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m,and m, — EW fits

There are very many EW measurements: cross sections, asymmetries and many others.

Some diagrams contain loops where top and Higgs bosons circulate —
slightly modify observables — indication on top mass and Higgs mass before

Summer 2004 their discoveries
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Higgs and the levatron: Reminder on Discoveries

Events / 2 GeV
:

17500

15000

L G000

The Higgs Boson was also searched for at the Tevatron. Without success! Why?

signal; width due to
detector resolution

&

: — Ng Ng
Signal significance: [ = \/7 ~ —]
Np+Ng VNp

Ng: # signal events
Ng: # background events Kinematically out of reach?

In the “signal region”

By “convention” a discovery is claimed when the significance
S>b:
This means that the signal
Ns = Ntot -NB

is 5 times larger than statistical uncertainty on Ns+Ns — the
probability of a fluctuation is very small: the Gaussian
probability that upward fluctuation by more than 50 is
observed is

Ps, = 107
The sensitivity to a signal increases with increasing statistics5



Complications of Real Life: Background
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1. Choose channels with low SM background

not possible: H > bb ... without associated production ...(VH mode V=W, 2)
possible: H > vy ... despite of small branching ratio ...
H>ZZ ... with at least one Z decaying leptonically ...

H > WW .. large signal and large background ...

2. Optimize detector resolution

, , Decay channel Mass resolution

Example:mass resolution om increases by a factor of 2; i oo
thus: peak region has to be increased by a factor 2 and i N U“
number N of background events increases by factor of 2 H— 22 — et 1-2%
H-WTW™ — f+lfg€’_l7f,' 20%

S = Ns/v/Ng decreases by V2 S~—— H — bb 10%

VOm H—71rr" 15%
3. Recorded luminosity £

Signal: Ns~ L S 1
Background: Ns~ £ ~ =
around: Ne VI

— Need a good detector and a lot of Luminosity



Iggs Decay Channels Investigated by CDF & DO

CDF

DO
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Channd Luminosity (fo™ ) my range (GeV/ &) Reference
WH —Ivib _(ST,DT,23d) 53 Sensttivity range 100150 [14]
VH 11 gt 1 49 o 0 105-145 [15, 16]
ZH —vvkb (ST, TLDT) 5264 100-150 [17, 18]
ZH 8" 0" tb  (ST,DT,eeuy,e8 cr,Ui k) 4262 100-150 [19]
VH ST + X - 53 115-200 | [20]
H->W"'W —e&ve v,y vy v 54 At highmy— 115-200 I Need 30 fb-’ [21]
H->W"W~ —>6in v (01,2+ j&) 6.7 decay to WW 115-200 [22]
H—W*" W~ —{Vij 54 130-200 (23]
Hoyy 2.2 700-150 [24]
ttH —tttb  (ST,DT,TT.45+ jets) 21 105-155 [25]
Channd Luminosity (fb™ ') my range (GeV/ ) Reference
WH — fvib 2j& channds 4= (TDT,LDT,ST,.LDTX) 57 100-150 5]
WH —fvhb 3-jet channds 2x(TDT,LDT,ST) 56 100-150 [6]
ZH —vvkb (TDT,LDT,ST) 5.7 100-150 [7]
ZH 9" P bh  4x(TDT1 DT ST) ‘37 1 8, 9]
H-W"W~ 2x (O1Jets)+(2+ Jets)+ (low-myy)+ (e-Thad)+ (M-Thad) 110-200 [10]
WH —WW*W~  (samesign leptons 1+ jets)+ (tri-leptons) At high My — 146 000 [10]
ZH —ZW*W~  (tri-leptons 1 jet)+ (tri-leptons 2+ jets) 59de€ay to WW 110200 [10]
H+ X 51 1 _(1)d)+(2)ds) 23 [11]
WH + ZH —jjtb  2x(TDT,LDT) 4.0 100-150 [12]

H — vy 54 100-150 [13]
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Higgs Search at the Tevatron

integrated luminosity /expt. (fb™)

combmed CDF/ DO thresholds

my reach when different channels are combined

o
M

L|m|t for

leltfor « More statistics — more

- discovery avidence : S significant signal
30 fb™' @
)
10" f= 7 9 o' =
1 = ] ©
| S ' Tevatron: 3
1 E Max. expectation g
1 5 l =
= 12 fo' 8
£ ~— 95% CL limit =
10° [ o CB— 30 evidence E el

*E m— 50 d|scovery £ |
| S Useful region —
80 100 120 140 160 180 200 above out of reach

Higas mass (GeV/c?)
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levatron Upper Limits on Higgs Mass

Observed and expected 95% C.L. upper limits on the ratios to the SM cross section, as functions of the Higgs boson
mass for the combined CDF and DO analyses
If the experiments could be repeated 100 times, 95% oftimes they would get the same ‘exclusion’ result

Tevatron Run II Pl'ﬂli]]'litlﬂ.l'j’ <L>=591fb"

95% CL Limit/SM
]
=)

LEP Ex[:lusmn

- — ey atron Exclusion

| vt vt
Tevatrnu
Exclusion

.]il.l:-' 19, 1'[|II]

- ; o 1o ol
100 110 120 130 140 150 160

170 180 190 200

m,(GeV/c?)

Ups 1 and downs | depend on the
decay channel used in the search

Some channels are more sensitive
than others

Exclusion region — above out of reach

{——
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Delivered Luminosity by LHC in Run 1& 2
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ggs Production Mechanisms at Hadron Colliders
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Loop with circulating tops, other Higgs couples to massive particles, cannot
quarks contribute much less couple directly to gluons and photons
g g
00000 ﬂ VBF
q
Vg B _ W/ q£ O Vertex with Higgs & bosons
OO ggF
g ! : O Vertex with Higgs & fermions
Gluon-gluon fusion Vector bosons fusion
W/Z
\ We will find the same vertices also
! Wiz VH B ttH in the Higgs decay!
i)
/ff X 166 0000000,
h -_ 2 A
i i)
Associated production tt fusion ﬁ N00.0/0/0i0Y 11
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Higgs Search at the LHC

Higgs production cross-section at centre-of-mass energies of 14 TeV, as a function of my
Different production mechanisms

1 LELELEN DLELEL LA DL L LI DL L LN L LA DL L LI DL L L DL L B al’eShOWH
o(pp —H+X)
102 — 107 105 pb! = 100 fo-!
10 m, = 175 GeV ‘Millions’ of 125 GeV Higgs produced
CTEQ4M by the ggF mechanism at 14 TeV for
N 100 b1 total luminosity
fo)
< Y
© 101 Acceptance and efficiency
reduces this number drastically!
1072
1073
107 L
0

LHC cms 14 TeV 12




Cross Section vs v for a 125 GeV Higgs
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I I [TTrrprrrrprreTy I %
—10%E M(H)= 125 GeV =g . — . .
ol oy (H) _—-§§ Vs (TeV) ) Production cross section (in pb) for mpg = 125 Ge\f: Calculation
">-<:‘ _M 3 ool VBF WH JH ttH total
T 10 =
= E +17% +8% +8% +8% +10%
T W 1.96 0.06515% | 0.1315% | 0.07975%  0.004F10% 123 Tevatron
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Higgs Decay Branching Fractions

t 1__| [ |||| |||||||||| | I__E
) = 1%
S m = / 12
S5 T bb 1
5 (0
O _ ~1L T / TG __5
h ‘.”§' g
m B cc " 7
L <O _

&
_9310'2:— E
T ]
— ()} —{Z) :
i — — .
._

10'4 | | | | | | || [ ||||||| L1 1

80 100 120 140 160 180 200
M, [GeV]

Formy =125 GeV: H > bb, WW, gg, 1t
For my > 160 GeV: H > WW, ZZ dominant

Discovery driven by | | What really counts is how well one can di
significance stinguish an Higgs signal from the
of different channels background

