Phenomenology Overview

What 1s the Higgs boson
trying to tell us?

[s supersymmetry awaiting us?
Can LHC Run 2 find it?
What if X(750) exists? -
Beyond the LHC? -
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Higgs Mass Measurements

| * Statistical uncertainties dominate

ATLAS + CMS 17" and yy ﬁnal states
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¢ Allows precision tests

| * Crucial for stability of electroweak vacuum
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Measured m,; Compared with
Electroweak Fit
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nggs Slgnal Strengths
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

g > R
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Higgs couplings scale with
partlcle masses
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° * Blue dashed line = Standard Model




Elementary Higgs or Composite?

& Cut-oft A~ 1 TeV with

* Higgs field:
<OH|0> £ 0

* Quantum loop problems ||

=

D Cutoff  F
A=10TeV

| Fermion-antifermion

condensate
Just like QCD, BCS
superconductivity
Top-antitop condensate?

needed m, > 200 GeV

New technicolour force?
- Heavy scalar resonance?

8 - Inconsistent with

precision electroweak data? &




Phenomenological Framework

* Assume custodial symmetry:
SU((2) x SU(2) —» SU(2)y (p=Mwy/MzcosB, ~1) &
* Parameterize gauge bosons by 2 X 2 matrix X:
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Global Analysis of Higgs-like Models

* Rescale couplings: to bosons by «,, to fermions by «,
* Standard Model: x, =x,=1
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Why 1s there Nothing rather than Something?

* Higher-dimensional operators as relics of higher-
energy physics: , _ x~/r

_L“LE T

* Operators constrained by SU(2) x U(l) symmetry:

L D

_I_

_I_

_I_

. Constram Wlth prec1510n EW Higgs data TGCS

9" & ' teB,, B + g ¢ % Sagtpge g

miy iy o

CH ,
550" [870]0,[879] +

EEI:;' -:H'|.1. [_Dﬂ'i'-tr!}.ﬂy'i':l H_::-P + tg f;HH [_D#{I:,.TDU{I}] B,-_w

i'TI-H LRI iy
9 W iy, Tra) Dk + LB g {ﬁ“fir]rj“ﬂw
m“ Em“

E—mmf@ o' Qrir + gybe* ® & - Qubr + - ,;,r_ ®'® & - Lp7g

qalle o~ ’ Lo O E ’ S A o .:"w. ¥ ¥ -.;ﬂ R




Electroweak Precision Data
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* Operators affecting oblique parameters
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* Also other electroweak tests
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N Constraints from LEP et al. data

A [Tev] A=vTIM A

A [TeV] A= TN

CoR
5~ Oaw + m—gﬂm

W

vk

25 28 35 49 49 35 28 25 12 1.4 L7 25 35 35 25
- Leptonic Sl + hadronic .
CLL ot )
observables G observables -—

.l".'- . '_. i

- | g —.—-—— Jlll'
."'” - ™

Cp - I

&n .y

0,010 0,005 o000 0,005 To10

Fits to individual dimension-6 operators

Global fit to dimension-6 operators
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Global Fits including
LHC TGCs

A [TeV]  A=svTA
0.1 0.2 0.3 04 08 04 03
I T I T T T

'.J

1 D- Falkowski, Gonzalez-alonsg, Greljo, Idlra-uua
! I'. IR R SR T N T R TR TR N T S R : M TR
-15 -05

0g;;
Associated production

LHC Triple-gauge
couplings

Global combination
Individual operators

JE, Sanz & Tevong You, arXiv:1410.7703



e
« Empty » space is unstafisiSshé
Dark matter SUSY
Origin of matter SUSY
Masses of neutrinos

Hierarchy problem SUSY
Inflation SUSY

Quantum gravity SUSY

il 77/177/77/ 4
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What lies beyond the Standard Model?

Supersymmetry

New motivations
* Stabilize electroweak vacuum From LHC Run 1

* Successtul prediction for Higgs mass
— Should be <130 GeV in simple models

| * Successful predictions for couplings
— Should be within few % of SM values

Z o Naturalness, GUTs, string, ..., dark matter L
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Theoretical Constraints on Higgs Mass

* Large M, — large self-coupling — blow up at
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' * Vacuum could be stabilized by Supersymmetry
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* Very sensitive t
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Instability during

Inflation?

'* Then Fokker-Planck evolution 1

* Do AdS regions eat us?
— Disaster 1f so _
— If not, OK if more inflation s

ll OK if some physics beyond the Standard Model? #%

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

* Do inflation fluctuations drive us over the hill?
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How to Stabilize a Light Higgs Boson?

