Models tor the LHC
X beyond
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Challenges
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Based on QFT, symmetries
(global / gauge) and consistent
ways to break them
Foundation from which we
develop theories beyond the SM




Light Higgs Inflation
Matter/Antimatter

Dark Energy

finding our path through SYMMETRIES & DYNAMICS

aiming fora  UNIFIED FRAMEWORK



Example of unified framework:
Supersymmetry

Unifies concept of bosons and fermions

Light scalar bosons

Candidates for Dark Matter
Unification of strong/EM /weak forces

Matter/ Antimatter asymmetry

Component of Quantum Gravity

New mechanisms
Inflation, Neutrinos and Dark Energy




Example of multidimensional

approach: Dark Matter
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The landscape

Each problem in the SM generates a plethora of new ideas
Example: Dark Matter

- A snapshot of models for
Dark Matter

MSSM

Popular models =
linked to solutions to other
problems in the SM

Discovery to characterization
of Dark Matter
leading to new discoveries

THANKS TO TIM TAIT



Techniques in the landscape

: Relations
; Symmetries ,
Cancellations Consistency:
(often broken) : :
new states, new dimensions
e.g. Higgs potential Global->Goldstone S

new resonances W', T...

Global symmetry breaks spontaneously,
new massless scalars called Goldstone bosons
symmetry not exact-> pseudo-GBs
potential protected from UV physics

Higgs could be a pseudo-GB
of a spontaneously broken global symmetry
its potential (mass, interactions)
protected by Goldstone symmetry



Techniques in the landscape

Cancellations

Cancellations

e.g. QCD’s CP problem

Symmetries
(often broken)

Dynamical
relaxation

axion

Relations
Consistency:
new states, new dimensions

Consistency:
new states, new symmetries

coupling to photons, astro/cosmo
light shining through walls



- Techniques 1n the landscape

- new parities ‘
continuous global symmetries

- DM pair produced

== AeA.g., Dark Matter : :
e = if decay, displaced vertices



Techniques in the landscape

Improvements:

Weak coupling

e.g. SM gauge

interactions

Perturbation
theory

higher loops

resummations,

predictivity, testing small deviations possible

Standard Model Production Cross Section Measurements
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Techniques in the landscape

: Improvements:
Weak coupling | cibain ) resummations,
theory higher loops
: lattice
Strong coupling e alisy
perturb. another ,
Holography, gravity

parameter,
symmetries, dualities

e.g. QCD at low-Energies
Composite Higgs, lattice gauge theories, Seibergology, AdS/CFT,

Technicolor instantons, large-N



Techniques 1n the landscape

Weak coupling

Strong coupling

Complexity

: Improvements:
Perturbation e ations
theory higher loops
Non-perturbative i
SLISY
perturb. another i eraih e et
parameter, S - Y
symmetries, dualities
Effective Field Theories e

universal behaviour
based on symmetries

Deformations from
known theory
matching between theories



Techniques in the landscape

e.g. Flavour physics,
Higgs EFT

Complexity

Deal with relevant degrees of freedom
Explore many known and unknown models in one go

Effective Field Theories Se]?ar ation of SC?IQS
Dtorinaton b universal behaviour

known theory based on symmetries

matching between theories



Today's lectures

1. LHC: basic information
2. The Higgs



Nowadays, pheno (collider, DM...) 1s very sophisticated

10 fb' at LHCS '----QCDM)
10° —— QCD (cuts)
B signal (baseline) —
Il siona (cuts) %

1505.3818
1305.0456

E'J(E) (GeV'm™s™'s

m_, (GeV)

Why? experiments are running now! impact on models: full
understanding of the capabilities
State-of-the-art, to remain for years to come

2015 2016 2017 2018 | 2019 2020 | 2021 2022 2023
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First we need to build
some LHC vocabulary...
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The Higgs
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Naturalness: a qualifier