Example: the decay of the Higgs into a pair of photons is very
small (H ~WW is ~ 100 times larger that H >yy), however the
distinct topology it generates made it very important in the

Higgs discovery v

t,w

O Channels used for the Higgs discovery:
« //Zto4 leptons
* Two photons
* Two WW to leptons and neutrinos (a bit late!)
14
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Zooming the Branching Ratios of the Higgs

LHC HIGGS X5 WG 2016

'g 1__IIIIlIIII TTTTTTTTT IT'TTT1 IT'TTTI ['TTT I'TTT ITTTT IIII__
®T E -
oC [ bvb .
> F
'E L WW -
4 09 ]
210" |
® TT =
m

—h
<
]

I IIIIIII| "I I L

10°E E
B |

10-4IIII|IIII|IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII
120 121 122 123 124 125 126 127 128 129 130

M, [GeV]

my = 125 GeV

Decay channel Branching ratio  Rel. uncertainty

H — ~~ 2.27 i_ig%

H—Z7ZZ 2.62 51072 et
H— wHw- 2.14 x <4
H — 7t 6.27 x1072 e
H — bb 5.84 x 1071 3%
H 7y 1.53 x 1073 Ry
H— utp 2.18 x 1074 T

15
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Pre-Discovery Discovery Potential

Signal significance

e
=
[ ¥]

10

[ATL-PHYS-2003-005]

m H = yy Statement in 2003
JLdt=301b = HH(H — bb)
(no K-factors) s H - 722" = 41
ATLAS © H — WW® = v * Full mass range can glready be covered after a few
« qqH — qq WW® years at low luminosity
4 qqH — qqTr « Several channels available over a large range of
H ——  Total significance masses
Expectations in 2003 « Low mass discovery requires combination of three of

the most demanding channels

» Comparable situation for the CMS experiment

Significance =5 ¢
— Discovery

Prediction almost correct:
* vy, ZZto 4 leptons, WW to Ivlv (higgs to ggrtt not used)
 Combination of channels

180 260
m,, (GeV/c’) 16
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Higgs lerms in the Lagrangian

YHHH ;43 | YHHHH ;4
H H
6 i 24

V=W*torZ OW =1,0Z2=1/2

The dominant mechanisms for Higgs
boson production and decay involve the
coupling of H to W, Z and/or the third
generation quarks and leptons.

Coupling to bosons (W or Z) < m;;
Coupling to fermions o my

~
* The Higgs coupling to photons is generated by loops f

» virtual W*W~= pair provides the dominant contribution

» virtual tt pair is subdominant. T I
» The Higgs coupling to gluons, is induced by a one-loop graph: H couples to a / ~y

virtual tt pair.

17
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The Story of the Higgs (Discovery) in one Slide

Indirect bounds on my, from global EW fits : two decades at LEP, SLC, Tevatron suggest a ~light Higgs
my = 89 "R ,5GeV
Direct and model-independent search at LEP up to 209 GeV cms gave a 95% CL lower bound on my,
my > 114.4 GeV 95% CL
Direct search after LEP shutdown in 2000 at Tevatron ppbar collider using 10fb-1 gave

a] excluded intervals 90-109 GeV and 149-182 GeV
|:> b] broad excess at the level of 3 & in the interval 115<my<140 GeV with a maximum

at 125 GeV

LHC runin 2011 (7 TeV, 5 fb"), 2012 (8 TeV, 20 fb-") gave evidence for a new particle decaying to yy and ZZ
with rates as predicted by SM. Evidence for decays to W*W- but no evidence for bbar and t+t-

LHC July 2012 : ATLAS & CMS claim a discovery of a new particle with a mass of about 125 GeV

18
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Most Promising Higgs Decay Channels

Channel LHC Potential
gg > H > Dbb Huge QCD background (gg > bb); extremely difficult
> H > T Higgs with low pr, hard to discriminate
99 from background; problematic
T Small rate, large combinatorial background, but excellent determination of mn
99 Yy (CMS: crystal calorimeter)
> H > WW Large rate, but 2 neutrinos in leptonic decay, Higgs spin accessible via lepton
99 angular correlations
gg > H > ZZ ZZ » 4y: “gold-plated” channel for high-mass Higgs (ATLAS: muon spectrometer

19



lopologies!
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Events/500 MeV for 100 fb

Two high-energy photons 4 muons [Muu= Mz] Electron + muon + MET

Discovery:

8000 [ 5 o amas P
H —> r Y @ = E Vs=7TeV JLdt=461b" #% Totalsig+big. 3
P 7005 5 grev Jidat=2071" B su Hifi‘;:: E | OO k at d eC ayS
7000k - S 600 HOWW Siviv + 0/1 jels mw
% o T s00c i e = .
w5 F 4 er g
9 Bon & integrate
6000 Higgs signal — | 300 [ Weiets =
n o 3
g5 over all
[} 100 =
5000 |- 5T _ R E :
ﬁ B E%') 138%: —$- Bkg. s-ublracted data :% p rod u Ctl O n
c;.‘n 28;: I:I SM Higgs boson mH:125 Ge\E
4000 |- - § o + d
L | | I 1 1 1 I I I I I 28; --------------------------- - + é m O eS
10 120 T30 140 120 140 160 180 60 80 100 120 140 160 180 200 220 240 260

m; [GeV]

M,y (Gev
My, (Gev) 44 (GeV) 20
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summary of LHC Run-1 Results (7 TeV + 8 TeV)

CMS fs=7TeV,L=51f";{s=8TeV,L=197"
= T | L L L L L L L L L L L L L 1 1 | 1 | | | | | | | | 1 | | 1 | T | T | L I LI I LI
8 e anas E % s | b ] - ATLAS H—>WW*
£ g JL@=03WliE-0TeV 4 Data = - 5 800 (s=8TeV, 20.31b"
=) ry 5/B weighted sum 7 o B : 1
g b St suengn ategores — Slonaktackgioind 4 2 301 .Z’L.X ] e - s=7TeV, 45fb" .
N iaob- :::Em""d E -2 - DZT,ZZ . 2 600 - (a) m=1, epree/pp |
E_ my =125.4 GeV _E g 25 :_ D m. =126 GeV —: E : ; gESiE"E‘ :
mn: ] L L H ] L L gtsyst |
a0l = C 400 i —
- - H-Z7Z - 4l - O Misid ]
] C = - (| —
H - yy = 15 7 2001 D%}; 1
20— - C ] - B DY ]
o O et ] | ! - - - 0 .
5 b 3 E i = B (b) Background-subtracted 1
g 5 ol G 150 ¢ Obs-Bkg -
%, i =) E % Bkgtsyst 7
A . . . . ] 0 L1 2 100f
T w0 W0 o 1 e 80 100 120 140 160 180 5 [ _
1G] m,, (GeV) \ s w
* Inthe H— yy and H — ZZ — 4l channels, all final state particles can be very
precisely measured and the reconstructed my resolution is excellent (typically | °F
_l 1 1 | I"l 111 | | | | | | |

1-2%).

50 100 150 200 250

m; [GeV]
the H > W*TW~ - [*vy;l7¥; channel has relatively large branching fraction,

but the my resolution is poor (approximately 20%) due to the presence of
neutrinos.

