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WHERE'S THE NEW PHYSICS?!?
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PERTURBATIVITY

W= mass C%> v =~ 246 GeV
Higgs mass ::%> myg ~ 125 GeV

Yields 1~ 88 GeV

All SM parameters perturbative!
(at weak scale)
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WHY SUSY?

Perturbativity implies calculational control.

STANDARD MODEL

"Model” of electroweak symmetry breaking.
iggs mass is not calculable.

SUSY MODEL

"Theory” of electroweak
symmetry breaking.

Higgs mass is finite.
Can interpret fine-tuning.
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GUIDANCE FROM NATURALNESS
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MINIMAL REQUIREMENTS

16 72
- : glui @,
Two-loops: gluinos ( B mh>

One-| t O e
- - m,
ne-loop: stops P h

Tree-level: Higgsinos O(mp,)
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" NATURAL SUSY”

Dimopoulos and Giudice [arXiv:hep-ph/9507282]

~20% Cohen, Kaplan, Nelson [arXiv:hep-ph/9607394]
tuning . s
HIGGSINO See David Shih’s Talk!
A_l —1/2
)
S 200 GeV (20%)
STOP

sin 3 3 A‘l)l/z
Maton, < 500 GeV
¥ vV 1+ (Ar/Mstop)? \/log(A/TeV) (20%

GLUINO

3 A
e 100IGeN Smﬁlog(A/TeV) (20%)

Papucci, Ruderman, Weiler [arXiv:1110.6926]
Tu ning: A\ = Brust, Katz, Lawrence, Sundrum [arXiv:1110.6670]
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DISCLAIMER

3 Moving well
ﬂ m . beyond minimality.
KEEP Goalis to
understand

CALM what is possible.
AND

MODEL
BUILD ON

i
¥
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THREE VIGNETTES

Mgluino I1l. Gluinos without Missing Energy

Mstop Il. Colorless Stops

1 |. Heavy Higgsinos
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HEAVY HIGGSINOS



LHC LIMITS WITH A HEAVY LSP
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HEAVY HIGGSINOS WITHOUT TUNING

DOUBLE PROTECTION

Two symmetries:
SUSY + global symmetry

Massless
Goldstone

Iggs

Calculable
scalar masses
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A MODEL
"Minimal Composite Higgs” symmetry breaking: SO(5)/S0O(4).

Agashe and Contino [arXiv:hep-ph/0510164]

Embed the MSSM Higgses into fundamental of SO(5).

f .
( e +WO(5) breaking vev.)

Gt H! — H?
V2| - B
§ e Er )
Symmetry preserving interactions:
A K
W= = Elabaniiess S
2 3
plus soft breaking.
(S) 0 —> pegg = A(S5)

TC, Kearney, Luty [arXiv:1501.01962]
For an effective operator approach, see Nelson and Roy [arXiv:1501.03251]
For a 5D model, see Dimopoulos, Howe, March-Russell [arXiv:1404.7554]
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EXPLICIT BREAKING

Need explicit SO(5) breaking to lift Higgs potential.

SUPERPOTENTIAL TERMS
/ 5 e, K g
AW = =805+ =5"Py — —&
SR TR ey
f2
Yields “misalignment" tuning: AGoldStone S
v

YUKAWA AND GAUGE TERMS

Standard MSSM contributions to Higgs potential.

A_l Syt mQS 10 (MSUSY>

% p mY
radiative 2k 7_‘_2 1}2 mtl mtg
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REDUCED TUNING

petr [TeV] petr [TeV]
1.2 14 16 18 20 22 12 14 16 1.8 20 22

32
28
24
20
16
12

/\“5\ 8

A A
Beat MSSM tuning as coupling increases.

T = Ag, /AfalsSM

Goldstone

TC, Kearney, Luty [arXiv:1501.01962]
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COLORLESS STOPS



MUST TOP PARTNERS BE COLORED?

