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perspectives

Roberto Salerno
LLR - INP23/CNRS



The quest for the Higgs boson
NoHning else in He horizon

4% of \Mﬂ 2012: H-iggs-o\@PMo\u\w Ao\g

Birth of "a H‘iggs boson”

The Higgs boson profile
Handles on deviadions
Searches in Hhe scalar sector: BSM H-iggs

Next on the road
RUN2, end of Phased, HL-LHC



The quest for the Higgs boson
NoHning else in He horizon

4% of \Mﬂ 2012: Higgs-o\wu\o\u\w o\o\g

Birth of "a H‘iggs boson”




4 Roberto Salerno (LLR) - LPNHE seminar - Paris - 09/07/2015



LHC ...

...inscribed in Boulevards des Maréchaux

o1 5T e —— e
\ [N | Q9 Salerno _mmm o o
Clichy oI I Cimetiére Parisien r [
. D178IS ] de Pantin-Bobigny cr
2 { - = 4 2 -~ = Yem;,
N —— . ?'e{\Vhe"que = = = oI5 ndes yig, on?
g e = 0\\\@&‘ © 020 TN
> o)
i - b Vi o
Levallois-Perret Aue Org, A=t Pantiy L
8 rdene, = D358IS :
023 i D16 Pareide la Villette D40 Noisy-le-Sec
& o7 H ARR 18TH ARR. =
Rue Rigye
0908 @ - Quet @
g & & 2 o onze), 216
0913 ® & = N =] s
,op o Sacré-Coeur 3 2 3 D358IS Romainville (117
Puteaux LIE} 2 2 & 0 92
£ “Y e A 9% x ]
% ey & \erdv
o % ¢ lchy, 19TH ARR. ) Feslliilas pode
2 = i,
o A g % % e 0t D36BIS [Nao2 |
s 7 %, % 9TH ARR puans
4 o s 9, oy : 10TH ARR P 041
5 . X [ NG &
& 5 o S 2 ” s © 2
E_\x. T Le Jardin d’Acclimatation o oy ® ) ¢ e %{} & Rue de e .EH
& Arc de Trigibhe 1 Musée Jacquemart-André  que'® ©, 8 bl
$ X 2y % 2 | N302 |
o ~ 8TH ARR % % o z 4 bra
; o > % 2 % o Bagnolet
<& R 2 D368IS
MU \?’\\ q\‘\dp D38
[ N185 | y ; S w Re 5 2 4 ¢
(i e {/G;;/‘/Of :) 3RD ARR. 4% (:%; % 1 La Cantine Russe - Montreml
‘ F 3 Qual ' 4 o bb X s
Bois de Boulogne Musée du Louvre &= 7 9 5 . 4 20 ARR Rl
ypodrome Musée Marmottan Monet £ = Consulat Giilléral diltalie ¢ £ Musée National Picasso .
ngchamp = & ‘{,'-l P - Place des Vosges BITRQAE: e [ N302 | 037
AuTEUIL S SR 5 Qris 4 @ g D20E
' g & T2 7TH ARR iy % s L
s 3 ) : 4TH ARR. P Q EADG: 044
> Se,; L X £ D39
< e 2 2 D: Fon
& -] Rue Diderot
. . S 6TH ARR. S
= - & & VINGTS | it Vincennes . (0143
g 5n®  AVEM u® Bd DICE 2
2l Yteyil & 4 ® 0120
D103 & Le Jardin du el o % %
v P Y < o .
D102 a \":) 7 NECKEF Luxembourg - 5 /71,,%// QS Saint-Mandée J Chéteau de Vincennes e
D102 S h S a 7
_ a8 1 Laterrasse L Ber | | D158 D120
- 6 cy Arena = \
Boulogne-Billancourt Bdgy s o @ @
Ory. > L
L "-Roy= > 0% 2
z D50 D2 3, Oyal g \\\S\ %(, A\ S »‘:‘\ %, .
3 = $ Bd Arago e Ak %
A @ & Les Catacombes de Paris 4. \\‘\(\rﬁ"\ 23 A [ N4A |
Z D50 " 0 ) Boisde 7%
Ay C D38 3,
4 JATH'ARR. "2, 13TH ARR. Vincennes %,
o1 [ ANCH ) AR 12TH ARR.
D50 "('1 '\UN\Q’
5 . Rue d€
o 076 Z2 Rue de Tolbiac I
0699 D6
Hippodrome' 0
= 2 Jul-6 Jul D154 DBA
Vanves oeip) [OSIE 2arc MontSouris 4 (o) Paris-Vincennes =~ Joi
D406 oil
o7 o72A| [o7 D130 D150 D19 i E +
a8 L/ e 050 0224 B charenton-le-Pont % Gravelie !
P Malakoff : D154A - €50 —
e o Montrouge ~ D50 e OiseA D19A v Foch 02 148
D19
] D63A 061 ~ A Gentill . I — e a
Meudon 556 Des Goggle™™? . Ivry-sur-Seine PO §H UEE 2|0
D262 IR I
IS 062 P127] |e'Kremlin-Bicétre Map data ©2015 Google Terms  Privacy  maps.google.com  Report a problem  1KMb— 1

Roberto Salerno (LLR) - LPNHE seminar - Paris - 09/07/2015



The CMS detector
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The CMS detecto

Y 3.8T Superconducting |
genl) Solenoid
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The Rise and Fall of SM Higgs boson®