21



The Discovery

Po = probability that the excess can be described by background only

o 10 ' ' ' ARRARARARE ' 10 ! vornermernerne g e ntegrate all - production

S 1 o I = -

T 10— _ T 10" TS modes for one decay channel

Q qp2 QO 102 | /./

[ v TN L \ /7 + Decays rates to yy and ZZ
o o consistent with (SM) Higgs
10° (a) 10° g | / (€) boson.
ot e \/  There were indications that
0] ' ", ' the new particle also decays

10 Summer 2011 10 Summer 2012 —
11([]{'1‘2‘ CMS Prel. G2 Is=7TeV 107" CMS PLB C4 s =7 and B_IT eV to WrW-.
o ATLAS Prel. A4 lLdi=110" o ATLAS PLBAG  1Ldt=101

{s=7and 8 TeV
JLdt= 25

December 2012

A py of 2.87x10~" corresponds
to 5o excess over the
background-only prediction.

Toni Baroncelli: Introduction to Accelerators

Spring 2012
CMS Prel. C3
ATLAS PRD A5

\s=7TeV
JLdt= 51"

CMS Prel. C5
= ATLAS Prel. A7

22
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Higgs Decay to Iwo Photons

f ~Only top quarks
contribute,
T f contributions from light
f fermions negligible
Y
Method: look for a peak in the invariant mass of two high p; photons over a smoothly falling background distribution.
> 0.167| T T T | T T T T | T T T T ‘ T T T T ‘ T T T I7
8 - H—yy,m, =125GeV ATLAS Simulation Preliminary 7 14000 T ]
o 0140 Vs = 13 TeV 33 O ATLAS ]
o2l & £12000 s =13 TeV, 36.1 fb' ]
'§‘ . E barrel F 0J CEN, o —17G9VE § E E
= o1 oo 1110000~ v =
; - — Signal Model . B = 7
= 0.08p End_Cap ggF 0J FWD, 6, = 2.1 GeV — 8000; =1 B
- e MC — L _
0.06— —— Signal Model — 6000} ¢ Stat. Unc. —
- ] - [ Tot. Unc. .
0.04; *: 4000 ]
0.02}- 3 2000 B
s 120 T a0 T o ST 120 130 14050 oo
m,, [GeV] m,, [GeV]

Gaussian central part + power law tails on both sides. Fits to large control samples of data or simulated
background events 23
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More Recent Data H — yy

0.2
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1/N dN/dm., / 0.5 GeV

0.22¢

0.18F
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~ ATLAS Simulation

" >
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= \@ =13 TeV e O MC = Signal Model q) 1 800
= Hoyy, m, = 125 GeV QD

C-type, Endcap

A MC == Signal Model

— 1600

% 1400

51200

~ 1000

O
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-]
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400
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;..;..‘.-é:ij;,:" el e B o
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m,, [GeV]

ATLAS

Vs=13 TeV, 140 b’

H— vy

—e— Data

------- Background

- Signal + Background
All categories

In(1+ So/BSY) weighted sum

I !
150 160
m,, [GeV]
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Higgs decay to ZZ — 4 leptons (80 b7)
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Method: H - ZZ* — [T I~ I'* '~ look for a narrow mass peak over a continuous background.

H — ZZ* — 4{ decay (4u, 2e2u, 2u2e, 4e)

Different event-observables — the probability for the event to be signal-like or background-like
Event selection to magnify the ratio S/B

S i3 (13 Tev) - Number of expected and observed events in the four decay

250

4 40517 190+1.1 1.71+£0.10 61.2+2.0 64
2e2p 282+12 133+08 138010 428+14 64
2pu2e 22.1+14 92+09 299+£0.09 34317 39
; 4e 21.1x14 B86+08 290+£0.09 325+1.6 28
Isol 100 120 140 160 Total 112 +£5 S50+4 8.96 +0.12 I 171 +6 195 I

m,, (GeV) e —

50

CMS
> T T B . '
& =r + Data ~| channels after the event selection, in the mass range
S e S 115 GeV< my,, < 130 GeV.
% 200 } B go—-zZ,zy* | The sum of the expected number of SM Higgs boson events and the
§ I EW . - - -
T B 24X 1 estimated background yields is compared to the data.
150 — —
E E Final Signal zzZ* Other Total Observed
100~ — state background backgrounds expected
i i

Signal Region
Agreement data/MC to 1.7 o0
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More Recent Data H - ZZ — 4l
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Topologies of Production Mechanisms

ggf, gluon-fusion process :

» largest cross section
» Loop with heavy top quark. No very distinctive feature in the topology!

v

\_

BF, vector boson fusion :
* second-largest cross section
« scattering of qq'(qq), mediated by the exchange of a W or Z boson.

» The scattered quarks give two hard jets in the forward and backward regions with a large
dijet mass (= 400GeV) and separated by An; = 3.5 — one jet very forward + 1 jet very

backward.

~N

.

(

tt

\

VH, associated production with W and Z gauge bosons :

« Third cross-section
« W and Z leptonic decay(s) — MET & high py leptons — clean signatures.

)
... e T

H: Higgs radiation off top quarks
» High p7 leptons, MET, b-tagged jets. Complex topology with many decay channels

~\

q w/z*




Improve Initial Discovery

s the observed resonance the Higgs Higgses produced in ATLAS & CMS in LHC Rufil )
boson predicted by the SM? Production Mode ggF VBF WH+ZH ttH
— more analysis Higgs events 500.000  40.000 20.000 3.000

Toni Baroncelli: Introduction to Accelerators

There are three

Production — Higgs main decay
Five modes: Three main modes channels: the vy,
ggF vbf WH ZH ttH 22, WW

You see this!

3 x5 =15 combinations — too many for an (initial) search,
not enough statistics!

Events selected for the discovery were very few: between 1 and 100 for each production-decay category.

28
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Of the Categorisation

Initial discovery was based on a low sample of events — limited sensitivity to SM Higgs predictions

Selection:|decay modes only,

Peak in the mass — a resonance, not necessarily a Higgs

integrate production modes

Later in time — more statistics — Need to check if also
production modes are in agreement with SM

Start with most distinctive and finish with least
distinctive

Separate production processes with topological
characteristics — categorisation.

One category ~ mostly one production mode (but also
contamination from others) — not a measurement of that

production cross-section.

UOISIOapP

v

ATLAS Simulation Preliminary

ttH lep BDT1
itH lep BDT2
itH lep BDT3
tH had BOT1
uH had BDT2
uH had BDT3
uH had BDT4

VH dilep

VH lep High

VH lep Low

WH MET High

VH MET Low

qgH BSM

WH had BOT tight
WH had BOT loose
VBF High-Hjj BOT tight
VBF High-Hjj BDT locse
VBF Low-Hjj BDT tight
VBEF Low-Hjj BOT looss
ggF 2J BEM
ggF 2J High
ggF 2J Med
ggF 2J Low
ggF 1J BSM
ggF 1J High
gaF 1J Med

Reconstruction Category

ggF 1J Low
ggF G Fwd
ggF G Cen

0 0102030405060.70809 1

Fraction of signal process / CGategory

Simulations are used to determine the relative contributions of the various Higgs production modes in a

particular category.

H—vy
= 09 GeV
{5=13TeV

[ aaF
Bl VEF
|:|WH
I qa—ZH

29



(98]

Toni Baroncelli: Introduction to Accelerators

Categorisation of H = yy

Example: H = yy
Several production modes:

o1

2. Is the topology / kinematics of that event
compatible with that production?

és )

Consider one production mode at a time (from the
most distinct, ttH, to the least distinct, ggf)

t[Go to next production] [ Go to next event ]

« Attribution to one category is exclusive!
« There is some wrong attribution

Composition of one category studied by MC

Reconstruction Category

decision

N

tiH lep BDT1
ttH lep BDT2
1iH lep BDT3
ttH had BOT1
ttH had BOT2
ttH had BDT3
ttH had BOT4
VH dilep

VH lep High
VH lep Low
VH MET High
VH MET Low
qgH BSM

VH had BDT tight

WH had BOT loose

VBF High-Hjj BDT tight
VEF High-Hjj BDT locse
VBF Low-Hj BOT tight

WBF Low-Hjj BOT looss

ooF 2J BSM
ggF 2J High
goF 2J Med
ggF 2J Low
ggF 1J BSM
goF 1J High
ggF 1J Med
ogF 1J Low
ggF 0.J Fwd
ggF 0J Cen

ATLAS Simulation Preliminary

H—yy
m.= 09 GeV
Vs=13TeV

[ 9gF
Il VEF

0 010203040506070809 1
Fraction of signal process / Category

30
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29 Cateqgories in Higgs — yy

Summary of the 29 event reconstruction categories for the measurement of production mode cross sections.

