J,R)pre dicted by SM

\s=8TeV

Signal strength measured per decay channel
(best fit values with 68% CL uncertainties)

0.27
u = 1177057 -

0.40
MZZ =1 .44t 0.33

LHC HIGGS XS WG 2012

o x BR [pb]

+022
M = 1-08-0.20

0.40
W= 1.40 .+o_4o

+0.40
., =0-50 -0.a0

+0.26

o
ZZ — I'lvv
w, = 1.14 g3

o |
ZZ — 'l voz

u,,=0.93 02

0.20
Mo = 0.72%18

p1goronte;dyd-dids /1ysuaidymmm / /:dny ‘stong x

" \ _ 0.27 R
—> |+| bb\ |\ o w_=078 toar

3 e’ u‘ ﬁ [ \ L T [ ‘ [

- v%,lvwgt 14 05 0 05 1 15 2
oS N, i signal strength u

150 250

+0.50

=1.00:
L u\/bb\ L ‘ L \05‘\) L

CMS combination of the 5 decay channels:
u=1.00 + 0.09 (stat) £ 0.08 (theo) = 0.07 (syst)

I Decay rates so far compatible with SM predictions for a m,=125 GeV Higgs boson I




Higgs production observation
status (2011+2012)

gluon-gluon fusion g““&nq?q a
g t

86.4%

vector boson fusion [

71%

VH (V=Z or W)

5.0%

tt (bb) fusion

0.6% (0.9%)

t
Po----

H

The Higgs is the first particle discovered (mainly)
through a loop-level production process!

What about other production channelse In a given
decay channel, one can tag the events with:

« forward jets > VBF production

« ZorW bosons = VH production

Combining decays
channels:

ggH

run2 major
goals: top
Yukawa

coupling! My

— +|
Hgr = 1.16

=0.92"
H .

0.19
0.16

0.37
0.34

0.38
0.36

19.7 b (8 TeV) + 5.1 fb' (7 TeV)
CMS

W 68% CL
== 95% CL

6.60 (7.4)

3.70 (3.3)

2.75 (2.9)

——

. 3.50 (1.2) I
| M, =2.90"50; et

Also in ATLAS: 4.10 evidence for VBF production.

0 1 2 3 4 5 6
Parameter value




Higgs couplings

Couplings:
® 1H
O bbH
® uuH

Production and decay processes give access to the same couplings. A global analysis of the
Higgs data allows to estimate the value of the couplings and check for possible deviation from
SM prediction.
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Search for deviations from SM
prediction for couplings

Are the measurements in agreement with the predicted couplings of Higgs to SM particles?

*  Measure (o . BR)(ii=H->ff) and test deviafions on o, T'yand I'y:

oii - L'y
I'n

Assumption: one single, narrow, CP-even scalar resonance near 125 GeV, with the same coupling structure as for
the SM Higgs.

(0-BR) (it > H— ff) =

« Parametrise possible deviations with individual coupling scale factors k;. Examples:
Production: Decays:

2 O7ZH 9 OttH r
w M~ Kz SM t —— = Kw - = 2

WWwW &) 9 Fzz(*) PbE 2

g

M SM
g v
ZH r o

- S
ttH FW 7.7 *)

Production x decay:
(0-BR)(gg > H—yy) = osm(gg — H) -BRem(H — yy) - -2

where Kg and Kk, are effective scale factors:

K~ 1.59-1q — 0.66 - kwi + 0.07 - &7
K~ 106k —0.07 - kK +0.01 - i

> inferference ferm allows to test the sign of k;




Search for deviations from SM

prediction for

Not enough inputs to constrain all scale factors.
Define benchmark models. For example, assume:

one scale-factor for fermions: kz =k, = k=K, Custodial
one scale-factor for vector bosons: ky = ky =k,  Symmetry
no new particles in loops or in decays (Fy=T'y*™) Coupling to
bosons (my?)
& fermions
(my)

