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Why the Higgs ?

» Discovery of neutral currents (Gargamelle, 1973) - prediction of W et Z bosons
e Observation of the massive W and Z bosons (UA1/UA2, 1983)

* Not really an issue to give the W and Z bosons masses in the equations
describing the patrticle fields, their kinematics and interactions (“Lagrangian”)

* Interactions can be represented with Feynman diagrams such as : w+ 5 w*
each diagram representing some ~probability that a process n
(here WW - WW) happens ) g

« Many more diagrams, involving more particles or loops, to describe
this process but bottom-line is that the probability associated to this process keeps

growing and growing with the energy so that we'd get probabilities >100 %...
(actually the theory enters a « non-perturbative » case where more and more diagrams introduce large
corrections so that computations don't converge)

W~ W
e ...sane longitudinal gauge boson scattering is restored adding : } d:i
W W

« That's the reason why we need, on top of the W, Z and y bosons,
an additional particle in the electroweak sector of the Standard Model

 We call it the « Higgs boson »
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How the Higgs ?
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* For |p|>0, fermions get massive

« Excitations along the circle are Goldstone bosons

e Excitations in non-flat direction are the Higgs boson

« Transforming the previous 3 massive W/Z bosons into
3 pairs of massless boson+massless Goldstone particles

« Atlow energies each pair behaves like (previously) a massive W
« At high energies the pair behaves like two different particles

« But the combination of the W/Z bosons with 3 Goldstone + Higgs particles ensures the good
behaviour of the model at high energies
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How the Higgs ? (2)
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The search for the Higgs boson

« Higgs boson mass is/was a free parameter in the Standard Model

e LEP collided e*e

» H-e* coupling too small to produce Higgs directly

(Total integrated luminosity ~ 3 fb™)
» Higgs searched in Higgsstrahlung e

« Center-of-mass energy ~>206 GeV (in 2000)
- Search sensitivity up to ~Vs-M,~ 206 — 91 ~ 115 GeV
6

* Inthis reach, Higgs expected to decay mainly

: . Cl A“;Sa)d=
to bb pairs, searches into 5 ¢

— 0.02758+0.00035
=== 0.02749+0.00012

(Z-qg)(H - bb), (Z-w)(H - bb), (Z-1I)(H- bb), 4+ - incl. low GF data -
(Z - 11t)(H - bb) but also (Z- qq)(H - 1) ~ 3-
« ALEPH observing excess at ~115 GeV, < 7
not confirmed by L3, OPAL and DELPHI 2 =

[ 2007
/7 Pre-Tevatron
“Sensitivity reach
24 Preliminary

100 300

m, [GeV]

R mH>114.4 GeV at 95 % CL

« But LEP provided wonderful insight into the Higgs sector:O 1 Excluded ":'-‘:-;-,3

precision measurements on other aspects of the theory
indirectly constraining the Higgs mass
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The search for the Higgs boson (2)

« Tevatron (US) collided protons-antiprotons at vs=1.96 TeV'

« “partons” carrying only part of the protons' energy
- Involved energy not-known event by event
— need good detector coverage / precise missing
transverse energy measurements for decays withv

« Hadronic environment — signatures less clean
than LEP

 For mH>~130 GeV, H- W"W is expected to contribute

.01

the most . For lower masses tagging H — bb with leptonic,, |

decays of a W or Z boson produced in association

| aa—~WH

E pp—tiH

o(pp — H + X) [pb]
5= 106 TeV
MSTW 2008

e H m, = 173.1 GeV

q@—ZH .. e
qq—aqgH ~---—--21%

[14 120 130 140 a0 1600 1700 180 190

My [GeV]

200

) 3 -1
. . > 10° E Tevatron Run I, L_<10fb = Observed
« Many multivariate analyses (MVA) employed @ , Tt Eooctod w/ Hi
Z 102 & SM Higgs Combination == == Expected w/ Higgs
: : Q. I Expected + 1 s.d.

» Tried hard, excluded >149 GeV, reached just 30 © 1oL -.-. 0, 1.0 (m =125 GeVic?)  Expectad=2 5.
Channel My range g === 0, X 1.5 (m =125 GeWcz) '

(GeV/c?) e 1
WH — fubb 2-jet channels 4x(5 b-tag categories) 90-150 E’
WH — Eubj) 3-jet channels 3x(2 b-tag categories) 90-150 &) 10'1 To
ZH — vvbb (3 b-tag categories) B 90-150 8 2
ZH — £T£7bb 2-jet channels 2x(4 b-tag categories) H — bb 90-150 0 g
ZH — £Y£7bb 3-jet channels 2x(4 b-tag categories) 90-150 10
WH + ZH — jjbb (2 b-tag categories) 100-150 3
ttH — WHbW bbb (4 jets,b jets,>6 jets)x (5 b-tag categories) 100-150 10'3 v
H = WIW-_ 2x(0 jets)+2x (I jet)+1x (=2 jets)+1x (low-rmee) 110200
H > W+tWw— (e'Thad)+(N'Thad) 130-200 10-4
WH - WWTW~  (same-sign leptons)+(tri-leptons) H— WTW- 110-200 4o
WH - WWTW—  (tri-leptons with 1 Thaq) 130—200 5
ZH — ZW+W—  (tri-leptons with 1 jet,>2 jets) 110-200 10 , T T R
H—o - (1jet)+(>2 jets) H— 777 100-150 100 120 140 160 180 200
H —~y  1x(0jet)+1x(>1 jet)+3x(all jets) H — ~vy 100-150 2
H — ZZ  (four leptons) H—ZZ 120-200 mH (GeV/C )
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The rise of LHC

e First LHC measurements, rediscovery of the (known) SM

z Co%FTT | ' ' | proton - (anti)proton cross sections
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- \ ] 10 410
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m,, [MeV] \s (TeV)
e Large increase of cross-sections: advantage to the LHC in the quest for the Higgs boson

e But also large background processes to domesticate
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Where to find the Higgs ?

wdJds 2010
T

1000 . S
« Larger cross-section than Tevatron in e ?S@‘?_aétglhudm%';?,?ﬁiﬁ
particular due to larger fraction of the
proton energy carried by gluons o 100
(4]
« But can also be produced from g
fusion of W/Z bosons =
= 10
» Looking for peaks (in the yy or
ZZ mass spectra) or broad
excesses (WW for instance) ; o
10’ 107 10°
_ 1 02 g ‘ ' ! L L 3 g £ 1 I bE‘ T T T T T L — E
T Vs=8TeV 1% 3 g
= | 18 5 g
% 105 =4 g E
= =l = g
Il N ] £10'1
o B I m
S E &
: ; ;
10.1:_ i e =
107 = E 5 . , , , L , |
80 100 260 300 400 | — I1000 10" So00 200 300 400 500 1000
M, [GeV] M, [GeV]
arXiv:1201.3084
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2011 searches at 7 TeV

Events / 1 GeV

Data - Bkg model

F T T T 3
80017 Inclusive diphoton sample _:
. Data 2011 ]
7001 Background model -
NG e SM Higgs boson m, = 120 GeV (MC) ~ 4
600 —]
500 \s=7TeV,JLdt=4.9 ' 3
400 -
300F -
200F 3
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o

(02]

Events/5 GeV

0
100

— Higgs cornered !

o DATA
- [ Background
- ] Signal (mH 125 GeV)
- [ Signal (m =150 GeV)
- Signal (m =190 GeV)

H%ZZ e4|
JLdt =48fp’
\s=7TeV

150

NoO convincing excess at this time...

ATLAS Prpllmmary ]

200

Exclusion of Higgs masses down to 131 GeV

250
m,, [GeV]

O
o 3
=30

Events / 10 GeV
T Ial: R~

...but some interesting « fluctuations » around 125 GeV !