There was a clear case tor the LHC

The Large Hadron 4
Collider in the IAst
Tunnel T

g

Proton- Proton Collider

7 TeV + 7TeV
first targets:

|:> <: / . Higgs boson (s)

*Supersymmetric Particles

Luminosity = 10**cm-—2sec! *Quark-Gluon Plasma
*CP violation in B

From CERN’s education webpage, back before 2010



There was a clear case tor the LHC

EWGSB via Higgs
missing piece

| EWPTs: light Higss or
f_ _ 1 something rather similar

Preliminary
20 100 400
m,, [GeV]

back in 2000’s

unitarization ot WW scattering

something had to be around the
EW scale



And there 1s a clear case for BSM

Evidence

Dark Universe, neutrinos, baryogenesis



And there 1s a clear case for BSM

Evidence

Dark Universe, neutrinos, baryogenesis

but not of where/what BSM is

aesthetical arguments as naturalness/tuning are not
on the same footing as violation of unitarity

precision tests are perfectly happy with no new
physics at the EW scale




BSM models

(Unfortunately)
Higgs is not evidence for new physics

but a strong case for it comes from naturalness

As physicists, we must develop theories which

could



The Higgs at the LHC
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Let’s talk about LHC Higgs data

First of all, where?
google Higgs ATLAS (or CMS) public results

TWiki > m CMSPublic Web > PhysicsResults > PhysicsResultsHIG (2015-08-14, AndreDavi

CMS Higgs Physics Results
in preliminary results

Events / 1.5 GeV

-

SAS+8B) Weighted

110 120 130 140 150
m,, (GeV)

Visit. . MS Public Wedsite, CMS Physics ; Contact us: CMS Publications Commitee

Higgs Physics

CMS-PAS-HIG-15-011 Search for the exotic decay of the Higgs boson to two light pseudoscalar bosons with two taus and two February
muons in the final state at /5 = 8 TeV 2016

CMS-PAS-HIG-14-039 Search for a doubly-charged Higgs boson with /5 = 8 TeV pp collisions at the CMS experiment Ju;:;z
CMS-PAS-HIG-15-010 Measurement of the transverse momentum spectrum of the Higgs boson produced in pp collisions at December
/5 = 8TeV using the H — WW decays 2015

v Search for new resonances in the diphoton final state in the mass range between 80 and 115 GeV in pp Oclober
CMS-PAS-HIG-14037 collisions at /5 w 8 TeV 2015
October

CMS-PAS-HIG-14-022 Search for Higgs decays to new light bosons in boosted tau final states 2015
CMS-PAS-HIG-15-012 A combination of searches for the Invisible decays of the Higgs boson using the CMS detector 2015

Measurements of the Higgs boson production and decay rates and constraints on its couplings from a

Septoember
CM3-PAI-HIG-15-002 combined ATLAS and CMS analysis of the LHC pyp collision data at ,/§ = 7 and 8 TeV 2015



How SM-like 1s the Higgs?

The rundown

ATLAS-CONF-2015-044; CMS-PAS-HIG-156-002
ATLAS and CMS Preliminary - ATLAS
LHC Run 1 ~ CMS
| : -- ATLAS+CMS
!.LYY _,_._ — =+ 1o
MZZ —_——
— : 1 = Oobs
W OSM
Mrr
Mbb
o e b b b b b by

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value



incOjet
0.625- 10™ (exp.)
0.417 - 10 * (obs.)

incljet
0.941-10™ (exp.)
0.659- 10 * (obs.)

inc2jet
3.016- 10~ (exp.)
3.597 - 10” (obs.)

VBF (
1.878 - 10 ? (exp.)
3.470- 10 (obs.)

all
0.480 - 10 (exp.)
0.358 - 10 ¥ (obs.)

How SM-like 1s the Higgs?