IIII|IIIIIIIIIIIIIIlIIIIlIIII L LI N I B

ATLAS Preliminary ﬂ
\s=7TeV |Ldt= 4.6-4.8 fb C
\s =8 TeV JLdt=20.3 b B

est F|t

New
particles in
loop

H—

symmetry

quark-lepton
symmetry

|IIII|I]IIIllll"lllhllllllllllllll

111

6

07 08 09

ATLAS: y : [1.07,1.23]; kp: [0.84,1.16] @ 68% CL
CMS: ky : [0.94,1.08]; ¢ [0.75,1.03] @ 68% CL

Relative negative sign disfavoured at ~2-3c level

weak isospin [

couplings

Coupling constraints from a combination channels
(best fit values with 68% CL uncertainties)

<I7‘wz

Ky

Kg

p1¢oronre;dyd-dids /1y suaydrmmm / /:dny ‘stong ‘X

IIcIMsllllIllllllllll-mlllllllll
0 02040608 1 12141618 2

parameter value

All tested configurations are consistent
with SM, with a precision of ~15% (AyzKy)
to0 20-30% (Agy,Kp)-




Higgs couplings

19.7fo" (8 TeV) + 5.11b' (7 TeV

[ TT] T IIIIIIII I llllllll I IIIIIIII LI

- CMS

LI Illllll

=== 658% CL
—95% CL
---SM Higgs

Reminder from slide14;

LI lllllll
1 IIIIIII

LI lllllll

=

(M, ) fit
= 68% CL
— 95% CL

llllll
L lIIIIII

1 llllllll | IIIlIllI | IIIIIIII 1

0.1 1 10 100
Particle mass (GeV)
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Measuring the Higgs
properties at LHC




Measuring the mass

———T T
[Ldt=451b"1s=7TeV

[ Ldt=20.31b" 15=8 TeV

s/b weighted sum

_lllllllll]llllllllIlllllllll]IlllllllTlllll
- ATLAS 4 om

E H o Z7* s 4] E Signal (m, = 124.5 GeV 1 = 1.66)
\s=7TeV:Imt=4.5fb" I oeconizz

- Background Z+jets, tT

% Systematic uncertainty

ATLAS
+ Data

Combined fit:
Mass measurement categories — Signal+background

Performed using
o H->7ZI">4u, 2e2u, 4e
* H->vyy

Z weights / GeV

===+ Background
— Signal
\s=8TeV: ILdl =203

Events / 2.5 GeV

ol b by b b e 1y

[ e e e
ATLAS —— Combined yy+ZZ*
V\s=7TeV [Ldt=4.5fb" —:*g "
Vs =8 TeV [Ldt =203 b —noes s

LA L L L L L B B B LB L

Y. weights - fitted bkg
125.36 GeV))

X Best fit

90 100 110120 130 140 150 160 170
m,, [GeV]

H

ATLAS arXiv:1406.3827

H vy 125.9840.42+0.28 GeV

H~->41 124.51+£0.52%+0.06 GeV T T T T S D BT BT N
123 123.5 124 124.5 125 125.5 126 126.5 127 127.5

combined 125.36+0.3710.18 GeV m, [GeV]

Signal yield (o/cg(m

ol o oo b e oo Lo 1

Mass difference between the 2 channels: Am=1.47£0.67+0.28 GeV.
Compatibility at the 2.0c level.
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Measuring the mass

19.7 fo'' (8 TeV) + 5.1 fb™! (7 TeV)

(s=7TeV,L=5.1b";{s=8TeV,L=19.7fb"

| |
* Data —

W : Performed using
.Z::Zz . « H->Z7'>4u,2e2u, 4e
[ Im,=126 Gev ] * H QYY

Sum over all classes
¢ Data

—— S+B fits (sum)
B component

Events / GeV
Events / 3 GeV

F R =11a0E

[ My=124.70+0.34 GeV

Events / GeV

Tio 120 130 140 150 160 (170 100 120 140 160 180
" m,, (GeV)

4 Combined
dp H-—yytagged

“ Mo 2Ztagged CMS arXiv:1412.8662
W Hoyw 124.70+0.31+0.15 GeV
H->41 125.59+0.43£0.18 GeV
combined 125.02+0.27%0.15 GeV

