


Subject at hand...

® Mystery of the Higgs & the Weak Scale: Approaches to the “Hierarchy
Problem” and what the LHC will be able to tell us

® LEverything else: Dark matter? CP-violation? Strong CP problem?
Inflation? Flavour-violation? Baryogenesis? Gauge unification? Family
replication? 4D? Almost zero vacuum energy?...



Subject at hand...

for this talk just

® Mystery of the Higgs & the Weak Scale: Approaches to the “Hierarchy
Problem” and what the LHC will be able to tell us

—

® Everything elserBask matter? CP-violation? Stroas-€Pproblem?
Inflation? Flavour-violation? Ba#yogenesis? Gauge unification? Family
replication?2 4B Almost zero vacuum energy? ...

Y

——

reasow: hard to understand (most) other problems w/o solution to first



Higgs Enigma

Discovery of Higgs, h, sharpens deep mystery of Weak Scale:

Why 1s Higgs mass so much less than other energy scales — in particular the
scale of gravity?

mp, ~ 125.5 GeV <<€ Mpianck = 1//Gn ~ 1.2 x 10" GeV??

A very closely related mystery:

We live inside an “electro-weak superconductor” where CAUSING TWO PHENOMENA
. . Two completely different phenomena—the
SU(Q)XU(I) symmetry 1s broken (eVGI YW here in the acquisition of mass by a particle (top) and the

production of a Higgs boson (bottom)—are
caused by exactly the same interaction. This
factwill be of greatuse in testing the Higgs
theory by experiments.

observed universe)

— similar to how inside a usual superconductor

. o e i f’;/;. f"xf//f //
electromagnetism is broken (and photon gets a mass) H,{/ L
. P —
due to condensate of Cooper-palrs //’;/ P /”;C/ﬂ;ggsnem

Interaction

Elect;:n i /’

4
Higes particle @



Higgs Enigma

Discovery of Higgs, h, sharpens deep mystery of Weak Scale:

A closely related mystery concerns the scale of “Higgs condensate”<h> =

Energy Energy

|

- = -
Electromagnetic ‘ '\J/ Higgs tield

field strength strength

Wwhy unstable?? — what Led to -ve
mass-squared, — s around origin?

Wl’lg <h> = v ~ 246 GeV << Mplanck 2?2



Higgs Enigma

H = i ( ¢1 + 7;¢2 ) A (1,2,+1/2) state under

Higgs multiplet 1s

B \/i v+ h+ igbg SUERIXSUR)xU(L)

In terms of the appropriate Higgs-Kibble potential experimentally now know

V(H)=—p*H'H + A

4HTH)2+...

m; = \v?/2

| ‘~0.5.:2
-(89 qev)=

The Higgs-Englert-Brout-Kibble-Guralnik-Hagen theory does not

explain these facts — just parameterises them



Hierarchy Problem

An elementary Higgs sharpens deep mysteries:

® Absent new symmetries/dynamics, Higgs condensate and Higgs mass are
unstable to quantum corrections & dragged-up to very large energy scales

S ______ 1 j ______ {:} dv?

S M ~

H H H H H U2

S F |
L\'.,’ O F proxy for unknown heavy
S H S H H mass scales (g ravity,
....... B —— * S — o
H H H qUTs, flavour, DM, ...)
F
v v S



Hierarchy Problem

Can discuss hierarchy problem directly in terms of the Wilsonian RG flow of
finite quantities, eg, for non-SUSY GUT theory

Cartoow:
(S. Dubovsky) _ / // \\\ . OA
\ 5 ;
\ L = L321 +m HVH + E A=
( AU Vv
\
\ ;
YN strongly relevant operator
\\\\\ wot forbidden by symm if
\t SM correct
CF3y
(Higgsless)

flow trajectory of theory parameters
(tnel higgs mass) from LV to IR



Hierarchy Problem

why does trajectory of SM so closely approach
ZEero, -0.0000000000000000000000000001,
Higgs mass-squared in IR whewn there is
nothing special about trajeotorg n vV (Lf SM
true up to high scales) and trajectory is
uwnstable??

unbroken EW symm
CFTyy5 with v. large higgs mass

| (Higgsless)
broken EW symm

with v. large vev

exa ctly massless higgs



Hierarchy Problem

SM situation like tuning of a phase transition to 2nd-order point — nothing a-
priore special about 374.4 C and 217.7 atm for water — an experimentalist has to
very carefully tune the knobs!