Spent some time in 2012 on optimizing the analyses

targeting for the mass hypotheses around 125 GeV

Hailil

1 HaWWerlv +1iet -

A2

- Z/y*+jets
C A _’_,/ _ W-ets (data driv: _:
- 1 ;
r N e ]
- ) T A ‘:
/ 7 N

.

o &~ o> oo

- ATLAS \s- 7TeVJLdt 205
H-WW-slvly + 0 jets

SM (sys @ stat)

E
s
N
S
|

& tt / Single Top

50 80 100 120140 160 180 200 220 240
m- [GeV]

Also learning how to use the
ROOT palette...
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H — yy In one slide

Diphoton sclection * SeIeCtlng tWO hlgh'pT « ISOIated » Y 8 B Alﬂ.AS | +T|'}'+DY ]
< 5000f _ R
. . . . C | Ldt=20.3fb" 1s=8TeV T N
T Using 12 categories targeting dlffereng ok mE
T production modes i :
L e ]
tLH hadronic . 00— * ]
* « Extracting backgrounds from CRs e=®0 ™ :
B *oe, ]
V' H dilepton . H 2000__ Lo W -]
2 o * Need accurate energy scale calibration | " :
7 /f . C *eeee ]
(mainly from Z decay events) 1000 7
Y =)
VI one-leplon > AR L L L e
Wi G T8OLT  [Ldt-45Ml(s=7Tev ATLAS E O 10 120 130 ARy 160
‘ 2 . F [Ldt=203" \s=8Tev + Data =
! S s S/B weighted sum , ] m,., [GeV]
) 2 ; ; — Signal+background L L L 5 B TYI TTTT
R = 140 Signal strength categories — P | REITT | | | I
VH EX 9] - ===+ Background 3 goF N ]
(ZH — vwH;, WH — fvH) 1202— — Signal —; categories ATLAS E
¥ 100:_ my =125.4 GeV _: :_ E
VI hadronic s 4 VBFE L Jdt=45f" s=7Tev
(WH = jjH; ZH — jjH) oF ] categories ¢ [Ldt=20310" s=8Tev 3
wb- 4 WH 3 . H = yy,m,=1254GeV
VBT tight = categories F ; ]
(gqV — jiH) 200" = o E
o oF—— 54 ttH 5 :
VBT loose g E E categories [
(qqV — jill) - ; S E
| g Combined £ E
Untagged A A NEERE EREEE & S ARl ENEEE FREEE RREEE RS N
(gy — 1) -1 0 1 2 3 4 5 6

Signal strength
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H — ZZ In one slide

- - >1_05_|II!I!I!l!l!l!l!l!l.l,l"I"I T ]
« Expecting small signal rates L ATLAS Preliminary E
« But small background rates W St S iebeseas U SNNM N
Lu ’ C (0] o) ]
. ;‘_-A-_A__A__ PRSI . =
— Clean 4-leptons signature 092 &5 T3t aerereveuuungn i N i
0.85F Sidlaigl E
— Lepton selection efficiencies crucial P R I | |3
SR LI TP bt e P
% RN L L D L e 075:_ o 0 & | _:
u ata ] C 2011 data \s=7 TeV : 0 :
(5 35 ATLAS ¢ oa _ 0.7 J.Ldtf:l;;b_t ) » ® Loose E
Uj- B H - Zz* N 4" |:| Signal {mH= 125 GeV p = 1.51) ] O 655_ - s _—:E
S‘f 30 :— {s = 7 TeV dei=4.5fb" - Background ZZ* —: . g 2012 data \s=8 TeV s g
_.CE - \s = 8 TeV J-Ldi 20.3 1" - Background Z+jets, t i 06:_ Ldt=20.3 1" full = Tight _:'
- [ oeseE - % ctermatic uncartain . AR A R A AR R R R A R R
O 251 7, Systematicwncstainty : 0555476 8 10 12 14 16 18 20
L C ] . .
20 b _ Number of primary vertices

15 « Control of the energy scale and radiation

10 * Precise In-situ measurements

* Refined electron-track fitting

0 * FSR corrections
80 90 100 110120130 140 150 160 170 o |
m,, [Gev] ° Not enough statistics to split the

production modes here
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H — WW — Ivlv In one slide

Complicated signature involving leptons, jets, missing

transverse energy (escaping neutrinos) - No mass peak >
0]
Large complicated background processes (WW 2
continuum, top, W+jets/multijets with fake leptons,...)
c
. ()
But large signal event rates thanks to the BR o
Scalar Higgs transmitting some spin correlation to the
leptonic decays of the W pair
« Discriminant against WW continuum
Enough statistics to discriminate the production modes
é LA B B B B B B B B >
= __ —] (O]
- ATLAS ] O
3 F H—>WW*—>[viv — =
= Vs=7TeV,4.5fb"' - 5
= Vs=8TeV,20.3fb" 3 c
o E = S
s + Obs(1.0,1.3) 1 L
= FEObs*+1c E
1 = [+]Obs*+2c E
- : @} Obs+3c =
== i o ExpSM(1,1) =
o - " oiExpSM=1,2,3c7
E I P | PR B | E
o 1 2 3 4
LLggF
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50

ATLASH—>WW*]
\s=8TeV, 20.3fb
\s=7TeV, 4.5t

(a) n;<1, ep+ee/pp
¢ Obs+stat
~ Bkgtsyst
B Higgs
B ww
O Misid
8 vy

[ Top
B DY

(b) Background-subtracted
¢ Obs-Bkg
— Bkgtsyst
W Higgs

-|IIII/’IIIIIIIIllllIII|IIII

50 100 150 200 250
m+ [GeV]
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The Higgs discovery

Combining these three channels, presence of some SM Ilke Higgs is observed

by both ATLAS and CMS around 125 GeV 27 10F ar1 as Preliminary i< rev ot fun-ar
. s . i
- Ll oo
10-2 --------------------------
] re—

— Observed s .
---- Expected ‘ = 4 O

CERN Seminar 12/2011

Ob d
Combined obs. = ) T Exs:(?t,:d s .
-10-9 = === Exp. for SMH Higgs | CMS Preliminary 6c et e o B i y LT 5¢c
_ H — H ZZ + WW Spring 2012 .. 4July 2012
10 10 b p - M Yy _4 Observed Observed ™
11 H— ZZ Vs=7TeV.L=511" 3 I ... Expec% “esaias Expected
10 H — \WW \JS=8T€V,L= 53'“:'1 = | | | i [EET AN A | |
10‘12 B S S ———— T — ———— —— —— — — — — — —— — — = 5 130 135 140 145 150

116 118 120 122 124 126 128 130

Higgs boson mass (GeV) my [GeV]
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ATLAS nor CMS

Not yet seen any significant signal in

)_

-1 0 1

2

3 4

5 6

« Using 0/1/2-lepton VH tagging similar as Tevatron analyses
* Huge top and Z+heavy-flavour background to deal with
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2 C incl.p¥>120 GeV Mottt 1E _ incl. p/>120 GeV . 2l 12 - incl.p!>120 GeV - .
2 5001 = w:cl -2 80 [zZ71 Uncertainty —1¢ 5001~ Ulr:ertainty ]
o L Wal ] - «oan Pre-fit background —jLU oo Pre-fit background
r . Zeht 7] - = VH(bb)x10 — C == VH({bb}x40 ]
400 :_ - ; “2 ’ Z?Z Epeﬁi?g:l(}{gmund_: 60— ] 400 - e _:
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: : .. . N +040 [+0.31 +0.25
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Still quite statistics-limited _037 \_030 022
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/

best fit u=c/c_ for m =125 GeV
SM
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Finally H —1t

« As the previous one, probes the couplings of the Higgs to fermions

. . . . Tiepliep | Tieplhad | ThadThad
* Need good identification of hadronic taus SR S
. Zh*— . . 9
* Good control of the Z/DY - 1t background relies it
. : tt (VBF, boosted) o o
on « embedding » techniques .
2 — ee
* This channel too can address the different production instrumental backgrounds
modes multi-jets w | we | =
Zy* — ee (e—Trad) .
> SR R B A N NN A I R L) A ] T T T 1 T T 1 T T 1 T T T 1 T T T 1 T T My 1 iot—
S | ATLASPeimnay  , o 15 10° ] e o E a0 ee’_‘"")ﬂm (et=Te) g
2 80 H- 1t VBF+Boosted — H(125) (u=10) ] ; E ] Background (1=1.4) ] W(—D)+et (jet—T1.4) B
g C 1s=7TeV, 4.5 fo” = ét_h)e:; ] g A Background (ui=0) 1 | W(—IV)+et (jet—eu) .
S 6015-8TeV, 203" §  pm Fakes B 0’ B Ho25 o u=1) = 5
- i * 72 Uncert. ] B H(125)-t (1=1) ] % LIIL||—;rIrI B e
i 40__ _ Z . 1. é i X Best fit
@ L - r 7 la:S. 4 [ {s=8TeV,203fb" —95%C.L. N
ff_ﬁ i 1 A 02 = = [ \s=7TeV, 451" e 68% C.L. ]
E 20__ | F . 3:_ATLAS + SM prediction |
] ] F G T E my = 125.36 GeV E
R 10 E_ —TT _E 2; N
g’ 20:_ — H(125) (u=1.0)I T E - ATLAS # : §
. C o H(110) (1=1.0) 7 772 A s
0 e . ; _ 1s=8TeV,20.3fb | ] iE ]
= I 1 12 1s=7Tev, 451" 3 NG
g ; (| | e | AL | A I - | | | I: 0? ]
)] Coo b b b b by b B byw 1
2 4 3 2 -1 0 1 1 0 1 2 3 4 5 6 7
log, (S /B) Mer
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And now ttH