_‘|‘,,,|,,,,\,,,,|,,,“ AmH='0.89-|_-O.57GeV.
e eV Compatibility at the 1.6c level.
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Measuring the mass

The Higgs mass is already known at the ~2%o C awanasencLoomows || mwerdomb ci |

i - m, =173.34 GeV

levell (ATLAS+CMS combination to be published soon) 80.5 [— [ fit wio M, and m, measurements | | -- o076 Gev

L fit w/o M,,, m and M, measurements i —0=076 050, GeV
[ direct M, and m, measurements ‘

Twice as well as the top mass (discovered in 1995).  so4s
but still:

* 10 fimes less well than the W mass
* 100 times less well than the Z mass

R I S

80.4

X
.
\
N
S
\
|
.
\ \
N
\
\
N \
<
N
\
.
N
\
\
\

‘\
|IIII|I\V

My, world comb. + 1o

80.35 M,, = 80.385 = 0.015 GeV

The mass of the Higgs is not predicted by the SM but: g3
« 0 & BR (see previous slides) predictions depend

on my 80.25
« important to test the consistency of the SM 19
(radiative corrections) m, [GeV]

ATLAS arXiv:1406.3827 CMS arXiv:1412.8662
H->vyy 125.98+0.42+0.28 GeV H->vyy 124.70+0.31+0.15 GeV
H->41 124.51+0.52+0.06 GeV H->41 125.59+0.43+0.18 GeV

combined 125.36%0.37%10.18 GeV combined 125.02+0.2710.15 GeV
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Direct constraints on the width

The width of the Higgs is predicted by the Standard Model. For m~125 GeV, I'y~4 MeV.

Beyond SM conftributions may increase it significantly.
CMS Simulation Vs =8 TeV

% : { T T T { T T T { T T T { >1400
& 0.085- ATLAS Simulation & W77 s ¢ Oycp=1.2GeV
. w© F Preliminary 11200 T8 o, =17GeV
However, the direct S0.07" o my=125Gev ® my = 126 GeV o el
determination is limited by N ogf. — Gaussian i ~1000f
the much larger detector N c

9 Z 0.05F H>Z2Z"—>4e Ij>j 800r ¢ simulation

resolution: 1-2 GeV S TE s=gTev |
<0.04f m=124.51 +0.02 GeV gool  Farametric Model

F =218 +0.02GeV

0-03§ Fraction outside+ 26: 19%

0.02]

]
0.01; With Z mass constraint ; . 200

400

E ! "A“":"—'Ai""’m: TR "\."7—’3‘—’"..""':;1-‘.‘.’..::-:-r,;.:,;.:r,;.
0 010 115 120 125 130 135 140
m,, (GeV)

Limits at 95%CL:
H->vy 4.4 GeV 2.4 GeV

H->4l1 2.6 GeV 3.4 GeV




Constraints on the width from
the HO>Z"Z" analysis

-1

—_
o

The H>ZZ decay includes a sizeable off-shell contribution.
Search for deviation from SM:

T T T T T T T T T T T T T T T

T
ATLAS Simulation Preliminary 1s=8TeV
88 > ZZ — 2e2n
— gg— H* - ZZ (S)
99— ZZ (B)
— - ggo (H'>) 22
S, Tt 9ge () ZZ

g9—H*—ZZ
off-shell _ _ L2
~ggoH—zz — Hoff-shell = K;,off-shell Ky off-shell

off-shell, SM

do/dm, [fb/GeV]

-10)

—
]
w

off-shell

—
Q
A

Similarly:

gg—H—ZZ KZ . K2
on-shell g,on-shell " V,on-shell

—
=]
(¢,

vl el

Lo b
, o 200 400 600 800 1000
ASSUMING K, on.shetl = K; ofeshelr ONE €aN set a limit on Iy, m,, [GeV]

077 — -shell =
gg—H—ZZ Hon-s SM
on-shell, SM T/ rH

1 ! 1

—
<
»

1

The on-peak cross section is measured in the H>4l channel,
the off-peak cross section is measured both in the H=>4l and H>2I12v channels.

