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‘ Much more to Higgs physics than the LHC I
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Explosion of the Higgs Physics landscape!

. Since the discovery of the Higgs boson, an entire new field has emerged.

Precision measurements

Mass and width

Quantum numbers (spin, CP)
Coupling properties
Differential cross sections
Off-shell couplings and width
Interferometry

Is the SM minimal?

. 2HDM searches
. MSSM, NMSSM searches
. Doubly-charged Higgs bosons

0

Rare / BSM decays

HOSuw

HO>Zy

HO-> J/wy, Y(ns)y
LFV HO->ur, et, eu
H°>aa

...and more!

FCNC t>H% decays
Di-Higgs production
Trilinear coupling

.. etc

Tool for discovery
. Portal to DM (invisible Higgs)
. Portal to hidden sectors

. Portal to BSM physics with H°
in the final state (VHO?, HOH?)




Overview of main Higgs analyses

Production modes
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‘ Overview of main Higgs analyses I

Production modes

ggF VBF VH ttH
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Decay mod

A different kind of discovery channel...




CATLAS
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Requires exquisite background understanding!




‘ H>WW = lvlv I

High-sensitivity channel for 130<m_,<200 GeV.
Clean dilepton plus E;™ss signature but low S/B.
Main backgrounds: Z+jets, WW, W+jet/y, top.
=» normalization in data control regions.

No direct reconstruction of Higgs mass possible
(neutrinos) =» use transverse mass variable.

Exploit spin correlation between W bosons:
spin 0 =» small angular separation between leptons

cMS 49" (7 TeV)+19.4 fb' (8 TeV)

.E B I I I | I I I I | I 1 I I | T i I I i
f --®- data B wz+zz+vvv m,=125GeV
g 2000 | — H->ww top eu 0/1-jet —
o ' wy” W DY+jets 1
> - WHjets WwW :
= R 4
B 1500 .
= R 4
D i 1
2 - ]
~1000 .
m _
+ -
n | \ 4
~~ - .
B 500 ﬁ—ﬂm
0 L I L I | L i

arXiv:1312.1129

150 200
m;, [GeV]

50 100

Events/ 10 GeV

Events / 10 GeV

800

600

400

200

150

100

50

% 1 3 E Al A )l L3 L | I G T
I I [ I

ATLAS H—>WW?#*.
\s=8TeV, 20.3fb™
\s=7TeV, 4.5fb"
(@) n;<1, ep+ee/pp
¢ Obs+stat
Bkg*syst

M Higgs il

B ww
0 Misid
8 vv
0 Top
B DY

IIIIIIIIIIIIIIIIII

(b) Background-subtracted
¢ Obs - Bkg
— Bkg*syst
M Higgs

IIII]IIIIIIIIIlIII

II|I|IIII|IIII|III

_IlllllllllllIlIlIIllIIIIl

B0 =100 = 150 200 750
m- [GeV]

arXiv:1412.2641



‘ Overview of main Higgs analyses I

Production modes

Decay modes

& Invisible

ggF VBF VH ttH
Channel , ’ ‘ . 0 e
categories mm} - & E ) T
g TOO00 7 W, 9 0000 ————
TT v v v v
bb v v v
Zy v v
uu v v
v (monojet) \/ \/

The rest of the channels are crucial to establish the nature of the particle




Precision measurements



‘ Higgs boson mass I

. Measurement of the Higgs boson mass
performed in the two channels with the best
mass resolution: H>yy and H>ZZ >4l

using final Run 1 calibrations.

. Signal yield left free to avoid bia
measurement.
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Compatibility of the four
measurements ~10%.

Measurement still dominated
by the statistical uncertainty.

Main systematic uncertainty
related to photon and lepton
energy scales.
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‘ Higgs boson width I

FH(SM)=4.2 MeV (~3 orders of magnitude smaller than I’y ,!)

A precise and model-independent determination at the LHC through rate measurements
is not possible, since what is measured is o x BR. [Much better prospects at an e*e-
collider.]

Existing direct bounds are quite weak:

« TI>3.6x10° MeV (from lifetime in H>ZZ(")>4l)

«  Ty<1.7 GeV (from width of invariant mass distribution in H>ZZ()->4l)
Other possibilities:

. Coupling measurements (with some assumptions)
. Constraints from invisible (and exotic) decays
. Interferometry in yy: interference with background shifts mass by ~30 MeV.
=> Use p; dependence of shift: exp limit T;<200 MeV (3 ab™).
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‘ Main quantum numbers: JCP I

Goal: verify scalar and CP-even nature (J°P=0*) of the new boson.
. Spin is a property of the particle. Possibilities:
J=0 and J=2 allowed
J=1 forbidden by Landau-Yang theorem (since H->yy is observed)

. CP is a property of the interaction =» here will discuss about CP tests in the
HVYV interaction

Many options to probe JCP from angular (or threshold behavior) distributions:
. From the associated production modes (VH, VBF or gg>H+jets)

. From the production angle cos6* distribution

. From the decay angles and the spin correlation when applicable

Basic idea:
. Measure compatibility with the 0* hypothesis.

. Try to exclude alternative hypotheses (in favor of the 0* hypothesis) simulated
using an effective Lagrangian including higher order couplings.
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‘ Main quantum numbers: JCP I

. Use H>vyy, ZZ" and WW'™ analyses re-optimized for JCP tests.
Different kinematic distributions used.

H->vy:
mostly sensitive to spin.
Uses p+(yy) and photon

decay angle in yy rest frame.

H->ZZ*-A4l:
mostly sensitive to parity.
Uses the distribution of 5

production and decay angles
combined in a BDT or Matrix
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‘ Main quantum numbers: JCP I

. Alternative spin hypotheses are disfavored by >3c
combining H>yy, H>ZZ", and H>WW" analyses.

. Tensor structure of the HVV interaction has been
tested using H=>ZZ and H>WW" analyses, including
CP-odd contributions.

ANLL
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Additional constraints on
CP-odd contributions have
been obtained using the
VBF, H->tt process.

14



Higgs couplings to fermions: H>t*t"

H->T1,,4Thaq C@ndidate in VBF channel (my,,c = 131 GeV)




‘ Higgs couplings to fermions: H>t*t" I

The most sensitive of the fermionic decay modes.

Events categorized depending on the tau decay modes (leptonic, hadronic) and the
jet multiplicity to enhance the sensitivity to VBF and gluon fusion production of highly-
boosted Higgs bosons.

Main background is Z->tt, modeled from Z->uu data replacing muons by simulated
tau decays (“t embedding”).

arXiv:1501.4943

. CMS, 4.9 fb' at 7 TeV, 19.7 fb' at 8 TeV
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‘ Higgs couplings to fermions: H>bb I

,ATI.AS y

EXPERIMENT

4933336 ZH>vvbb candidate

L 2017 -86-89
ne: 1b:88:285 LES]
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Data

Data

Entries / 0.25

MC(B)

MC(S+B)

Most abundant decay mode: BR(H=>bb)~58%.

‘ Higgs couplings to fermions: H>bb I

Exploit three leptonic W/Z decay modes in VH associated production
=» categorize events by lepton multiplicity (0-lepton, 1-lepton, 2-lepton).

Broad di-b-jet resonance over large background from W+heavy-flavor and tt production.
Multivariate analyses to increase sensitivity.
Use VZ(Z->bb) to validate search strategy.
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‘ Higgs couplings to fermions: ttH I

Associated ttH production allows direct measurement of the top-Higgs Yukawa coupling.

Indirect Direct
9 9 XTOT0) f
2
> _ H s __ H ()'tmoc)\,t
g t. b, NP? 9 R0 .

t

Very rich experimental signature, depending on the decay of the top quarks and the Higgs
boson. Analyses characterized by large number of categories and control regions.

H—(WW,17)

multileptons

Theory systematics Simple background
P B N
High yield Low yield

| Low signal/background Clear peak

t+HF
background
prediction

tt+V, tt+jets
background

Clean bump
hunt
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‘ Higgs couplings to fermions: ttH I

. Associated ttH production allows direct measurement of the top-Higgs Yukawa coupling.

Indirect
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. Very rich experimental signature, depending on the decay of the top quarks and the Higgs
boson. Analyses characterized by large number of categories and control regions.
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‘ Total cross section I

At the LHC only products of cross section times branching ratios are measured.