Each event is assigned to the first category whose
requirements are satisfied, using the descending order given

in the table.
ATLAS Simulation Preliminary

ttH lep BDT1
ttH lep BDT2
ttH lep BDT3
ttH had BDT1
tiH had BDT2
tiH had BDT3
tH had BDT4
VH dilep

VH lep High
VH lep Low
VH MET High

H—vy
m,=125.09 GeV
s=13 TeV

[ ggF

B VEF
] WH
Bl qg—ZH
Bl gg—2ZH
-tIH

I boH
[ twH
I tHjb

As a result,

the event

populations of

categories

are mutually VH MET Low
ggH BSM

exclusive. VH had BDT tight
VH had BOT loose

VBF High-Hjj BDT tight
VBF High-Hjj BDT loose
VBF Low-Hj BOT tight
VBF Low-Hjj BDT loose
ggF 2J BSM

ggF 2J High

goF 2J Med

ogF 2J Low

ggF 1J BSM

goF 1J High

goF 1J Med

ggF 1J Low

ggF 0J Fwd

ggF 0J Cen

0 010203040506070809 1
Fraction of signal process / Gategory

Reconstruction Category

Category label Selection

ttH lep BDT1 Nigp 2 1, Np_jor 2 1, BDTypqep > 0.987 —_—
ttH lep BDT2 Nigp 2 1, Np_jor 2 1, 0.942 < BDTypep < 0.987

ttH lep BDT3 Nigp 2 1, Np_jer = 1, 0.705 < BDTypep < 0.942

ttH had BDT1 MNigp =0, Nigs 23 Np_jor = 1, BDTypnyg > 0.996

ttH had BDT2 Nigp =0, Njts = 3. Np_jor = 1, 0.991 < BDTypnag < 0.996

ttH had BDT3 Nigp =0, Njgis 23, Np_jor = 1, 0971 < BDTyppqpeg < 0.991 O
ttH had BDT4 MNiep =0, Njots 23, Np_jor = 1, 0.911 < BDTystihag < 0.971 Q)
VH dilep Nigp 2 2, T0GeV < mep = 110GeV . ('_D'-
VH lep High Mgp =1, |mey — 89GeV| > 5GeV, p:?E? = 150GeV Q
VH lep Low Nigp = 1, |mey — B9 GeV| > 5GeV, p:?i?- < 150GeV, .|E.'|.”i55 significane }%_
VH MET High 150 GeV < EF™ < 250GeV, E7™ significance > 9 or EF"™ > 250 GeY &
VH MET Low 80GeV < ET™ < 150GeV, ET™ significance > 8 ;
ggH BSM Nigws 22, prj > 200GeV 5
VH had BDT tight 60GeV < myj < 120GV, BDTyy > 0.78

VH had BDT loose
VBF high-p} // BDT tight
VBF high-p’ / BDT loose
VEF low-p'// BDT tight

VBF low-pH! BDT loose

60GeV < mjj < 120GeV, 0.35 < BDTyy < 0.78

Angs| > 2, Iy — 05075 +np)l < 5, py* > 25GeV, BDTy 5L >o_g
<047

Anssl > 2. Iy — 0501 + )l < 5. pa ™! = 25GeV, ~0.32 < BDT,
An 51> 2. Iy — 0505 + )l < 5. pi ¥ < 25GeV, BDTIZ_ > 0.
An g1 > 2 |y = 0.5(n + )l < 5. pp Y < 25GeV. 0.26 < BDTI%,

= 0.87

ggF 2] BSM
ggF 21 High
ggF 2] Med
ggF 21 Low
ggF 1] BSM
ggF 1] High
ggF 1] Med
ggF 1] Low
ggF 0 Fwd
ggF 0] Cen

Nigs 22, pI¥ = 200GeV
Njas 22, py” € [120,200] GeV
N =2, pf7 e [60,120] GeV

Nits 22, py’ € [0,60] GeV
N = 1, pJ¥ 2 200GeV
Niows = 1, p3¥  [120,200] GeV

Nis = 1, p27 € [60,120] GeV
N = 1, pY € [0,60] GeV
Niets = 0, one photon with || > 0.95

NFE =0, two photons with || < 0.95
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The m,, distribution with ~80fb"

Sum of Weights/ 1.0 GeV

Data - Gont. Bkg

Surn of Welghts/ 1.0 GeV

Data - Cont. Bkg

3

N the four production categories

-— Continuum background  Inf1+5'E) weighted sum, 5 - ggF

| 4 Dam Amspnam
| —Signal+backgeound  ¥E= 13 TaV, 7B B
- - Tokal background my= 125,05 GV

20 :
ot +M/\u+l TR AT
+.T++H . T fﬂfl+r i 1_
110 120 13[} 140 1& 160
m,, [GaV]
(a)
b D AMASPebuesy
| — Signal:background  E-13TeV, 7B Rt
- = Total badkground my= 126.08 GaV'
40 Contimum backgrowsd  init +S'0) waightad zum, S - VH
m_ -
£ | : * | : : _:
AL
o |.Hl}.|. TTRLIY S R LTI LT H»HJI.
PRI T
0
m,, [GeV]

()

Sum of Welghts / 1.0 GaV

Data - Cont. Bkg

Sum of Welghts / 1.0 GaV

Data - Cont. Bkg

-]
6O
Aol
201
10
5F
1]
—E_ 1 1 L 1 —
110 120 130 140 15[} 160
m,, [GaV]
{b)
LI S e S B S e B B e L —
¥ Data ;"'LISPniniuq
—Signal + background = 13TeV, o™
ank - - Total background m, = 125,08 GaV i
—--Contiressm background  Inf 14+ 5B} weighted sum, S =H + 1op ]

+ iﬂ'

¢ Data ATLAS Preliminary

S 3000 Vs =13 TeV, 139 o i

Cumulated M, % 2500 Background m, = 125.00 GeV
. . . =) — Signal + Background , =
o 2 categories -

distribution for the H S 2000 (1 1518 weighted sum =
N deca o 1500 S = Inclusiv E
4 y § 1000 Bckg shape E

Signal-strength is defined as
the ratio between observed
and the SM expected CroSs fretevtoseteserts.....

section 110 120 130 140 150 16

u
gmeasured s ppmeasured M for the H — YV decay Channel

_ ATLAS Prellmlnaly |_._| Tom |:| Stat. -Syst — SM

¥5=13TeV, 728"
aSM x BRSM

Hoyy, Iyl <25 Total { Stat. Syst )
ogF 007 3% (x011 ‘32
This observables tells how e e (D)
well data are in agreement . oo s s am )
With SV .
ignal consists of between | | w 2 e E)
15oand2OOH—>'Y'Ydecay T BT AU B AR BT
. 0.5 1 15 2 25 3
candidates (6xB)/ (ox B,




Composition of the Signal H - ZZ — 4¢
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A categorisation ~similar to what was used for the H Simulated signal composition for ~80 fb-1 of luminosity at 13
— vy decay is also used for the H — 4l decay TeV: The ggF component, as expected, dominates.