TEMPERATURE
DLAL

pletures courtesy R. Rattazzi § V. Rychkov
who stole them anyway



Hierarchy Problem

(grand) Hlemrchg) Probleme: what |
ph gsics sets and stabilises IR |
value of Higgs mass parameter to |

|
| 2 |
| —H —32 {
~ 10 ‘;
” <Ml:2’lanck ) %h

|

Note to experts: Hierarchy problem Ls sharpest
for theories where Higgs properties, EWSE
condensate, and higgs mass, are caleulable



Hierarchy Problem

Greatest advawnce Ln RFT Ln

the last 50yrs was Wilson'’s

understanding of rG flow
of effective FT's

Theory space

UV critical
surface




Hierarchy Problem

Greatest advawnce Ln RFT Ln

the last 50yrs was Wilson'’s

understanding of rG flow
of effective FT's

Dynamics of spontaneous symmetry breaking in the Weinberg-Salam theory

Leonard Susskind*
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
' (Received 5 July 1978)

We argue that the existence of fundamental scalar fields constitutes a serious flaw of the Weinberg-Salam
theory. A possible scheme without such fields is described. The symmetry breaking is induced by a new
strongly interacting sector whose natural scale is of the order of a few TeV.

I. WHY NOT FUNDAMENTAL SCALARS?

The need for fundamental scalar fields in the
theory of weak and electromagnetic forces' is a
serious flaw. Aside from the subjective esthetic -
argument, there exists a real difficulty connected
with the quadratic mass divergences which always
accompany scalar fields.? These divergences
violate a concept of naturalness which requires
the observable properties of a theory to be stable
against minute variations of the fundamental pa-
rameters.

ACKNOWLEDGMENT -

I would like to thank K. Wilson for explaining
the reasons why scalar fields require unnatural
adjustments of bare constants.



Hierarchy Problem

Unless there ts a solution to the HP Bl

at < (few TeVv) energies we almost f§
certainly violate the Wilsontan i

understanding of RFT

qet estimate of maximal mass scale M of
new physies from one-Lloop tuning
arising from top-loop

2 1

 Ax2




Naturalness aka Dynamics

Problem Solution
1 e
Hydrogen binding energy OM FEp = — Me \/
2 (4m)?
Electron mass Chiral Symmetry \/
ot - 1° mass difference Symmetry/Dynamics \/
Kaon mixing Flavour Symmetry \/
QCD scale Dimensional Transmutation \/

(each step v. nwon-trivial, ~20+ Yyrs, with qua Li’cati\/el,g new dyna WLLCS/S Y mme’crg)



Hierarchy Problem

Dynamics/Naturalness at scale now being explored

by LHC 1s by far best bet

|
|
|
|




Higgs Enigma

COMAMLON misoowaep’ciows:

A
V(H)=—p*H'H + =

4HTH)2+...

‘~0.5.:2
-(89 Gev)*

#1  Apart from existence of h itself these 2 numbers are all that LHC
data have told us about Higgs?!



Higgs Enigma

COMAMLON misoowaep’ciows:

V(H)=—p*H"H + A HTH)? + ...

4
f ~0.52

-(89 Gev)*

#1  Apart from existence of h itself these 2 numbers are all that LHC
data have told us about Higgs?!

In fact we Rwnow (§ are still learning) vastly more...