There is no model-independent way to determine the cross section and the branching
ratio separately.

Combined total cross section (including 7 and 8 TeV measurements) assuming
SM kinematics, SM ratios for production cross sections, and SM branching ratios:

u=olo,, arXiv:1606.02266

Combined p = 1.097015 |= 1.097007 (stat) Too: (expt) Toos (thbed) F0-be (thsig)

ATLAS po= 120501 = 1.205010 (stat) T9:08 (expt) T0:04 (thbgd) 065 (thsig)

CMS o= 0987915 = 0.98708 (stat) o0 (expt) To01 (thbed) T0:65 (thsig)
= Good agreement with the SM prediction (u=1)
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‘ Differential cross sections I

Measurements of differential cross
sections using Run 1 data for quantities
such as p{", |yy|, or jet multiplicity,
unfolded to the particle level.

Using H=>vy, ZZ and even WW'™ decay
channels.

Run 1 measurements still dominated by
the statistical uncertainty.
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‘ Signal strengths by production and decay I

Omeas/Osy P€r production mode BR,.../BRsy Per decay mode
(assuming SM decay) (assuming SM production)
arXiv:1606.02266
ATLAS and CMS 8- ATLAS+CMS ATLAS and CMS -8~ ATLAS+CMS
LHC Run 1 - ATLAS LHC Run 1 = ATLAS
== CMS
- . -+~ CMS
: -_t1c - ,
u —l—— —+20 H —tlo
ggF i Y ——— — 426
_ H i
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) i VBF 5.4 (4.7) _ = H— 7 >5
VBF — : )
i WH 2.4 (2.7) 77 — ——_— H— ZZ > 5
- : ZH 2.3 (2.9 H - H-WW  >5
Vi ————— VH 3.5 (4.2) - i —~ 7 55 (5.0)
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Good agreement with the SM prediction (u=1) 23



‘ Probing Higgs couplings I

Several production and decay mechanisms contribute to signal rates per channel
=>» interpretation is difficult

n, =u ( z wogy, xA“xe ) x ' Br! x ¢

i€{processes}

A better option: measure deviations of couplings from the SM prediction using an effective
Lagrangian (arXiv:1209.0040).

2 2
2
ﬁ:n-g%ﬂ?’m D2 7,74 H + kw mWW+W M
v

99
- 2 + 11—
+ RVvvy (cos Ow Zyw 2" + 2 W, W ‘“’) H

Ga Ga'uVH + HV%AMVA’MVH + K’Z’)IEA,U,I/Z'UIVH

mys — ms — ms —
—\me Y TR Y SEf TR Y LT H
f:u7c7t f:d7s7b f:e)/‘l’77-
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‘ Probing Higgs couplings I

Several production and decay mechanisms contribute to signal rates per channel
=>» interpretation is difficult

2 _ M( z MiG;M XAic Xgic) xufBrf s [€

i€{processes}

MOTIVATION:
Precision Higgs coupling measurements can provide an indirect probe for NP.

SUSY (1. B—5) gnbo _ Ghrr 1 +(1 TeV>2
anp= | Ghsnbb GhgmTT ma

ghsf Ghvv 1 TeV)2

[ ] [ ] . _JIRJJ : 2 1_3W

Comp05|’re Higgs: Ghsmff GhsuVV (E( f

2 2

Top partners: 2 ~ 1+@(1 TCV) 9 :1_@<1 ch>

hsmgg mr Thsryy my

Expected deviations in general small. How well can the LHC do? 25




‘ Probing Higgs couplings I

Basic assumptions:
 there is only one underlying state with m;=125.09 GeV,
* it has negligible width,

» itis a CP-even scalar (only allow for modification of coupling strengths, leaving the
Lorentz structure of the interaction untouched).

Under these assumptions all production cross sections and branching ratios can be
expressed in terms of a few common multiplicative factors to the SM Higgs couplings.

Examples:

2K2
o(gg — H)BR(H — WW) =0, (gg — H)BR,, (H — WW) ~<2v
KH
o(WH)BR(H — bb) = o, (WH)BR,,, (H — bb) KWf
KH
2 K i,SM
where K; ‘

E i,SM
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‘ Parameterizing Higgs production cross sections I

k for m, = 125.5 GeV
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Top Assoc. Prod.
9 OO0 ——>—— b
2

w__>___H C
= Kb

9 OO0 ———— b

B-quark Assoc. Prod. -

t, b

——

H

Gluon fusion process

NNnLO ~O(10%)

x K’ =106k, -0.07k K, +0.01k,

(when assuming no colored BSM in the loop)

q

q

H

Two forward jets and a large rapidity gap

Vector Boson Fusion
NLO TH uncertainty ~O(5%)

7~

H W and Z Associated Production

NNLO TH uncertainty ~O(5%)

o 3.3k, - 5.1k k,, +2.8K" 38
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‘ Parameterizing Higgs branching ratios I

_q:) 1:_|T|||||||IIIII|||||]|'|]\I|II I ||||| ng
- Dominant: bb (57%) *x,/K} E b i
T - WW o
2 S il 09 B
- WW channel (22%) <k /k;, 20Tk
5 -
2 2 . CC -
- Tt channel (6.3%) x K, /Ky 8 7z )
T F -
2,2 - .
- ZZ Channel (3%) OCKZ /KH /
0 2 2 10‘3§ 7y E
- cc channel (3%) XK. /Ky s
Extremely difficult .
0 2 = - | L1l || | | Ve I | L 111 L1l 11 L 111
- The yy channel (0.2%) x K, /Ky 10756131128 128 124135~ 126 127 128 126 130

M, [GeV]

K, «1.6K, —0.7x Kk, +0.1x;

(when assuming no charged BSM in the loop)

- The Zy (0.2%) «K, =1.12k, -0.15k k,, +0.03k;

2 2
x K. /Ky

- The uu channel (0.02%)




‘ Standard Model fit I

. Resolve all loops.

. One coupling parameters per SM particle.

. No beyond-SM decays.
arXiv:1606.02266

ATLAS and CMS -o- ATLAS+CMS
LHC Run 1 - ATLAS

-+ CMS

: — 1o interval
- — D¢ interval

i
+

IINIlIIII|IIIIiIIII|IIII|II

-2 —1 0 1 2 3
Parameter value

Compatibility with the SM: 74%

m m
F v
Key- OF \Kyy

1072 ¢

107°¢

1074 E

arXiv:1606.02266

= ATLAS and CMS
- LHC Run 1

"t
wZ

¢ ATLAS+CMS

------- SM Higgs boson |
—— [M, €] fit ]
[ 168%CL
— 95% CL
11 Lo vl Lo el Lol E
107 1 10 10°

Particle mass [GeV]
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‘ Beyond Standard Model fit I

. Allow deviations in all tree-level couplings.
. Allow independent deviations in loop couplings.

. Allow beyond-Standard-Model decays.
Impose weak constraint k1.
I, :FZM X
arXiv:1606.02266 1
ATLAS and CMS —_—t1G
LHC Run 1 - ATLAS+CMS ~ —ATLAS —+CMS —*20
= - = -+
— = _ i
e - _ =
e e S
L el SO
. H ~20 deviations T :
I\z" ——— 1 ~\\\, l\" _-.__:.\\\\’
| \‘s____*____:_l,—’/ | el . J. I”,
_—.:!';:— __:—*_é——
I ol ] ot
| = e
- KV|S1 1 - B -0 1
BBSM 20 o~ BSM ™
IIIIIIIIIIIIlIIII IIII|IIII|IIII|IIII|IIII II|IIII|IIIIlIIIIIIIIIIIIIIIIIIIlIIIIlIIII
-15 -1 -05 0 0.5 1 15 2 -15 -1 -05 0 0.5 1 15 2

Parameter value
Compatibility with the SM: 11%

KZ ’ KW ;__]_(_y___]_(b ’
K. K}
——, BR(H — xx)=BRg,, (H > xx)x(1—BRy, ) - —=
BRBSM KI:/
. arXiv:1606.02266
- ATLAS and CMS  [x,, sy, . %o %y 5 %, B ]

8- LHC Run 1

7t ;
r = Observed A
6L e SM expected -

BBSM

Obs (exp) limit: BRgg<0.34 (0.39)
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do/dm,, [fb/GeV]