Lepton-flavour violation

CMS FPreliminary 19.7 ib” (8 TeV)
A LAARELARLN RALLN LALEN RS LAAR) RAALY RAALE RALL
e Observed
l x Expected
- | |Expected + 16
Expected = 2¢

-1 0 1 2 3 4 5 6 7 8
95% CL limit on B(H—ey), 10

et,, 0 Jets
1.63% (exp.)
1.82% (obs.)

et,, 1 Jet
1.54% (exp.)
0.94% (obs.)

e‘t". 2 Jets

1.59% (exp.)
1.49% (obs.)

et,. 0 Jets

2.71% (exp.)
3.92% (obs.)

et,, 1 Jet

2.76% (exp.)
3.00% (obs.)

et 2 Jets

3.55% (exp.)
2.88% (obs.)

H-ert
0.75% (exp.)
0.69% (obs.)

CMS Preliminary 19.71b" (8 TeV)
II:lll]lll'lilIllll‘lllllilllll'l
. * Observed
X Expected

. Expected t 16

Expected + 2¢

]
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0
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6 x B(H-> inv)/a(SM)

N
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How SM-like 1s the Higgs?

Higgs to invisibles

18.9-19.7 b (8 TeV) + 0-4.9 fb™" (7 TeV)

95% CL limits CMS

Observed limit ‘i
Prellmmary
------- Expected limit

" Expected limit (10)
Expected limit (20)

L
I

|

Combined VBF-tagged VH-tagged ggH-tagged



What are the implications for New Physics?
Supersymmetry
{ tops+stops

indirect searches for stops

2_'I'"I"‘l"'l"'l"'l"'l'"I"‘
| g ATLASandCmMs  DJats
hl: LHC. Run 1 [JATLAS+CMS -
- Preliminary - ‘ 9 L
1.6F _ m, To!
- __ /{ ~ 1 | t C\l\rJ
g== | 2 D
E 4dms | 9
: t =
' *SM  —68% CL \ s
0.4 + Best fit ---95% CL -
—lllllllllllllllllllllllllllllllllq 42 4
04 06 08 1 12 1.4 16 1.8 2 g > 940 GeV

1



What are the implications for New Physics?
Supersymmetry

mz > 940 GGVI Higgs data vs direct searches for stops

tt, production, t,» b ff' %, /> c %, /> Wb X, / ;> t X,

;‘ 450 I,_l_ I 1 I I 1 I I I I I I J I I I I I 1 I I I I 1 I I I I I I ] I 1 I
8 - ATLAS \s=8TeV, 200" = 40
= oo =it ?Z toL/t1L combined G, 3q ;
G T Bttty t2L, SC I ,
= - -?,qwi:iz/bn'i’j’ WW E 20 ‘
- =Ei-oWbY tiL, t2L o
350} — Wby,
- B iocX tc "o
= te, t1L 05767180 190 200 210
- ! GeV]
300(— m [
—~ = Observed limits =---- Expected limits All limits at 95% CL -
- p &, T T, -
250 — —
200[— —
1so0— A28 9 -~ = o
100F —
50 -
PR S T T N T T N (O | L

!
200 300 400 500 600 700 800

m;, [GeV]

complementary



What are the implications for New Physics?
Composite Higgs

L L L L L L L L LI
I I | I l I

1.6 ATLAS and CMS
i LHC Run 1 et
1.4 Preliminary .~

Non-linear realization
breaking at scale f

=

1.2
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0.8
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ATLAS
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What are the implications for New Physics?

Composite Higgs
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What are the implications for New Physics?
Model-independent approaches

Expansion in inverse powers of NP scale

EEff — ESM T E ,EZOZ dimé6, dims§, ...
)

g C =
W (@17, D e DYWE,
coupling HWW mw_
at dime6 29 Cow [ Dy, pv bWk
LV

My



What are the implications for New Physics?
HEFT

Write down Lagrangian at a given order, consistent with symmetries
and particle content of the SM, basis

12 =

£ 5 Syeta]a, (0] + I ateB,, B + O 9: % ptpga, Guv
202 me, mi
+ 229 ZIIW [D“@TT2}CDu¢] W:fu Zg C.HB [D#QTDVQ:I BI-“/
myy My
1g Cw

o'Ty, Dra) W, + 95 6t D ra) o7 B,,
mey, 2ms,,

n v2ytq>T<I> o' . Qutp + 2yb<1>f<1><1> Qrbr + zyT ®'® P Lyrp.