Production cross section at 8 TeV Process | Cross Se(c“on ()pb)
. ag 19.5 (£14%
>20K Higgs/fb o 16 (23%)
WH 0.70 (+4%)
ZH 0.39 (+5%)
ttH 0.13 (+17%)
Decay branching ratio
Process Branching ratio g 1 ;_ b S ww — Eé
H — bb 577 x 107! % - '
H - cc 2.91x 102 e B ‘ _§
H-TT 6.32 x 102 oJE 107 = - E
H - pp 2.20 x 10 o m -
H - gg 8.57 x 102 g | ]
H— vy 2.28 x 1073 n il
H - Zy 1.54x 103 10 = ]
H - Ww 2.15x 10" - 2, -
H— 77 2.64 x 102 > .
M [GeV] 4.07 x107 10° =500 040 180180 200
h12s My [GeV]

* Credit D. Bowie
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The exclusion 5 fbl at 7 TeV

2 \\\\(\ll TT T LD A0 e Ay B | T T sk LT T e~ A s ..., { 1 T T T T 1 T T T T T T T T T T E
OU) 10 - CMS, \s =7 TeV —=— Observed N g [ ! ! ! l I E
> - L=4.6-4.81fb S Expected (68%) | 4 '@ | jto
o) DO R sy g Expected (95%) N = 10 -
CC) S \ LEP excluded S Q ™ :2
[ — R Tevatron excluded © E bl '*..V <0
= ] CMS excluded 8102F W, -
= — : :
- 130
('3 1 10°F P E
o~ N - s =
o) \ : E i
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107 ¢ B E
NN\ . ‘l= . 40
NN 5 Combined observed 1
N\ 10 S A T Expected for SM Higgs |3
N - C ,\(§=7TeV —_— ZZ 4y E
TN ‘j [ l l NN | 464817 | — pbareeww 1
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100 200 300 400 500 600 1 115 120 125 130 135 140 145

Higgs boson mass (GeV)
114.4-127 GeV

Allowed mu range
for the SM Higgs boson

3.10 max significance in
non-excluded region ~125 GeV

ATLAS and CMS experiments present Higgs

CERN press office
search status

13 Dec 2011

A\

. a definitive statement on the existence or non-existence of the
Higgs will require more data, and is not likely until later in 2012..."

e S — SetmmmpestEEESTTTT

Higgs boson mass (GeV)
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5 fbl at 7 TeV

The “Higgs-dependence” day

5 fbl at 8 TeV
Observation of a new boson The white paper
CMS Vs=7TeV,L=5.1f" {s=8TeV,L=5.3fb"
q) 1 T T T T ] T T T T ] T T T T J T T T 1 T T T T ] T T T T ] T T T T ]
=) N~—~7—— ~_ \ 1o
g = 20
ill — M _|30
S 1ot \\// * |
-4 l\. — >
3 10 ; ............. — ;40- .‘2
10°® - B \_/ _ :
- ‘\‘ ] 50 ) ‘.§'
10‘8 —| = Combined obs. \‘\. — tz‘
| [moreBxeforSMH O el 60 & 0T
T | = H—yy ]
10| | H—=2Z . |
107 ¢ : :—>WW \“ n : ATLAS
10-12 ; T \|-|\_) \bb\ I I 1 I I I I } I I I I } I I \“?‘ } I I I I } I I I ; 70 hf‘f : “ w ; '!"AJ':“ -
110 115 120 125 130 135 140 145 §
m,, (GeV) |

Local significance of excess 50 [y 7 . iy~
Signal strength o/0sm =0.80 + 0.20 \ | | m,(GoV
mp = 125.3 £ 0.4(stat.) £ 0.5(syst.) N o { A

> 4500 citations...
...and counting
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Birth of “a Higgs Boson”

5 fbl at 7 TeV
20 fb! at 8 TeV

CERN Courier May 2013

LHC discovery

Birth of a Higgs boson

Results from ATLAS and CMS now provide
enough evidence to identify the new particle
of 2012 as ‘a Higgs boson’.

In the history of particle physics, July 2012 will feature promi-
nently as the date when the ATLAS and CMS collaborations
announced that they had discovered a new particle with a mass
near 125 GeV in studies of proton—proton collisions at the LHC.
The discovery followed just over a year of dedicated searches for
the Higgs boson, the particle linked to the Brout-Englert-Higgs

mochan

ObservedCL, (07(g9) (2;,(39) |2;,(qa) |1°(qq) [1*(aq)
compared with | pseudo- | minimal | minimal |exotic | exotic
=0+ scalar | couplings |couplings | vector |pseudo-vector

Lo |ATLAS [22% [68% [168% [6.0% [02%
VS [016% [15%  [<01% |<01% |<01%
ATLAS |- 51% 1% |- |-

(")

WWO oS = e .

yy |ATLAS |- 0.7% 12.4% - -

Table 1. Summary of preliminary results of the hypothesis tests
compared with the Standard Model hypothesis of no spin, positive
parity (J°=0"). All alternatives are disfavoured using the CL ratio

The Nobel Prize in Physics
2013

Photo: A. Mahmoud

Peter W. Higgs

Photo: A. Mahmoud

Francois Englert

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"”

B e Baaeae e
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5 fbl at 7 TeV
20 fb! at 8 TeV

In the SM the Higgs sector is determined by a single parameter muy

Mass: a massive problem

Once my is fixed the Higgs couplings are determined
(given the known particle masses OR within the precision of known particle masses)

L L I L AL BN AL A IO L L BN I
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy —] 126.02 = 0.51 ( £ 0.43 £ 0.27) GeV
CMS H—yy ——— 124.70 = 0.34 ( + 0.31+ 0.15) GeV
ATLAS H—Z2Z —4l I * | 124.51+ 0.52 ( £ 0.52 = 0.04) GeV
CMS H—ZZ —4i ——— 125.59 + 0.45 ( + 0.42 + 0.17) GeV
| aTLAsscmsyy _—_— 12507 5029 (= 025014) GeV
ATLAS+CMS 4l : :_E : 125.15 = 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l -——m 125.09 = 0.24 ( = 0.21 = 0.11) GeV
T T 7 T T ST TR