‘ Off-shell Higgs coupling measurement I

arXiv:1503.01060

Measure Higgs signal strength in the far e e e e e A B
off-shell region in H>VV decays (V=W,2). 3 " ATLAS Simulation [S=8Tev -
) g?f—»f]*]—»vv(g) é 5 " gg — ZZ — 2e2p i
Moff-shen(S) = Zgj;*_,vv . Kz.off-shell(ﬁ) ) K%/.oﬁ"—shellm) ‘_%r 10 ? 99— H" > ZZ(9) —%
T oft-shell, sm (3 £ i H o gg—ZZ(B) -
O g iz — = gg— (H'>) 2Z .
. . '8 10_3 =1 J ﬁT_"'-,_ === g (H) 22y =100
Probes NP that affects just the Higgs o h"x e -
couplings and not the continuum M e i
background. 107 ¢
Need to take into account interference -
effects with the gg—>2ZZ background, which 1054
can be significant. -
0-3§10|-3' L I T T 10-6_ ] [ | | | ] L [ 1 | I ] I|1-I
025 ATLAS simulation 5=8TeV | 20Q 400 600 800 1000
-&[ 99— ZZ — 2e2 - ZZ n
: “ t ! m, [GeV]
0'1:__|_—'_|_‘_'—-—.__\__ Far off-shell region
Fo e 1/ 1% g % 7
-0.1- E ! 7
0.2F 1+ ! = - - ¢ ,
S —gg>H > 2Z(8)
_03:— E___i -= gg— (H*>) ZZ (Interference) —| Vv g&gm/ 174 q
047550200 600 800 1000 Interference!
arXiv:1503.01060 M [GeV]



‘ Off-shell Higgs coupling measurement I

% 407 T ‘ T T T ‘ T T T ‘ T 1T 7 ‘ T T T | T T 7T | T 1T T ‘ L ]
5 ATLAS o ] _ _ _
335 e et ] . Since gg—>VV continuum described at LO,
S 30 fa-eTer Jiat=2031" T Opeeriedimit (€9 4 derive u.gqney limit as a function of the
% o5 E unknown k-factor between gg—=>VV and
(@) B ] *
S 20 E gg2>H*2>VV.
& : . Assumin can derive indirect
15F 9 Uon-shell = Yoff-shell
‘0 limit on total Higgs width since:
,E gg—H-VV 2 L2
5; ] Lon-shell = on-shell _ Kg.on-shell KV,on-shell
Col oo o by b by by by 0 d on-she = H VV -
06 08 1 12 14 16 18 2 o L SM Ty/T3M
arXiv:1503.01060 RB = _K(@g—>W) '
H K(gg—H*—>VV)
% j e o T it ot o o o e ) ol P o o P o |: > CMS| : ‘ 19.7 fb-1 (8| TeV)+5.I1 fo! I(7 TeY)
30~ ATLAS /s=8Te afo!
(g : SoaTtaV JLdt =203 b ; (053 - 770> 4/ + ?bsfcgiig“" |
f o5 il H%ZZ()QZIZV % SM (stat @ syst) i o 10— = FH—1O><F M f —2%10%
@ e Total (u, _, I‘:10) : S i |:] f,\o—5><103 " AQ _ |
c C gg+VBF— (H*—) 2Z ] » PR : f =4 5><1 0_4 V(]\)/H -
o i N o2z g = N AQ= ' ?.q
ol i wz 7 S B gg+VV— 4/ total
B _ Z(—ee/up)+ets ] > I~ I:I qq_)4/ bkg T
L Nh..... : | WW/Top/Z—stt ] LLI
1 5 [ : Other backgrounds gl I
C ] 5 N
101 i i T
55 -
400 500 600 700 800 900 1000 e 0 T B0
arXiv:1503.01060 mZZ [GeV] arXiv:1507.06656, 1605.02329 M (GeV)

Obs (exp) limit: I';<23 (33) MeV Obs (exp) limit: I';<13 (26) MeV 39




Run 2: Towards the Higgs
precision physics era
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June 3, 2015: Run 2 starts!

. CMS Experiment at the LHC, CERN
First Stable Beams Data recorded: 2015-Jun-03 08:48:32.279552 GMT

Run / Event / LS: 246908 / 77874559 / 86
EXPERIMENT

proton-proton collisions at 13 TeV




Delivered Luminosity [fb]

‘ Run 2 status/plans I

2015 2016 2017

2018 2019 2020 2021

J|F|M]A[M[J[][A[S[OIN|D}]|F|M|A|M[][][A|S|O|N|D}J |F[M[A[M|][]|A|S|O|N[D]J

M| J|J|A|S|O[N|D] ]| F|M]AIM|I[][A|S|ON|D}J|F[M[A[M[][][A|S|O|N|D|J|F|M[A[M]]]|]|A|S|O|N|D

EVETS %' Bun{3
3fb-! 36fb! Target ~45fb™' x year
—p  — < >

45 ] 13 TeV pp 2015 dataset (at 25 ns):
405 ATLA2§1?:’I)ineE Luminosity £ . Highes_t inst. Iugr;inos_izty_:1 5x1033 cm-2s-"
s = Lo, = v
s i el o
255_ _ 13 TeV pp 2016 dataset:
205_ We are here E «  Record inst luminosity of ~1.4x103* cm?s1.
3 3% - Record daily delivered luminosity of ~0.6 fb™.
1% E i « ~36 fb' recorded

5= 3

o — |xlo‘ o - " 13 TeV pp 2017 dataset:

Month in Year

Outstanding performance!

. Collisions restarted on May 23, 2017.
. Inst. luminosity already at ~1.6x103* cm-2s-1,
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‘ Run 2 status/plans I

2015 2017

2018 2019

J[F|M]A[M[][][A[S|OIN|D]]|F|M|A|M[][][A|S|O|N|D}J |F[M[A[M[][]|A|S|O|N|D|J|F

M| J|J|A|S|O[N|D] ]| F|M]AIM|I[][A|S|ON|D}J|F[M[A[M[][][A|S|O|N|D|J|F|M[A[M]]]|]|A|S|O|N|D

52 Bun-3

3fb-! 34fb!

— | —)

Target ~45fb"! x year
< >

P2\ SRS RARRE RALEE RALRE LLRRS IR R
220 ATLAS Online, Ys=13 TeV
200
180
160
140
120
100
80
60
40
20
00 5 10 15 20 25 30 35 40 45 50
Mean Number of Interactions per Crossing

RARAE RARAN RARS
det=42.7 fio '
Bl 2015: <p> = 13.7

] 2016: <u>=24.9
[l Total: <u>=23.7

Ll

Illlll]ll\‘ llllll

T

Delivered Luminosity [pb/0.1]

Jlllullllll ‘llllllllll

UOHBIGNED £1/2

HIITTI”]II ‘lllllll]ll

Key challenge: average (maximum) pileup
~25 (45-50) interactions per bunch crossing

13 TeV pp 2015 dataset (at 25 ns):

. Highest inst. luminosity: 5x1033 cm-2s-!
(Run 1: 7-8x1033 cm-2s-T)

. ~3.9 fb-' recorded

13 TeV pp 2016 dataset:

. Record inst luminosity of ~1.4x1034 cm-2s-1.

. Record daily delivered luminosity of ~0.6 fb-".
« ~36 fb! recorded

13 TeV pp 2017 dataset:
. Collisions restarted on May 23, 2017.

. Inst. luminosity already at ~1.6x103* cm-2s-1,
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‘ Run 2 milestones in Higgs physics I

Precision
Cross-sections
Couplings
Mass

Known

unknowns

Rare decays
Self-couplings

Discovery
Couplings to
fermions

Other scalars
Charged/neutral
Heavy/light

Unknown

unknowns
BSM couplings
BSM decays
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+12000
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10000

8000

6000

Weighted

14000 |-

‘ Early Run 2 results: H>yy and H>ZZ*->4| I

CMS Preliminary

35.9 fb" (13 TeV)

All categories
S/(S+B) weighted

¢ Data
— S+B fit
B component
[+1o
[ ]¥2c

—m,=125.4 GeV, 1=1.16

T T T

III|III|III|III|III|III

B component subtracted 3

|III Illllllll

©))
o

Events/2.5 GeV

T T T | T T T |

- ATLAS Preliminary

L H— Z2Z* — 4l
- 13 TeV, 36.1 b’

;

*74

T T T I T T T T T
¢ Data
Higgs (m, = 125.09 GeV)
.z
tt+V, VVV
B Z+jets, tt
7, Uncertainty

~70 events

+

Z

0_ -----
aoppl P E - 0
100 110 120 130 _ 140 _ 150 _ 160 _ 170 _ 180 80 100 120 140 160
GeV |
CMS-HIG-16-040 my, (GeV) ATLAS-CONF-2017-043 ~ mSenstained [GeV]
[ p=1.167015 = 1161911 (stat) +2-0% (exp>jg;gg(theo>] [ = 1.28t3;}§(gtat>jg;3§<exp)jg;gg<theo>]

Improvements on overall precision ~x2 wrt Run 1
Starting to approach SM theory uncertainty
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‘ Early Run 2 results: Higgs mass I

. Individual experiment measurements already comparable or better than Run 1
combination!