* Top quark destabilizes potential:| |~
introduce stop-like scalar
LD 1f‘3|m|‘3

* Can delay collapse of potential: [ T
* But new coupling must be
fine-tuned to avoid blow-up: o -
* Stabilize with new fermions: —_— ]
— just like Higgsinos ) .
| * Very like Supersymmetry! e

e (GeV)




[MOFEE MINIMALJ

[COMPRESSED]

(SUF‘EFESOF'IJ

EBEMI-NATURAL%
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EﬂINI-sPLIT]‘/{ J

‘/ PLETHORA OF MODELS CONSISTENT
[ oPuT ] WITH DATA, MANY OF THEM NATURAL.
WHERE DOES THE DATA POINT U8?




Minimal Supersymmetric Extension of
Standard Model (MSSM)

_* Double up the known particles:

5 ( (lepton) q (quark) )
e.q., | =, Cor | D) g

0 - { (slepton) q (squark)

I { v (photon) or [ 9 (gluon)

1 ©g- ¥ (photino) | g (gluino)

T,

* Two Higgs doublets
- 5 physical Higgs bosons:
- 3 neutral, 2 charged

' * Lightest neutral supersymmetric Higgs looks like
the single Higgs 1n the Standard Model




Lightest Supersymmetric Particle

—J . . ¢
* Stable 1n many models because of conservation

of R parity:

R = (_1) 2S -L+ 3B

where S = spin, L = lepton #, B = baryon #
' * Particles have R = +1, sparticles R =-1:
Sparticles produced 1n pairs
Heavier sparticles 3% lighter sparticles
- * Lightest supersymmetric particle (LSP) stable &
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[LSP as Dark Matter?

* No strong or electromagnetic interactions
Otherwise would bind to matter
Detectable as anomalous heavy nucleus

* Possible weakly-interacting scandidates

Sneutrino
(Excluded by LEP, direct searches)

Lightest neutralino y (partner of Z, H, )
Gravitino
(nightmare for detection)
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- MasterCode: O.Buchmueller, JE et
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MasterCode masi%;

Combines diverse set of tools

» different codes : all state-of-the-art
« Electroweak Precision (FeynWz)
« Flavour (SuFla, micrOMEGAS)

« Cold Dark Matter (DarkSUSY, micrOMEGAS)

« Other low energy (FeynHiggs)
+ Higgs (FeynHiggs) < LHC (FastLim, Atom, Scorpion)
» different precisions (one-loop, two-loop, etc)

« different languages (Fortran, C++, English,
German, ltalian, etc)

« different people (theorists, experimentalists)

Compatibility is crucial! Ensured by

» close collaboration of tools authors
« standard interfaces

Steering Code

-

Model parameters:
e.g. m0, 1/2, AD, tanf, etc

v

Spectrum calculators

SoftsUSY

SuSpect

¥

SLHA

v

Predictors

Higgs Sector
FeynHiggs

Cosmology

MicroMECAS
Darks5UsY

Flavour Phys.

SuFla
MicOMEGAS

EWK Physics

FeaynWd

v

Predictions

Expt. Data

E. Bagnaschi, O. Buchmiiller, R. Cavanaugh, M. Citron, A. De Roeck, M.J. Dolan, J.E., H. Flacher,

S. Heinemeyer, G. Isidori, D. Martinez Santos, K.A. Olive, K. Sakurai, G. Weiglein




Sample Supersymmetric Models

* Universal soft supersymmetry breaking at
~ 1nput GUT scale?

— For gauginos and all scalars: CMSSM
— Non-universal Higgs masses: NUHM1,2

* Strong pressure from LHC (p ~0.1)

phenomenological inputs at EW scale
— pMSSMn (n parameters)

— With universality motivated by upper limits on
flavour-changing neutral interactions: pMSSM10 |

* Less strongly constrained by LHC (p ~

* Treat soft supersymmetry-breaking masses as =

~
S .

! e



Fit to Constrained MSSM (CMSSM)

2012 ATLAS + CMS with 20/fb of LHC Data
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p-value of simple models ~ 10% (also SM)




Burtimeller, JE et al: arXiv:1312.5250

Constramed MSSM (CMSSM % hcucy)

Contributions
to global y?
from
different
observables
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- Dark Matter Density Mechanisms Y €hce

2012 ATLAS + CMS with 20/fb of LHC Data
* CMSSM: bestfit, 10, 20

-1 < 015, Buchmueller, JE et al: arXiv:1312.5250
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Probing the CMSSM w1th the LHC

4000

—_— Tnday 8 Tev. 20 fb!
3500- —  |LHC 14 TeV, 300 f—1 Buchmueller, JE et al: arXiv:1505.04702
= LHC 14 TeV, 3000 fb! L
3000¢ |
S, 2000y [ ) _
ET 1500_ _— \—"—,
=
1000 X~ - '
500¢
0

my[GeV]