Higgs Enigma

In addition to leading potential terms

A
V(H)=—-p*H"H + Z(HTH)2 + ...
have rest of usual SM terms
1 — .
Lsm = —Zaﬁyam — ZWI_‘:,,WIW ~ ;BuB" + (D HYDFH) + Y ¢iy

?p:qjuﬂdﬁlie

— |HYdY,q; + HYuY, q; + HVEY, 1, —|—hc

\ f / Hj = ejpH'

LHC now measuring these Yukawa couplings for the first time
(this will be important)



Higgs Enigma

In addition now measuring or constraining the couplings of these 11 further terms in Lagrangian

2: HS 3: H*D? 4- X2H?2
Qu | (H'H)®  Qunp (HTH)O(HTH) Que | HTHGAGAW
Qup | (H'D,H)" (H'D,H) e | HTHGAGAw

Quw | HTHWL Wi

aw | HHHWL W
QunB H'H B,.,B*¥
45 | HTHB,,B*

Quwp | HITTHW/ BW




Higgs Enigma

Not done yet as also have these further 19 terms involving leptons or quarks

5 : 2 H3 + h.c. 6: 02X H + h.c.

Qerr | (HTH)(perH)  Qew | (lpo*e,)T'HWL,

Qur | (HYH)(gyu-H)  Qes (lpo" e ) HB,,

Qun | (HIH)(Gpd H) — Quc | (Go**T*u,)H G},
Quw | (@0 ur)r HWY,
QuB ((fpﬂwur)ff B,
Qac | (Gpo**T4d,)H G,
Qaw | (Gpo**d,)TTHW],
QdB (gpo*d,)H B,

7. 2H2D

0 (YD, H) ()

@ | @EDLH) @)

Qne (H'i'D ,H)(e,"e,)
Q) (H''D W H)(@7"ar)
Q%) (HYDLH) (@ v qr)
Qma | (H'D H)(@yyu,)
Qua (H''D ,H)(d,v"d,)
Qiuq + hc. | i(H'D,H)(u,y"d,)




Higgs Enigma

Also have strong constraints on couplings of many of these non-Higgs terms

(this will also be tmportant...)

1:X3 8: (LR)(RL) +h.c. 8:(LR)(LR) + h.c.
Qc | fAPCGAvGBrGSr Quedg | (Ber)(dsars)  Qia | (@ur)ei(@hdy)
& | FAECGHGEPGSH Q) | | (@T u)ejn(@Tdy)
Qw | KWW Ke Qo | (Her)en(@hu)
Qw | KWW IPW K Qiogu | Bowver)ejn(@hor u)
8: (LL)(LL) 8: (RR)(RR) 8:(LL)(RR)
Qu (Lpyulr) (Ls7" 1) Qee (€pruer)(sy er) Qie (Lpyulr) (€s7*er)
W @Ma) @ e)  Quu | (@praur)(@sytu) Qu | (Tpyule) (@™ ur)
o | (@ a) @ T e)  Qaa | (dpvuds)(dey*dy) Qua (T Yulr) (dsy¥dy)
QY | (Gpyud)(@7"%)  Qew | (Epruer)(@syur) Qoe | (@7uar)(Es7Per)
QY | Gt )@V ) Qea | (Epyuer)(dsyPdy) W | (@ruar) @y )
Q,&) (ﬁp’TﬁAUT)(Js’Y“dt) f(;i) (Qp’YpTAQr)(ﬁs’Y“TAUt)
QY | (@pyuTur)(dsy*TAd) QL) | (@pyuar)(dsydy)
Qe | (@VuTqr)(deyT4dy)




Higgs Enigma

Higgs appears to be our very first (pseudo-?)elementary scalar:

® Data indicate Higgs well-described as a spin 0 scalar, with non-
derivative couplings to W/Z and Standard Model (SM)

fermions roughly in-line with SM expectations

19.7 fb™ (8 TeV) + 5.1 5 (7 TeV)

Q n I 1 I L I I I LI I LU WL :
< [CMS :
N Preliminary t
> 1F ;
& [ |=68%CL ]
< | |—95%CL ]
10k |---SM Higgs _
- ]
107 F M,e)fit | =
_ B 68% CL | ]
—95% CL j
Ll Lol

1 2 345 10 20 100 200

mass (GeV)

tests of tree-Level couplings to fermions and vector bosons



Higgs Enigma

Higgs appears to be our very first (pseudo-?)elementary scalar:

19.7 o' (8 TeV) + 5.1 fb' (7 TeV)