ATLAS combination of H>ZZ*>4l & H->vyy

I ] ] 1 1 | T 1 1 ] I 1 1 1 T I 1 1 I 1 I
ATLAS Preliminary
—— Syst.
{5 = 13 TeV. 36.1 fb Total Stat. [ Sy
Total  Stat. Syst.
|
LHC Run 1 ——— 125.09 + 0.24 (+0.21+ 0.11) GeV
Statistically limited H—ZZ*—41 | Co : 124.88 + 0.37 ( + 0.37 + 0.05) GeV
Systematics limited H—yy — . H 12511+ 0.42 ( + 0.21+ 0.36) GeV
Combined e 124.98 + 0.28 ( + 0.19 + 0.21) GeV
|
1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1
124 124.5 125 125.5 126 126.5

ATLAS-CONF-2017-046 m,, [GeV]

CMS H->Z2Z*->4l

[ mpy = 125.26 £+ 0.20(stat) + 0.08(syst) GeV]
arXiv:1706.09936
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‘ Early Run 2 results: Cross sections by production modesl

. Events split in different categories to increase sensitivity to various production modes.

ggH
VBF

ttH
WH leptonic
ZH leptonic

VH hadronic

CMS Preliminary
I L B

H->vy

35.9 fb' (13TeV)
T ] T T T l T T

H—yy —m— Per process + 1o

1.05 15 - SM Prediction
B 0.6 %8 my, profiled |
i 22377 —a— i
i 3172 —a— i
i 0.0 73 a
i 4128 = i i

e ey

CMS-HIG-16-040

Gproc/ Gtheo

Precision improvements ~x2 wrt Run 1

Increased scrutiny allowed by the larger statistics

H->vy and H>ZZ*> 41

T T T | T T T
E ATLAS Preliminary
99 Vs=13TeV, 36.1 b
H—-yy and H>ZZ*—4l

my, = 125.09 GeV, |y |<2.5

Measurement  Feq

VH A | ,
e ' Stat. uncertainty

Syst. uncertainty D

n -
ttH I_B_' SM prediction I

u

1 | | 1 1 1 | 1 | | | 1 1 1 1 | 1 | 1 1 | | 1 1 1
—1 0 1 2 3 4 5

Cross section normalized to SM
ATLAS-CONF-2017-047

ATLAS: Excess in VBF (both H->yy and H>41)
SM compatibility p-value 5%
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(fo/GeV)

Y
T

do, /dp

‘ Early Run 2 results: Differential cross sections I

. Significantly improved precision in differential cross section distributions, particularly in
the tails.

. -1
CMS Pre//m/nary 35.9 b (1 3TeV) do/dp(H) [pb/GeV]
102EIIIII'IIIIIIII """"" Il"""""""'% 101 gy Vv LA LS UL LI ) L R e e e e ey
§ H - Y Y LHC HXBWG YR4, m =125.09 GeV E E ggH@LHC 13 Tev NLL+N —O - SEA01 c~=0.075
C ’ ] [ My=125 GeV T Gosc 0042 ]
10 = + Data dgH aMC@NLO + HX ) = 100 . ———— g:z;g’ggzgggg .
= % doH POWHEG + HX - 1
| g X ;\'— .
1 E} g f PXaMC@NLO ’3;2 E
- ¥ Ac/0[30-40]% g ]
107 1, | 2 4
e - - S
1 0_2 ..................................... ! _g]
s
AP T DN T S I N B N 10% L % | e e | | ]
x 1.8 F s
N - —3 16 T 3
9 ettt et st _i LI 3 = m———ee T T L e =
B 1.5 Er P e g = 1.2 F e as e | =
: , t ; e ot
T~ i e T T . T 0.8 R A e 3
° . JOE 06 E IR P PR RPN PR SR PR
& 150 200 250 300 350W aOOV 50 100 150 200 250 300 350 400
CMS-HIG-17-015 Pr (GeY) JHEP 03 (2017) 115 pr(H) [GeV]

do/dp+y sensitive to perturbative QCD calculations but will also
allow probing in a model-independent way the ggH vertex!



‘ Early Run 2 results: Observation of H>tt I

CMS-HIG-16-043

35.91b' (13 TeV
7 ( ) 35.9b (13 TeV)
ﬂ 10 LI | LI I LI I UL I LI E T T T T T T T T T T T T T T T T T
C BF T T T 3 r
o . 18 —— (Obs. - bkg.)/bkg. 7 L CMS
L1>_| 10 19E —— (Ho>to)ibkg. 3 - Preliminary
'F ] Bkg. unc. ] - . .
10° 8:2 | * 0-|et0 9
8: g E 0.82 -+o.i32
ke o= % T ... 1
10° 5 1 ~0.5 3 Boosted
log(S/(S+B)) 3 B . - 14104
. 4.96 (4.70 exp) o
10 E VBF
] — 1.07 1031 1
L -0.29 _
10°
-#- Observed D % h . Congbzisned
10 I:ll-L’vh . et 108 0.24
— H-11 (1=1.06) i ]
1
10_1 L1 11 | L1 1 1 | I T | | L1 1 | | 11 N . | N | N L | N L N L | L ! ! 1
-3 -2.5 -2 -1.5 -1 -0.5 0 0 1 2 3
log(S/(S+B)) Best fit p = o/o

4 7z channels (7,7, er;, ury,, eu) x 3 categories (0-jet, boosted, VBF)
2D fit signal extraction: m__vs (r decay mode, p, dijet mass)

Observation of rz decay mode from a single experiment:
4.90 (4.70 exp) [5.90 when combined with CMS Run 1]

42



‘ Early Run 2 results: Evidence for H>bb I

ATLAS-CONF-2017-041

8 10°E - Data =
o = ATLAS Preliminary B VH — Vbb (u=1.20) 5
2 107 V5=13TeV,36.1 1" == Diboson -
[ = pm Single to -
T 108~ 0+1+2 leptons Muf(t’ijet P -
= 2+3jets, 2 b-tags . W:g?b,bc,cc,bl) =
10° Wl =
mm Z+(bb,bc,cc,bl) =
10° =z E
10° -
102 -
10 é
L1 1 1 | L1 1 1 I L1 1 1 | L1 1 1 I L1 1 | j
’T T 17T | LI | LI | LI | LI | L I LI L
< 5: ‘+‘
@ -
= O """"""""""""""""""
03_ 111 | L 111 | 1111 | 111 | 1111 | 1111 | | | | L1 11
35 3 256 2 15 -1 -05 0 (
log_ (S/E
3.50 (3.00 exp) 1o
Evidence for VH(bb):

3.60 when combined with ATLAS Run 1
[Run 1 ATLAS+CMS 2.60 (3.7 exp)]

121" ATLAS Preliminary

10— 0+1+2leptons

|I|‘|I||||\I|\|l‘ll\‘ll

2+3 jets, 2 b-tags

 Ys=13TeV,36.11b"

Weighted by Higgs S/B

Dijet mass cross-c

—o— Data i
I VH — Vbb (u=1.30)
[ Diboson

Uncertainty

Dijet mass analysis

—— |

neck

Illll\ll\ll‘

Events / 10 GeV (Weighted, backgr. sub.)
I

40 60 80 100 120 140 160 180 200

m,, [GeV]
R I I L I IUDUIL I L I
ATLAS Preliminary Vs=7+8+13 TeV
JL dt=4.7+20.3+36.1 fb
—Total — Stat.
(Tot.) ( Stat. , Syst. )
Wzl e 19 G CRELED
Aunt e 051 o5 (0%, 7%
Comb. . 0.28 0.18 +0.21
her 0.90 fo.zs (fo.1s ’ to.19
Illl'llll I llllIlllllllllllllllllllll
-1 0 1 2 3 4 5 6 7 8
Mbs 43
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‘ Early Run 2 results: Evidence for ttH? I