0 1000 2000 3000 4000 5000 6000



Measuring the CMSSM with the LHC
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Dark Matter in CMSSM, NUHM1/2, pMSSM10

# —— —— CMSSM: best fit, 1e, 2o # —— — NUHM1: best fit, 1, 2
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3500
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1000 _,i: Sanc-s aens
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b 1000 2000 3000 IRAARMEICRLUE (000 0 1000 2000 3000 4000
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e 7000
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Bagnaschi, JE et al: arXiv:1508.01173




Possible if m

Long-Lived Stau in CMSSM, NUHM? ma@
m;qp < m,

stau

Generic possibility in CMSSM, NUHM 1. NUHM?2
Bagnaschi, JE et al: arXiv:1508. 01173

(stau coannihilation region)
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Long-Lived Stau in CMSSM, NUHM? ma@

Possible if m —m, , <m_

Generic possibility in CMSSM, NUHM

(stau coannihilation region)

—_— = CMS55M: 17, 2o — —— NLUHMI1: leo, 2o
4000 10° 4000, . 10°
3500 !1“: 350017 N !mf
3000 {1 3000 ’ mu
{10
S 2500 2500 107
O, 2000 2000 {107 %
< 1500 1500 {10°
e {10
1000 5 1000 .
=00 Current LHC reach >00 10°
0 10 0 107
0 1000 2000 3000 4000 5000 6000 ~1000 0 1000 2000 3000 4000
Ty [GE"U"] g [GE"U"]
T > 103 s gives problems with nucleosynthesis
I 1., > 107s gives separated vertex signature for t-like decays

i Bagnaschi, JE et al: arXiv:1508. 01173



3 gaugino masses : My 23,

Phenomenological ek

1 trilinear coupling : A,

Higgs mixing parameter : u,
O) Pseudoscalar Higgs mass : M4,

Ratio of vevs : tan 3.

MSSM (pMSSM

Contributions
to global 72
from
different

observables

B S
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Anomalous Magnetic Moment of Muon

2012 ATLAS + CMS with 20/fb of LHC Data

g, — 2 anomaly

7k
6k

Cannot be explained Can be explained

in pMSSM10

by models with

GUT-scale unification

2 3 4 5
A(E) le-9

De Vries, JE et al: arXiv:1504.03260
pMSSMI10 can explain experimental measurements

ofg -2




Fits to Supersymmetric Models =™

2012 ATLAS + CMS with 20/fb of LHC Data

7k
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™ 5r
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Reach of LHC at
3r . . .
, ‘ E High luminosity
o N

1* 3, . ,"’~\\ """ .
0 1 1 1 le'»- ﬂ
O 500 1000 1500200025003000 35004000

mé[GeV]

De Vries, JE et al: arXiv:1504.03260
Favoured values of squark mass significantly

above pre-LHC, ~ 1.5 TeV or more




Fits to Supersymmetric Models =™

2012 ATLAS + CMS with 20/fb of LHC Data
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™~ 57
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3 . .
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1,
09500 1000 1500 2000 2500 3000 3500 2000

mg[GeV]

De Vries, JE et al: arXiv:1504.03260
Favoured values of gluino mass also significantly

above pre-LHC, > 1.2 TeV




Fits to Supersymmetric Models ™%

2012 ATLAS + CMS with 20/fb of LHC Data

(]| =
L
‘Stop mass [ =
p i Compressed Co- NUHML
stop region | MM
6* |r\
] |
< 44
J _
2t ‘\\ ,’ \\ .
1t S RS
% 1000 2000 3000 4000

my, [GeV] De Vries, JE et al: arXiv:1504.03260
Remaining possibility of a light ““natural” stop

weighing ~ 400 GeV




Exploring Light Stops @ Run 2 | ™3

2012 ATLAS + CMS with 20/fb of LHC Data Reach of

PMSSM10 |
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De Vries, JE et al: arXiv:1504.03260

Part of region of light “natural” stop weighing
~ 400 GeV can be covered




Exploring Light Stops @ Run 2 | ™3
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Part of region of light “natural” stop weighing
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Indirect Stop Limits from Precision EW Data

. Sohd hnes = full calculatlon dashed 11nes = EFT
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Drozd, JE, Quevillon & You: arXiv:1504.02409



Universal One-Loop Effective Action

St loop = 1Cs / d'z f ~tr In (—(P, — qu)* + M*+ )
* Can be evaluated to any desired dimension, e.g., 6:
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Direct Dark Matter Searches

* Compilation of present and future sensitivities
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Direct Dark Matter Search pMSSMlO