. 2 2
For H>2I2v, estimate a « fransverse mass » m : _
T m% = \/ Prec? +me? + E%“SSZ +mg? | — | Prec +ETS

from missing fransverse energy (E;/™):




Constraints on the width from
the HO>Z"Z" analysis

CMS 19.7fo" (8 TeV) + 5.1 fb ' (7 TeV)
e ERREEEEES e AL mEE S R

T
T —&— Data

- ATLAS Preliminar 99+VBF (H') 22
- ' mm

aa-2Z
r H — ZZ — 2e2v wz

T
[ —8— Data

r ATLAS Prelimina 99+VBF— (H'>) 22
- Y .-

q9-2Z
i H — 7ZZ — 2u2v wz

[]
o
TT

¢ Data
gg+VV — 77

Z(—ee/pp)+jets —

- 15=8TeV: [Ldt=20.31" m wwropzce

)]
o
L

[ Vs =8 Tev: [Ldt=20.3 1o ——- ]
= : =20. 0 wwiTopiz—te

[ other backgrounds [ other backgrounds

All contributions (pmm“:w) b [ All contributions (um,m“:w)_—
Stat.+syst. uncertainties i L D Stat.+syst. uncertainties

Events / 30 GeV

Events / 30 GeV
N

Events /10 GeV

10 120 130 140 150
m, (GeV) ]

:

600 700 ?00 200 300 400 500 60 0 800
m. [GeV] m; [GeV] Ma (GeV)

ATLAS: 'y I'y™ ATLAS-CONF-2014-042  CMS: I'y arXiv::1405.3455
channel Obs. limit @95% CL (expected) channel Obs. limit @95% CL (expected)
H->4l1 7.2 (10.2) H->4l1 33 MeV (42 MeV)
H->212v 11.3(9.9) H->212v 33 MeV (44 MeV)

combined 5.7 (8.5) combined 22 MeV (33 MeV)




Measuring spin and parity

In the Standard Model, the Higgs boson is scalar: JP=0*

« The observation of the H>yy decay excludes a spin-1 state through the Landau-Yang
theorem.

* Measure angular distributions to discriminate between different spin-parity hypotheses
and check the compatibility with SM expectation.

H>ZZ>4l H>WW->212v [

in 0

P}
ey

W- a sQ‘o

@
P VS
e oo

. \h

V P
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Measuring spin and CP

CMS tested many spin-1 and spin-2 models using H>ZZ-> 4l and H>WW=>Ivlv channels.

CMS X —ZZ + WW 19.7 b7 (8 TeV) + 5.1 fo™' (7 TeV)
| -e-Observed ---Expected : S
- PO x1o [ NS
L 0" x20 mJS =20

0"x30 [ =30

ﬁﬁﬁﬁﬁﬁtﬁﬁﬁlﬁﬁﬁ

+o +2
A A A

frE +Q 42 4o +
(@\]

, + +2 = rE + 8 4+ 2 o +2 +5
—_— N (‘\l e\l [\l @\

=)}
= : + .0

q gg production qd production

spin 1 excluded at 99.999% CL in ZZ and WW (forbidden in yy) JP=0* hypothesis strongly
spin 2 >99% (ZZ, WW, vy) favoured
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Summary of Higgs properties

Production:
 dominant mode: ggH
« subdominant modes: VBF ~4¢ in each experiment; VH, ttH: run 2.

Decay:
« diboson channels: clearly established
« femionic channels: Tt ~3-40; bb: early run2.

Coupling analysis: consistency with Standard Model with a precision of 15-30%

Mass: measured atf the 2%o level

Impressive list of (precision)

Width: measurements of the

- direct constraints: 2.4-4.4 GeV (800 x I'ySM) properties of a particle that
« indirect constraints: ~5-6 x T';;>M was unobserved only three
years ago!