0.2% precision, stat. uncertainty dominates overall, my; [GeV]

syst.uncertainty has big energy scale contribution (can be improved)
Among the most precise parameters of the EWK fit
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The Higgs boson profile
Handles on deniations
Searches in Hhe scalar sector: BSW H-iggs

Xavier Cortada | art@CMS



The big picture

Productions R
ggH | VBF | VH | ttH | | Senficamce | owm
;>’. H—oZZ v v v 6.5 (6.3) O 1-2%
Y H—->WW v v v v 4.7 (5.4) 0 15%
al Hoyy v | v | v | v 5.6 (5.3) G 1-2%
HoTT v v v v 3.8(39) O 10-20%
H—bb v (74 (74 20(2.6)0 10%
H—Zy 4 <0.1(04)0 1-2%
H—pup v v
L H=invisible v v

14 Roberto Salerno (LLR) - LPNHE seminar - Paris - 09/07/2015



CharaCterlSlng the nggs boson PRL 114 (2015) 191803

Properties of the Higgs boson can be inferred correlating the event rates
measured in all the channels

Measured Predicted Ectimated
‘l' vV Vv v v l’
N = Mcatxzp,d[(a-A);Z : of,M-BRgM-L] + Bkg“
“Signal strength” £(datalyu;6,)
inferred via a statistical model g(u) = —In .
L(datali; 0)

Simplest model: one overall signal strength

(1=1.007513/£0.09(stat)*%% (theo) +0.07 (syst)]
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Grouplng Channels . PRL 114 (2015) 191803

...by decay mode ...by production mechanism
19.7 67 (8 TeV) + 5.1 b (7 TeV) 19.7 67 (8 TeV) + 5.1 b (7 TeV)
Combined CMS m, =125 GeV Combined CMS m, =125 GeV
=1.00+0.14
u pSM=0'96 u=1.00=+0.14 pSM=0.24
H— yy tagged .
u=112=0.24 Untagged -mt
u=0.87+0.16
H — ZZ tagged .
w=1.00 = 0.29
VBF tagged
—l—
H—- WW tagged u=115+0.27
w=0.83= 0.21 =
VH tagged
—
H — <t tagged - u=0.83=+0.35
u=0.91+0.28
H — bb tagged ttH tagged
W= 0.84930.44 — & W=2.75+099 -
P S N IR & [ I N T N T RTINS T NN T S S T N T T
0 0.5 1 15 2 0 1 2 3 4
Best fit o/oy,, Best fit o/oy,,
| KEEP AN EYE ON YOU!!!
Signal strength for ttH tagged channels ~20 higher than SM prediction
Mostly driven by excess in same-sign di-lepton channel S~
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From signal strengths to coupling modifiers

Simplest parametrization of Higgs-couplings deviations from SM values

Assumptions

The signals observed in the different channels originate from a single
narrow resonance

Zero-width approximation for the state

The tensor structure of the couplings is assumed to be the same as in the
SM prediction (pure CP-even state)

ki’ks?
ku?

tested scaling factors

(o x BR)(iiPH— ff) = osm(ii—H) x BRsm (H— ff) x

Scaling coupling thorough loop defined either:

as function of scale factors for the fields in the loop (resolved at NLO accuracy)
as additional free parameter

Parametrise J's in terms of k's

17
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. mOdels, mOdels, mOdelS . PRL 114 (2015) 191803

Custodial Symmetry

Fermion and vector boson couplings
Asymmetries in couplings to fermions
Search for BSM Physics in Loops and Decays
BSM in loops: gluons and photons.

Extra width: BRgsm

Generic search for deviations

19.7 b7 (8 TeV) + 5.1 b (7 TeV) 19.7 b (8 TeV) + 5.1 fb' (7 TeV)
CMS % 68% CL CMS & 68% CL
+0.14 : == 05% CL . m= Q5% CL
Mz = 0-9205'4 T S ¢ = 096?821?, _..._
K =101, .
: _ +0.28 | X
K, =0.87'01% - Kp = 06495 =
G e — » :
Pou = 0-99 046 B k=082 !
0.23 ! '
Mg = 10805 —— = 16070 R
+0.11 ) '
Kg = 089- 0.10 el _ +0.15 .
K. = 1 14+0.12 : Kg —_— 075_ 0.13 *:
Yy oo -0.13 1 . '
BRggy < 0. 14gm— i | | k, =0.9877 | —-I—— | |
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Parameter value Parameter value
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Oﬁ' Shell Wldth me asurement PLB 736 (2014) 64

10 E T T 1 T T T T T 1
% 4|—1epton prloduction, CMS Ic1:1ts, Vs=8 ITeV
The idea 0 G - b o dloptons 3
C gg - 4leptons(cont) 7
o . . 107°% gg - 4leptons(total) —
Off-shell production sizeable at high mass - -
About 7.6% of total cross-section,but canbe 2 “ E E
enhanced by experimental cuts 5 107 E
© 10~° —é
107 1
On-shell / Off-shell productions comparison T | \
. o 107711 1 1 L1
constraints the width S
2 2 2 2 CMS 19.7 " (8 TeV) + 5.1 fb" (7 TeV)
off-shell 8geHSHZZ yon-shell 8geHSHZZ 2 10— #observes ;
* Y x M Feemeee 41 expected
gg_>H —ZZ (21’}12)2 gg_>H_>ZZ erH C<\]l — 212\/?-41[”1_SheII observed
' [ 2i2v +4]_ . expected
8i on-shell