——  —— CMS5M: best fit, 1, —— —— NUHMI: best fit,

LN Bagnaschi, JE et al: arXiv:1508. 01173
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Prospects for SUSY Searches

* Different models, various dark matter mechanisms

DM Exp’t Models
mechanism CMSSM NUHM1 NUHM?2 pMSSM10

T1 LHC | v Er,v LL | (v ¥r,v LL) | (v Er, v LL) | (v ET), x LL
coann. DM (v') (V') X X

Xi LHC - X X (v Br)
coann. DM = v v (v')

t1 LHC - = v Br x
coann. DM - = X =
A/H LHC v A/H (v A/H) (v A/H) 2
funnel DM v v (V') x
Focus LHC (v Er) = x x
point DM v — = =
h,Z LHC - -~ - (v Er)
funnels DM -~ = (v')

' * No guarantees but good prospeets

Bagnaschi, JE et al: arXiv:1508. 01173




Standard Model Particles:
Years from Proposal to Discovery

Electron i |

Fhoton | |

Muon I

Electron neutrino | I

Muon neutring | |

dottom

Gluon

W boson |
Z boson |
Top

Tau neutrino

HIGGS BOSON

Source: l'he Economst




Why we are so excited by Run 2
* Expected 2015 Luminosity explores new physics
10, LHC13 ¢ fb~') vs LHC8 (20 fb™ ") -
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Reported on Tuesday, Dec. 15

* Peaks in ¥y invariant mass dlstrlbutlons
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Reported on Tuesday, Dec. 15

* Significances of local fluctuations
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Overall Significance of “Signal’?

° CMS also Saw h1nt 1n Run 1

5 i | ! —_ A CMS Prejf™N
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- * Combined significance ~ 3 0
| * Naive combination with ATLAS ~ 4.6 ©




Global Analysis of X Signal

* Assume scalar or pseudoscalar

" * Combined analy81s of CMS and ATLAS data

8 10 12 14
d13Tev(PP —> @ —> yy) [fb]

fi "R

| * Some tension between data fom Run 1 and Run 2? |




X Decays? f <£ <£

* Decay to 7y via anomalous trlangle dlagrams
* Probably also production via gluon fusion

| * Loops need heavy particles, m > 350 GeV
* Can’t be 4" generation/minimal supersymmetry
| * Single vector-like quark enough, could be more |

— 1: Single VL quark, cf, t,
— 2: Doublet of VL quarks, cf, q,
— 3: Doublet + 2 singlets, cf, q,, t;, b,

— 4. Complete VL generation, including leptons

® New World out there‘) JE, S.Ellis, Quevillon, Sanz&Yo, arXiv:1512.05327
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Scalar/Pseudoscalar Models for X
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How to Probe Possible Models?

* Other possible decay modes

Mo T oo B BAH B o g
» 1 8/3 0 180 1.2 0.090 0 i
- 2 1/3 3 460 10 9.1 61 =
3 11/3 3 460 1.1 2.8 15 =

4 20/3 4 180 0.46 2.1 11 =
Current limit ~ 2 x 10 7 13 46 =

}IlllI

* Predictions < experimental limits
. * Potentially accessible to experiment
* Also look for heavy fermions!

v[‘ ?l g It‘.i

* Work for a generation — if X particle exists!
* Wil know in 2016
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JE, S.Ellis, Quevillon, Sanz & You, arXiv:1512.05327




“Plus un fait est extraordinaire,
plus il a besoin d’etre appuye de
fortes preuves”

“The more extraordinary a claim, the
stronger the proof required to support it.”
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The LHC timeline

Plans for future runs of the LHC
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Future C_i_rcular Colliders

I explore 10 TeV scale directly (100 TeV pp) + indirectly (ee) I
—.
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Squark-Gluino Plane
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hes for Sparticles

15 = 14 Tay

ATLAS Simulation Preliminary
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What 1f the X Slgnal 1S Real?

..f Growth of X signal

Growth of QQbar s1gna1 o

M, = 750 GeV

MSTW2008 NLO

| ?(pp—rﬁ—rw) [fb]

o(p p—>QQ) [pb)

10 ¢

V8 =8,14,33,100 TeV

mq [TeV]

A cornucopla of pOSSlble new physws

Djouadi, JE, Godbole & Quevillon, arXiv:1601.xxxxx



Summary

Rumours of the death of SUSY are exaggerated
— Still the best framework for TeV-scale physics

Still the best candidate for cold dark matter
Simple models (CMSSM, etc.) under pressure

— More general models quite healthy

Good prospects for LHC Run 2 and for direct
dark matter detection — no guarantees!

Whole new world if X(750) is real!
Maybe will need a higher-energy collider?
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