« tisthe most strongly-coupled particle to the Higgs

ttH production
* By measuring the ttH production and doing the ratio with

the yy production one probes the presence of new particles
In loops in the ggF production or H - yy decay vertices

« Signal rates 2000 times smaller than tt+X Higgs production

« Large background systematic uncertainties P

e Searches in b-pair and y-pair Higgs decays or
multilepton (WW or tt decays) signatures

« Busy environment — use of MVA techniques

CMS ttH Tt Vs =8TeV,L=19.3 fb"

n ~
S 60— - Lep + 7,7, + =4 jets + 1 b-tag S - ATLAS Preliminary —e— Data
= - 5 " [Lat=203f" \s=8Tev  CII3tH (125) norm
L - 2 B tTH (125)
505 g oo} Single lepton T ti+light
C . . . W | >6j,=24b :|t¥+065
L tt+b
a0 Little signal in ATLAS ol =1 Y
. . - |/:| non-tt
Large signal in CMS - 77 Total une.
30 -
20 B
40— :
10 i
20—
2b B Fit+1c + B
e ¢ ] < OF
= 4|1 1] 1= S 1.25( j}; .ﬁ__ _:i/_
= 1f 1 | * iz //7% 7}7)?;‘ /;/}7////////// a{lif //
a g ] R - -
2 = 0.75F
E N L ' N L . L L L a s
%21 08 -06-04-02 0 02 0.4 06 08 1 055G 56 04 02 o 0.2 0.4
BDT output NN output
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How working hard pays

 The example of HWW : from the 2012 discovery to the most precise Higgs channel

L L L B AL L IR
60 - ATLAS ]+ Qosz st
. c - e A - Xp £ syst
e |o Opening channels s 777 ('S
selecton - Developing new § Ao[mm— P
techniques = 13
o0k |mww
. : mw
oot | | et « Changing paradigm ===l {0 Misid
J LA (cut-based — MVA) 0
/\ X\é « Working on the “performance”1 BDT bin number
- || VBE- |« Generator studiesto 3 '+' | amrae 1t Obss st
enriched enriched reduce the SyStS on 8200 ~ + + ATLAS | - Exp;syst
- ot \s=8TeV, 20.3f0" { =P+
| /\ dominant background |
ep (8TeV) ep ee/up -'g 1 W Higgs
| ] | | (]>) = _El\v)l/vvd
ggF-enriched VBF-enriched . Results w 100 il V{EI
' I 1B DY
C 2013: p = 1.01 +0.31 (31%) . ;813- 2-80 :) 0Top
. 14: 6.10
« 2014: p = 1.08 +0.22 (20%) .
« CMS: i = 0.72 +0.19 (26%) * Paper submitted = 0"
(including the VH categories) one year after CMS pF [GeV]
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Combined couplings measurements

* Now one can take all these channels and subcategories and combine them to measure

Higgs properties Combined [ 5 -+
~0.17 | o8 I =
Vs =7 TeV [Ldt = 4648 ~0.5 O 0.5 1 1.5 2
ATLAS Prelim. |—ol(stat.) Total uncertainty \s =8 TeV [Ldt = 20.3 fb”' Signal strength (n)
my=12536GeV |_o(sine) | tisonp ATLAS Prelim. "'zzs“’s‘,z,c Total uncertainty
Phys. Rev. D 90, 112015 (2014) my = 125.5 GeV theory + 16 + 26
H— vy +023 \ . - 70(th§ory) . | .
w=1.1 7i8§; e —— H— vy :gi 5
. R SRR S PR R p.LVBF+VH =1 2+0 8|02
arXiv:1408.5191 uggFmH - 0.6 +8§ . 1ol
H— ZZ* — 4l o L e
* -09
e HgE, -0.2
arXiv:1412.2641 e > l-l\::,:t\:: 0. 633 *82 .
H—o WW* > Iviv |51 : —
018 (combined results . o
+0.23 [+0.17 ) ; H— WW* - Iviv
n=1.09%75 |01 e soon outdated) s
L LLVBF+VH_-|8+19
arXiv:1409.6212 _ uggFmH -1.0 tgg
W,Z H— bb o5 | T
w=0.59403 — H- 1t
=U.9 g4/ 0
AR | I S B LLVBF+VH_-|7+°°
ATLAS-CONF-2014-061 uggF+ttH =1/l 40
H- 1 3 L
w=1.492103 e Combined
. - . - l’LVBF+VH +0.7
| 0 0.5 1 15 2 Tyr = 1-405
\s=7TeV [Ldt=4.54.7 b

Signal strength (u)

released 12.01.2015

\s=8TeV [Ldt = 20.3 fb” \s=7TeV [Ldt=4.6-4.8 fo"

\s=8TeV [Ldt=20.3 b’ HVBF+VH / HggF tH
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Simple models

« Using the information from the different categories targetting different production
modes and decay, one can then fit his/her favorite model to the data

* One simple example is the one in which the couplings of the Higgs to fermions all
scale with a common factor x_and similarly for the bosons x,, :

L _|||||||||l||||||||||||||||||||||||||||||||||||||_
Y - _
45 ATLAS Preliminary =R EF e
\s=7TeV [Lat=46-481"  miH — vy @@ Combined
3 \s=8Tev]Ldt-20.3 b + SM x Best Fit

2 -
1= =
O -
AE 3
2 —
:lll!lllllllllllllllllllllIlIIIIlIII I:
06 0.7 08 0.9 1.6

Ky

« But many more complicated models used to interpret our data...
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Simple models

« Using the information from the different categories targetting different production
modes and decay, one can then fit his/her favorite model to the data

* One simple example is the one in which the couplingsof the Higgs to fermions all
scale with a common factor x_and similarly for the bosons x,, :

L T 11 | | I I | | | L | | | L L | I | T T4
v L o _ _
4= ATLAS Preliminary  =iH 2 EF AT
- \s=7Tev|Lot-46481"  @uH — vy mmCombined -
3 \s=8TeV|Ldt= 20.3 b + SM X \Best Fit  —
N | 3 lllustration
- 1 _ of the latest
B 31 HWW analysis
1:_ 4 compared to
i — the old one
O =
A .
2 =
:l Ll | ] | el | =1 | I 1 111 | LI J I L 111 I l:
06 0.7 08 09 1.6
Ky

« But many more complicated models used to interpret our data...
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Properties measurements

The discovered particle can be characterized by J™:
J=spin, P=parity, C=charge conjugation

 SM Higgs is scalar particle (0%).

 No CP-mixing/violation in spin-0 in SM but
could be small in some BSM models

Spinl: Observation of H - yy

— C=1 (no C violating effects in the Higgs sector)
— Landau-Yang theorem forbids direct decay of on-shell spin-1 particles into pair of
massless particles

— Background
ATLAS Preliminary - o

Vs=8TeV,20.3f0" . . F=2k =k

“H->WWn=0en P2 k=05 k =1
7 p 9 q
------ F=2"k =1k =0

o
w
|||||

Spin2: graviton-like

« This new particle would likely not be
responsible for EW symmetry breaking

Arbitrary units
o
N
ICT-II I

« Would/could have discovered Kaluza- 0_155_
Klein excitations of SM gauge bosons?