Simulation-based categories (= truth)

article level Reduced Reconstructed event categories

Stage production bins Stage 1
E . Reconstructed SM Higgs boson production mode
=l | ey | oF pLow Ma=0. 57 <1006V 1 cvent category F VBF WH 7H uH bbH H
: 0j-p Low S4xs 064+0.12 02130032 0.199 = 0.030 - 0.56 = 0.28 ;
Pl <60 Gev : [ ] p< 60 GoV 1j-p* Low 16.1+22 | 1.05£006 0291+0035 0.173+0.021 0.0017+0.0010 023+0.12 0.00140 = 0.00030
_; ] 1j-p¥ -Med 06+15 |138+0.15 0202+0033 0.194:0022 0.0018+0.0011 0.0490.025 0.0021 +0.0004
o | =t | @0<p<i1206ev s R C0<p<1RCN] =1 | | 1j-p¥-High 24:05 |060£007 0.115+0014 0.106=0.013 0.0018+0.0006 0.009+0.004 0.0017 + 0.0004
it 120 Gav 5 U VBFenriched-p/lhw —TEZT6 | 4104 | 035+005 020:004 0.124+0013 0.10+005  0.055=0.007
ST e [} et Hih VBFenriched-pl-High 55+1.1 [043£004 | 0684007 _ 052+005 00510008 0.053+0.027 0.0169 = 0.0022
22 _ o <z000e VH-Had-enriched 070£020 “UIETUUT 10.062+0.010 0.0500.008 | 0.038£0.005 0.0014 =0.0007 0.0119 +0.0013
e | VBF-enriched-pLow < m 120 GeV VH- pr—ennched 0.030 +0.004 0.0084 +0.0004 | 044004  0.116+0.011 | 0.083+0.011 0.0028 £0.0014 0.0172 = 0.0018
c ] VeRpow |: 0j-pHigh 0.059 +0.022 0.0096 + 0.0017 00300004 0.085 = 0.010 ; ;
[ v | O |a>2mcev _ o ek n_=2| | uH- Had-enriched 0.09£0.00 0.0200.004 0.0130=0.0027 0.028=0.006 | 0.38+0.04 | 00120006 0.054=0.006
= e S P 1tH-Lep-enriched - 0.0026 + 0.0006 0.0018 = 0.0004] 0.212 +0.025 - 0.0204 = 0.0022
8 Hadronic V decay _ : m < 120 GeV Total I 97 +8 I 8604 2490325 1.76 £ 0.17 0.90 £ 0.09 1.0£0.5 0.181 £ 0.020
S M= 0,045 100 6o
Ol | Leptonic v decay Ofp,*-High
Q _ [ wiopaeres | == R tructi
e ] et econstruction- C . . ks
! [ wmaomicred | . ategorisation works!
] T w | ot | «wos | | DASEd categories
ATLAS
Preliminary | 137ev. 7981
S

A correspondence is determined between reconstruction and simulation categories 33
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Details of the Results

Events/ 2.5 GeV

Events/ 2.5 GeV

?U_IIII|IIII|IIII|IIII|IIIIll‘llllllllllllllllll_

£ ATLAS Preliminary * == ]

60FH 77" - 4u =:"‘"" —
E 13 Tev, 798 /0 B s . v v

80 90 100 110 120 130 140 150 160 170
my, [GeV]
(a)
24 |||||*|||
290 ATLAS Preliminary T
20FH—= ZZ* — 2u2e H=
18 13 TeV, 79.8 b Il z+pets, 5w vy
95 Uncortanty

%0 80 100 110 120 130 140 150 160 170

my, [GeV]
{c)

Events/ 2.5 GeV

Events/ 2.5 GeV

0
80 90 100 110 120 130 140 150 160 170

35
30
25
20

15
10F

my, [GeV]
(b)

F 13 Tev, 798 i

X

0 90 100110120 130 140 150 160 170

SERRNERLENRERRE RRLRN RRLR RLRRR
- ATLAS Preliminary * ==
FH—Z7' — 2e2u

A SRR
B sgranimzizsmay ]
W= ]
Bl zpts. v WY
pr—

2e2 |
T

m,, [GeV]
@

Cross section [tb]

Data (+ (stat.) + (syst.) ) Standard Model prediction p-value [Tc]

e

==

0.97
0.61
0.88
1.37

+0.17  +0.05
+0.21  £0.07
+0.21 +0.08
+0.22  +0.07

0.886 + 0.039
0.886 £ 0.039
0.786 £ 0.035
0.786 = 0.035

62
25
66

[os]

The signal strength u has also been calculated:

Integrated

-0.15°

p=1.19 + 0.12(stat.) = 0.06(exp.) g (o (th.) = 1.197- 1
-+
C IIIII|||III||IIIIIIIIIIIIIIIIIIIIIIIIIIIIII||||
D ATLAS Preliminary % emmasy
HG—) wn — H-=Z7 | &Y Obeorvod: Stat + Sys —
= O 13 TeV, T9.8 f6” =M Prodision
E _8 B Stege 0- Iy |<2.5 8 1] o), b _
HC—D E ggF u 1220+ 185 1170=80
c C - ! _
5 -8 .
g 5 VBF 250+85 917 +28
o 3 - ] -
| -
3 8 VH — E0+E0 52428
—_
©c Q _F 7]
5 ttH SR ;fm?fcta_“ 154405
D Inclusive TEl 1570+ 175 1330490
||||I|IIIIII||I|||||||||||||||||||I||||
] < 1 ; 2 3 4 5 6 T & 9
a-Bl(a-B)
1 — SM -

34



W Mass Measurements at Hadron Colliders

miss
> ~Ef
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"""" where
The mass of the parent particle M# = [Er(1) + Er(2)]° — [pr(1) + pr(2)]° ===~
can be constrained with the = m? +m3 + 2[Ep(1)Er(2) — pr(1) - pr(2)] ( pr(1) = Emlss:'
observable My defined by . DTS
ol A N e
- m -
For m1~m2~0— M{IQ* = 2|pr(1)|[pr(2)|(1 — cos ¢12) wl I E%%ﬁim_
: I My > 40 GeV -
~  sool- I Ermas > 25 GeV _]
f‘& I | Priep > 20 GeV ]
E ol Pl <52
Important characteristic: the end point of this distribution is [ Breit-Wigner+
M7 = M b { / Resolution effect
[ i’
Also the distribution of the p; of the lepton has memory of : . ¥ | _)Ssr':(?g?hf?;l”_)
my,: the end-point is my,/2 o SN 100 5
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Higgs — WW — ev uv (36 fb7)

~ no jet _» et
8 w q1 g
W
_L g _(
H -
g W@ —
q4 Jet

Dominant diagrams

(a) ggF production

Coupling to fermions

Event selection

(b) VBF production

Coupling to bosons

Background is computed using simulation.
Control regions in data (orthogonal to the
signal region) are used to normalise the
MC predictions for most important
backgrounds:

« Non resonant WW

« Top pairs production

* Di-bosons (WZ and ZZ) and Drell-Yan

2 OFOS leptons (eve uv,) — no Z decay!

Category || NPL(PT>3“ Gev) = 0 ggF | Npt,(pr>3ll Gev) = 1 ggF | NP‘:(PT}?'“ GeV) > 2 VBF CR || Nt (pr>30 Gev) = 0 ggF | Niet, (pr>30 Gev) = I geF Nt (pr>30 Gev) 2 2 VBF
. . 55 110 GeV 80 GeV
Two isolated, different-flavour leptons (£ = e, ) with opposite charge {g‘;‘ {{ 26 ¢ m, mi: | >25 GeV
_ plead > 22 GeV |, pstbkead 5 15 GeV WW “TTN P
Preselection T T bjet,(pr>20 G&V) =
mee > 10 GeV max (mf) > 50 GeV
PSS > 20 GeV \ -
Np_jet,(20 Gev<pr<30 Gev) > 0 Nb-je(pr>30 Gev) = 1 Np.jet,(pr>20 Gev) = |
Npjer (pr>20 Gev) = 0 . - n::s Np_jet,20 GeV<pr<30 GeV) =0 E _
Background rejection || - Ag(£€, Ef™™) > /2 max (m&) > 50 GeV 1w A¢'(§f* Er™)>n/2 max (my) >50 GeV central jet veto
¢t .50 GeV <mr — 25 GV P > 30 GeV Mer <mz —25 GeV
Pr Mrr <Mz Aprr < 2.8 outside lepton veto
H— WW*— evuy mge < 55 GeV central jet veto Np.jo,(pr>20 Gav) = 0
topology Agrr<1.8 outside lepton veto Z/y mee < 80 GeV
.. ) no p™ss requirement central jet veto
Discriminant variable mT BDT T P .
. i max (mg) > 50 GeV outside lepton veto
BDT input variables ‘ mjj, Ay;i, mee, Adee, mr, Y Ce, Ygj mejs PY Adee > 2.8 mer > mz — 25 GeV |mer —mz| <25 GeV