Spin and CP: JF=0*

So far it looks very very very SM-like.

lijoglis Lydia Reos (LPUAE) TDPASE. Parie




— Observed
--- Expected
+1o
[Jt20c

—_
o
N

—
o

| IIIIIII| | IIIIIII| 17
| AT T AT AT

95% CL limit on 6, - BR [fb]

—

Is =8 TeV, [Ldt = 20.3 b

1 I : 1 1 1 1 I 1 1 1 L I 1 1 1 1 I 1 L 1 1 I 1 1 1 1 I
100 200 300 400 500 600
my [GeV]

Searching for beyond the
Standard Model physics
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A SM Higgs rare decay:
H->Zy-2>1ly

Allowed in SM but very rare: expect ~60 events in run 1 data sample.
Could be enhanced in BSM models like those with a composite Higgs.

After selection:
+ ~15 expected signal (SM) event
+  ~5000 background events

Very good mass resolution helps: 1-2%

1 T T T 1T
ATLAS

—e— Data
H—Zy (mH=1 25 GeV, o,,x50)

>
[0}
O]
S
&
[en
[
>
w

95% CL limits on u=(c x BR) /(o0 x BR)gy,
observed (expected)

ATLAS 11(9)

CMS 10 (10)

fl.dt = 451", 1s=7 TeV
det =20.3 b, 1s=8 TeV

1 L I Jd L L ] J L 1 J L L il 1 L 1.
140 150 160 170
my, [GeV]

Need ~100 x more data for a 2¢ “signal”




A SM Higgs forbidden decay:
H->ur

Allowed in composite Higgs models or models with CMS preliminary  19.7 fb”, Vs = 8 TeV

more than one Higgs doublet. Lepton Flavour Violatic  ogets [T T T T T

could be mediated by the exchange of virtual Higgs. = .
h h

-1.15
- RN 1 Jet
. N uThad’ Je

/ \ 0.03 +1.07 9,
[ T\ / T _— 112

T [ 7 ‘ 2
YoPutYoPe A YoP+ Y. Pr YiPL+YouPr N\ Y:PL+ Y Pr ut 2 Jets
had’
+1.09 o,
1.24 loBs %

v Y
n,, 0 Jets

- constraints from searches t=>uy, muon g-2, etc 0.87 10 %

can be franslated to a limit on B(H2>ut) < 10%. e 1 Jet

+0.85 o
081750 %

- ut, 2 Jets
CMS direct searches af run 1; 0.05 1584,

+ slight excess at 2.50 level ©e
* B(H->tu) = (0.89+£0.38)% h—sut

0.89 040 o

«  or B(H>tu) < 1.57% @95% CL o
-15105005 115 2 25
Best Fit to Br(h—ut), %




Di-Higgs production

Remember lecture by The ultimate test of the Higgs mechanism: self-couplings
P. Slavich on Monday:

The Higgs potential includes
trilinear and quartic self-couplings:

1
V = Z(20H)H? + WwH? + ZAH‘*

Di-Higgs production can give access 1o Ay, , however:
* need to disentangle the box and the s-channel contributions
* negative interference makes the total cross section tiny: 6(gg>H->HH) ~8 fb @8TeV

Enhanced in some BSM models:
* Resonant production:
« 2HDM H->hh (up to ~pb)
+  Warped Extra Dimensions: radion (spin-0), KK graviton (spin-2) decays
* Non-resonant production: direct ttHH vertex in composite models, light colored scalars




Events / 5 GeV

Events / 20 GeV

Search for di-Higgs production
1in yybb final state

ATLAS and CMS searched for di-Higgs production in the yybb final state

- ATLAS

IIII|II| I II|IIII| I I|IIIII| T TTTT

JLdt -20fb", \s=8Tev —+— Data

Signal Region

Control Region Fit
Single Higgs Boson
— my=300 GeV, 6,xBR,;=1 pb

< 2 b-Tag Control Region
—+— Data
Landau Fit

f

300

400 500 600 700 800 900
Constrained m, .. [GeV]

/ ™~ large branching fraction

very good mass resolution
to reject background

ATLAS:
Search for X=>HH:
o X Br(HH) < 0.3-3.5pb for 260<m,<500 GeV

Non-resonnant HH;:
0<2.2pb @95% CL

[similar results by CMS]




The Higgs boson as a portal to
Dark Matter

New particles coupling very weakly to SM particles are typical candidates for dark matter (e.g.
WIMPs). Massive particles: could couple strongly to Higgs!

