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The LHC Discovered the Higgs

19.7 b (8 TeV) + 5.1 b (7 TeV)
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coupling, spin and parity measurements are (so far) compatible with
predictions for the elementary SM Higgs
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The Hierarchy Problem

the mass of an elementary higgs is quadratically sensitive to the UV

]
(md)? + W(AUV)Z‘ ~ (125 GeV)?
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The Hierarchy Problem

the mass of an elementary higgs is quadratically sensitive to the UV

]
(md)? + W(AUV)Z‘ ~ (125 GeV)?

Canada United States
9,984,670 km? - 9,826,675 km? = 157,995 km?2
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The Hierarchy Problem

the mass of an elementary higgs is quadratically sensitive to the UV

(md)? + (Auv)? ~ (125 GeV)?

1672

Canada United States
9,984,670 km? - 9,826,675 km? = 157,995 km?2

for Ayyv = Mpjanck, tuning of the Higgs mass would correspond to
the surface area of Canada and the United States
differing by approximately the size of an atom!
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Finetuning and Naturalness

In the absence of a symmetry (or some form of conspiracy) enforcing
cancellations, the observed electro-weak scale can only be obtained by
finetuning the bare Higgs mass against the radiative corrections.

h 3y¢
ho o dt y--he ~ % (Aw)?
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Finetuning and Naturalness

In the absence of a symmetry (or some form of conspiracy) enforcing
cancellations, the observed electro-weak scale can only be obtained by
finetuning the bare Higgs mass against the radiative corrections.

naturalness principle:

light fundamental scalars are accompanied by new physics that cancels
the quadratically divergent part of the radiative corrections

h h h h o 8y o
----- ° [ e---h- - eiiieci-a-ih- ~ 35 ms log(Auv)

still most popular candidate: supersymmetry
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No Signs of SUSY (yet

ATLAS SUSY Searches* - 95% CL Lower Li

Status: ICHEP 2014
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*Only a selection of the available mass limits on new states or phenomena is sh
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No Signs of SUSY (yet)

i, production, T, b P /T,- ¢ X0~ Wb/~ t}  Status: ICHEP 2014
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No Signs of SUSY (yet)

t, production, t,~ b1 X0 /%~ X0/t~ Wb/t~ tX  Status: ICHEP 2014
T

;500\\\lww\\‘\\\\‘\\\\‘\\\\‘\\\\lww
8 ATLAS Preliminary L, =20b"s=8 Tev Ly = 4.7 o V5=7 Tev
= 450wy oL 1406 1122] oL (1208 1447)
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=il o 14070600 » it is possible that we
Fmbff 9 OL [1407.0608], 1L [1407.0583] . .
just missed the
= Observed limits === Expected limits

superpartners at the
7/8 TeV run, and they
will show up at 13 TeV

All limits at 95% CL

» (it happend in the past:
e.g. LEP and Tevatron
just missed the Higgs)
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A Modified Naturalness Principle

Farina, Pappadopulo, Strumia, 1303.7244 (finite naturalness); Giudice, 1307.7879 (UV naturalness)

the higgs mass is quadratically sensitive to UV thresholds
» if there are no new particles/scales above the electro-weak scale,
there is no hierarchy problem (what about gravity?)

» if new particles above the electro-weak scale are sufficiently weakly
coupled to the Higgs, there is also no hierarchy problem
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A Modified Naturalness Principle

Farina, Pappadopulo, Strumia, 1303.7244 (finite naturalness); Giudice, 1307.7879 (UV naturalness)

the higgs mass is quadratically sensitive to UV thresholds
» if there are no new particles/scales above the electro-weak scale,
there is no hierarchy problem (what about gravity?)

» if new particles above the electro-weak scale are sufficiently weakly
coupled to the Higgs, there is also no hierarchy problem

can be used as a constraint on new physics:
» right handed neutrinos from a see-saw mechanism have to be lighter
than ~ 107 GeV in order to avoid fine-tuning

» minimal dark matter particles are typically bounded at the level of
~ 1 TeV in order to avoid fine-tuning
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What about Gravity?