~



Results: m; as proxy of m

Process Niet=0 ggF  Njgy=1 ggF Njt = 2 VBF

ggF populates mostly the Njet=0 and Njet=1 region

Inclusive  BDT: [0.86, 1.0] . .
VBF populates mostly the Njet>1 region
Hyge 7+ 1 5 60 16+ 6
WW 3016+203  1053£206 400260 | 11+ 2 BDT (Boosted Decision Tree) is an analysis technique that
33+ 38 208+ 32 70121 3+ 1 . . . . . . .
Twe S88e130 130717 1270580 ] 14s 2 combines many different variables in one unique indicator
Mis-ld 447+ 77 234+ 49 90x30| 6x 2 ranging between -1 and 1: the more negative (positive) values
- 2 2 2 0| 4+ 1 , : : -
Zhy 7= 11 76 24 280+40] 4+ are the more background-like (signal-like) is the event
Total 5067+ 80 3296+ 61 2170+50) 60+ 10
Observed 5089 3264 2164 60
> ~rrrrrrrrrr [ rrrr T ::-12{]{]_'|""|""|""|'\"'|_"_
8 1200F ATLAS 4 Data 3 Uncertainty ] 3 [ ATLAS -4 Data &% Uncerainty ]
o B [ | Hyge O Hiee _ . o [ | Hge B He ]
= L H—=WW'—evuv, N =0 O] awe [ ww N < 1000~ H—WW'—evuv, Ne =1 O] iw [ ww i
"%‘; mun:— B=13TeV. 36117  pu . [ s E "%* L 5=13TeV, 36117 gt [ Misd .
= o vv - o 800 B vv ]
& 800 T : S :
6001 Njet - O ] 600 . Njet =1 ]
400F 3 4001 7
~1000 H — WW | 200 - 2000 .
events selected - . [ ]
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150 200 250

125 GeV m; [GeV] 37

150 200 50
125 GeV m; [GeV]



Higgs to WW: Results
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Combined my distribution for Nig; < 2.

v 0 —
g T T T Gy 2 | — ewa ATLAS )
o ~p ATLAS m . B VBF~ invisible ST s Vs=13TeV,36.1fb ]
< 1600F H—-WWw —evuv, N <1[_] ttwt [l ww % [ % Best fit ]
2 L4000 E=13Tev.3611" [l 2y [OMst 1 > + SM SM ]
g : . vv ] I [ ]
L 1200f . & Lo ]
1000F ] § :
800F ; & osf i
600 . :
400;— ] 0.0F ]
200F ] :
9 a00mITH BB ws B R S TV T R 1
p 200; Total - . OggF * Br-ww* [pb]
8 background ™3
S . _ +U.1U +0.13 +0.14 +0.21
19%F ] teor = 1.10%50o(stat.) 517 (theo syst.) g 3(exp syst.) = 1.10555,
opesse g [IVBE = 062+“ 22(stat.) 915 (theo syst.) + 0.15(exp syst.) = 0.629-35.

o B0 40 T4 4 180 500 540 540
m, [GeV]
Difference between the data and the estimated background for a SM Higgs boson with mH = 125 GeV.

The signal is fitted to the data with a floating signal strength — expect p = 1 for SM Higgs
38



Higgs mass: Results (@ Run 1& Run 2)
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| I | | | | | 1 I | | I | | | | 1 I | I |

| | | | | | | I | |
ATLAS ~-Total [ |Stat. only
Run 1: ¥s = 7-8 TeV, 25 fb", Run 2: Ys = 13 TeV, 36.1 fb™ Total  (Stat. only)
Run 1 H—4l b . : ' 124.51+0.52 ( £ 0.52) GeV
Higgs decays to Run 1 H—yy M1 126.02£0.51 (£0.43) GeV
two photons and
four leptons: well Run 2 H—4/ # . ' 124.79 £ 0.37 ( + 0.36) GeV
reconstructed Run 2 H-yy ' — 124.93 £ 0.40 ( £ 0.21) GeV
My channels. Run 1+2 H—4l g 124.71+0.30 ( + 0.30) GeV
ATLAS & CMS Run 1+2 H—yy —e 1 125.32 £ 0.35 (£ 0.19) GeV
Run 1Combined . - 125.38 + 0.41 ( £ 0.37) GeV
Run 2 Combined 124.86 +0.27 ( £ 0.18) GeV
. Run 1+2 Combined 124.97 £0.24 ( £ 0.16) GeV
~2.5% precision N - —— S i U
on the mass ATLAS + CMS Run 1 125.09 + 0.24 ( £ 0.21) GeV
] | | | | | | | ] | | | | ] | | | | | | | | I | | ] | I ] | |
123 124 125 126 127 128

m, [GeV] 39
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ATLAS
m, = 125.36 GeV

— o(stat.)

sys inc.
— G(theory

Total uncertainty

H - vy

_ +0.28
p=1.1 7_0.26

c(theory)

+0.23
-0.23
+0.16
-0.11
+0.12
-0.08

H - Z2Z*

_ +0.40
n=1 .4670.34

+0.35
-0.31
+0.19
-0.13
+0.18
-0.11

H > WWwW*

B +0.24
=11 8—0.21

+0.16
-0.16
+0.17
-0.14
+0.13
-0.09

H— 1t

B +0.42
=1 .44_0.37

+0.30
-0.29
+0.29
-0.23
+0.16

AT I

i

H — bb

3 +0.39
H= O'63—0.37

+0.31
-0.30

+0.24
-0.23

+0.09

oor |,

H— pp

_ +3.7
= 0'7—3.7

+3.6

-3.6
+0.5
-0.7

+0.4
-0.4

H—>2Zy

_ +4.6
H= 2'7—4.5

+4.3

-42
+1.7
-1.3

+1.1
-03

Combined

_ +0.15
H= 1.18*0.14

+0.10
-0.10

+0.11
-0.10

+0.08

-0.07 L | L

\s=7TeV, 4.5-4.7 fbo’'

\s=8TeV, 20.3fb"

1 0

1 | I2‘ - ‘3
Signal strength (u)
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Correlation Between Production and Decay of the Higgs

(a)

=ecay.

Production (b)

q, Q3 (@) gluon fusion (19 pb @8 V)
0 Ho (b) VBF (WW or ZZ fusion)
(c) Associated production (VH)
q, q, (d) ttH production
(d)
W ngtgmn—l— w—  FEITNIONS
Hﬂ
G) — DOSONS
H’ 229999998

Deca

Same vertices in Higgs production and
decay — in the SM they are dependent.