T T T
Combination of VBF and
ZH, H — invisible
Vs=8.0TeV, L=18.9-19.7 ib' (VBF+ZH)
s=7.0TeV,L=49f0" (ZH) B(H— inv) <0.51 @ 90% CL
my, = 125 GeV

ATLAS and CMS performed a search for
H-> invisible decays.

* no (very weak) interaction with the
detector > events with large E;M)
« tag the Higgs:
* in ZH production, Z-=>I*I- or bb
* in vector boson fusion (2
forward/backward jets)

CMS limit: B(H-> inv.) <0.58 (0.44) @95%

[ CRESST 25
—— - XENON100(2012)
XENON10(2011)
) [ DAMA/LIBRA
=== Min B CoGeNT(2013)/90%CL
— | attice [ CoGeNT(2013)/99%CL
[ CDMS(2013)/95%CL
=== Max U277 COUPP(2012)
—— - LUX(90%CL)
Il Il 1 1 1 111

S—L—L—L—L—L—L—L—L
>0 9 99 oQ o9
o © 0o N o o b~ W

—
1
—_
—_

Interpretation of the results in terms of
WIMP-nucleon scattering via Higgs
exchange, assuming B(H-> inv.)=B(H>yx).
m,<m,,/2.

H |
DM-nucleon cross section o f_N [pb]
S
S

—

Q
g
w

10? 10°
DM Mass M, [GeV]

> Comparison with direct WIMP | Esiiiaie St llaalisniceinatieienian AR AR e Rie LO Y REEIo o m,<m,,/2
detection experiments.




Search for an extended Higgs
sector

Two Higgs doublets models (2HDM) provide a simple extension of the Standard Model:

Assuming the existence of an additional SU(2) doublet in the Higgs sector, one gets 5 Higgs
bosons:

2 CP-even states: h and H (with m,, < my)

1 CP-odd state: A

2 charged states: H* and H-

MSSM is a 2HDM

Many searches performed at LHC. Two examples are shown here.
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Search for an extended Higgs
sector: H*>t*v

low My* (<Mye-My): 80 to 160 GeV my = \/2;9 Emiss (1 — cos A (7, Emiss))

T+ Th
197fb (8TeV) 19.7 b (8 TeV)
Ht.- - . ; = 100 T B = MV L LA
/”’, ¥ / CMS_

Preliminary - Preliminary

-¢-Data

— H ' m, =120 GeV
[]QCD (data)

[ EWK+tt with 7, (data)
[JEWK4+tt no 1, (sim.)
%% BKg. stat.

7/, BKg. stat.®syst.

By_yp%By,., = 0.01

— H’ m,;=300 GeV —
[ ]Multijets (data) -
I EWK+tt with 7, (data) |
[JEWK+tt no 7, (sim.) _|
2% Bkg. stat.

7/, Bkg. stat.@syst.

6, XBy_ypp=1pb

< Events / GeV >
Events/ 20 Ge

11| l I I L1

- [Mekg. statesyst. unc.
[ Bkg. stat. unc E

- Bkg. stat.@syst. unc. -
(] Bkg. stat. unc

0700 200 300 400 500 600 700 0700 200 300 400 500 600 700
m; (GeV) m; (GeV)

Data/Bkg.
o & .o
Data/Bkg.

80<m,;* <160 GeV: B(t>bH*) x B(>t+v) < 1.2-0.16 %
180<m,,+ <600 GeV: o(pp>t(b)H*) x B(>t*v) < 0.38-0.026 pb

Similar results by ATLAS




Search for X-2>vy

h(125) is a background!