. Increasingly more sophisticated analyses bring significant improvements in sensitivity.
Example: multileptons

35.9 fo' (13 TeV)
[ T I

CMS Preliminary
%) CT T T T | -
IS - [*F*, post-fit (SM prediction) :
b G>J 120~ -+Data @WZ [Non-prompt ]
L L ttH [JRares [[)Charge mis-m. |
. . L mtW  W*W* ggTotal unc. i
Same-sign dileptons Ve 100 DMZ  CIConw. - CMS-HIG-17-004
g i
40 -
g o0 ' | _:
5 AL | ] I ] m CMS Preliminary 35.9fb™ (13 TeV)
E ) F T T | I
o 12 ;- stat. une.. . Etotal une. 1< E 3l, post-fit (SM prediction) E
b % 1.4F 3 L%’ 70 ;D:ta ngzz Eﬁonv. -
= 1.2F + — - tt EJNon-prompt
(DU ég ﬁ ﬁ JT‘ . 60 f_ @tW [JRares Total unc. _f
) I BT s i :
BDT (ttH,tt/ttV) bin C ]
3-leptons v a0F-
€+
g Ve B
Vas E E
N —_— ]
q 10 ]
: T
k) F ]
g - @ 15E [ stat. unc.  [Jtotal unc. 3
Vyp Qo E B
fu 1.0 % ]
- S o05F 3
b 007 2 3 4 5

BDT (ttH, tt/ttV) bin
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‘ Early Run 2 results: Evidence for ttH? I

Runl

Run2 [13fb! (34 fb!

WetH=0teH/ OSMm

ATLAS CMS
Runl comb. 2.3%%704
bb 2.1%10,00 -0.2+0.8
multileptons 2.5713 1.5+£0.5
Tt X 0.7 *0s
YY 0.5%069¢ 220958
77 <7.5@ 95%CL 0.0%1+1-24 4

(*): 68% CL interval with n20

<+ 4,46 (2.00 exp)

<+ 3.30 (2.50 exp)

<« 3.30 (1.50 exp)

Individual analyses are already exceeding the sensitivity of the Run 1 combination.
Evidence for ttH? Statistically a combination would be largely incompatible with p,,,=0.
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Rare processes
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‘ Rare Decays I

H->2Zy, H>y*y: access BSM in loops

Observation would imply BSM!

Runl
Process o/o 95% CL
Run2 |36 fb! [osm( )
H—Zy (ATLAS
36fb¥@( 13 TeV ) <6'6
g <9
H—»g*g{m(]CMS) <7.7
H—J/Wy (ATLAS
i <540
gy o <540
H—oy (ATLAS
36fgb-¥l(@13TeV) <52
H— ATLAS
36?23] ((@ 13TeV ) <208
H—'egjrleMS) <~'| 05
> O L HL e B ™
O S50l ATLAS  Preliminary ;
E r \s=13 TeV, 35.6 1b™ ]
§ 200— + _
@ 200 H> by (d>K*K-)
150 =
:_ ¢ Data .
100 r — Eackground Fit 16 _‘*
- |:|Background |
50 [ ] B(H—oy)=4.8x10* _]
[ Bz—oy)=0.9x10° 7
_T+I+IIIIT+I;
= 12f
= +++++++++++++++ +++++++++++++++++++++ } +++++++ H—
Soslt | ¢ ' ¢ 4
o 120 130 47

80 100 110

90
ATLAS-CONF-2017-057

My [GEV]




‘ Double-Higgs production I

Determination of the scalar potential = self couplings!

2
m
. __hIQ_ SJ\/I,,]?)_ SM}
A,: currently hopeless at any planed experiment LD =5 h" = A3k = A h
L : , : : 9 2
A5 @ in principle possible via double-Higgs production, \SM _ Mk \SM _
. . . 3 - ] 4 - —:
but very challenging because of negative interference 202 8v?
among diagrams
A 9 TO00) AL
g t HeH o H o t I H Gagotn = 33.49+4340 (scale) + 2.1 (PDF) + 2.3 (as) fb
- - @ Y
g v ooy 9 TET Y H  [13 TeV, NNLO + NNLL with top mass effects, HXSWG, arXiv:1610.07922]
sensitive to possible BSM conftributions Z};’ zzb ----- I}:}\-
A large matrix of final states
1
bb |33.6% I
BR HH—xxyy |12,
ww |2ase (mn =125 GeV) § o
_ ¢ bbb largest statistics
. g 99 .
> .>°__’ E =% bb(yy,r7) good compromise
TT . - o g
- _,. Pefween sfafistics and /B
7z
= 107
v [0.26%| 0.1% .
| | ] 10°¢

v
" b wWwW g9 Tt zZ Y

4
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‘ Double-Higgs production I

o/osm 95% CL (exp) HH=>bbyy

1 CMS Preliminary 359" (13 TeV)
S = — —
3 [ pp—HH-bbyy ¢4 Data ]
AT LAS CMS %’ 121~ High mass region ——— Full background model ]
§ 10 High purity category -===--= Nonresonant background _]
w - ]

= SM HH Signal (x20)

bbbb <29 (38) <342 (308) 4 ] E
bbWW <79 (89) |
bbbt <28 (25)

1 O [ A PR 1 PO PO I RPN P 1 O ) T o s
100 110 120 130 140 150 160 170 180

M GeV
- <& (yy) [GeV]
T !j gﬁ’ . CMS Preliminary 35.9 b’ (13 TeV)
S = — ]
bbyy <117 (161) <19 (17) 3 [womesn o ,
4 2 25~ High mass region ——— Full background model ]
2 r ]
§ I High purity category »===a=a Nonresonant background ]|
w

WWXX <747 (386) 20;_ ——— SM HH Signal (x20) _;
Run2 (31 [131b! |36 bl ’ :

30 TR R 7T R T .'_u'so'
' P CMS-PAS-HIG-17-008 MG (GeV]
Reaching ~ O(10)xSM sensitivity

Will require full HL-LHC statistics to approach SM sensitivity
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Higgs as a tool for discovery
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‘ Probing NP through the Higgs boson I

In many NP scenarios the Higgs boson couples preferentially to new particles:

 my>m,: the Higgs boson may appear in decays of X or is produced in
association with X.

my<m,: Higgs boson may decay into X.

Some examples:

bL,1

Vector-like quark decay Higgsino decay Di-higgs resonances

q It
Mono-Higgs production Invisible Higgs decays

91



‘ Mono-Higgs searches I

h(=>bb)+Emiss
h->vyy: 0 . -
* Require H>yy candidates (120<m, <130 GeV), s A;&‘:f;edfo]jp{jx .11 52;‘;@,1
large p+(yy) and significant E;™ss, - B g e e amgle top
«  Counting experiment. = s

N\ Background Uncertainty
«unun Pre-fit Background
s h + E""SS Z'-2HDM

mZ=1 4TeV,m =0.6TeV
=375t

Events / 20 GeV

h->bb: S g
+ Require 2 b-tagged jets and high E,Miss, St ] Tk

0'Slgnal

|IIII|||||||III|II I|IIII

III|III\|IIII|I[II|IIII|IIII

Al Li

* Analyze di-jet(fat jet) mass spectrum in o< fBETT "

different E;™ss bins. cDu|(D N ; \\\\*\\\\\\*\\\\\?\\\\ W \kx\ \k %\\ \\\\*\\\%

50 150 250
m, [GeV]
Results interpreted in the context of various S e B A
u P u 3 - ATLAS e Observed limit ]
. e - O, gooLVs=13TeV, 36.1fb" S8 Expected limit +16
simplified models, e.g. Z’-2HDM. = = h(bb) + E™ all limits at 95% CL  msmum [s=13TeV,3215" J
- Z-2HDM " ]
80014 anf =1, g,=08m =100 GeV -
~ my = My =300 GeV' ]
700 -
600 -
_ 500 -
X - ]
400— —]
3001: | l\ 1 11 | | | 1 | | 1 1 1 ’TO| 1 | 1 1 \ | 1 1:

500 1000 1500 2000 2500
arXiv:1707.01302 m,. [GeV]




o B(H — inv)/ o(SM) - Upper limit 95% CL
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‘ Invisible Higgs decays I

23" (13 TeV)

Most sensitive searches use VBF

>45:_' T T T N_E

' @t CMS t Data E
productlgn. . (Lg 40f; VBF jets ]z vv)+ets h
 Main selection on m;, An;, and S 35 I Wt ets E
large E,Miss, 230 Bw =

: - . S []Qcb multijet :
Derive upper limit on BR(H->inv), 520 ] Top quark _
under the assumption of SM 20 — H.B(H - inv)=100%

production cross section.