What are the implications for New Physics?

Higgs anomalous couplings

1
HDOs generate —h g& Vi, VA
HVV .mteractlons » — }(LQV) V.8,V
with more ——
derivatives = hGnvy Vi VI

eX. Feynman rule if mh>2mV
[ o §
(P2) Uy (g%}v (5 = m%) = 29}82\21/777’%/)

.................. ; 1
—Zgg&vpgpg

—igh\/vGWaﬁpz,aps,ﬂ



What are the implications for New Physics?

Higgs anomalous couplings

, S
VP2l in, (ol (5 - mb) + 20 m )

.................. S 1
—zgg‘ivpéfm
V(p3)

—ignvv e *Ppy D33

Changes in
total rates and differential information



Pushing the limits: Differential
information

channels which probe a large kinematic regime
e.g. VH and H+j
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LHCS8 ATLAS VH

% msi_IA'TI‘.A'SIP'reIIimir;a;y' - ;W«dumm —E 12 ‘ - = S E"' """" :
@ 3 1s=7TeV [Ldt=47 1" Mot X i Slmulatlon e
m \s=8TevILdl=2o.31b‘ _a:“‘""' T 10L ]
10° E- 1 lep., 2 jets, 2 tags =w:cb: =
- g?:—:i'l':onct:om\d -
10° | ATLAS-CONF-2013-079=
10° , =
0 — 0 50 100 150 200 250
S 1.1 )
s » W pr (GeV)
Q 09 o - PR TN ST T RNT TN T Y ST ST TR T S T T .- °
0 50 100 15 200 250 Ellis,VS and You. 1404.3667, 1410.7703

P! [GeV]

Feynrules -> MG5-> pythia->Delphes3

14

12

verified for SM /BGs => expectation for EFT

Global fit

inclusive cross section is
less sensitive than

Cw

distribution



EFT approach

If New Physics thresholds above
the energy scale @ channel
EFT suitable to look for new physics
alternative to direct searches

Exp. signatures: deviations in
total rates or distribution (not a resonance)

-theog URgertainty
i A,y =

i —0.02761£0.00036
i - 0.0274740.00012
% == Without NuT eV

Data consistent
with mh~125
GeV at Isigma

Pathway: push theoretical :
and experimental limits in
indirect searches

Excluded ~ Preliminary
20 100 400
m,, [GeV]

back in 2000’s

0



What are the implications for New Physics?
EFT: Current status

LEP+Runl1 LHC data (including VV)

1410.7703

. LHC Constraints
Operator Coeflicient Individual Marginalized
. >
— 9 t~a vy a

Ow =3 (H 7 f H ) D W ™ (ew —cp) | (—0.022,0.004) (—0.035,0.005)
Op =4 (H'D'H) 0By,

Onw = ig(D*H)lo®(D" H)W?, —guc,,w (—0.042,0.008) (—0.035,0.015)
Oup = 'ig’(D"H)f(D”H)B,w —QLCHB (—0.053,0.044) ( —0.045,0.075 )
03W = Lgeap W WE Ween W Capy (—0.083, 0.045) (—0.083, 0.045)

= gs|H|26A GA'“’ Wy (0,3.0) x 1075 | (=3.2,1.1) x 10~

a, = ¢2|H|?B,, B™ e (—4.0,2.3) x 10~ | (=11,2.2) x 10~
Oy = %_(8“|H|?)2 %‘ic;{ (—0.14,0.194) (=, =)
O; = ys|H|*FLH®) fr + h.c. g (—0.084,0.155)(cy) (—,—)
(—0.198, 0.088)(cq) (-, —)

one-by-one global




Dark Matter at the LHC



Dark Matter
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E2 flux (GeV3/(s sr m? GeV))