................
FUTEL: LRARE

Shape of decay products can be used to
discriminate spin 0/1/2 0.050 22

- Evidence for spin 0 of the new “Higgs”

OC)
o
o
N
—h
o
Ao}
o
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Properties measurements (2)

« Tensor structure of the H- VV couplings can be tested by adding new operators

to the Lagrangian (a la anomalous coupling) :

1 _l _I T I T | T T I T | T T T T ‘ T T T T T T T T I T I_
w +Ww- - . —
Ly = {CQKSM[—QHWW Wi W] = 4 ATLAS Preliminary B E)?Sggeeg Woik
1l g e & 128 Vs=8TeV, 20317 L Expected, 1 = 1
—=——] WIW™H £ g3 - ERREA: " =0 eu - 68% CL .
A CaKnuww WV 4y S 0.3 ATLAS Preliminary — Background | 100 H—-WW* n=0,eu 950/" oL e
go 255 Vs =8TeV, 20.3 b —F=0 - ' o ]
S V. L ¥ m A Al e P _ o+ ] C ]
+ SCI,"KAWW W;‘VW #v]}XO E E H—)WW,ni=0, el-l J =0 BSM 7] 8:— .’..I —
0.15- . -
0.15 . B
005 [ 7 ol I L erae. ‘ PO T
- E 0 -2 —1 0 1 2 _
N e e S TP IO s 5 o Kvw
10 20 30 40 50 60 70 80 90 100 Kgm
m, [GeV]
) CMS
; ‘tCo.8 %—
o= —
» CE
8 0.4 ;—
> 2E
- 5 = = == ==
-0.2 z—
-0.4 F—
-0.6 E—
-0.8 z—

-~ Best fit & 68% CL

7/.Excluded at 95% CL
Expected at 95% CL

I Expected at 68% CL
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Differential measurements

» Higgs transverse momentum pT(H) is an important probe for new physics
(additional particles in loops for instance)

« Can use the clean signatures to measure the Higgs production differentially
(eventually the large rates for other channels will be used)

ATLAS JHEP 09 (2014) 112 ATLAS PLB 738 (2014) 234
; -l LI | T | LI | LI ) LN | LI | LI | LI | L | L ; L T I L | T T I LI I T T T I LELEL | T T T I L I T T T | T I_
[] ATLAS data syst. unc. - 7
S | * S 0.06 ATLAS 4+data | systunc.
= _+_ || gg—H (HRes) + XH O 06 .
= 1 (K gge = 1.15) E = C [ ] gg—H (MiNLO HJ+PS) + X H
o~ :|: + s XH = VBF+VH+ftH ] _.r— C E:BTerLdt:EO.S fo” |: —H (P PS) + XH
3 - = ] Q 0_05_— ag (PowHEG+PS) + —
=~ | : - H—yy, 45=BIBV _ o - [ | gg—H (HRes) + XH ]
5t * JLdt=203 . o - o]
T - g 0.04 ====XH = VBF+ VH + {tH —]
107'F 2 E o C .
........ . - N
] 0.03= -
.......... l - E E
: : 0.02=f- -
10’2;—"" """"""""""" E C ]
s o e e e e 0.01— =
S 4} - .
B + + Cesadrrrdas=-l~rrrtqa~-Soaeee bt g e b o a
S o Tt L | 020 40 60 80 100 120 140 160 180 200
% 0'_+_|||||||T||' pTH[GeV]
o 0 20 40 60 80 100 120 140 160 180 200 '
P [GeV]
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Higgs total width

« Challenging to measure it (~4 MeV) at hadronic colliders

« Direct measurements in yy and ZZ spectra indeed set limits at <~2 GeV

- Limits on the branching ratio of H - invisible decays of O(<50%), i.e. I'_ <~2I"_
» But accessible also through interferometry in yy

« Destructive interference between Higgs signal and gg — VV continuum bkg
 Mass-peak shifted with a dependence on pT(H)
 Couldreach ' <~ 0O(100) MeV

g ol ;
H -20
t,bJ >-—‘E’ff,, -+ Z:E}—. o _
g Y —40

>
= L
s I
% = r
AN O = 60 N r:;
=] L/
% i + [oEtimh o -80 | ( __ Htglqe O(as”)/O(as?)
Q0Q)
/ . H+g/q @ O(as”)
=100 |-*
-120 |
0 20 40 60 80 100
p;r,H ,I’GeV
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Higgs total width (2)

Higgs off-shell analysis searches for large Higgs couplings
for the off-shell Higgs at large virtualities (mass) m_,

Use high mass channels H* - ZZ - 4l, H* - ZZ - 212n
and H* - WW - [viv

Unknown QCD effects
- all analysis done inclusive in jets
- depending on the unknown K-factor for the gg - VV bkg

Combination with on-shell analysis allows interpretation as

measurement of ' E’4O'ATLA§""'-'"""" -
® B +10 7 @=L
5 35F H-ZzZ+WW off-shell [+2 = E
Assumes same = L e Expected imit CLs) | | T
on- & off-shell couplings 2 30 s femment TR g
= 25 - E
[ < 22 |\/|eV 6’ ] j
: < 200 SRS
3 X
0 i 3
(95%CL limitonp_
between 5.1-8.6)

06 mars 2015

D

_C‘{J 60 [+ 16 —
:;5 L HoWW—evuy [ 1+2 ]
= - (s=8Tev:Ldt=2037" Expected limit (CLs) |
(o] S0 — Observed limit (CLs) |
= r i
1=
= 40
O C
o C
(=]
o 30¢
o

7I‘\\\|\\I|\\\\\\l\\\ll\\\\\
— ATLAS

N
o

e b b
12 14 16 18 2

I TR
06 038

1
RE = K(gg—WW)
H*  K(gg—H*—WW)
(T T T T [T T T [ T T T[T T T[T T T [T T T T 11
- ATLAS [ + o

- H-ZZ+WW off-shell+on-shell [ ]*20
r Kgnv,on-shell™ Kgv,off-shel Expected limit (CLs) ]
— Observed limit (CLs)

T [s=8TeV: |Ldt=2031b"

11 ‘ 111 | 11 | 11 ‘ 111
12 14 16 18 2

R8 = _Klgg->W)
H* ™ Klgg>H > W)

\I1\
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Additional « Higgs » searches

« [s the found “Higgs” part of an extended scalar sector ?

e 2 Higgs Doublets (2HDM) with 5 (2 neutral CP-even, 1 neutral CP-odd and 2
charged) physical Higgs bosons after EW symmetry breaking for instance ?

— 2 additional parameters to describe the MSSM 2HDM (mass of CP-odd A,
ratio of vev) at tree level

« Electroweak singlet (EWS) predicting one additional Higgs (both Higgs sharing
the SM couplings)

« All previous signatures (+others) are reused to search for a new mass resonance

v_'_| T ] T T T T I T T T T I T T T T | T T T T ] T T T T I T T T E > 4 _| T T T | T T T T I T T T T I T T T T | T T T T | T T T I1| T T T ]
: . . - 1 @ 107 ATLAS,\s=8TeV, |[Ldt=19.5fb" E
> ATLAS INO] £ =
8 10° ] © - h/H/A—7, (Thag — e Data 2012 ]
= E E | ThadThaa trigger — ;i:scso’ ===
E" E E w category I Multijet
S 2 S 10°F ] W—tv + jets —
< 10° = LI>J E B it & single top =
< E — Continuum+H fit (m,, = 125 GeV 3 B I:l Others ; B
© B %o g% - - Continuum componfeni of the fit | : , W\ Bkg. uncertainty :
10 15 120 125 130 135 |
- : 10°F E
s=8TeV, [Lat=2031" ' ] - :
1 E —— Data i H t E 5 |
= —— Continuum+H fit (my = 125 GeV) T ﬂ T |'| 10— ]
10" | —— Continuum-+H fit (m,, = 250 GeV) | | ‘ E N =
£ Continuum+H fit (my =500GeV) | ||, [ .19 0O 100 200 300 400 500 600 700
100 200 300 400 500 600 700 m,.. [GeV]
m,, [GeV]
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ATLAS 2014-11-26 03:36:15 CET source:JiveXML_246892_4472609 run:246892 ev:4472609 lumiBlock:745
s

First of all, need to rediscover our (ATLAS)
detector and machine

e 25 nsvs 50 ns bunch-spacing

- Level of pile-up, calorimeter response

* New precision tracking layer: IBL
close to the interaction point

— Multiple scattering reduced, better impact
parameter resolution

— Improves conversion reconstruction,
rejection of jets faking electron/photon,
pile-up jets recognition, b-jets tagging (3 times larger rejection at low pT),...