- — o(stat.) i Combined
AT_l.gfsPGre\lllm. o TthraI uncertainty el ;’}?0 0+ 043 CM s m, =125 GeV
My = > e — o(theory) *+1o :On u H—o bg (VH tag) L, 2
Ho vy = | = H = bb (ttH tag) Preliminar
Y | e H — yy (untagged)
H— 2z - 4l : =1 7Y 99
- _:l _ 1.44/040| % N H— yy (VBF tag)
T 035 0 =
Ho WW* vy |2 1 H — vy (VH tag)
A RN H— vy (ttH tag)
ﬁg)r'l;‘?,lgezd*, ww* 021 :g;ﬁ :: H — WW (0/1 jet)
m=135 ool 1 H— WW (VBF tag)
W,Z H - bb o | H— WW (VH tag)
u=0'2’0:6ff_'3‘ N I D S H— WW (ttH tag) D I
Howe Te‘:ld:t:_‘;'.'?g — H— tt (0/1 jet)
Combined e “m H — tt (VBF tag)
HoBb T 1090 L H — 1t (VH tag)
"""""""""" H — 1t (ttH tag) -
Combined T .
= 1_30+g:13 :gié i | | l'_-:| H — ZZ (0/1. ]et)
oo7tov ju-ssasn' 05 0 05 1 15 2 H>ZZQ2et8)| , ., .1, L1
\s=8TeV [Ldt=203 1" Signal strength (u) -4 -2 0 6

2 4
Best fit G/GSM

tests of tree-Level couplings to fermions and vector bosons



Higgs Enigma

Higgs appears to be our very first (pseudo-?)elementary scalar:

ATLAS  5rXiv:1307.1432

H— vy e Data
\I-ﬁTE‘H’lLﬂI-Eﬂ.Tt‘

v CL, expected
H— ZZ" — 4l assuming J” = 0°
\s=T7TeV Ldt=d6fb’ B+ic

\s=8TeV [Ldt=207M1"

H — WW* = evuv/pvev
\s=8TeV |Ldt =207 fb"

Spin-pa ri’cg o+ Ls
strongly favoured.




Higgs Enigma

Higgs appears to be our very first (pseudo-?)elementary scalar:

CMS H - yy 19.7 fb™ (8 TeV) + 5.1 fb™' (7 TeV)

N +0.26
ggH | 1.12 +g§; M ombined — 114 o5
| [m, =1247 GeV]

0.77
VBF 1.58 i0.68

_0.16 18 I combined + 1c

’ -0.79

VH —

—@— per-processt 1¢

+2.51
ttH| 269 2% o

IlllIlIlllIll llllllllllll|llll|llll|llll

2 4 0 1 2 3 4 5 6 7
o

Loop-Level couplings?



Stability of SM all the way up?

Sher, Giudice, Strumia,...

An intriguing feature of measured values of Higgs coupling and top Yukawa

extrapolated to Myassuming SM all the way up:

Top Yukawa coupling y,(Mp)

30

2.5
2.03
1.5
1.05

05

Stability

Higgs coupling A(Mp))

Top Yukawa coupling y,(Mp)

0.8

0.6

04

T ] T T T

< dominated

Planck—scale

Stability

006 -004 -002 000

Higgs coupling A(Mp)

0.02

0.04

0.06



Stability of SM all the way up?

Scale evolution of Higgs self-coupling and beta-function

Higgs quartic coupling A

0.10

0.08

0.06

I

T

0.04

0.02

30 bands in
M, =1733 + 0.8 GeV (gray)
a3(Mz) =0.1184 + 0.0007(red)
M, =125.1 +£ 0.2 GeV (blue)

0.00 -

—0.02 -

004 -

102

10*

10°

108 10 10'2 10 10'® 10! 10%
RGE scale u in GeV

Beta function of the Higgs quartic 8,

0.000
~0.005 - i
¥ 44
i I i
/47
Iy Vi
Iy 2
Iy #
- Iy ¥
—0010- 4/
N 4
17 i
i1 I
17 i
17 [
i }f ,f 30 bands in
-0.015 - 3 M, =173.3 + 0.8 GeV (gray)
f a3(M,) = 0.1184 + 0.0007(red)
f M, =125.1 + 0.2 GeV (blue)
o
10
I
_0020 /. | 1 | | | | | L | | | | | | I
102 10* 10%® 10%® 10 10'2 10 10'¢ 10!® 10%

RGE scale u in GeV

LS this significant??