Result also interpreted in the context

of a Higgs-portal model of dark matter ~ EE== o
1500 2000 2500 300

0 3500 4000

interactions. GeV
JHEP 02 (2017) 135 m; [GeV]
4917 (7TeV)+19.7f"' (8 TeV) + 2.3 (13TeV) g0 _ e I o
| N E E
F ] £ E CMS 1
- —— Observed CMS = o - \ ]
C . 1 2100 49" (7 TeV) +19.7 fb (8 TeV) =
- Med ted i & F - =
- edian expecte - ko) E N\ ou, +23f (13 TeV) 7
- 68% expected 3 gte N {B(H —inv)<0.20 3
C ] n ... ]
C 95% expected — P02 T E
- = B = BN = N | _ .
- 1 Cggwl TN 90% CL limits _
- . c £ N ¢ E
— — 8 C ]
= = o0tE E
C Y halttlulabetodababa bttt g NS NN e -
= — LAO™ e N e =
------------------- = S -
= - £ s ]
i 10—46 ................... -
| 3
Combined qqH-tagged VH-tagged ggH-tagged ! L]

. 1 10 107 10° 53
BR(H->inv) < 0.24 (0.23 exp) at 95% CL DM mass [GeV]




Is the Higgs sector minimal?
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‘ Extended Higgs sectors I

Many possibilities beyond the SM!

« EWS (EW singlet): add a Higgs singlet real scalar field to the SM
=>» 2 neutral physical states (h and H).

« 2HDM (Two Higgs Doublet Model): add 2" Higgs doublet to the SM
=>» 5 physical states: 2 neutral CP-even (h and H), 1 neutral CP-odd (A), 2 charged (H*).
6 free parameters in minimal model:

m,, my, M, My, tanp =v,/v,(ratio of doublet vacuum expectation values),
a (mixing angle between CP-even states)

«  MSSM (Minimal Supersymmetric SM): extended Higgs sector is a particular case of a
2HDM type Il

up-type quarks | down-type quarks charged leptons
Type Description P-type q type q 4 . remarks
couple to couple to couple to
Type charged fermions only couple to
yp Fermiophobic P, P, P, g y coup
| second doublet
Type up- and down-type quarks couple to
yp MSSM-like @2 @1 (I>1 P type q P
Il separate doublets
Lepton-
X & . ®, ®, ®,
specific
Y Flipped ¢2 Q] ‘I>2
Type Flavor-changing neutral currents at
®,, P ®,, P ®,, P
1 tree level
By convention, ® is the doublet to which up-type quarks couple. 55




‘ Extended Higgs sectors I

Many possibilities beyond the SM!

EWS (EW singlet): add a Higgs singlet real scalar field to the SM
=>» 2 neutral physical states (h and H).

2HDM (Two Higgs Doublet Model): add 2" Higgs doublet to the SM
=>» 5 physical states: 2 neutral CP-even (h and H), 1 neutral CP-odd (A), 2 charged (H*).
6 free parameters in minimal model:

m,, my, M, My, tanp =v,/v,(ratio of doublet vacuum expectation values),
a (mixing angle between CP-even states)

MSSM (Minimal Supersymmetric SM): extended Higgs sector is a particular case of a
2HDM type Il

Neutral Charged

NMSSM (next-to-MSSM): add Higgs singlet to MSSM.
CP even CP odd

=» 7 physical states: CP-even H,, H,, H,
CP-odd A, and H%. EWS:

~

HTM (Higgs Triplet Model): add Higgs triplet
to SM (motivation: generate Majorana mass

terms for neutrinos)
=» 7 physical states: h, H, A, H*, and H*.

2HDM:

HTM:

)
®
&

i)




‘ Neutral Higgs: fermionic decays I

> EIl|Y|I’l|’Illlllll|’l||’|||||’l||’|||||l§

. 8 = ATLAS Preliminary —¢— Data 3

S10%E Vs=13TeV, 132107 o s

_hEa ..g E HA S 1, T [ Multi-jet 7

310%E b-veto e =

> = I W-tv + jets 3

(N1 10 - [ i, single top .

. E I Others |

In Type I I 2H DM . E [ Uncertainty =
1 B Pre-fit background E_

« High tanf: main search mode is H/A(b)=>tt(b)
(also H/A(b)->bb(b) but lower sensitivity)

« Low tanf: main search mode is H/A>tt
« Challenging due to strong interference between

—h —
© o
IS I

. — U I L I T T ‘ LI I LI N T 11T I TTr T N L [ 1T 1:
o 1.5 E
gg—~>H/A signal and gg—>tt bkg that creates R S . ;
peak-dip structure. @05 o e
8 200 300 400 500 600 700 800 9001000
x10° my* [GeV]
3 L arias proiminary | e T 80— 7
°© Y T eWuem07] S [ ATLAS Preliminary —— Observed ]
S \s=8TeV, [Ldt-20310 t +~ _~F H/A - ©t,95 % CL limits -~ - Expected .
' Single top 70 T ° 1o -
mm Multijet Vs=13TeV, < 13.3fb™ +20 4
- 19° T Waiets hMSSM scenario 2015, 3.2 fb" (Obs.) ]
3 25C Mis ATLAS Simulation Preliminary ] -D?lg%:on 60 — :
o F—s4l 1s=8TeV, [Ldt=20.3 b ] -Unce_rtaintz ‘A
é 25_ before det. sim. and event sel._E -+ Pre-fit bac ground 50 I:I ATLAS Run1, SM Higgs _:
@ 15F M, = 750 GeV, tanf =070 3 boson couplings (Obs.) b
E L+jets 2]

40
b-tag category 1

30

PEPEPEPI EPEPEPEPE EPEPRPEPE EPEPEPE B il 3
300 400 500 600 700 800 900 1000

m“[GeV] el e e b b b e b a s
T

20

IIIIIIIIIlIlIIIIIII]IIIlIlll

2>

x " Thadhad (EXP)
"~ TiepThad (Exp.)

1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 3

10

)
s 1
ATLAS-CONF-2016-073 o E

m_ [GeV] ATLAS-CONF-2016-085  m, [GeV]

500400 600 800 1000 1200 1400 1600 200 400 600 800 1000 120057



‘ Neutral Higgs: bosonic decays I

ATLAS-CONF-2017-058

® [ ATLAS Prelminary e Daa |
8 102 [ Vs=13TeV, 36.1 fo™! ml zz

© E H>Z S TITT I zZ (EW)

1% ~ VBF-enriched [ tt+v, vWv

S 10 ¢ Bl Z+jets, (1

Lﬁ = Uncertainty

* * H/IA>ZZ

N\

IIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [T

dN/dm,,, [1/GeV]

C *l* | J

200 400 600 800 1000 1200
m,, [GeV]

() —_
O o O

Data
Prediction _,

Many searches in many channels,
considering both gg>H/A and VBF.