Increase of Vs — increase of backgrounds too

« Are our Monte Carlo simulation tunings Ok ? Minimum bias measurements will
tell us

* Most of Higgs analyses have to be reoptimized to cope with different
background composition
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Run-Il Higgs physics program

« Rediscover the Higgs, like we rediscovered the rest of the SM at 7/8 TeV

« aftera ~year ? proton - (anti)proton cross sections
 Look for additional Higgs-like particles or i DR TR T
partners at high masses - T 1 T
_ _ 10" ¢ Tevatron  :LHC: {1
 First 13 TeV cross-section measurements 10" LI e : J10°
i ro J. O
: 10° | 410° ™
e Higgs property measurements o il : N

: 3 n
. | =g
» Integrating all previous properties 10° F 5 / J10 8
measurements together o po OB 720 = {w
1 [ ’ : 1o B
. Adding many more operators to probe in " [ 10
the Lagrangian " S 2 1meen § E:
10" | : At
« Extension to the Higgs Effective Field 0t | i i 2
Theory 10° - E % - 10° %

- Major change of paradigm wE | & g

_. Analyses not designed only for i é‘”f‘me"{ 5 T 9

signal but also for pseudo-observables ' § i A

— Our understanding of backgrounds 1, ;——————————10’

will change too Vs (TeV)

- Including LEP data ?
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Prospects for long-term measurements

« LHC (and its detectors) will eventually upgrade for higher number of interactions
per bunch-crossing 4 — degraded experimental environmental at HL-LHC

8 TeV

2012

nominal

luminosity 75% I

LS1

splice consolidation
button collimators
R2E project

experiment beam pipes

13-14 TeV

06 mars 2015

ors o+ (B Jeots

nominal luminosity

— |

SPS
cc

injector upgrade
cryogenics Point 4
dispersion
suppression
collimation

28 ZIH “IN “ZE ZE 22

experiment upgrade
phrase 1

14 TeV

»n 10

_‘L_\_K
- o KR <

—
<

\II\I|T|" IIIIH|T| IIIIIIII| IIIH|T|'| I\IHHIl II\IIII\l T TTTTI

Mean number of pile-up jet

102

—
=
(%]
IIIIII\l

+pT>20GeV
+pT>3[JGeV
+pT>4OGeV
—— p. > 50 GeV

—+—p.>60GeV <21 scaledton| <4.

[ R B A A A

ATLAS Preliminary
Simulation
Anti-k, LCW R=0.4

L LT IIJIIIHl L

LIHII.I.I.‘ IIIIHI.I.I 111 II| 1 IJILl].l

11 IIIlIJl

| |

LS3

_cryolimit
interaction

regions

radiation
damage

L M

2 x nominal luminosity

HL-LHC installation

|

p—

experiment upgrade phase 2

[
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mmﬁ@

[ T
120 140

510 7 x
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H- ZZ : A peak, a cape, Iit's a peninsula !

Events/1.0 GeV

CMS S|mulat|on 2013 — V§=| ‘I4| TQV _ L‘= 3000 fp‘1
500 Phase Il Detector - PU140
CMS-PAS-FTR-13-003
400 [ Conf-3:H -ZZ*—>4p

[ Conf4:H =-ZZ*> 4y

B Conf-3:Z2/ZZ - 4
B Conf-4:Z2/17Z - 44

“Conf-4” = Conf-3 + tracking up to |n|

200

100

300 |-

100 150 200 250 300
M, , [GeV]

ATL-PHYS-PUB-2013.014 p=colo_,

12
ATLAS Slmulatlon Prellmlnary ]

Job jl_ =3000fb™, \s = 14 TeV 1

VH-like category
8 IVBF 7
- BWH 1
- BZH ]
6 ttH .

[ fggF ]
4 Background ~

S

‘POO 105 110 115 120 125 130 135 140
m,[GeV]

Entries/1GeV

Il ]
||\||\|ﬁ|||\|\||||\|\|\||

ZZ final states remain very clear channels

The statistics allow to probe many production
modes

Total H production cross-section uncertainty
can be constrained by ZZ events at O(few %)

CMS showed that these channels could also
benefit from a tracking system extended in
rapidity (increase of acceptance)

Au/u ATLAS Total  Stat. Expt. syst. Theory
Production mode 300 fb!
ggF 0.152 0.066 0.053 0.124
VBF 0.625 0.545 0.233 0.226
WH 1.074 1.064 0.061 0.085
1tH 0.535 0.516 0.038 0.120
Combined 0.125 0.042 0.044 0.108
3000 fb~!
ggF 0.131 0.025 0.040 0.124
VBF 0.371 0.187 0.225 0.226
WH 0.390 0.375 0.061 0.085
ZH 0.532 0.526 0.038 0.073
1tH 0224 0184 0.034 0.120
Combined 0.100 0.016 0.036 0.093
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Events / (2 GeV)

Diphoton channels

Similarly, significance in yy decay channels grows up
with clear peaks on top of smooth background shapes
_ATL-PHYS-PUB-2014-012

ATLAS

ttH

WH

ZH | VBF

Significance

8.2

4.2

T | 38

500 ATLAS Simulation Preliminary B 5 | ATLAS Simulation Preliminary |
B i ~ - _ i
- + f L dt=3000 b, \s=14 TeV =~ 40— ZH-like + f L dt = 3000 f", \s=14 TeV |
ot it St TR - 5 I Badkgonar
5 e § = . ]
L *%:_.j: ] 20 |
100 Pty :
- ttH-1 lepton T J++++‘H. #Jr +, 1 i + I
- ] - b 44 +4+ +t paw ~+-H
2001 a 501 | ' _
—i— Background subtracted events —i— Background subtracted events
++ Signal Fit Signal Fit
0 -+—+——+——+—+—++—+—-+-—+—++ PUE S g e s iR 0 j_+++++‘*“+‘++ ++ +—+—+_+_++‘+—+‘ 4
100 120 140 160 100 120 140 160
m,, [GeV] m,, [GeV]
- - Apr/ fr (%)
Diphoton channels is powerful for H-t : — : :
Yukawa coupling measurements Production mode || Total || Statistical | Experimental | Theoretical
tH +21 +13 +5 - +17
.. | 1 — — —4 | —
Measurements limited by current R -
. .. WH +26 +21 +13 +10
signal uncertainties ~25 ~20 12 -8
7H +35 +32 +7 +12
. . —31 —29 —7 —8
Reaching the ~3.5% level of precision v 19 3 . 19
on the combined signal strength S L4 = - =14
. s - + + + +
(without th. uncertainties) VBF 29 C18 2l 23
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WW, bb and 1t

Going from 8 to 14 TeV, tt increases ~1.7x faster than the signal ; jet counting affected by pile-up

conditions - in general, current categories have a larg

6%!)3/ degraded S/B - HL-LHC studies

) i .. ) - - S
require dedicated optimizations 3 ~  ATLAS Simulation [AZHx10 -
"~ Preliminary EDiboson
o
> AL 500 (¢ 14 ev, 300 16" <> - 60 = E
[ - — su . Ny o 1s=14TeV, s <H> = @ Z+bb .
(g 600 ATLAS Simulation Preliminary g v mm onervv % 4003_ 2lep, 2 jets, 2 tags, 120 < pZ. < 160 GeV =§ISL E
& ~ \s=14TeV,|Ldt=3000f0" ([ [ SngeTop 7 ® N @z -
; 500—_ . ) B zy  [] W+et = L - DZ"'I .
2 - HoWW —evuv/uvey + 2 2] B oor [ wof - 3000 2zunc. ]
g C  L— ’ n ’
w400 ] N N
N ’ 200 -
300F = - -
L _ 100— ]
100 ER 0 50 100 150 200 250
: ATL-PHYS-PUB-2014-011 m,, [GeV]
I T —— ey - - -
50 100 150 200 550 300 | One-lepton ‘ Two-lepton | One+Two-lepton
GeV | Stat-only Significance 15.4 11.3 19.1
ATL-PHYS-PUB-2013-014 M1 [GeV] fsuss error | +0.07 —0.06 | +0.09 —0.09 |  +0.05 —0.05
- Theory-only  [Theory error | +0.09 —0.07 [ +0.07 - 0.08 [  +0.07 — 007
MggF  HVBF  MggF+VBF | Significance 2.7 8.4 8.8
_1 4018 +0.25 +0.14 Scenario I fiw/mheory €rror | +0.37 —=0.36 | +0.15 - 0.15 +0.14 -0.14
300 b 17515 1o 17013 PworTheory error | +0.36 —0.36 | +0.14 —0.12 |  +0.12 —0.12
-1 | 1+0.16  1+0.15 +0.10 | Significance 4.7 - 9.6
3000 b 1—0_14 1_0_1 5 1—0_{)9 ~ Scenario II fw/Theory €rT0r | +0.23 —0.22 - +0.13 -0.13
‘ fwosTheory €tror | +0.21 —0.21 - +0.11 - 0.11