Search for extra Higgs-like 110<my<600 GeV
state X in an extended mass : — —
range: 65<my<600 GeV

\

L B ] T T T

ATLAS Preliminary 2000
1800 &

65<my<110 GeV

1400F-
20000

1200F 4 yata
1000F — Continuum+H fit (m, = 125 GeV)

dN/dm,, [GeV

ATLAS Preliminary
Vs=8TeV[Ldt=203fb"

800~ - Continuum part of the fit
_ ! o ,
s =8TeV 115 120 125 130

f Ldt=203f"

15000

10000 UV category
—e— Data
Continuum+DY fit
Continuum component of the fit

o
Events / 2 GeV

5000

'y f
—e— data
—— Continuum-+H fit (mX =125 GeV)
—_— Cont!nuum+H f!t (m>< =250 GeV) 15000
— Continuum-+H fit ( = 500 GeV)
PRI IR NAUNT YN BTSRRI BRI AR P S )

200 300 400 500 600 700 10000

m,, [GeV] 5000

o
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—e— Data
Continuum+DY fit
---------- Continuum component onthe fit

ATLAS-CONF-2014-031

ATLAS Preliminary

4000
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1111
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—e— Data

Continuum+DY fit }
Continuum component of |
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--- Expected
(R
=20

E — Observed

2]
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Y

95% CL limit on o, - BR [fb]

.~>ee background when selecting
photon pairs with | or 2 converted y.

IIIIIIII| IIIIII|T| T

(s =8 TeV JLdt=20.3b"

300 No significant excess




Run 2 prospects
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Higgs production cross section
at 13TeV

Expected production cross section increase at 13TeV depends on parton luminosities.
It varies according to whether the process is gg or g induced and to its characteristic mass
scale My

T J— S e production | gg/qq o(13TeV)
 ratios of LHC parton luminosities: 13 TeV /8 TeV process /0(8TeV)

* gg fusion

[ —99_ ' -
F - ¥qq 1 % VBF m(H+jets) 2.4
——--qg v ~500GeV

« VH qq my + My 2.0

—_
o

el
=
©
S
>
=
@
o
£
S
=

* ttH gg m(H+2tops) 3.9
~500GeV
| MSTW2008NLO

oo % bbH gg m(H+2tops) 2.5
M, (GeV) ~150GeV

ttH further benefits from a larger opening of phase space at higher collision energy: almost a
factor of 4 increase compared to 8 TeV (4.7 at 14 TeV).




Backgrounds increase too!

Run 1 analysis

R L o i L e L B
—o— Data 2012
- ATLAS mmm VH(bb) (1=1.0)
~ \s=8TeV [Ldt=20.3fb" T 5 poson
0 lep., 2 jets, 2 tags m Single top
| pY>120 GeV [ Multijet
T B W+hf
o Wl
| W+l
B Z+hf
e Z+cl
o Z+l
Uncertainty
Pre-fit background
= VH(bb)x10

Events / 25 GeV

D227 B teu 24 4.;/79/_ ,,,,,,,, 7*/_/7+7 ///////‘+4:/E

50 100 150 200 250 300 350 400 450 500
m,, [GeV]

Data/Pred

o

Most Higgs analyses need roughly 10fb-!
to reach a sensitivity equivalent to the
one achieved at run-1 (ttH~5fb ).

Example: associated VH production. Most
promising channel to observe H>bb at run 2.
EW backgrounds increase by a factor ~2.
+ 1t background increases by a factor 3.

50 observation could be reached with 25-30fb"!
(2016 if per experiment).

13 TeV / 8 TeV inclusive pp cross-section ratio

A(0.5 TeV, ggF+bbA)
stop pair (0.7 TeV)
gluino pair (1.5 TeV)
Z' SSM (3 TeV)

Q* (4 Tev)

QBH (5 TeV)

QBH (6 TeV)
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SM Higgs run 2 to do list

« 2015 (10-15fb):
«  ‘Yrediscovery” at 13TeV, in H>4l, Ivlv, and yy channels; measurement of inclusive and
differential cross-sections, spin & CP studies.
« Observation of fermionic decay modes H>trt, H->bb.

- combination of run 1 and 2015 data is important!

« Fullrun 2 dataset (~100 fb) :

Observation of ttH production!