Direct detection

Indirect detection
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Direct detection

WIMP-nucleon cross section [cm?]
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[LHC searches tor DM

DM is a neutral c.g.
likely collider-stable particle

production via weak couplings

or via a mediator

LHC signature?

protons producing
invisible particles

=nothing to trigger on



[LHC searches for DM

examples:

SUSY neutralino Mediator (axion,Z’) Higgs portal

Z(Wi) X1 ,2,3 Y
ey )4>—4m<

X1 .2 3(X )
v M

—+<$ 00009




[LHC searches for DM

examples:

SUSY neutralino Mediator (axion,Z’) Higgs portal

Z(Wi) 22,2,3 P
q(d)%
Ny )

\ &Y




Signature for DM.:

A wvisible object (X=jet, higgs, lepton, top...)

recoiling against missing energy




y—nucleon cross-section (cm?)

[LHC vs direct detection
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[LHC vs direct detection
Heavy criticism to this approach

jet , 9IxYq
strength of the signal 7 2

DM med

St validity of the EFT  Af . > F ~ DT cut

20F " —— 2
L Relic density . g
too large \‘ and Fmed o 8X Mmed

A : T

15F Theory is non— f
[ perturbative

I“fmed > Mmed

no meaning of a mediator

movement towards

mpy [GeV] simplified models
Buchmueller, Dolan and McCabe. 1308.6799 full models




[LHC vs direct detection
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LHC searches for DM
Focused on signatures of MET with very

energetic, visible objects

Reach 1s complementary to direct detection
and constrained by relic abundance

LHC may prowvide the first direct discovery of

Dark Matter, or the LHC could adapt their
program if XENONIT would claim discovery

LHC DM searches: more luminosity
Run3-4-5 useful



Tomorrow's lecture (last)

A case study:
the diphoton excess at 750 GeV

aka an example of how the
LHC could change our view
of particle physics any time



The diphoton excess



Warning! this talk

contains some distressing images




Let’s go back to 2012
The discovery of the Higgs



The discovery of the Higgs
diphoton channel
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The discovery of the Higgs

q

Background

~

diphoton channel
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The discovery of the Higgs

brazihan plot

CMS \s =7 TeV, L=51fb" \s=8TeV,L=5.31fb"
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Sigmas

Statistical significance:
probability of some observed data
compatible with the null hypotesis
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That was 1n 2012...

Two months ago

CERN council meeting Dec 15th



Events / 40 GeV

Data - fitted background
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CMS
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CMS
quite different

CMS
ATLAS

CMS
ditferent treatment of backgrounds



Are CMS and ATLAS excesses compatible?

position of the peak: yes
strength of the peak?



Are CMS and ATLAS excesses compatible?

position of the peak: yes
strength of the peak?

ttttttttttttttttttttttttttttttt

ATLAS o "..'
Run?2 ol '
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013Tev(PP => X750Gev => YY)
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What 1s 1t, if anything?

maybe a scalar coupled to vector-like fermions?
Y

Y

SUSY, Composite scalar?

maybe 1t 1s not a scalar?

most likely, 1t 1s not a heavy higgs
from a 2ZHDM (SUSY or otherwise)

many theory explanations,
need more information to advance
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Things to keep 1n mind

likely to be seen it in other channels with
vector bosons

WW, ZZ, Z-photon
compatible with diphoton first

update in Moriond? (end of March)
and, new data Easter-Summer: ICHEP August 2-9



Things to keep in mind

local

[Look elsewhere effect (LEE)
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Things to keep 1n mind

local

Look elsewhere ettect (LEE)
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Models at the LHC

)
.................................

ILHC Runl
discovery of the Higgs
strong constraints on NP
i LLHC Run2
energy increase, heavy resonances

o — 1 LHC now and beyond

o« “=—| precision-> indirect searches (EFT)
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Models at the LHC

and beyond
PACE

next discovery may come from any front
understand discovery in a unified framework
characterization will use all sources of data