« Large stat - diff measurements, EFT ?

e 1T expectations on the signal strength precision are 8(5)% with current (/2) theory uncertainties
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Rare channels

« Rare decays are the ones benefitting the most from the large HL-LHC dataset

e Zy sensitive to potential new particles in loop

 ~20-30% precision on signal strength (~40) expected by CMS/ATLAS

(Currently limits are at ~10x the SM prediction) §1O1°EA{T'LASI Simulation Preliminary 3

N _ _ o o[ 's=14Tev ATL-PHYS-PUB-2013-014]

e pp sensitive to the 2" generation couplings S "V E [Ldt-3000f0"  [H e m=125GeV
» = —Z > up =

e 7-80 and Ay/p~20% expected, ttH(uy) observable S .l ltviv . :

L 3 = WW- pvuy E

« H-e+e-, H- cc decays and bbH productions observable ? i ]

— — — — — — — —
o O o o o o o o
\S] w > [$,] » ~ [e] ©

> L BN BN B B LI B L I BN BLRLG
Q —
O4oooof——=———_‘\|_l_h‘-‘-‘_k‘ E
935000 — — .
5 B N CMS Preliminary Combination
5130000 {s=14TeV —Background "3 _ 4 4 A e e e e e e e L
= |Ldt=3000 " — SM Signal 1 8 e = 1
25000~ _I. _____ B-only fit =" [ s=8TeVL=19.6fb
20000 — -
= ATLAS Simulation E 8l -
150005— Preliminary HosZy, Zosplee 3 | o | oy | -
10000 = 80 100 190 140 160 180 200
5000E oW Py low A0 categery 3 3 5000
= = 0.06 — 3 ATLAS Simulation Preli
- ATL PHYS PUB 2014 006 i G 4000- m,, [GeV]
fo) == _ ) El
= 3 © S 3000} L= 3000 15"
> = 3 c 2 | | j t = 3000
¢ 200 =3 e (o] 'g 2000
= 100F 3 =0.04 — 3 1000f|
LI'_ = 7. 1 = E T _? hdllh ,;.'
o “FEITTTH 14 - s TR
@ 100} E 5| 1 0-1000F-
= = © £ ]
200 E _E ‘69 0.02 1 g-QOOOg « S+B toy Monte Carloé
> 600 ' ' I ~=3000: — S4B model ]
9 400 = T = -4000 — B-only model -
= E T _ E B h } T T PR
L 200E _I_ _I_ ; ob L v v by 5000 110 120 130 140 150 160
% 2025 ---------------------- ~|_‘|- | | | | -I_ = 120 130 140 150 m,, [GeV]
T RN~ I T N I - S c | N PR 1 S - P ! m, [GeVICZ]

my, [GeV]
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CMS Projection

T T T T
Expected uncertainties on —— 300" at /s =14 TeV Scenario 1
Higgs boson signal strength F— 300fb"at s =14 TeV Scenario 2

Scenario 2: TH unc. Scaled by 1/2, exp by VL
H—yy : {
H—Ww : :
H—»2Z : :
H— bb : |
H—tt i
| | | 1 | I 1 I | | | | | 1 |
0.00 0.05 0.10 0.15
expected uncertainty
I I I ] I I I | I L I I I 1 I 1 l I I
Expected uncertainties on F— 3000 at 5= 14 Tev Scenario 1
Higgs boson signal strength F— 3000 %7 at V5= 14 TeV No Theory Unc.
-3 t
H— WW } :
H— ZZ } i
H— bb } |
Ho1tt !
1 1 1 1 | 1 | 1 1 1 | 1 1 | | | 1 |
0.00 0.05 0.10 0.15

ATLAS Simulation Preliminary
Vs =14 TeV: [Ldi=300 fb' ; [Ldt=3000 fb

(comb.)
(0j)

(1))
(VBF-like)
(WH-like)
(ZH-like)
(ttH-like)

H—yy

H—ZZ (comb.)
(VH-like)
(ttH-like)

(VBF-like)

(ggF-like)

H—WW (comb.)
(0))

(1))

(VBF-like)

H—Ly (incl.)

(comb.)
(WH-like)
(ZH-like)

H— bb

H—tt (VBF-like)

H—pupy  (comb.)
(incl.)
(ttH-like)

[ —

0.2 0.4

Dty

expected uncertainty Dashed band = adding current theo. unc.
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Combination

e Inputs from ATLAS and CMS concerning the individual channels are very similar although
technigques to obtain those prospects are quite different

« As for run-I data, those channels prospects can be combined to obtain precision on couplings
measurements

* One very simple model consists in fitting scale factors for fermions on one hand and
bosons on the other hand:

HigProjectionEsg2012TWiki ATL-PHYS-PUB-2014-016
CMS Projection 300 fb" at s =14 TeV

5 1 _1 5 B | 1 1 | 1 T | Mu_ j T T T T ‘ T T T T | T T T | T T T T | :
N 1.25F 300 fb!, w/theory —— 3000 fb”, w/theory
110 1.2 - 300 b, w/o theory ------ 3000 fb™, w/o theory —
g 14 52_ +  Standard Model _z
1051 115 E
1.00 :_ 1.05; —i
: 1 -
0951 0.95 E
5 0.9F T S
0.90 = ATLAS Simulation Preliminary]
- 0.85 s =14TeV —
- :[ | ‘ I 1 | | | I 1 1 1 1 | | :
. . | . . . . | . . . . | .

0.85 5 ) T 0.9 0.95 1 1.05 1.1

Cv Ky

 Comparable to today's Run-I plot shown earlier
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HigProjectionEsg2012TWiki

Which preC|S|on do we need to go’? 57 X (

Couplings fit

K-framework to scale couplings or their ratios to get rid of total width assumptions

T | ! 1 T 1 l T
Expected uncertainties on
Higgs boson couplings

— 20001 at Vs =14 TeV Scenario 1

— 3000 at Vs =14 TeV No Theory Unc.

CMS

Assumption =
no BSM particle

—

CMS Projection

I | 1 T T 1 |
Expected uncertainties on

Higgs boson couplings ratios

K fx T 1

ng

K, /%5 ! 1

Ky /! Kz —

IS T 1

Ky Kz

b

Ko/ Xz ; i

Kz/Kg ; i

I T 1 T I |
[—— 3000 " at Vs =14 TeV Scenario 1

— 3000 at Vs =14 TeV Scenario 2

K/ Kg i

L | |
0.00 0.05

1 I | | | 1
0.10 0.15

expected uncertainty
In the future, use of EFT for more general model fits

V)2 ATLAS Simulation Preliminary

Vs =14 TeV: [Ldi=300 o™’ ; fLdt=3000 fb

O 0.05 0.1 0.15 0.2 0.25

ATLAS combined results do not
include yet the new information M A(K )
for Zy, VH(yy), ttH(yy) and VH(bb)
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Missing partial decay width ?

* Using Z-tagging, direct search for invisible branching fraction in ZH events can be carried out

ATLAS

BR(H —inv.) limits at 95% (90%) CL | 300 fb~! 3000 fb~!
Realistic scenario 23% (19%) | 8.0% (6.7%)
Conservative scenario 32% (27%) | 16% (13%)

« Through the coupling fit, CMS expects to constrain the BR(inv) to better than 11%

« Limits on the invisible branching fraction can be interpreted as bounds on the strength of the
interaction between the dark matter (WIMP) and the Higgs boson

> 107§| T T T T T T T T T T T I T T T T T T T T T T T T ‘_{E' 10_39:7[1' T 1‘_.1 1:IITI[ T T T T .l T |'|[|1|7_|
& = ATLAS Simulation 1s=14 TeV, [ L dt = 3000 be =) — ATLAS Simulation ]
= 10° ePreliminary — g o= 1 o041l Preliminary _
E 105;ZH+e+e'/u+u' invisible e zz _; 1043 ................. ]
5 = S wz S sl R S S =
= 4l B Top quark 3 1045 T lTEegeT ]
= . , e 10°% = N
B 0 I L Signal (BR(inv)=0.2) 3 [ B
10° — asl Vs =14 TeV, [Ldt=3000fo"
S = 10 . h—yy, h—ZZ*—4l, h>WW*iviv, ]|
102 ;_ ] 105 . h—2Zy, h—1t, h—bb, h—»pup B
? :_ — 8&2&3%55&/(%;3% CL) ATLAS (95% CL) in _:
i 1053 | 1 GbMs (95(.% CL) ) Higgs portal model: |
10 i | B CoGeNT (90% CL weee Scalar WIMP ]
= 55 XENON10 (90% CL) — Majorana WIMP
- 10 — ——— XENON100 (90% CL) =222 Vector WIMP —
1 E . | [ e Eﬂg(e(rgsDofMg L()QO% CL) ]

D | e 2 AR T e .