T BUNK ou SHOWD B€ MORE
EXPLIUT HERZE N STEP TWo,"



Three Categories of Miracles

(Giudice, 1307.7879)

miracle of the third degree:
gravity does not affect the Higgs mass
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Three Categories of Miracles

(Giudice, 1307.7879)

miracle of the third degree:
gravity does not affect the Higgs mass

miracle of the second degree:
gravity does not affect the Higgs mass
AND leads all SM couplings to fixed points (no Landau poles)
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Three Categories of Miracles

(Giudice, 1307.7879)

miracle of the third degree:
gravity does not affect the Higgs mass

miracle of the second degree:
gravity does not affect the Higgs mass
AND leads all SM couplings to fixed points (no Landau poles)

miracle of the first degree:
gravity does do not affect the Higgs mass
AND leads all SM couplings to fixed points

AND erases any large quantum correction to the Higgs mass
from physics below the Planck scale
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No-Scale Models

finite naturalness is guaranteed if there are no scales in the theory
(Planck scale does not count, because one assumes gravity performs a
miracle of third or maybe second degree)

electro-weak scale has to be generated dynamically
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No-Scale Models

finite naturalness is guaranteed if there are no scales in the theory
(Planck scale does not count, because one assumes gravity performs a
miracle of third or maybe second degree)

electro-weak scale has to be generated dynamically

» strong dynamics: use technicolor to give mass to an elementary Higgs
(Hur, Ko 1103.2571; Heikinheimo, et al. 1304.7006; Holthausen, et al. 1310.4423)
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No-Scale Models

finite naturalness is guaranteed if there are no scales in the theory
(Planck scale does not count, because one assumes gravity performs a
miracle of third or maybe second degree)

electro-weak scale has to be generated dynamically

» strong dynamics: use technicolor to give mass to an elementary Higgs
(Hur, Ko 1103.2571; Heikinheimo, et al. 1304.7006; Holthausen, et al. 1310.4423)

» Coleman-Weinberg: quartic of another scalar runs negative in the IR
(many papers in the last few years)
Ver(Z) ~ AZ* + 81T logT , A <0, >0

electro-weak symmetry breaking generated by a negative Higgs portal

AsH(X)
2

2
AsyEiE HTH HH
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The Model
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No Scales and a Dark Portal

a complex scalar serves as portal to a dark sector

A A
Looatar = [DHI? + [DE[ — ZIHI* = 2 [E[* Azl HIP|E P

Possibilities for Dark Matter

» pseudoscalar component of the complex dark scalar
(Gabrielli, et al. 1309.6632)

» dark gauge boson that gets mass from eating a Goldstone from the
complex portal scalar (Hambye, Strumia 1306.2329)

» dark fermions that gets mass from Yukawa couplings to the complex
portal scalar (WA, Bardeen, Bauer, Carena, Lykken 1408.3429)

Bas ~ 161—2( -+quartics +gauge couplings —Yukawas)
T
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Dark Gauge Interactions

» introduce a dark SU(2)x x U(1)x gauge group

1 v 1 v
Laauge = 7 (Wa)uw (Wa)"" + 7 (B, (B)"
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Dark Gauge Interactions

» introduce a dark SU(2)x x U(1)x gauge group

1 v 1 v
Laauge = 7 (Wa)uw (Wa)"" + 7 (B, (B)"

» the dark scalar X is a SU(2)x doublet with U(1)x charge 1/2
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Dark Gauge Interactions

» introduce a dark SU(2)x x U(1)x gauge group

1 v 1 v
Laauge = 7 (Wa)uw (Wa)"" + 7 (B, (B)"

» the dark scalar X is a SU(2)x doublet with U(1)x charge 1/2

» adark scalar vev (¥) = w breaks the dark gauge group
down to a dark U(1) (dark electro-magnetism)

» dark sector contains a massless dark photon,
massive dark W and dark Z

w w
my =0, my = nga mz = E\/9§(+93(2

» (we don’t consider kinetic mixing between U(1)x and U(1)y)
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The Dark Fermion Sector

» we introduce two generations of dark “leptons”

L
left-handed doublets - = <>§’L) , right-handed singlets 7, ¢/
S|

» the two generations have opposite hypercharges to ensure
cancellation of anomalies
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The Dark Fermion Sector

» we introduce two generations of dark “leptons”

L
left-handed doublets - = (?i) , right-handed singlets 7, ¢/
S|

» the two generations have opposite hypercharges to ensure
cancellation of anomalies

Efermion = /'(/_)/Lp"/)lL + liﬁpXﬁ’ + /g/Ra £/R
(Y 0TS + Vi O5xEE + Ve, OHePE + Y, 05eFE + hc)