New symmetry commutes with SM gauge groups.
Naively, implies top partners carry color.

NEUTRAL NATURALNESS
ntroduce mirror sector.

Impose Zs parity symmetry on top Yukawa and strong coupling.
Mirror partners can yield calculable Higgs mass.

’

“Twin-Higgs” "Folded-SUSY"
Chacko, Goh, Harnik Burdman, Chacko, Goh, Harnik
[arXiv:hep-ph/0506256] [arXiv:hep-ph/0609152]

TiMm COHEN [UNIVERSITY OF OREGON] 17



FOLDED SUSY LIVES IN 5D

Z.5 and SUSY breaking with boundary conditions.

Scherk and Schwarz [PLB 1979]

Burdman, Chacko, Goh, Harnik [arXiv:hep-ph/0609152]
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WITH A TWIST

Additional allowed parameter for boundary conditions: « .

TC, Craig, Lou, Pinner [arXiv:1508.05396]

TiMm COHEN [UNIVERSITY OF OREGON]

19



A MODEL

Matter and folded matter in bulk.
Gauge groups in bulk.
Singlet on brane.

SU2)w x SU(1)y x SU(3). x SU(3);

(@ U, D, L, E)

(

(Qf, U¢, Dy, Ly, Ef)
Hap

1

M
W = 6(y) (A(5) S Hy HS A 25 S?+y” Ha (QU + Qs Uf))
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PARAMETER SPACE

NMSSM-like
coupling

125 GeV Higgs
mass with
minimal tuning

105

05

Twist
parameter

TC, Craig, Lou, Pinner [arXiv:1508.05396]
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FOLDED PHENO

T pair
production
via DY
(PERTURBATIVE)

I e e e e e S —

emission of soft

photons / gluelV

Sketch stolen (and modified) from David Curtin
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ELECTROWEAK RESONANCE
G