Use

O.measured X BRmeasured

H= O-SM X BRSM

— if one vertex is modified by a
correction factor in production the same
correction factor has to modify also the

corresponding vertex in decay

Use all possible measurements in the
different categories and parametrise the
correction factor with the signal strengths
One unique u
The combination will give a better
indication of how well SM describes data
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The Analysis Model

ng = Z@. o'iSM . Aff . gl("f .@ . BR}.SM . LC

i,f production decay

ns = number of events selected in one category c
Category is a sample of events selected by analysis cuts

s the ratio between the observed cross section / Branching fraction and the one predicted by the SM
e production index i € {ggH, VBF, VH, ttH} and the decay index f € {yy,WW, ZZ, bb, 11}
oM and BR;fM production cross sections, decay branching fractions for a SM Higgs

Aff and el-cf are the signal acceptance and the reconstruction efficiency for given production and decay mode |

n the category c.
L€ is the integrated luminosity used for that specific category.

Toni Baroncelli; Introduction to Accelerators

Combination = fit y; and uy — best agreement between data and (modified) SM prediction in different categories.

Includes Signal Regions and Control Regions

There are different ways of combination — different assumptions (~ simplifications) 42
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How Complex is the Fit?

Production

z:ul 'SM Alf glf Hr - BRf - LE

Decay i € {ggH, VBF, VH (ZZ & WW)/ttH}
vy 27 () WW (fwby) rtr 3 fe {yy,WW, ZZ, bb, 11}
ggF (high p) A A - A o 5 values of i (VH=WH+W2Z)
geF (incl. or low pH) A-C A-C -A=ATLAS, C=CMS 5 values of f
geF 1-jet — C C .
A AC AC AC_AC C© Possible ways of fitting:
WH (1-£) A-C A C A-C
WH (two jets) A-C  A-C 1. ixfmakes 25 free parameters
ZH (0-0) AC N B - 2. One reference process (characterised by o5 and
ZH (2-f) A-C A C BRyeg) + Jf/crref t BRf/BRref (— 1+ 4+ 4 parameters)
ZH (two jets) A-C A-C 3. Further assumptions (see later)
WH (1-0) AC — 4. Effective Lagrangian, introduce vertex modifiers
ttH (2-£) - -
ttH (hadronic) A-C — — —
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Signal Strenght ()

Toni Baroncelli; Introduction to Accelerators

Product{on qoF VBF WH/ZH i For each decay Charjnel c’ we qe'ﬂ'ne
mechanism categories to maximise the sensitivity of
Events produced at the analysis to one particular production
However a mixture of different
Selected events O(500) O(500) O(50) mechanisms in one category is inevitable.
— This implies the cross section of one
Events produced at category is not the cross section of only
10 K 2K . .
the Tevatron one production mechanism.
_ SM SM
ng = z.ui’Ui - Ajr - €5 My - BR? >‘£C
Lf

Where . is ration between measured & expected events in that category and
| = ggf, VBF, VH, tth and f=gg,WW,ZZ,bb,tt

Measurement of p. gives an indication of how well SM describes data
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Fit type 1 most general case

Signal Strenght u = (o B)Obs/(a - B) gy

No significant deviation from the SM
25 — 5 = 20 parameters determined

vy 77 (1)  WW (fvtv) o b Comb.
+0.2240.07 +0.3340.00 +0.1240.12 +0.440.4 +0.16
geF LI0Zg51 5005 11350550 007 08455025007 100554 g4 —  L03I573,
+0.2 +1.1+0.2 4+0.4+0.2 40.340.2 +0.25
VBF 1.3+£05557 0.1256 02 1.2700 3 02 1.3Z55 02 —  L18Ip5,
+1.3+0.2 +1.0+0.6 +1.240.7 +0.440.3 +0.40
WH 0.5535 501 — 16559 05 —145;7 55 10I54 03 0.89155g
3.0 +0.5 23+1.1 2.240.8 0.3+0.2 0.38
ZH 0.529 5103 — 59759708 22792106 04%53Th3  0.m9tgsg
1.6 +0.2 +1.541.0 +3.2+1.0 +0.540.8 +0.7
ttH 2277379 - 5007500 195575 L1550 23756
+0.10 +0.26 +0.18 +0.24 +0.20 +0.11
Comb. 1.1470-19 1.2910-26 1.0970-18 11171024 7pf029 g ggt0-11
ATLAS and CMS —s— Observed +1o
LHC Run 1 W Th. uncert
I I 1 1 I
ﬂ |'_ I _1— 1 I
F | o | - 1 1 - |
I I H H i}
7z -— | —+ no data
r | r | T T T
| | 1 1 |
WW ~el —o— +o— | —— i ——
| | | | ! |
| | 1 1 |
w | | " ! 1 |
| | ! ! |
. | ' . +
05 0 05 1 05 0 05 1 15 4 2 0 2 4 &6 =B 4 2 0 2 4 8 8 4 2 0 2 4 &6 8
ggF VBF WH 7H ttH

g - B norm. to SM prediction
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Fit Type 2. Fewer Parameters

Take the Higgs produced via ggF and decaying to ZZ as reference

| = production, f = decay

a;
Hi = X Hgg—H—-ZZ
UggF”f M =
_ BR;
“7 TBR, ,BRSM

SM SM
Pgg—H—ZZ = [ggF X pzZz|x o; ~ X BR}

Then, the master formula applies for all i and f indices except when
bothi=ggF andf=2Z
— 8 + 1 parameters
Improved precision in the fit, due to fewer parameters, shows no
deviation from SM (assumption production and decay independent)

Finally if all deviations are included in a single parameter

p=1.09 +0.07 + 0.04(expt) + 0.03(th.bkg) + 0.07(th.sig)

o(gg—H—ZZ)

BYW/B#

B"/BZ

B™/B*

B°®/BZ

ATLAS and CMS :ﬂﬂgmhﬂs
_LHC Run 1 T oMs
—_tig
_ﬂﬁ-
— o Th. uncert.
b
i
——— Custodial
1 S
— i symmetry
—-.-:
— 1
|
—— l
IIII|IIIIIIII|IIII|IIII|IIII|IIII

—1 0 1 2 3 4 5] 6

Parameter value norm. to SM prediction



ATLAS Recent Results; references
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L L B B L BN L R
ATLAS e Total | | Stat.mmSyst. | SM
Vs =13 TeV, 24.5-79.8 fb’

my, =125.09 GeV, |y | <25

Pgy = 93% Total Stat. Syst.

0l = ggF > H > ZZ* | o5 = 113 013 (*212 | +o0.06)

Oypr/ Oggr = 1.24 f81§§ Cg:;; ; J—rgﬂ )

O i/ Oggr —C— 1,21 “oas (Zo3s  lo2g)

O 714/ Oggr H_I__H 101 034 (D026 + “o19)

S i1t CagF == 120 2030 (lo2i . To37)

BBy ey a7 O (10 10

Byw/Bzz  H=e=] 084 012 (To1r s Torr)

BulBry: b 086 05 (1017 + “o1e)

B/ Bzze  HE=——— 093 o3 (To31 . Tots)

| | | | | | | | | | | ] | ] ] | ] | | ] ] | ] | | |

0.5 1 15 2

25

3

Parameter normalized to SM value
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More Simplifications.. Fewer Parameters
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an an I kT - - T - 1 T T T T T T T 7
Lhcrums ARV Lhe o Thtas 7 [ ATLAS and CcMS -
B - CMS L ; jf:“s .9 3[LHC Run [H-2zz
| — 1o ’ "o - H — WW
I-ITT —— —+2¢ uggF _+_*_+_'__ ﬂﬂ E’ H—=
T N | 2t . :
B I HVBF ——'—'——: I I:lH v i
uZZ _!'_.__ ——E-.i—— 3 4
S e — — 5
B Hwn s 1 .
pww —— - S I
T | I
— uZH > : -
u‘“ —i*— — : D_‘ -
e . Sp— o
| Mo - »
I-'-bb ——.—;— e 1 -
T T H i | —68%CL + Bestfit * SM expected ]
-17-0570 05 1 75 2 25 3 354 R LR R TR R T N T L
Parameter value _ _ - Parameter value y'fgqu- HH
Assume all production cross Assume all BRs are SM ones One more assumption: vertices
sections are SM ones — fit — fit only modifiers of with bosons VBF & VH scale wit
only modifiers of BR'’s production cross-sections h one u and those with fermions

ggF and ttH with another p

No (significant) deviation observed so far, need more statistics | — LHC at High Luminosity 48
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A Different Approach

Elaborate even more: introduce modifiers k, of vertices in the Lagrangian.
In this way production and decay vertices are treated in the same way.