Higgs Enigma

COMAMLON misoowaep’ciows:

H2 Higgs boson, and thus electro-weak superconductivity, “EWSB,” is just a
bigger, better version of normal superconductivity with some form of
Cooper-pair



Higgs Enigma

COMAMLON misaowaep’ciows:

H2 Higgs boson, and thus electro-weak superconductivity, “EWSB,” is just a
bigger, better version of normal superconductivity with some form of
Cooper-pair

This appears to be strongly
disfavoured by data

(unless there exists new form of
4D strong-coupling dynamdices!)



World without the Higgs?

Naively no EWSB but this 1s incorrect as
QCD dynamics leads to chiral condensate

(Grqr) = —f2By ~ —(200 MeV)?

transforms as (1,2, +1/2) multiplet under SM gauge group — SAME as Higgs

The “Higgs” dof would then be a QCD composite state (note NOT pion) of mass

(the = exaatLg massless
plons of broken chiral
~4nf. ~1 GeV
symmetry get eaten by
W’'s § Z, giving ~100MeV
and EW symmetry would be broken at scale ~200 MeV mass to these states)



OCD-like EWSB?

Susskind, Wilson, Weinberg, Dimopoulos, Lane,...

Leads to the idea of “Technicolor” where we say EWSB driven by similar
non-perturbative condensate

(U WR) ~ —AS- ~ —(200 GeV)?

Va AN

Now L some SU(N) theory (with N¢flavours)

note now sca Lcol—uqa

Great advantage — “dimensional transmutation” explains exponential smallness and stability
of weak scale

ATC ~ Mexp (—87'('2/[?19%0)

Problem: RCD-LLRe strong aovqsliwg solution
oleoisiveLg excluded bg data!



OCD-like EWSB?

Problems:

The Higgs state, h, would be heavy ~TeV

The Higgs state would not be pseudo-elementary (big form factor -> large coetts
of higher derivative operators involving h)

Fermion masses would have to arise from dim=6 4-fermion operators with
large coeffs -> huge, insurmountable, problems with rare flavour processes

The longitudinal dof of the W,Z bosons would have significant compositeness
(big form factor -> large coeffs of higher derivative operators)

: |
\

."t\

N

é
\
|

e N
= =

dead as an ex-parvrot

é
:
|
q

felil

g
we

-
-
Y [




(non-QCD-like) Composite EWSB?

Little HP

‘Higgs’ dynamics

f~1TeV

~ 100 GeV h, WLi, 1 Yukawa couplings with t,b,c,...,



(non-QCD-like) Composite EWSB?

Georgi, Kaplan, Appelquist, Barbieri, Teper, Rattazzi, Pomarol, ....

Need Large (>102) separation of
scales to filter out unwanted
effects and allow realistic flavour
consistent with data

—> approximate scale- (conformal-)
iavartant 4 d yna mLes

‘Higgs’ dynamics

f~1TeV —> AND Higgs must be a psewdo-Nambu-
Goldstone so it s much Lighter thaw all

other compostite states

~ 100 GeV h, Wi, Zr,



(non-QCD-like) Composite EWSB?

Higgs if it 1s to be so light compared to other scales must be a pseudo-Nambu-Goldstone

_ L (1t
H = \/5 (h—l-’i¢3>

/

all 4 compowewts
must be pNGBs

Georgl, Kaplan

2 NGB and higgs

QCD-like-compositeness had global symm structure SO(4)/SO(3) ~—’ WS massive

Generalise to SO(5)/SO(4) ‘-—-) 4 NGBs and higgs is automaticaug Light



(non-QCD-like) Composite EWSB?

Effective Lagrangian for a composite light pseudo-NG Higgs boson: 2 leading operators

2f2 8H|I{|28M|I{|2

czzl—i—O( ) < 1

f2

generic but not a theorem

robust consequence
of coset structure

courtesy of R. Rattazzi



(non-QCD-like) Composite EWSB?