F—squark production |

_ 1 gen. _
10 - 2 gen. :
~~~~~

> 3 gen.

-_—
-_—
'-~- b
-_—
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oxBR[M->yW(lv)]
I
I

0.10 - observed :
- expected === | |

ATLAS Wy Resonace Search, 20.3fb™!
1070 5 S S S S S S S

e I S — I s E—

Burdman, Chacko, Harnik, de Lima, Verhaaren [arXiv:1411.3310]
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MORE FOLDED PHENO

m=0  =—-—  mm====--
t t Lty Zf

Folded color without folded quarks.

Long color strings can form, i.e., quirks.
Kang and Luty [arXiv:0805.4642]

E— e — e — i e —— e — —

—

emission of soft
photons / gluebaHs ,1

J

Some glueballs will decay visbily
in detector: EMERGING JETS*

tf pair
production <SM
via DY or h* ~

I (PERTURBATIVE) slow { f . o

shower & hadronize into two
DARK GLUEBALL JETS

T annihilation

to hard mirror

/ gluons
(PERTURBATIVE)

* see also 1502.05409 Schwaller, Stolarski, Weiler
_ e e e _

Sketch stolen from David Curtin

e i S ——— e ——— — e S ——— ‘J
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PROSPECTS FOR LHC

T T 1 T 1 T T T 1 T | -

Vs =14 TeV, 300fb~" IT: Inner tracker

H00L .- - me(iiSoril) MS: Muon system

,* (VBF h—)bb)~x (IT, r>4cm)
(smgle Iepton),x (IT, r > 50um)

------

Triggers

[Folded SUSY]

m; (GeV)
NN
o
o

Curtin and Verhaaren [arXiv:1506.06141]

see also Burdman, Chacko, Harnik, do Lima, Verhaaren [arXiv:1411.3310];
Burdman and D’Agnolo [arXiv:1512.00040]; Chacko, Curtin, Verhaaren [arXiv:1512.05782];
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GLUINOS WITHOUT MET



BARYONIC RPV

More than one R-parity violating (RPV) operator
active yields very strong constraints!

Additionally, strong constraints for events with extra leptons.
Imagine lepton number is good symmetry.

Focus on baryonic RPV operator:

1

1§
Wgrpv = 5 )\//jk Uicl)]c-l)lcC
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CON ST RAINTS
Wgrpv = )\/;kUCDCDk

n —n oscillations

e ddy dift gn x
pAgel < 100 i
T eV

TiMm COHEN [UNIVERSITY OF OREGON]

28



HIGH MULTIPLICITY

R <—@ (18
J

9/ J(10) (11)J J (12
7=u,d,c, s, b+ h.c.
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ACCIDENTAL SUBSTRUCTURE

18 partons New physics manifests as
high multiplicity hadronic event.

Occasional hard partons will
cluster into same fat jet:

<

Accidental substructure.
Hook, Izzaguirre, Lisanti, Wacker [arXiv:1202.0558];
TC, lzzaguirre, Lisanti, Lou [arXiv:1212.1456];

El Hedri, Hook, Jankowiak, Wacker [arXiv:1302.1870]

Jet substructure without boosts!

TiMm COHEN [UNIVERSITY OF OREGON] 30



QCD JETS ARE SKINNY

IR structure of QCD:
radiation tends to be
soft or collinear.

Hard partons are rare.

Difficult to satisfy a
multi-fat jet selection.

Mass and substructure are
effective discriminators.
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SIGNAL VERSUS BACKGROUND

TC, lzzaguirre, Lisanti, Lou [arXiv:1212.1456]
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JET SUBSTRUCTURE TEMPLATES

Physical assumption: jets factorize.

Training Sample Kinematic Sample

Template /

Dressed Sample

TC, Jankowiak, Lisanti, Lou, Wacker [arXiv:1402.0516]
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SUBSTRUCTURE TEMPLATES IN DATA

-o- Data
-~ Prediction
= 1600 GeV
m 5 650 GeV

.My =1200 GeV

||||||||||||||||||||||||||||||||||||||
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o ()]

e — R —

Kernel smoothing techniques used to derive template error bars.

ATLAS-CONF-2016-057
see also CMS and ATLAS [arXiv:1502.05686]

TC, Jankowiak, Lisanti, Lou, Wacker [arXiv:1402.0516]
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NO MET: REDUCED LIMITS

0O -0
— qqqQ
)
1 X1
~ o~ % ~ ~0 ~0
g-g production, g—qqx., X, 999

| I 1 | I I I | I I I I | I | | 1 | I | I I | I | I I I ‘l_¢’
— —— Expected limit (x10

g-g production, g— qgy

e ATLAS Preliminary”~
Observed limit (+10poer) (S = 13 TeV, 1';1.8 fo’

o Run 1 limit

All limits at 95% CL
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OUTLOOK
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WHERE |S SUSY?

luin Neutralinos and chargin
Leptons Quarks Gluino __etrrainos a dC arginos

7))
(-
Q
S
—
()
LL

Bosons

Sleptons Squarks Gluon  Photon

MINIMAL NATURALNESS EXPECTATIONS
Higgsinos, stops, and gluinos.

Gave examples for modifying each.

Take natural SUSY seriously, but not too seriously.
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MANY IDEAS

Stealth SUSY.

Fan, Reece, Ruderman [arXiv:1105.5135] and [arXiv:1201.4875];
Fan, Krall, Pinner, Reece, Ruderman [arXiv:1512.05781]

Dirac Gauginos.
Nelson, Fox, Weiner [arXiv:hep-ph/0206096 |; Kribs, Martin [arXiv:1203.4821]

Compressed spectra/Auto-concealment.
Dimopoulos, Howe, March-Russell, Scoville [arXiv:1412.0805]

Nnaturalness.
Arkani-Hamed, TC, D’Agnolo, Hook, Kim, Pinner [arXiv:1607.06821]
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ALL THAT MATTERS...
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