Search for Higgs rare decays: H>Zy, H>uu.

Detailed study of the Higgs properties including differential cross sections.

Work hard to reduce both experimental and theoretical uncertainties! Many

measurements are expected to have comparable statistical and systematic

uncertainties by the end of run 2. Example 1: mass

*  H->yy: expect ~100-150 MeV statistical uncertainty. Current systematic uncertainty is

150-280 MeV.
H->ZZ: will still be statistically limited, with current systematic down to 60 MeV
(ATLAS).
Combined measurement (per experiment): ~100MeV (stat), ~200MeV (syst)




Higgs couplings at run 2 and
beyond

Example 2: signal strength. Rough estimates of statistical and ATLAS Simulation Preliminary
systematic uncertainties (per experiment):
H>vy: 5% stat, 15% syst
H->17: 5% stat, 10% syst Phase 1° run 2+ run 3
H>WW: 15% stat, 15-20% syst

H>7t: 10% stat, 20% sys’r * H>vyy, ZZ, WW:
~10-15% accuracy. H—>ZZ (comb)

Relatively large
theo. errors. H— WW (comb.)
H->fermions still
dominated by exp.  Hzy (el
errors

's = 14 TeV: [Ldi=300 ﬂo1 ILdt 3000 fb1

H—yy (comb.)

ATLAS Slmulatlon Prellmlnary

t
hoyy, hosZZ* 41, hsWW*Sslvly I

h—tt, h—bb, h—uu, h—»Zy
[z, Kyy» Ko Ky, Koy Ku]

BR,,=0

Z
/’
W

\s=14TeV
— [Ldt = 300 o™
— [Ldt = 3000 fb!

H— bb (comb)

HL-LHC

Most channels below
15%

|II|H|‘ T ||||||I| T ||H||I| T ||\|||I| T
IIIIHI‘ | IIIIIII| 1 I|HIII| 1 II\IIIIr‘ |

H—tt (VBF-like)

H—pup  (comb.)

Ratio to SM
Lo bl




Higgs self-coupling

Destructive interference between the
box and s-channel leading to
suppression of the event yield.

If no self-coupling, cross section is
increased by ~2 compared to SM case. = set constrains on Agyuy/AMMggy

However, hopeless at run2+run3. At HL-LHC, expect ~8 bbyy signal events for 47 background
events: ~1.2 significance. More channels and ingenuity needed!

| —— — T T — T T T T T

10 ¢

ATLAS Simulation Preliminary

107 ¢ \ = \'s = 14 TeV: 3000 1’ SM
: ER . Mg/ MM gpp<-1.3
o B ---- Exp. 95% CLs

+io or }\"HHH/%’SMHHH>8°7

1026 N\
405 5

SM
}\‘HHH / 7\’HHH

Estimate of ultimate accuracy at HL-LHC of 50%, down to 30-40% if optimistic.
Future colliders : ILC at 500GeV would reach 83% (21% at 1TeV).
Or with 30 ab! at a 100 TeV collider, one could reach 5% accuracy!




Summary

2.5 years after the Higgs discovery, many measurements have been performed:
- H->diboson decays clearly established.

*  H->tt almost here, evidence for H>fermions at the 4o level.

« Its mass is known at a 2 permil precision.

+ Indirect limits on its width of 5-6 times the SM prediction.

- JP=0"is strongly preferred over alternative models.

Run 2 starting soon. Exciting times ahead of us!
« 10-15fb-1 expected in 2015, 100fb-1 by 2018.
- "“Re-discovery” at 13 TeV and detailed studies of properties.
- H->bb could be observed by next year; ttH also expected atf run 2.
+Higgs physics as a window onto new physics, more discoveries af run 22
* rare decay studies
« Higgs as a portal to a hidden sector
« direct search for extra Higgs bosons

Run 3 (300 fb-1) and HL-LHC necessary for further precision studies
Observation of rare decays H>uu, H>Zy.
Precision measurement of the couplings.
measurement of the self-coupling could reach 30-50% precision. Future colliders will be crucial.
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