Also H/A->WW, Zy, hh.

data / bkg

ATLAS-CONF-2016-059

> LA A B
& 10*= ATLAS Preliminary
o H ¢ Data
(o] I
a 10°= H/AQYY —— Background-only fit
C =
: - Spin-0 Selection
107
g s =13TeV, 15.4 fb”
10 _
1 =
10k -
C -
2 LHTT E
T T T T T T T I T T é
10°~ ATLAS Preliminary Ry 3
- 1.5 Te x1 L E
10°E Vs=13TeV, 36.1 b £ single top 3
10*E- 2lep., > 2jets, 2 b-tags [ W-(bb,bc,cc) 3
sF 100 GeV <mj < 145 GeV I W+(bl,cl), W+l E
10 I Z+(bb,bc,cc) J 2500
102k Z+(bl,cl), Z+l my, [GeV]
: A->Zh other
1.5F
1
0.5E. N .
3x10° 10° 2x10° 58

ATLAS-CONF-2017-055 m,,, [GeV]



‘ Charged Higgs I

* Production modes:

*  my, <mgm,: tt>WbH#b

*  my, > m~m,: associated tbH*
 Decay modes:

* Hightang: H*>tv

 Low tanf: Ht>tb

* Also possible: Ht>Wh, WZ

-~

Hf->tb (assoc. prod) 4, P
L L

A |
H*->tv (assoc. prod) S 100 CMS =
> 1 06 T T T T T T T T T T 7T ) E K+ l?‘lts fir;a; state E
© FATLASPreliminary o Dat 0 2:ets O oL N
310 [CJMisipj—« [l Diboson P = -+ b ey
e 10 \s =13 TeV, [ tt&singletop =---- H* — tv 200 GeV (x5) T C — o bRS0GV]
> . af 147 i [ W-iets <= H' - 1v 500 GeV (x5) SR e -
<10 : H' - v 1000 GeV (x10) N E B wsb 3
(O] > Vv _ G, '-_-_ _ - - W+u,d,s,g —
|_l>J 10 1 T 4 [ single top quark =
E [ piboson + Z/y =
10 - [ Multijets ]
1 ........................... 1071 = » + [ Bkg. unc. (stat®syst.) =
_q il s ]
1 0 1 0—2 I

E 2 T T T .l T T T T T T T T
o 1.5{] Uncertainty ¢ : ) T e o
o 1 “‘**‘*”‘MWM 2 sk + =
T 0.5} ¢ : o R -
D O 1 1 oo 1 1 1 1 1 1 L1 E E '+ I++ TI + I E
1 2 1 03 (D“ 0.5 ;— H _;

ATLAS-CONF-2016-068 m; [GeV] 0 500 1000 1500 2000 2500
H: [GeV] B89

JHEP 11 (2015) 018



Doubly-charged Higgs

D Observed exclusion 95% CL

\\§ Expected exclusion 95% CL

‘ Associated Production

CMS-PAS-HIG-16-036

CMS Preliminary 129 (13 TeV)
IIIllllIlllllIIIIIIIllllllllllIIIIIIIII]IIII]IIII
100% d* — e'e” - | .
100% & — efp* 1 | ;
% 10° : e T . Da‘a, v 100% & — ptp* 1 1
o ATLAS Preliminary 4424 Total 2
g \SsR= 13 TeV, 13.9 fb' 2y ee 100% & — et [ 1 I
£ oo v o
2 -t 100% & — per* !
5 sy CMS-PAS-HIG-16-036 SR
10 - :] DCH 800 GeV _; % T éwllsl LIS N N N O O I121'9|ﬂ)l-‘ (|13|Te]V) 100% (bt: - T —N l I "
- ? O 102 Freliminary .WZ .ZZ .YVV Benchmark 1 - 1
- 4e - = wWw Drell-Yan [ttV 1
1 = 4l = _.g 0 .ﬁ B fSingIe Top| W Benchmark 2 - 1
E S ) QT -
i LH’LL.I - o U500 Gev) t Observed Benchmark 3 oy !
10-1 = " 4 = 1 1]
» ok z 11
‘\U 1%++++}+*{++ AR AN N 44444444444444545444% 774 10" 3 Ieptons .
“-U‘ E } { E lIlllllIlllllIIlllIIllllIIlllllllllllllllllllllll
o [0 <] E—— l B I [ 5 O OO 7 7777 777 0 100 200 300 400 500 600 700 800 900 10(
300 400 500 1000 2000 3000 102 ++
m(e‘et) [GeV] — Mass (GeV)
ATLAS-CONF-2016-051 SO LR Benl Be——
10 B -
enchmark Point  ee ey et U uT TT
BP1 0 0.01 0.01 030 0.38 0.30
o BP2 1/2 0 0 1/8 1/4 1/8
o : i BP3 /3 0 0 1/3 0 1/3
~ BP4 1/6 1/6 1/6 1/6 1/6 1/6
2 600 800 1000 1200 1400 1600 / / / / / /
8 m,. (GeV) Correspond to different
neutrino mass hierarchies 60
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Br(h—»aa»XXYY)

0.1}

0.01f

0.001¢
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‘ Light scalars I

Production modes for light CP-odd scalars
(e.g. from NMSSM):

Direct production: gg=>a, bba, tta
In Higgs decays: h->aa

Decay modes are model dependent.
f

f

2 5

4b
4T
212
\‘\ k A
10 20 50
mg[GeV]

o(h)

CMS \s=7TeV ]
L=1.3fb! b
+ Barrel Data
— Total Fit

— 7 GeV Signal x10
—[12 GeV Signal x10

Fgg>a->uu

104

Events/[0.1 GeV]
L1l ||||,|l

103'5_

+ Endcap Data
— Total Fit
= 7 GeV Signal x10 -
—12 GeV Signal x10

Events/[0.1 GeV]
—
o
>
I'I'I

-
o
w

I AN S N TR T R [ R

PRL 109 (2012) 121801 m,, [GeV]
" 197107 (8 TEV)

1 1 1

—~

©
© CMS
T 102
=
m
™ 10
3 N
b 1 .................................................................
c
S 10 - hoaa—puup [47]
®) 4 ~ h—aa—rtrrtr [48]
&\3 102 h—aa—trtt
» h—aa—uubb
102 - 2HDM+S type-1
h—aa—uutrt
expected | observed
10-4 | raal 1 1
1 10

arXiv:1701.02032 m, (GeV)
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Future prospects



‘ Recall: LHC Run 2 Prospects I

2009-2013

Run 1

LS1
Phase (

2015-2018

Extended Year End Stop
(5 months end of 2016)

l

By end of 2018 will multiply by ~x3
currently analyzed dataset

Run 2
LS1 Machine Upgrades
Consolidatiofy
25 fb! 0(100) fb
at 7_8 Tev at 13-14 TeV
1.6 1034 cm2s1
0O(25) PU O(40) Pile-up

50ns inter-bunch

25ns inter-bunch spacing

Run 2 Milestones in Higgs Physics:

Improved precision in Higgs boson mass.

Improved precision in Higgs coupling
measurements, including observation of
couplings to 3™ generation quarks (Hbb
and Htt).

Detailed studies of Higgs boson production
via fiducial and differential cross section
measurements.

Detailed studies on production yields and
kinematics to search for non-SM
interactions (EFT, pseudo-observables,
CP-odd admixture, ...)

Extensive searches for rare and BSM
decay modes.

(il

We are here...
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‘ LHC Beyond Run 2 I

2009-2013

Run 1

LS1

Phase (

2015-2018

Extended Year End Stop
(5 months end of 2016)

l

Consolidatiofy

LS1 Machine Upgrades

25 fb!
at 7-8 TeV

0(25) PU

50ns inter-bunch

2019-2022

2024-2035

Europegn Strate:gz)
Jjpaate

Europe’s top priority should be the exploitation
of the full potential of the LHC, including the
high-luminosity upgrade of the machine and
detectors with a view to collecting ten times

, more data than in the initial design, by around
Run 2 | 2030.
LS2 : :
Phase 1
Run 3 LS4 2028
- LS3 LS5 2033
LS2 Madhine Upgrades 2:5years
Collithation iPhase,_
Cryogenics HL-LHC
Injecior (emittance) ‘
1S3 Machine Upgrades
y Interaction region y
0(100) fb_l 0(300) fb- Crab cavities? 0(3000) fbr
qt 13-14 TeV at 14 TeV at 14 TeV

1.6 1034 cm2s1

O(40) Pile-up

25ns inter-bunch spacing

(il

We are at the beginning of a ~20 year program!

2 1034 cm—2s1

O(60) Pile-up

25ns inter-bunch spacing

81034 cm=2st

0(14-200) Pile-up

25ns inter-bunch spacing
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The perfect time to start
a PhD at the LHC!
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‘ LHC Beyond Run 2 I

Significant detector upgrades
being planned to cope with high
pileup at HL-LHC

ATLAS

EXPERIMENT p

HL-LHC tf event in ATLAS ITK
at <pu>=200 t

tt event with 200 pileup interactions
overlaid in ATLAS Phase-Il tracker

2019-2022

300 fb-

Run 3

2024-2035
3000 fb-1
| LS4 2028
1S3 LS5 2033
2.5 years —
Phase 24
HL-LHC

0(300) fb-'].