L Combined ZZ observed
Lrrmanns Combined ZZ expected

I'<22(33) MeV ¢

H—>2ZZ
r = 1.8+77_18 Mev 4;7777 _ g 95%CL _ |
2
CAVEAT: assuming same off-shell/on-shell couplings, *“‘Mﬁ_ﬁ:;—**%%of‘
i.e.no BSM particles in the off-shell loop 0 20 30 40 50 60
I'y (MeV)
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Spin/Parity i

Kinematics of the production and decay are sensitive to spin-parity

For example in H—ZZ—4{to characterize the kinematics of the

2—4 process are used in a kinematical discriminant
* 5 non-trivial angles

production angles (0* ¢)
helicity angles, independent of production (61 02 ¢1)
e the invariant masses of the two-fermion final states (m', m2))

Anomalous CP couplings on Spin-0

9 2
g\ .
AH = VV) ~ ( — el ’(' : ).’,2) myetes + asfil),
i\ )7

e

frOY g filD) fr@

SE WY =777 7))
- cIERUNEREL 4 &
o kil
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BSM Higgs searches

The properties of Higgs boson at the current level of precision appear to be in
accord with the SM... but ...

= the detailed structure of the Higgs sector is still unclear
> the SM cannot be a final theory

Beyond the SM (2HDM, MSSM/NMSSM) might hold the answer

>Exotic Higgs decays
Search for lepton flavour violating decays of Higgs boson
Search for exotic decays of a Higgs boson into undetectable particles and photons

> ow mass Higgs
Search for pair production of new light bosons decaying into muons

>High mass Higgs
Search for pseudoscalar A boson decaying into a Z boson and H125 boson
Search for scalar boson decaying into a VV bosons

>|nvisible Higgs decays
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- - C arXiv:1502.07400
Lepton Flavour Violating: H—urt Sibmitea o P
Lepton Flavour Violating (LFV) decays are not allowed in SM Yoo
exception can occur in case it is a theory valid only to a finite mass scale Yuu
LFV decays can occur in 2-Higgs Doublet Models (2HDM), and others... Yrr
e 020t oS SN ml?‘?f‘?': AL 1 CMS 19.7 o™ (8 TeV)
0.87 10880, - _g
ut, 1 Jet B . | z
0.81 #2859, i | 10_1
e, 2 Jets .
L‘L 0“ i = 102 P
ut, 1 Jet B . |
ut, 2 Jets i . i 10-3 e .
1o L@ theoretical
Hope e - 19 naturalness limit
084037/01111l11111 111111111 llllllllllllllllllll 104 Il lllHH:‘f\ I
15-1-050 05 1 15 2 25 10 10° 107 10" 1
Best fit to B(H—ut), % Y T|
w
Interpreted as a signal: Yukawa Couplings Yy and Yxy
B(H = pT) =(0.89%940_437)% 97% C.L.: VIYurl +[Yrul? <36 x 107
| KEEP AN EYE ON YOU!!!
—_
Slight excess of signal events with a significance of 2.50 is observed in 8 TeV data
I
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Undetectable particles and photons decays :eacws

In certain low-scale SUSY models, the Higgs bosons are allowed to decay
into a gravitino and a neutralino or a pair of neutralinos

Mmy1> my/2
CMS 19.4 b (8 TeV)
For H—=y+MET final state using trigger o‘% T ' ' ]
from CMS "data parking” program < 0.6 oo s 1o ZHeggH |
CMS C 7417 8TV - i Expected = 20 H— ’;Z? G—->yGG m, =my2
BT T T R e o - - Medianexpected ZH 1 5°%° 4 &y G, <m /2 T
o 10 B Jet — vy 3 | -~ Median expected ggH 1 % |
o107 Electron — y <
g Zy 5 A . m
~10° AN 0.4 i
'E105 -W—>u('c)v&yy-§ B :s i
10 -.=- ggH (125,120) ; S
10° - -
10°
10
1
107 ; 3
%21 | | 1 | | | | | | | | | | | |§I | | | | | | | | | |
o oHﬂﬁm-.—wﬂmw-iﬁﬁﬁﬁ.im 0O 20 40 60 80 100 120
‘g _21 I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ ‘ 1 1 | 1 I \T\T\ ; ~0 T
825" " 00 1m0 o000 250 300 my1=mu/2 = 62.5 GeVi X1 Mass [GeV_

E7™ [GeV] C e
’ Upper limit in the range of 7 to 13%
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Low mass Higgs Submined 1o i3

Search of light Higgs boson h—4u model independent search motivated
by several models beyond SM

Benchmark 1 Benchmark 2
NMSSM h,—2a1—4u Dark SUSY h—=2n1—=2np+2yp—4p
Minimal extension of the MSSM adding a scalar able to explain the positron excess in cosmic
singlet to 2HDM rays observed by PAMELA, Fermi
3 20.7 fb' (8 TeV) D 20.7 o' (8 TeV)
NMSSM 95% CL upper I|m|t|s | | | - i 10 ]
a M e ma—3 55 GeV 7] .3 AMI sasar
= o e[ -e m,=2Gev ' . (i E
P _ozseev cms - ‘:10 _
o - ! M ] [T A% 1
T 2'_Re_fe reon(ﬁﬁfhogila) o.oosxoSME N GE) 10" i CMS (95% CL)_
s T Bla»2y) = 7.7% ! . S AN ]
cgeq B ] 81 0-5 uvo
g_ 1.5 ] CCD .
- ] =10 , :
T F . 2 GHARM e - 59
< - - S . e e “10%
+ F ] 2107 & CATLAS (90% cL) o
o : i )
‘g’ 0.5 o E 1078 SN PP—h—nn,—YpYpNpNp
[ m, <m, =125 GeV 125 GeV = mh < mh_ B(h_’YDYD"'X) = 0 1 — ()%
Rl il I Lo by . ol L/ ‘
05000 110 i20 130 140 150 1044 05 10 15 2.0
mass of h. [GeV] mass of y, [GeV]

hi>—2a1,2 can have a significant BR
ai2—2p for 2my < ma1 < 2my
BR(a1—2u)=7.7% for 2ma1=2 GeV
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Nnp escapes to detection
BR(Yp = 2M) > 45%