Higgs coupling to fermions ¢

Composite Higgs

1.5 _l | I | l_‘
o I ) ) R
ST T
i ’ f"‘”"-‘ ..... |
- A ’ l .
1OF - ————— -4 L SM- = = e i
. L,/',’ll S
3 . - //' l‘ e g
Y
= "’,'/' =
05 ;! )
s |
i / |
! / , !
00+ / , FP i
: 7 ; '
’ |
/' -/ |
’ / |
05} | | -
= '/ l
- / | -
» | “
- ! | 90,99% CL |
—1'0 ’-l 1 1 1 1 1 | 1 1 1 | 1 l—‘
0.6 0.8 1.0 1.2 14

Higgs coupling to vectors a



Prospects for H(125) measurements

. . o ] ATLAS Simulation Preliminary
Higgs couplings may indicate new physics: s =14 TeV: [Ldt=300 o' ; [Ldt=3000 fo”

a few percent precision is a good target Hom  (comb)
Higgs Snowmass report (arXiv:1310.8361)
Deviation from SM due to particles with M=1 TeV Hestr (VBF-like)
Model Ky K, Ry
Singlet Mixing ~ 6% ~ 6% ~ 6% H— ZZ (comb.) g
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4% H— WW (comb.)
Composite ~ —3% ~—=B3-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1% H— Zy  (incl)
Future LHC data: measure H couplings at
2-8% level (cf 20-50% today), and to Hoopy  (oms) E |
access rare decays such as H—up 0 02 04
ATL-PHYS-PUB-2013-014 Ap/pu
CMS projections for coupling precision (arXiv:1307.7135)
L(tb=h | «, Kw K7 Kq Kp K Kt KZny Ky BRgy

300 | [5,7] | 4, 6] | [4 6] | [6,8] | [10,13] | [14,15] | [6, 8] | [41, 41] | [23, 23] | [14, 18]

3000 12,5] | 12,5] | |12,4] | [3,5] | |4, 7] 7,10] | [2,5] | |10, 12] | |8, 8] 17, 11]




Best option:

Supersymmetry

) Quarks @ Levons @ rorce particies Squarks ) steptonz P ggﬂsg;:rce
Standard particles SUSY particles
BIG advantages:

1) SUSY automatically includes elementary scalar Higgs
2) Precision gauge-coupling unification: prediction of sin” 6, ~ 0.2315
3) Flavour much easier to deal with as weakly-coupled theory

(Note:dimensional transmutation secretly
sits behind generation of large hierarchy)



Supersymmetry

Squark-gluino-neutralino model
;2800 B I I I I I L I | | I l' | I l I L] I I 1 | 1 I 1 1 I ] I 1 I

Q - ATLAS F I’\ limitna S m[‘j?] - 0 GeV Observed limit {+1 o:::‘i
O, 2600 [— \e \ ----- m(i?] = 0 GeV Expected limit (+1a,_ ]
§ = T~ai = 20.3 1b \\!s=8 1-3?\/ e (3} = 395 GeV Observed imit ] )
= 2400 e %A — == mix") - 395 GeV Expecled limil - Lots D'(: aSSH.VM}PtLOV\/S
- O-leptpneqmbined™ . b, . , ;o
5 2200 = \\ | m(,} - 695 GeV Observed Imil 7 go tnto such Limits
2 C T~ S " ==== m{{ ) =635 GeV Expected limit . , ,
o L) 1
% 00 - N - 5 [ rov .5 ) -0 Gov O and tra wsLatLont\, Lnto
§ | S ] amount of tuning of
1800 = - o \___\ ~Q ] EWSEB
- \ 3 ' L ]
1600 [ \\\ N,
: \‘\\“ ;‘\“‘\\ T hm.._"‘._m‘.:: =iz 1
1400 [ ““\\ S *-%
1200 ) =
1000 ¢ — . .
: ! ‘ - SUSY tuning still
800 R T A N R T T I T AT ) N T e
800 1000 1200 1400 1600 1800 2000 2200 2400 much, much better than
gluino mass [GeV] SM but...