200 300 400 500 600 10-57 [T I‘: 1 [ B | |q|‘|0 1 | I I T |1|c|)2 | [ B T | :‘83
miISss

B [GeV m, [GeV]

ATL-PHYS-PUB-2013-013 arXiv:hep-ph0605188 arXiv:1109.4398

arXiv:1112.3299 arXiv:1203.2064
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Events/Bin

Events/Bin

T : > T - T 5 T T T T T g
ATLAS Preliminary, Simulation Iﬂ =
107 !

I Ldt=3000fb" g5

10°¢ \s =14 TeV 71700 GeV 3

10°F 3

10°F E
10° E
102_E

70 100 200 300 400 1000
m,, [GeV]

ATLAS Preliminary, Simulation 7/,

-1
.[Ldt=3000 fb Iti

\;S =14 TeV ? 700 GeV
Zrsm

b-veto

200

300 400

70 100
my,, [GeV]
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1000

limits

high tan (3 region complementary to A - Zh
for MSSM constraints

High mass resolution at high dimuon mass
Search for two production modes

e gluon fusion

* b associated production

tanp

A J. Ldt = 3000 fb”

> J. Ldt = 300 fo”

0—pp, 5o discovery potential
MSSM m, with u = 200 GeV

11 | 1 111 | 1111 ‘ L1 11 | 1111
600 700 800 900 1000
m, [GeV]
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FCNC top to Higas

. . ¥
« FCNC processes are forbidden at tree level in the SM i
. . . . . Y
* t- cH observation in ttbar events would certainly be a sign of new physics g W
Typical BRs of EW | Process SM QS 2HDM-III FC-2HDM MSSM ‘\
FCNC-top decays:
DS T Sy [37-106 75.107° — — 2.107°
t—uZ | 8-10717 1.1-10™% — — 2-1076
t—uH | 2-1007  41-107° 55-107° — 1073
t—>cy | 46-100% 75.107° ~107° ~ 107 2-107°
t - cZ 1-10°4 1.1-10 ~ 1077 ~ 10710 2.1076
t—>cH | 3-100% 41-107° 15.-1023 ~107 1073
« Event selection relies on diphoton Higgs decay for its clear signature
> 25001 1 T o o iy 15
8 - ATLAS Simulation i} tt— cH(yy)bW(had) s © - _[L dt=3ab", Vs = 14 TeV ATLAS Preliminary
O B i i : — Expected, tight jet p_ cuts
“(;J-— 2000 Preliminary Full simulation, 8 TeV o R . =.. Expected, tight jet p: cuts, conservative bkg
= -1 S bt Truth level 8 TeV | N, Expected, loose jet p_ cuts
g - Truth level 14 TeV . 10_1 : ' .......... ... Expected, loose jet p: cuts, conservative bkg
® 1500(~ - E N
1000/ - T e N
N Z 102
5001 — 5
Oi...l..wl.. I N BN I RPN i ifvioriurs .i 1021 [ NI ....."'c
0 50 100 150 200 250 300 350 400 450 500 1 1.5 2 2.5 3

4
diphoton-jet mass [GeV] Br(t — cH) (x10°)
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Self-coupling & di-Higgs production

* The Higgs mechanism and the shape of its potential rely on the self-coupling term of the

Lagrangian 02 0)3 04 4
V(HY) = 2)\@2% + 6)\@% + 6)\%) - ""4)‘
2y — ,,2[4[2 N ! !
V(‘(fﬁl ) H |¢| + Al‘b' : _ m2 (HU)2 A (H0)3 T (Hﬂ)cl B ,04/\
- H 2 3H 3| AH Al A -

« Origin of matter relies in baryon/anti-baryon asymmetry

» Electroweak baryogenesis: generate baryon asymmetry with particle mass
generation at EW scale, under some conditions on the way the EWSB happens

 Inflation of the Universe usually modeled using a scalar field (inflaton) : could this
be related to the Higgs boson ?

« All this may happen in some extended Higgs sector in which the trilinear coupling

2

miy . -

Aapr = Is modified Model NN
Mixed-in Singlet —18%
Composite Higgs tens of %
Minimal Supersymmetry —2%% —15%?
NMSSM —25%
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DiI-Higqgs boson production

Di-Higgs boson production dominated by box diagram 0.5 .
= O
Negative interference with self-coupling diagrams ol .
r 1 from HPAIR
8 1 ’,"' 8 P H
H e — 0.3}
Yy m------- -'_‘ 1 At ﬁ._
1 s ° 0.2
8 ~E5' > H

Low cross-section 0.1l

Currently large theoretical uncertainties for the o
signal IR

-1 0 1 2 3 4 5
SM
Ahhh/)‘hhh

2

HH production at pp colliders at NLO in QCD
M=125 GeV, MSTW2008 NLO pdf (68%cl)

Many channels are now being explored in order
to assess the potential for the di-Higgs boson
observation and the sensitivity to the
self-coupling at the HL-LHC

 The simplest (ggF with decays into b pairs)
might not be the most powerful

MadGraph5 aMC@NLO

Difficult (new!) analyses to develop

8 1314 25 33 50 75 100
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Self-coupling measurements ?

« ATLAS and CMS have documented some prospects for the di-Higgs production

measurements % 22 ATLASSimulation Preliminary | 3 osf. ATLAS Simulation Preliminary
(05 205 _ Vs=14 TeV, 3000 fo f} - _ Vs=14 TeV, 3000 fo
 Here the example of the -so 5 18 =ZHCDHen  ZHben o5 b ZHeBHGY - Dby
far- “golden” channel : bbyy & 14 =Z®PHev - =mbbw g L =ZEDHGy)  mbbyy
12[ = 15¢ !
« Very complicated analyses o ER
6 E "
 Often large background ak 5f
2k LR E B
- Higgs Its own background 8 700 150 200 250 ©0 100 150 200  25(

- Large contributions from top Myg [GeEV] m,, [GeV]

and/or fakes processes

— Currently no good prediction
for the continua (bbyy, bbjj,...)

« Working in busy environment
(high pile-up for hadrons colliders)
where triggering will be an issue too

« So far, barely able to see with 3000 fb™
the total HH production

—
(411

-
o
IIII|II|I|IIII|I|I

ATLAS Simulation Preliminary
s = 14 TeV: 3000 fb'

---- Exp. 95% CLs

Projected limit on the total HH yield (events)
N

5 N

[ ]*x2c
. Meas-urlng_premsely the trlllngar oE L L - L L L L
coupling will be very challenging ! Mk,
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Other machines ?

 Which machine ?

* You've seen the gap between leptons colliders (LEP) and hadrons colliders
(Tevatron/LHC)

« But also the gap between Vs~2 TeV and Vs~8 TeV (this made the difference for the
discovery!)

« Choice depends on what we find in the near future... cannot answer today...

- Do we want precision or statistics ?
* Leptonic vs hadronic
« Size matters ! Costs (avL) and geopolitics too...
« If precision, for which energies ? ttbar threshold ?

- Have we found something else we want to study? Do we want to focus only on
the Higgs ?
« VBF production in lepton colliders too - limited stat for width
measurement, but other couplings measurements would improve
- Certainly the Higgs self-coupling measurement should be a big part of the
physics programme !
« Difficult at both hadrons and leptons colliders !