High mass Higgs: A = Zh — llbb Simiteea 1 pLB

Searches for a heavy Higgs decaying into lighter Higgs in the MSSM

A —>Zh—eebb (€=e,u) L=19.7f" (8 TeV)

In addition to the SM Higgs scalar doublet, a second

(2]
E [ e Data Highmass CMS 3
. . . . . o B SM Hi ]
one is added to these models, giving rise to five 3 OE et E
. . . . o — I Z+b ]
physical states, the model is described in terms of free & 7% mm 7.5 .
=) :_ t, f 7 /;;// _:
parameters tanf and cos(B-x) g 00 mmw - -
= [ MC statesyst 0 , =
: o 50F=== m,=400Gev |#f 1] —
: + C === m,= 500 GeV -
Type i Typell LAY | $2= 500 GeV =
. . e . . Z = =
______________ Ko | _sina/sinB : sino/sin 30E- =
______________ Ko ...J.sino/sin | cosa/cosB 20 , TREE
Ks sina/sinB | cosa/cosP = ) e
_________________________________________________________________________________________________ 10F P
Kv cos(B-o) cos(B-o) ot ;...‘L--ld:\“\\\—"-“‘“‘“:——-«“»———- e
_ ; 200 250 300 350 400 450 500 550 600 650 700
A — Zh —€¢bb L=19.7fb" (8 TeV)
E gg L L L LB LI L LI B I B L B L L N LB B |: meEbb [GeV]
'g ig S | : 95% CL limits : A—Zh—£€8bb L=19.7fo" (8 TeV
> ' ' Observed Q@ [T o]
QT) 30 E E ----- Expected 7 § - CMS 1
< 20 . [ Expectedt 10 | ]
N \ Expected * 20
<T : 10 E
@ 10— . g 1
C o limi g,
: | Exclusion limit for - Excuded region
- Type-l and Type-ll o Eebected 20
2+ 1 1 . o |
: : models projected in Type-ll 2HDM ,/
1 1 - -1 [ R R R B Ll 7
Low ' Intermediate ! High mass region (tanB’ COS(B 0()) 10 -1 -0.5 0 0.5 1
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High mass Higgs: VV resonances Slhmited 0 M

. CMS 19.3fb"' (8 TeV)
Combined WW— &y, vqq'; ZZ -0, (v, 3 S B RN
()
O 40 H—-WW-— +J ¢ Observed
e+y, 2-jet )
1 1 8 35 meMrged-jet category -W+Jets
103 CMS upto 5.1 fb” (7 TeV) +up to 19.7 fb™' (8 TeV) > B wwwzizz
2 g I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 E 30 -ﬂ
DU) F — Combined === Combined (exp. = 20) L%J , [ singie top
\b , - = H —->WW — 202y —H - WW — {vqq - [ ] Uncertainty
c 10°F—Hozz-202v —H—-2Z >4¢
@) - g e L | ggF H(800) x 5
— [ —— H —2Z — 2(2¢
é i — - VBF H(800) x 5
H — 2Z — 2(2q
= 10 3
—l E ‘ O _________
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P T (G
\O 1 = —
I?D 3 N _ o F CMS 5.1f"'(7Tev)+19.7" (8 TeV)
o _ S - 825_ H—>2Z >2(2(’ ¢ Observed
10_1 :-VA)V‘ ‘ = = c:l: O ® I:IZY*, ZZ _:
= I B z+x ]
E |_|>J15: DmH=350GeVZ
10—2 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 :
200 400 600 800 1000 of E
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Assuming SM couplings and decays: ° _
95% C.L.exclusion in the 145 GeV <mu < 1TeV range A it M |

Also interpreted as bounds on EW singlet parameters 200 300 400 500 - :/?00
m,, |Gé
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InVlSlble decays EPJC 75 (2015) 212

A search for invisible decays of Higgs bosons is performed using the vector
boson fusion and associated ZH production modes

miss
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Next on the road
RUN2, end of Phaset, HL-LHC



LHC and HL-LHC plans

Runi

Run2

5 /2016 2017 (2018

LS1 LS2

High
Luminosity
LHC

Run3

LS3

{ Machine: ! Machine: 1 Machine:
: Splice : i Injector 1 HL-LHC :
: consolidation : upgrade 14TeV ! installation
: : 13TeV : P9 # é_V4Te\, Energy
: : : 1
8TeV : : :
7Tey ™ EXP.: : Exp.: : Exp: )
— : Beam pipe : Upgrade . ' Upgrade .rl,x "?m"?:" i
: : : PhaseT : 2xn?m||?all Phase2 uminosity jnstan.
: nominal : luminosity luminosity
: luminosity —I
75% nominal : : p 1
Iuminosity§ / '
~ : : : :
- - - 1 H
-1: : 13 -1 : -1 integrated
25fb-"; 100fb-1; 300fb": . 3000fb1 oo
: : 1 :
Today End of RUN2 HL-LHC
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Before RUNZ2 start

Incorporating knowledge/experience/developments/ -

neutral |

optimization from Higgs analyses into default reconstruction e
(Global Event Description)

Improved Monte Carlo simulation charged

NLO+PS QCD description for all Higgs production modes
merged NLO+PS QCD accuracy for additional jets

New calorimeter local reconstruction to mitigate out-of-time pileup with

25ns bunch spacing
CMS simulation, Vs=13 TeV PU=20/BX, 25 ns CMS simulation, Vs=13 TeV PU=20/BX, 25 ns
= S 8
& 12 , &
5 [ Observedsignal * = 7~ e Observed signal .
© L — Total pulse 15} - — Total pulse i
w 11— — In-time pulse @ - — In-time pulse
- Out-of-time pulses °F" = Out-of-time pulses —
0.8— C
B S
N - .
0.6— ’ 4
0.4 e I|{
C o |
02— - —
N 1= S
0 r I I | I
T [N AR A Ll | | O|||||,,|,,,,: ,,,,, | E— M ] T‘TITH—H—H-
4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time sample Time sample

30 Roberto Salerno (LLR) - LPNHE seminar - Paris - 09/07/2015



Higgs boson physics at Run2 100fb!