a tully natural theory requires
abandoning (parts of) traditional

structure of supersymmetry




MSSM Fine-Tuning Problem

Successtul EWSB requires ~ —m%_l — |:UJ‘2 (tan g >> 1)

Sole source of higgsino mass
——> sowme tree level tuning

At 1-loop Higgs soft mass gets large corrections

3yt
2 t 2 2
Amiy ~ —(m7 + |A¢]7/2) log
4
Large Loop-Level tuning uf stop wmediation scale of
mass § A-term not small SUSY breaking

log ~ 35  gravity

log ~ 6  sgauge



The Gluino Sucks Problem

WORSE: Log RG evolution quickly pulls up stop mass, and thus EW scale, to gluino mass

S A
2 S A r2
Am{g ~J 37‘( M3 log (%) 6
4.
3‘%’2 A

Am%{u — 47T2( 7?%—]14,5]2/2)10g — 2
0.0 0.5 1.0 .1.15 2.0 2.5 3.0
A
LOgIOE

Gluino bounds constrain all MSSM-Like scenarios to ~1%

tuunl V\lg .o (Arvanitaki, etal, 2013)



Supersymmetric Theory Space

There exist qualitatively ditferent ways of implementing SUSY than MSSM

Naturalwness

Maximally ‘;
| Natuval
i SuSY :

99.5% of all SUSY papers



Fully Natural Supersymmetry?

There exist qualitatively ditferent ways of implementing SUSY
Crucial ingredients:

1) Eliminate the bad log enhancement in feed-in to Higgs mass parameter

2) Eliminate the gluino sucks problem so gluino can be heavy

follow from enhanced symmetry structure (surviving Zn-2)r, U(1)R, and/
or N=2 structure in gauge/Higgs) or locality

bottom Line: there exist SUSY theories untuned at present LHC Limits



V3 LSP: New Signatures of Naturalness?

\

ATLAS-CONF-2014-014
ATLAS-CONF-2013-026&




Auto-Concealment of SUSY ?

tt, production, > b fP%, /1> c¥; > Wb¥X, /t>tX,  Status:ICHEP 2014

;- S00[T—TT11 [T T T T [T T T T [ T T T T[T T T T [T T T T[T O
8 - ATLAS Preliminary L, =20fb"(s=8TeV L =4.7f"\s=7 TeV
= 430~ m L_> t7 oL [1406.1122)] 0L [1208.1447] —
W - SEtot Z: 1L [1407.0583] 1L [1208.2590] .
E 400 — oty . 2L [1403.4853] 2L [1209.4186] 7 ,
- EEio W}g X, 1L[1407.0583], 2L [1403.4853] - - sl,(_sg th EOVYLES CAW
—  Eet-c % 0L [1407.0608] 7 ,
350 - S bffy 0L [1407.0608], 1L [1407.0583] ] d a namLea LLg
- — Observed limits ==== Expected limits S-St this reglon
300[— Al limits at 95% CL ]
— @&; ]
250— N —_
— NP SRSy ]
— S - ‘ _
RN A~ L :\\\ _
200— \\ —
150 :— ] \\ _: V\zﬁed 'PV@GLSLOV\/
- \ - ’
” v understanding
1007 L of SM to pull
50 0 fb “: _: SLQ nal ‘(:YOWL
A
AN background
0 ] N N T A
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Prospects for Run2

Hugely increased potential for discovery of heavy particles at 13~14 TeV

Cross section ratios: 14 (13) TeV / 8 TeV

Minimum bias | |

Ll Note:New states/modified couplings for HP solution may only
WH be won-coloured. Must have precision control of SM predictions
H (ggF)
H (VBF)
tt
ttH 4.7

stop pair (0.7 TeV) 11 (for 13 TeV / 8 ToV: 8.4)

stop pair (0.9 TeV) — 16 (for 13 Tu\f / 8 TeV: 12)
gluino pair (1.5 TeV) 72 (for 13 TeV / 8 TeV: 46)
gluino pair (2.5 TeV) R 5700 (13 / 8: 2700)
Z SSM (3 TeV) | EED 13
Q" (4 Tev) s 87
QBH (6 TeV) s E— S S——— ‘|2':"5H-7r
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HP & “Physical Naturalness™?