* In any case, facing a completely new object -elementary scalar boson- that we need to
dissect
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Conclusion

« Searched for the Standard Model Higgs boson

* Found something looking pretty much like it

« Entered a Higgs precision measurements phase
* Run-Il will its “age d'or”
« Also, great potential for direct evidence of new physics in

 (Not so?) rare decays

 2DHM models-like signatures
« FCNC

* Need to continue in parallel working on

Sﬁ(& « Establishing the potential for di-Higgs bosons
< measurements and sensitivity to the self-coupling

“Two Higgs bosons S _ _
get into an elevator... * Consolidating the detector designs and running

conditions in order to achieve those goals

« Writing the developments of this story
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Matiere additionnelle
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CMS Simula

CMS Simulation 2013 Vs =14 TeV  L=3000 fb~"

tan(g)

MSSM-like

—95% CL exclusion
— 3¢ Significance
[ Allowed (couplings)

—=Zh
my = 300 GeV
-0.15 -0.10 —-0.05 0.00

CMS Simulation 2013 s =14 TeV  L=3000fb~"

CMS Simulation 2013 s =14 TeV  L=3000 fb~"

2HDM expected sensitivit

tion 2013 s =14TeV L=3000fb"

H

Typell
—ZZ
my = 300 GeV

. =300 GeV

—095% CL exclusion
— 3¢ Significance
[ Allowed (couplings)

-0.15 -0.10 -0.05 0.00

my = 500 GeV

= 05% CL exclusion
— 3¢ Significance
W Allowed (couplings) |

tan(s)

—0.15 —0.10 —0.05 0.00

A - Zh - 212b
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—0.05

—05% CL exclusion

— 5o Significance
W Allowed (couplings) |

. =500 GeV

cos(ff—a)
H - ZZ -4l
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Conclusion

L'année 2012 a éte tres fructueuse en matiere de recherche de Higgs !
Et ce n'est qu'un déebut !

La zone d'exclusion a éte largement étendue, spécialement a basse masse, mais
surtout, une nouvelle particule a été observée

L'ensemble des canaux est maintenant mis a profit afin d'étudier ses propriétés
(rapports d'embranchement, mass, spin) et vérifier son adéquation avec le boson de
Higgs prédit par le Modele Standard

Nous rentrons maintenant dans une phase de mesures de précision dans le secteur
du Higgs !

e . =" 10"

> [OMSEBIETS == - Meta=stability. -
O R -::---'-_::::-'__:'- L m 5 - : 3
8 175 p_——— N ’
:H "-'II -"'ri;"-- = \.‘1 -I':I - 4
7 '.}%33 |-

2 V=T S e ]
E—u i ™ - g - o s i :-'_}5‘-_:__-#/ ]
Fouopr L __
4 ' R .- ]
£ | {i-..._-'-'-'-.-:-"'""-""'" Stability .

115 120 125 130 135

hep-ph/1205.6497

Higgs mass M, in GeV
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Effet de I'empilement

« Grande occupation du détecteur

« Stratégie d'ATLAS en matiére de déclenchement : privilégier les signatures inclusives a un lepton isolé
(généralistes)
——» Taux de déclenchement toujours plus haut
——» besoin d'ajuster régulierement les seuils de déclenchement

Single electron | ] ‘
L raised to 22 GeV 2 2000F I_+_I T E
: . = = = ]
s'ngle’ ATLAS Trigger Operafion 2011 Add hadronic ) 1800 e + Heatta, sp2=15.1 fn
electron energy cut 2 -+ 3
20 GeV |00 £ 1600 4 ~4- Data, <p>=204
Minimum Bias £ 1400 = 3
< = ++ ]
¥ Electrons/photons 1200 e ATLAS Preliminary
= ets/taus/missing ET 1000 " 5 3 =
9 g -~ =
g 800+ o s & =
T Muons/B-physics 600 ;_ @ = _;
7)) (15,16 | E -+ e
E::]] E15,16; gpri me/ l August \ October 400 a - 8 =
1.7) (29,20 : : i 200~ -+ e oy =
(N @929 |Fgingle || 3 station Combined v i C . <
) >ge | " H(em@e0) |- Tightenll | S BITRIR, o OW. < COROT
muon muon barrel || () (1520 muon roads 0 50 100 150 200
18 GeV || coincidence || (r.1) (29,20) Number of Tracks
« Dépendance des efficacités de sélection
B'E' 105 :I T ‘ L | T 1T | LI ‘ L | ‘ | | T |: ; 6: ‘ T T T T ‘ 7
g 100 ATLAS Preliminary JLL dt=47f" = (3 5i e 2011 Data(Z— e‘e’),j Ldt=3fh"
c C . C ]
Q2 * 2 8 8 4 Y _— 3 C a Simulation (shifted by 800 MeV) 7
é 95E ) Q & § g E B 4j . —
@ 9054 & 4 3 S B 2 . Largegap ¥ 8BCIDgap ]
5 855 beag, 2 e, 3 5 3= . ATLAS Preliminary 3
8 B * 4 A 5 5 s . - =
% BOFY B m g o = @ c i N ~ -
o = Bep e g 3 1= t t. . =
2 75k ™ g = E o % ° ]
c C - .
ﬁ 65F= MC Loose++ & MC Medium++ 0 MC Tight++ — 1= N . 3
Ce Data LPose++ 4 Pata Mediurn++ m Data T|9ht++§ - 3
60 T P R L1 [ [ S N N R R A | _2 | 1 | 1 1 | L
2 4 6 8 10 12 14 16 18 20 100 200 300
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Bunch crossing ID
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Limites d'exclusion (1

« Une fonction de vraisemblance permet de calculer la significance du signal ainsi
gue les limites sur la productlon du boson de Higgs et de produwe des figures

E L —— L L 1L L — — — —
Synth Etl q U eS te | |€S 'Om [ 5,-"(58 Higgs production cross section we exclude, divided by :
= - M the expected Higgs cross section in the Standard Model .
2 B = “Observed" (example data) 7]
o ™ - Higgs excluded at 95% CL below this line T
==
= - Expected without Higgs
£ 10t =
- = Expected region at 68% Confidence Level =
il B 2
QO Expected region at 95% Confidence Level
Yo) - IXCe 58
()]
4-!\ .
1E e E
A d
—Excluded — Excﬂuded
1 0‘1 L 1 L 1 I 1 1 I 1 | 1 1 1 1 1 1 I 1 1 Il I I
200 300 400 500 600

mass of Higgs [GeV]

» Cette fonction est basée sur le produit des probabilités Poisonniennes du nombre
d'événements dans la région de signal et les régions de controle (WW 0 et 1-jet et
top 1-jet) et ce, pour chaque canal de désintegration (e-e, y-u, e-J) et nombre de
jets dans ['état final (O ou 1 jet)

« Les normalisations des sections efficaces de production du fond WW et du top
peuvent varier indépendamment dans les régions de contréle ; les autres
composantes sont normalisées en utilisant des parametres de nuisance de forme
gaussienne qui incluent les incertitutes systématiques.
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Limites d'exclusion (3

A likelihood function is constructed that contains a signal region and two control regions for three
lepton channels and two jet bins:

Lip.6) = l_[ l_[ me.f.on{Nl’R[psU +rrwwblﬁ]’:': R L Z be i)

P Tep
{=ee ppe.en f=1.1

Ww WWiWww v [ Fer gy
Poisson(N, " |us; + B}V bl +518¢ 5W+Zb{ﬁ)

(3)
annn(N"”’lys R Zb“")

F e

]_[ Gaussian(6)0, 1)
a

Here, p is the normalized signal strength, the ratio of the cross-section over the SM Higgs boson
cross-section, # represents the full suite of nuisance parameters which are constrained by a Gaus-
sian probability density function (PDF), N represents the number of observed events in each jet
and lepton channel region, s represents the expected number of signal events and b the expected
number of background events given a particular set of values for the nuisance parameters. The
expected number of events in each channel is multiplied by a log-normal response term for each
systematic uncertainty that applies to the channel, ie., s¢; is the product of the luminosity, cross-
section, acceptance, and the product of log-normal functions of each of the systematic uncertainties
for the decay channel £ and jet multiplicity j.

Additional b parameters are introduced without a constraint to normalize the expected number

of events in the signal region using the control region. A set of extrapolation factors « (and f3),

obtained from MC simulation, describe the theoretical knowledge on the ratio of the number of

expected events in the signal (or main control) region to the control region.

L, 6,) * [t and @ refer to the global maximum of the likelihood and #, corresponds to the conditional max-
imum likelihood of # given u and the data. The constraint ) < i < u is applied: the lower bound
L. 6) since the signal is positive and the upper bound to guarantee a one-sided limit.

Profile likelihood : 4. =-2In

ol s

Pu = Plgu = ¢, | signal+background) = L My | 1, 8.7 )qy, py = P(g, = q°** | background-only) = (g 10,8%)dg,, CLs(u) = Pu
i

q} 'I-:l.l X

For CLs= @ the Confidence Level is defined as (1 — @). The observed limit at 95% Confidence
Level is set by an iterative procedure on p.
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