Rediscover the Higgs boson at 13 TeV
First 13 TeV fiducial/differential cross-section measurements
Observe the Higgs boson more exclusive production and decay modes

Follow the few excess of signal events (LFV, ttH, ...) observed in Run1 data

VAR RV

Look for additional Higgs-like particles or partners at high masses

Extension to the Higgs Effective Field Theory
Major change of paradigm
— Analyses not designed only for signal but also for pseudo-observables
— Our understanding of backgrounds will change too
— Including LEP data?
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Higgs boson physics at HL-LHC 3000fb?

SM Higgs
Possibility to measure all the production modes

High precision coupling measurements
Rare decays
Higgs boson pair production

BSM Higgs
Extended scalar sector (direct/indirect searches)
heavy Higgs, charged Higgs, composite Higgs, MSSM
Couplings to Dark Matter

32 Roberto Salerno (LLR) - LPNHE seminar - Paris - 09/07/2015



The main challenge

— — - . — — .
g : <

An event display showing reconstructed tracks and vertices (>100) of a simulated S
top-pair event with additional 140 interactions overlaid for the Phase-Il detector -

Necessary conditions:

— maintain event reconstruction performances
— trigger in a high luminosity environment
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D The CMS Phase2 Upgrade

Trigger / HLT /DAQ Muons
Track information at L1 trigger Replace DT & CSC FE+BE electronics
L1-trigger — 12.5 us latency / 750 kHz output Complete RPC coverage in 1.5<n<2.4

HLT output 7.5 kHz (new GEM/RPC technology)

Muon-tagging in 2.4<n<3

New Calorim;
Radiation toler:

5D capability
Coverage up to

Barrel ECAL
Replace FE electroni

New Tracker

Rad. tolerant — low material

High granularity — 40MHz selective
readout (Pt > 2 GeV) for L1 trig.

Extend coverage ton = 3.8

CMS Technical Design Report, LHCC 2015-010
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1000 —— :
F ratios of LHC parton luminosities: !
[ 14 TeV /8 TeV ;
o 100 —99_ [ 0147ev/ OgTev 0147ev [PD]
Ik L / ® gg—H 2.6(Mx=Mp) 49.5
z ® qg—qqH | 2.6(high Mx) 4.2
£ ® qq—VH [ 2.1(Mx=Mv+My) | 1.5/1
S 1} @ gg—ttH | 47(Mx=2M+My)l 0.6
e MSTW2008NLO
Yo oo ~ 1000 10000
M, (GeV)

Higgs boson candidates for 3000 fb' at 14 TeV:

ggF VBF WH ZH

ttH total

148M 13M 4.6M 2.9M 1.8M 170M

— have access to rare(r) Higgs boson production and decay modes

260K tH candidates, 140K HH candidates
BRH — UM - 0.021 % BRH —»Zy= 0.1 5% (BRH —>Zy—>||y= 0.01 %)
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High precision coupling measurements  cmvuicczson

Expected uncertainties on Higgs boson couplings

CMS Projection

| | | | | | | | | I | | I | | | | | I |

bressesens I 300/fb Vs =14 TeV Scenario 1

——13000/fb Vs = 14 TeV Scenario 1

—— 3000/fb Vs = 14 TeV Scenario 2 Model X I% X,

ode t
Ky ' poeeesed Mixed-in Singlet 6% 6% 6%
Ky } oeeneq Composite Higgs 8% tens of % tens of %
. . Minimal Supersymmetry < 1% 3%  10%”, 100%°
Kz =t arXiv:1206.3560
Kg : : .......... .| | — ——
Kb : : ...................... .|
Ky : R L I Maximum deviation in (plausible) BSM
Kq : - | scenarios for which there are not another
L T R S SR EWSB states accessible at LHC
0.00 0.05 0.10 0.15

expected uncertainty

Scenario 1 : uncertainties as in Run1

Scenario 2 : theoretical uncertainties/2
experiment systematic/sqrt(<)

36 Roberto Salerno (LLR) - LPNHE seminar - Paris - 09/07/2015



Rare decay - H—}uu CERN-LHCC-2015-010

Main channel to measure Yukawa coupling to 2"d generation fermions
BRH -y =0.021% : ~100 events produced during RUN1 w.r.t. 34k events at HL-LHC

— utw 1 14 TeV
<~ 1000 H. S 7 197 f? (8 TeV) -0.15 ©
: 1 =2 ¢ CMS Simulation
8 0,1-Jet Tight BB —e— Data CMS ] <
- ~ Phasell, 140 PU
1C_>' 800 Background model — B
B - : B ~ Phasel, 50 PU
c T SM Higgs bosonx 20 0.1—
G>> 600 —] » ~ Phase | aged, 140 PU
| = . -
400 |- ] B
- - 0.05—
200 | ] -
B | _'_-'I"'I\._' T T ] _ 1 1 ] 1 | 1 1 1 | 1 1 L
0 : 020 122 124 126 128 130
_ 3 m,, [GeV]
L . 1 o
S0 Moving from Phasel aged to Phasell detector
8 1
3 | | | | better mass resolution (40%)
110 120 130 140 150 160 . . . .
m [GeV] higher presolution efficiency (20%)
nu

due to better spatial measurement of tracker

>70 observation and 5% uncertainty on K, are expected
Test of models with deviations in couplings to 2" generation fermions
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Higgs boson pair production