2 2 2
/2] —m 2
£ ra 13 Fryl 2 7,20 H el — W W W —+H
Do v v H
(g o a
HEV % (Cos2 Ow Zuw ZM + 2 W;;W_””) H

~ | > “Lerfm] Y Sl Y SLfF | A

f:uac:t f:d,S}b f:E: s T
i

* Quadratic dependence on bosons — +/- solutions
« Linear dependence of fermions
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Run 1 Result

Toni Baroncelli: Introduction to Accelerators

ATLAS and CMS m—
LHC Hun 1 -+ ATLAS+CMS -+ ATLAS —~—CMS —*do
- = = ==
— —o — ——-
L= = = =
b o -
L 1 L 1
iy = ——
e = =
I"'f'rl_ —I-E— i —I'-E—
| |'H'|LJ£'| i | Eﬂ—ﬂ 1
e )
IIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-1.5 -1 —i0.5 i 0.5 1 1.5 2 1.5 -1 =5 i ] 0.5 1 15 i
Parameter value 50



[ atest Results by ATLAS

Analysis _ Integrated luminosity (fb—T) AlTLlﬂfl' P Il_ _l et
H — yy (including 77H, H — yy) 79.8 reliminary 4 Total [ Stat. == Syst. 11" SM
H— ZZ7*— 4f (including ttH, H— ZZ*— 4f) 79.8 1s=13TeV,245-79.8 1
Hos WW*S evuy 36.1 My = ;212;09 GeV.ly,l<25
Hotr 36.1 Py = 117 Total Stat. Syst.
VH,H — bb_ 79.8 ggF Ty 0.96 :oaa( zom, ‘opa)
VBF, H — bb 2‘1‘.5 - 3{].6 ggF Z 1_04 t&:g{ :I:ﬂ.]l, +0.08 }
IETH—‘*;}I b and £ multl ;2? agF Ww 1.08 :oqe( zom, =x018)
e, — A multilepton . +0.58 +0.37 +0.46
ggF T 096 Zoel Zo3s. —o3s)
H — invisible 36.1 E """ Foomb. Tl T4 iose{ somr, MUY T
Off shell H — ZZ* s Al and H — ZZ* — 262 36.1 ~ | 99 : o7 0wl tow oo
Q VBF yy 139 ‘ol Zgae. o
é) VBF 2Z 268 ol Tosi. Coa)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII +D~$ +D29
L VBF WW 059 * o, z021)
ATLAS Preliminary —s—Tota Stat. [ Syst. M ~ =
V5=13TeV, 245-79.8 mr_?r | u,\ VBF = 116 95 ( ‘045, 0%
m, = 125.08 GeV, |y | <25 'g VBF bb == 4301 e Nie. fom)
Poy = T6% Total Stat Syst 8 VBF comb. 121 1G5 ( 0%, 098
agF |-|E—| 104 som( om, ‘por) . VH vy 1.09 f&ﬁ tg:dsgs tg:g
VH 727 DEa 12 #1138 s018
VBF 1.29 +m{ +018 -u}.1e.~J b : -07e -0are -0n
jom— e e ~ | WHbb  Em 119 UGE( R, CEE)
WH e 130 'l =, =) VH comb. 145 22 =018, DU
+0.3 FY R m_'f-l-ﬂ_" T:l' 1‘1{] tgﬂ tg% s tg:i
ZH @ 1'05 -m{ i:ﬂinl, —I}.1'|"‘J +0.50 +0.43 +0.41
itH+tH VvV 150 Zpm( Zpa. fpas)
1 +tH FE 1.21 :ﬁ{ 017, iﬁf:) ttH+tH 1.38 ’:"llg tg;l; . tgg
PN AT T N N T T T T VN T T T N O T T U I T O T ___I{j:f:l:f_j:’__b_‘f?__________ ______________________________E}:??___;_&_g____jiq%g:__fj]__ﬁg_l___
06 08 1 12 1.4 1_.6 1.8 2 22 24 26 HH-tH comb. 1oy ey
Cross-section normalized to SM value | | | | |
[ 1| [ [ 1 [ 11 [ 11 |

Toni Baroncelli: Introduction to Accelerators

p= 11170703 = 1.11 £ 0.05(stav) %3 (exp.) (.03 (sig. th.) = 0.03 (bkg. th.) 2 0 SM2 4 6 8

Parameter normalized to SM value 1
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Higgs Cross Sections

79.8 fh~1

Process Value Uncertainty [{b] SM pred.
(lygl < 2.5) [fb] Total Stat. Exp. Sig. th. Bkg. th. [fb]
ggF, H— vy 97 +14  +11 + 8 +2 2 101.5+5.3
goF, H — 7Z* 1230 ey 170 x60 +20 +20 1181 + 61
ggF, H > WW* 10400  +1800 1100 1100 =400 * 000 | 9600 + 500
ggF, H — 77 2700 F 1190 £1000  £900 RO +£400 | 2800 + 140
VBF, H— yy L I3y I3 I I Ioa | 798021
VBF,H — ZZ" 249 M e M- 92.8 +2.3
VBF, H —»WW* | 450  *38 T30 TR PR TE | 75619
VBF, H — 17 260  *B0 £90 o+ 50 Pt 220+ 6
VBF, H — bb 6100  * 3300 F00 T £300  x300 | 2040 £ 50
VH, H— yy 5.0 i %;2 ta ’ [1):8 +0.5 0.1 4.54 gzg
VH,H — ZZ* 36 v o+ 3 ve 3 528+ 1.4
VH, H — bb 1380 T30 T30 £150 *i0 +140 | 1162 F 3
MH+H, H—yy | 146 1035 104 I0is Ioil =003 ) 133 10N
ttH+tH, H - VV* | 212 ey t MET 142 * 3,
ttH+tH,H — 17 51 Y T + 20 ve + 3 36.7 * 22
ttH+tH, H — bb 270 +200 +100 +8  *i % 341 + 39




onclusions by Giacinto Piacquadio — ICHEP 2018

ATLAS and CMS
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Conclusions

Production Decays e Thanks to the first 36-80 fb-! of Run-2 data:

gluon fusion : ® The bosonic decay channels entered a

TR - )
H A precision era (—3x improvement
b tt. WW and , W.r‘.t. Rl.ln- I )

® Direct observation achieved for all main

vector boson fusion (VBF) ]
_—q z production and decay modes!
q WIz ri .--".,.l L3 H = -H_ = " " =
g W2z ) ® Direct confirmation of coupling to all

~. g 3rd generation fermions

associated prod, with mz H " (tﬂp-q uar‘k, bnttﬂm-qual‘k, tau5}
q z Al /
e JNEw b e Sensitivity to double Higgs production

' H approaching 10 x SM Higgs to 2 Higgses
‘fﬁsm"ﬁ‘edp'"_‘_’ﬁ- _'f'-_'_fi” - ___”__< / e Higgs physics an important indirect probe for
é’u\ s J : New Physics: so far no deviations from SM...

g A b e But still at the beginning of a long journey!

T e < NEL  Only analyzed <3% of the final LHC

luminosity.

54
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