LS3 Machine Upgrades
Interaction region
Crab cavities?

0(3000) fb-

at 14 TeV
2 103%4cm2s1

0O(60) Pile-up

25ns inter-bunch spacing

at 14 TeV
8 103%cm2st

0(14-200) Pile-up

25ns inter-bunch spacing
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‘ LHC Beyond Run 2 I

Beyond-Run 2 Prospects:
. Precision Higgs couplings:

Projected accuracy per experiment
(arXiv:1307.7135 and ATL-PHYS-PUB-2014-016)

Coupling 3454 g1 3000 fio-
modifier

Kyzs K, 6% 3%
Kp 12% 5%
Ky 15% 7%
K, 10% 5%

K 22% 7%

(*) Assuming Run 1 experimental uncertainty,
theory uncertainty reduced by x2.

2019-2022 2024-2035
300 fb-1 3000 fb-1
Run 3 LS4 2028
LS3 LS5 2033
2.5 years —
Phase 2
HL-LHC

LS3 Machine Upgrades

Interaction region
Crab cavities?

O(300) fb-1
at 14 TeV

O(3000) b’
at 14 TeV

2 1034 cm—2s1 8 1034 cm2s1

0O(60) Pile-up

25ns inter-bunch spacing

0(14-200) Pile-up

25ns inter-bunch spacing
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‘ LHC Beyond Run 2 I

Beyond-Run 2 Prospects:

. Observation of rare decay modes
(H2>uu, Zy).

. Possibly evidence for SM di-Higgs
production.

. Studies on vector-boson
scattering.

Events/ 0.5 GeV

Events / 5 GeV

L L L L L L B
ATLAS Simulation
s =14 TeV

10'°

9 —Z
105 ['Lat=3000 1" e

8 -tf—>ququ
10 — WW- pvuv

107
10°
10°
10*
10°
102

- 99 - H— pp, m =125 GeV

Events - Bkg / 2 GeV

80 100 120 140 160 180 200
M, [GeV]
ATL-PHYS-PUB-2017-001

T T | T T T | T T | T T | T T \ T T ‘ T T | T —]

ATLAS

140

_ Stat. Unc.

1201~ Simulation Preliminary Bl HH—bbyy
Vs =14 TeV, 3000 fb Il Single H
100 W bbyy
- hh->bb Bl Reducible
80 B A Others

60  Exp significance: ~1o
"

20

Ill||lJ|\lI|lII‘Ill|llJ|

]II|II I I

\ll
00 120 140 160

180 200 220 240

m,, [GeV] 68



Beyond LHC programs

ILC

e*e  colliders

Positron source Detectors Electron source

Three scenarios Electrons = Positrons

- 250 GeV
- 500 GeV
- 1000 GeV

|

S.................S ........... Beam de"very Systems

Lumi 0.7 to 5 103% cm2s1

CLIC

Three scenarios

- 500 GeV
- 1500 GeV
- 3000 GeV

Lumi 1.3to 6 103 cm2s!

Main Linac Damping Rings Main Linac
819 klystrons P 819 kiystrons
15 MW, 142 Circumierences 15 MW, 142
w | | delay loop 73 m | | ' -~
drive beam accelerator CR1293m drive boam accelerator

CR2439m —tACGIOO
-

25km 25km
delay loop > < delay loop
Drive Beam
dccolomlor 24 sectors of 878 m

-
Pt ;tm‘m; et mﬁ’:mﬁw’
TA e~ main linac, 12 GHz, 100 MV/m, 21 km e* main linac AJ

48.3 km
CR combiner ring Main Beam
TA

turnaround
DR damping ring
PDR predamping ring booster linac
BC bunch compressor 28610 9 GeV
BDS beam delivery system
P interaction point
- dump e injector,

2.86 GeV
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‘ Beyond LHC programs I

Future circular collider VHE-LHC including e*e" collider

FCC -ee Accelerator ring

Two scenarios

- 240GeV
- 350GeV Collider ring

- Even more?

Lumi 5-7x1034 cm=2s-1
(but 4 IPs)

FCC-hh

100 TeV Collider
(~20T magnets)




Beyond LHC programs

e*e” colliders

Facility ILC [LC(LumiUp) TLEP (4 IP) CLIC
Vs (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000
[ Ldt (fb~1) 250 +500 +1000 1150+1600+2500% 10000  +2600 500 +1500 +2000
Iy 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%
Ky 18% 8.4% 4.0% 2.4% 1.7% 1.5% - 5.9% <5.9%
Kg 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%
KW 4.9% 1.2% 1.2% 0.6% 0.85%  0.19% 2.6% 2.1% 2.1%
Kz 1.3% 1.0% 1.0% 0.5% 0.16%  0.15% 2.1% 2.1% 2.1%
Ky 91% 91% 16% 10% 6.4% 6.2% - 11% 5.6%
Kr 5.8% 2.4% 1.8% 1.0% 0.94%  0.54% 4.0% 2.5% <2.5%
Ke 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%
Kb 5.3% 1.7% 1.3% 0.8% 0.88%  0.42% 2.8% 2.2% 2.1%
Kt - 14% 3.2% 2.0% - 13% - 4.5% <4.5%
BRiny 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
—/
C. Grojean

- Reaching few permil to percent level precision on the couplings

- Direct measurement of branching fractions
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‘ Beyond LHC programs I

Further Programs

ep Collider

Loss compensation 2 (90m) Loss compensation 1 (140m)

Linac 1 (1008m)  —
Injector

Matching/splitter (31m)
Matching/combiner (31m)
Arc 1,3,5 (3142m) Arc 2,46 (3142m)

Bypass (230m)

\

Linac 2 (1008m)

/N

IPline Detector

Matching/combiner (31m)

Matching/splitter (30m)

vy Collider

500 MeV e- injector

tune-up dump
11-GeV linac

dump

10, 30, 50,70 GeV

total circumference ~ 9 km

11-GeV linac

tune-up dump
FRONT END MUON SOURCE 6D COOLING ACCELERATION RING
d hd ;6 h;)) 0.2-2000 GeV u
Ultimate Higgs 55 = _
factory = O Q) ) O
. Proton Source %g 39 50 =
co B |
uu Collider 5358 £8 L
@ o « >
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Since the discovery of the Higgs boson, and
entire new field of research has emerged.

The LHC Run 1 program allowed outlining the
experimental profile of the Higgs boson:

‘ Conclusions I

Mass measured to 0.2% accuracy.
Evidence of CP-even scalar nature.
Observation of coupling to W, Z and taus.
Evidence for non-universal couplings.
First studies on Higgs production.

First constraints on Higgs width and rare/
BSM decay modes.

Greatly benefited from strong experiment-
theory connection.
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‘ Conclusions I

Since the discovery of the Higgs boson, and
entire new field of research has emerged.

The LHC Run 1 program allowed outlining the
experimental profile of the Higgs boson:

. Mass measured to 0.2% accuracy.

. Evidence of CP-even scalar nature.

. Observation of coupling to W, Z and taus.
. Evidence for non-universal couplings.

. First studies on Higgs production.

. First constraints on Higgs width and rare/
BSM decay modes.

Greatly benefited from strong experiment-
theory connection.

A deep exploration of the Higgs sector is a top
priority of the LHC Run 2 and beyond

Join us!
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‘ Digression: Hierarchy problem I

« The Higgs potential is fully renormalizable, but loop corrections to the Higgs boson
mass are quadratically divergent:

W/Z
Q % A 2
(125 GeV ) — '”HO + —(2TeV (700 GeV (500 GeV)’ } (1()T(‘V>

T

The top quark has the largest contribution A2

mt
because of the large Yukawa coupling t N =(f0'99651 ;—'303;2)?4;47 6 GeV)
or m, ~ .04+ 0. €

« If the scale at which the SM breaks down is large, the Higgs natural mass should
be of the order of the cut-off (e.g. the Planck Scale)

=» Requires huge cancellation among unrelated contributions to the Higgs boson
mass (a.k.a. “fine tuning”) which makes the theory “unnatural’.

Note: technicolor models are not concerned by this problem since the Higgs boson
is not an elementary scalar.
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