A process like HH production has not been observed in nature

AHHH

Destructive interference

HH prloductionI at 14 Te?eV LHC allt (N)LO Iin QCD At 1 4 TeV
5555555555555555555 My=125 GeV,EMSTW2008 (N)LO pof (68%c) ] gg—HH =40.7 fb
02 T ! 5 E VBF =6.8fb
' : ttHH =0.7fb
2 AHHH/ AHHHM o>M
5 ] g% _____________________ - 4 __________________________________________ 12 ....................
L T B 22 .
b E_arXiv:1401.7340 pp--2H" 9"/&\\*\ ; g 2145 ------------------------------------ 0142 -----------------
-arXiV:14I08.6542 | | i ‘ | | 1= = S SRRRN SRR S
4 3 2 0o 1 2 | 3 4 20 105
AHHH/AHHHSM | Significant enhancements w.r.t. SM
Only box diagram ; Maximal interference

S;VI between diagrams
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HH : signal kinematics

At LO a 2—2 scattering process is completely determined by two

variables (e.g. “S and T" or “E and scattering angle”)
All SM and BSM effects covered by double-differential measurement of two variables

50.025

0.02

0.015}

o =400 / 450 500 550

— Ki = 0 only box diagram

— Kh=1SM

— K\ = 2.45 maximal interference
— K\ =20 mainly triangle diagram

K\ = AHH/AHHHSM

S N NN NN
PN N S T i v s o

m,, [GeV]

g TOO0 ---h

g o000 ---h

50.016|
m0_014 = — Kix =0 only box diagram
0.012F — Kh=1SM

— K\ = 2.45 maximal interference

0.01

— K\ =20 mainly triangle diagram

KA = AHHH/AHHHSM

0.008

0.006

NN

\

N N

N - N

N N

NN N
NN Ol
NN N
NN NN
| NN NN
. ' NN NN
NN NN
AN e, NN
NN - N NN
Al NN
NN NN N NN
. LA .. NN
T T i I,
I ;I ; ; I Iy
I ;I I mmmmumhw
AAANNMINMINNINNY Al Al

LA TN R IERIUTIR RUTIERIEIE U IIITEIUITR) RO

The triangle diagram that depends on the Higgs trilinear coupling (Aunn) is always
suppressed at higher invariant masses — its contribution affects the process mostly at

threshold.
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HH : where is sensitivity located?

Measuring this small cross section in an inclusive search is very challenging at
HL-LHC: compromise between branching ratio and cleanliness of the signal

channel
(l=e+p)

BR [7)] Most promising channels

. Tau reconstruction tough

. Largest bkg tt

S bbTT

bbWW — bbjjlv

bbWW — bblv v
bbZZ — bbllll
bbZZ — bbjjll
bbZZ — bbjjig
ZZ 71T — Tt
22711 = lljjTT
LLTT — 7799 7TT
YYTT

WW rr

mT2 / BDT

. O
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

0.014 . Signal small
0.29 : Bkg.large and difficult to asses
1.5 . Simple reconstruction -

. Q
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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CERN-LHCC-2015-010

Vs=14 TeV, PU=140
Rate: 300 events for 3000/fb o e — e=is ey, =140
c m CMS Slmulatlon —e— Toy data .
®  e0f —— Combined fit —
LLl SR T | HH->bbyy .
S 50k Resonantbkg
Di-photon mass distribution for the s 3 S Non-resonant bkg -
. X O 40 .
estimated signal and background £ 1 1{ \‘ -
contributions.The data points show the Z 30 L [leT BT WL + E
result of a pseudo-experiment. 20E + + + -
10f— + #
slgnal HH _’bbYY /Q-__I-I-I 1 | 1111 | 1111 | 111 | 111 | 1 I.:.I I‘I’I”I’I”l’l‘:‘l‘:‘l‘l”l’l”l’l”l’l’:’::
100 105 110 115 120 125 130 135 140 145 150
M, [GeV/c?]
Impact on the analysis from improvements on the detector

100 e NSS4 TEV, PU=140 100 e e ASS14 TEV, PU=140

> goiCMS Phase Il Simulation E 5 90F- CMS Phase Il Simulation E

£ = Preliminary E 2 E Preliminary E

3 80F E 3 80F E

3 70F E 5 701 \\ E

5 50F \\\ = 5 50F \’\\ =

%: 40F = £ 40F =

3 30 E 3 30 . E

@ 20F E 2 200 Nominal result -

S 10 Nominal result 3 5 1oF £

000 i0 20 30 40 0 A0 o 10 20 30

Relative Improvement In Photon Efficiency [%] Relative Improvement In B-Tagging Efficiency [%]
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CERN-LHCC-2015-010

Rate: 9000 events for 3000/fb

Challenging analysis, overwhelming ttbar background

The most sensitive final states: T, T, and T,,T,,
mT2 mass/BDT for signal extraction method

. T, Ty final state s=14 TeV, PU=140 . T, Ty final state s=14 TeV. PU=14
N S T = _sg SR T T =
S - CMS Simulation = - CMS Simulation 3
Lﬁ " Preliminary i Lﬁ 10° .;— Preliminary —;.
10% = 10* ;— _;
B ] 10° ;E i
ooy ] =
Bl o E 10° &
i 10 &
1E
= 1 L -
0 100 200 300 400 500 600 -0.3 -0.2 -0.1 0 0.1 0.2
my, [Gev/c?] BDT

Uncertainty on the cross section: ~115%
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Vector Boson Scattering

Y

Assess VBS sensitivity using same-sign WW and WZ

EWK scattering cross-section
non-unitarized scenarios simulated as the absence of Higgs
anomalous couplings in the EFT approach

.