Bardeen, Foot, Shaposhnikov, Lykken,...

Some say another way of addressing HP — “Lt doesn 't exist”

Basically claim that there might be no higher mass scales feeding into H:

In principle gravity might be UV completed with no new particles so not
atfecting the Higgs mass (we know of no such construction)

AND suppose there are no other mass scales (eg, from origin of flavour;

unification; dark matter;...) coupling to H either

s this a “no-tuning” solution to hierarchy problem with
no lLow-energy conseguences??



Consequences of “Physical Naturalness”

All BSM states carrying SM gauge quantum number must be below a few TeV

(so no high scale gauge unification)

Yukawa coupled particles can be heavier, M\r < 107 GeV

Gravitationally coupled particles less than 102 GeV? (requires a 3 loop
calculation not yet performed)



Problems of “Physical Naturalness”

Must do all physics with previous constraints:

Still must explain why M| >> v
Family quantum numbers
Dark matter

Neutrino masses

Baryogenesis

Inflation

Flavour

sinZ0....
and avoid all Landau Poles in a controllable way

Looks very tough!



Problems of “Physical Naturalness”

Arvanitaki, Dimopoulos, Dubovsky, Strumia, Villadoro

Need to expand gauge group at the TeV scale, eg, to SU(4)xSU(2)xSU(2), or
SU(3)? to solve U(1) Landau pole

Add further states to avoid Higgs quartic LLandau pole

And do all the rest of physics at low scales or with mysterious quantum gravity
effects...

attempts so far failed even at first stages

(§ evew if this program worked there Ls generically
new ph 551',05 accesstble by LHC/other experiments)



Naturalness aka Dynamics

Partially tuned dynamics??

Deuteron Binding Energy!?
2 MeV < Agep >~ 200 MeV

Often stated that involves <1%
tune compared to natural nuclear
scales (so justifying similar state of

affairs for Weak Scale?)



Naturalness aka Dynamics

W dynamics??

Deuteron Binding Energy!?
2 MeV < Agep >~ 200 MeV

\

cf. saturated nuclear binding
energy of & MeV per nucleon tn
whole range of Larger nuclet

ural nuclear
similar state of

1 1 TN

Eb%

~ 2 MeV

fully natural

(full argument developed by Arvanitaki,
Dimopoulos, & Villadoro)
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Stability of SM all the way up?

How metastable?
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Hierarchy Problem

A recent trend (?fad?) has been to say it is tuning — W iU a #ﬁVe‘Y"(Se
Aeﬂ

our vacuum w/ tiny
vacuuwm energy and 246
qeV higgs condensate

huge number of possible metastable vacua — we have to exist in
the one compatible with a long-lived universe with properties we
see — ‘environmental velection” or “anthropic selection”



Anthropic Selection?

useful to recall some history...

Problem Solution
Earth-Sun Distance Anthropic Selection 10?? suns \/
Cosmological Constant Anthropic Selection 10°% universes???
7 eV line of ?**Th nucleus “Look-elsewhere” effect (ie, many possible lines)
Solar Eclipse & moon’s size Plain luck!

Many flaw(s):

How many vacua? Distribution of stable vacua? Which parameters scan and how? With what
correlations? What properties should we select on and how detailed? (“existence of atoms” “existence of
life” “my name i1s John”?) What do probabilities mean in this multiverse anyway...

“Successes/hints”:

Weinberg's “prediction’ of order-of-magnitude of cosmo constant. We have no other idea why CC so
tiny. Some properties of light quark masses and QCD/EM energies do seem delicately arranged.
Claims that many vacua fits well with inflation & also string theory dynamics.



Higgs Enigma

Higgs appears to be our very first (pseudo-?)elementary scalar:

Tests of SM Higgs
spiw—paritg (o+ tn
yellow) against other
hypotheses (all shown
L blue).

Compatibility with
each hypothesis
measured by the
amount of the curve
lying to the right of
the arrow.

Spin-parity o+ is
strongly favoured.

Pseudoexperiments

iments
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