14 TeV, 3000 b, PU = 140

S [ CMS Phase I Delphes Simulation
SM scenario @ 10001 I taketepon [ Waewe
No-Higgs scenario : extreme case when S [ ww, B wrongCharge
the Higgs boson does not play any rolein W goo- - L Wi )
. o . - EWK
the unitarization of VBS. I ’ / '
. o I WW Lok (noH‘zﬁ) — WW_« (noH _-H ;)
Difference :analysis sensitivity to models 600~
where the Higgs boson performs a partial -
unitarization of VBS. 4001
200
A between the two final state charged leptons .
for the same-sign WW scattering, after the VBS Oy os

selections ' ' Ad
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Conclusions

ATLAS and CMS have established the existence of a Higgs boson

Higgs mass measured with and 0.2% precision

The Higgs boson profile
Overall /05 =1.00 £ 0.14

No significant deviation from SM is observed but there are few channels to keep an
eye on

Reach program of searches for deviation(s) from SM or for extra states in the scalar
sector

A glimpse of the rich Higgs physics programme that will be performed
at HL-LHC has been presented

It will be strongly motivated by the discovery in the scalar sector at Runl of LHC
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Additional matenal



LHC delivered integrate luminosity

25
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BSM Higgs : direct search 2HDM

Potential to exclude or discover heavy

(scalar/pseudo-scalar) neutral Higgs
bosons in the context of 2HDM

Free parameters: mn, My, Ma, Mus, M12, tgf, &

Type | Type Il
______________ Ko |..sinoa/sinB : sino/sinB
______________ Ka | sino/sinB . cosa/cosP
o Koo ]sino/sin i cosa/cosP
Kv cos(B-x) cos(B-a)

CMS Simulation 2013
100F

50r

-0.6 -04 -0.2

H-ZZ
my = 500 GeV

Vs =14 TeV L=3000b""

—095% CL exclusion
— 5¢ Significance
[ Allowed (couplings)

0.0 0.2 0.4 0.6

cos(f—a)

> T | T T T | T T T | T T T | T T T |. T .I. T | T T T | T
8 107 % CMS Simulation 2013 [ B, Bj, Bjj-vbf, BB, BBB=
5 108 Vs=14TeV L=3000 fb" = :: 1B, 1, ub -
N 05k H—Z2Z— 4l — H—ZZ (m_ =300 GeV) ]
I E L H— ZZ (m_ =500 GeV) :
c otbp, 000 H— ZZ (m_ = 800 GeV)_
> - i
W 10’ =
102 =

10
1
10"

200

CMS Simulation

400 600 800 1000 1200 1400

m(Z2) [GeV]

2013 +s=14TeV L=3000fb"

100F
50

—0.10 -0

05 0.00 0.05 0.10

cos(f—a)
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Motivation for SUSY has never been stronger, discovery of the Higgs
gives new urgency to find “natural” explanation for gauge hierarchy

HL-LHC will investigate the SUSY spectrum of new particles

to be discovered at LHC
AND ( OR

> HL-LHC will allow to firmly establish an evidence of SUSY

particle observed at LHC
AND (OR

> HL-LHC will slightly expands discovery reach of LHC
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Expand SUSY discovery reach

Electroweak searches benefit from large integrated luminosity

106 L L L e

S V5 = 14TeV 102

10 Followed prescriptions in 1206.2892 [hep-ph] —_— pp— &% 101t

104 pp— 44 1010

. . — 10° \\ o pp%[:fim 10°
Cross section for production pp— y*)° ' 102 N — B
ranges from 1pb to 1fb, going from masses —§ {07
of 300 to 1100 GeV 2 1 g
% -H10° B
© >
The full HL-LHC dataset is needed for high < o =

e e e +10°

mass sensitivity \\ e

T

N PR NI B R B IR by
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14 TeV, 300/3000 fb™', PU = 50/140

— 71 ' T ' 1 _ ' ' T T ‘' ' T T T
i CMS Phase I/ll Delphes Simulation

— Summary of CMS SUSY Projections with SMS —| @ L ) i
| | & | 50 Discovery Reach |
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77— W2 I - 1000 fb Phase II 1
172 174 [ |:| 95% CL limits: 8 TeV — 600 — 3000 fb Phase Il ‘ N
—] | ~x-0 0,0 i
7~ wety, [ i L TLoWEH f
B 400 —
~~ ~0_0 ] B 1
ot I : :
] 200— —
~~ ~0_0 - .
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P N R E S S 0 L T AN L L oW T
500 1000 1500 2000 2500 200 400 600 800 G \1/300
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Investigating SUSY spectrum

Exploring SUSY model space

Analysis Luminosity Model
(b1 NM1 | NM2 | NM3 | STC | STOC
8 all-hadronic (Ht-H7"*°) search 300
8 3000
v all-hadronic (Mr,) search 300
o 3000
% all-hadronic b; search 300
c 3000
%n 1-lepton t; search 300
- 3000
b= monojet t; search 300
) 3000
g my+ - kinematic edge 300
8_ 3000
X multilepton + b-tag search 300
e 3000
= multilepton search 300 € i,
§ 3000 SUSY EWK
% ewkino WH search 300 .. sea rches
" 3000 €t
< 30

Different types of SUSY models lead to different patterns of discoveries in different final
states after different amounts of data.

HL-LHC measurements can be crucial to illuminate a Run 3 discovery, and thus answer
fundamental questions about gauge hierarchy or dark matter.
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