» fermions get masses from Yukawa interactions with the dark scalar

YX i YE i

my, = w, mE,:\/éw

BV

» 2 massive, dark-charged “electrons” and
2 massive, neutral “neutrinos”
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Radiative Symmetry Breaking

d)s 1
T

3
4Qx + (Qx) 59)%(93()2 —99%)\s — 3(gk)*As

42 Yé‘, FYE D+ VL))
i i

(12>\ L4z,

» sizeable gauge couplings drive the dark quartic negative in the IR
and a dark scalar vev is generated dynamically
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Radiative Symmetry Breaking

d)s 1
T

3
4gx + (Qx) 593((93()2 —99%)\s — 3(gk)*As

42 Yé‘, YO+ VD)
i i

(12)\ L4z,

» sizeable gauge couplings drive the dark quartic negative in the IR
and a dark scalar vev is generated dynamically

» dark scalar vev is transmitted to the visible sector
by the portal coupling
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Scalar Spectrum

» due to the portal coupling, the dark scalar and the Higgs mix

MR ~ v2 ( 2\ =2/ An|AsH| )
- 2/ MAsHl 2[Azh] 4+ ArBag /| AsHl

2/ AH|A 2
(h> - ( Ca S“) (Z) , sin2a = —m2H| £H|V
S

—Sa  Cqu — m,2,
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Scalar Spectrum

» due to the portal coupling, the dark scalar and the Higgs mix

MR ~ v2 < 2\ =2/ An|AsH| )
- 2/ MAsHl 2[Azh] 4+ ArBag /| AsHl

2
(h) . < Co Sa> (IS7> | sin2a = 2\/n),\2H|)\):H|V
S

-5, Ca -m2

» mass of the (mostly) Higgs is corrected compared to the SM value

» mass of the (mostly) dark scalar is proportional to
the beta function of the dark quartic

2)\2 ) <A 64 Bas [AsH] )
2 2 YH 2 2 HP\s Ar [ N\ZH
m~vei iy ————=1 | m~v +

h (” Brs — 2| AzH] s 2hsH  Bag — 2|AsH]
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Vacuum Stability

» in the SM the Higgs quartic
runs negative at a scale
~10'° GeV

Higgs quartic coupling A

Buttazzo, et al. 1307.3536

0.10
008 L 30 bands in
M; = 173.3 £ 0.8 GeV (gray)
@3(Mz) = 0.1184 + 0.0007(red)
0.06 - M, =125.1 + 0.2 GeV (blue)
0.04
0.02 ¢
M, =171.1Ge
0.00 —=
—0.02]
7004 C 1 L L L 1 L L 1 L 1 L L 1 L L
100 10* 10° 10% 10" 10" 10" 10'° 10" 10%
RGE scale p in GeV
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Vacuum Stability

» in the SM the Higgs quartic Buttazzo, et al. 1307.3536
runs negative at a scale
~ 10" GeV i

» electro-weak vacuum is
only meta-stable

Top pole mass M; in GeV

Stability 4

8
120 122 124 126 128 130 132

Higgs pole mass M), in GeV
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Vacuum Stability

» in the SM the Higgs quartic
runs negative at a scale

1.0f"
~ 1010 GeV 3
. A0
» electro-weak vacuum is
only meta-stable 081 8-
06 8-
» mixing with the scalar g ' 1S
changes the IR boundary I
conditions 0.4r T
* .
An(mp) ~ )\SM mp +7ZH 0
( ) H ( ) 6Az — 2|AZH| 02,10
» scalar potential can be 0ol
absolutely stable 50
(see also Elias-Miro, et al.
1203.0237)
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Renormalization Group Evolution

example point in parameter space

mp ~ 1255 GeV, ms ~ 168 GeV gauge couplings
70
my, ~ 740 GeV, mz ~ 850 GeV
my, ~50GeV, m,, ~50GeV 60F .- @, ]
me, ~ 160 GeV, mg, ~ 700 GeV S e
50! - ]
E T e 1
» SU(2)x gauge coupling is 40! B —5"‘7;.,'.:// /
asymptotically free g : V02 e
U(1)x gauge coupling 30f e .t 7 -
becomes large close to the r /‘/\,\
Planck scale 20f <
[ o]
[N d -
10—
[ A
of

10% 10%® 10° 10'? 105 10'8
u (GeV)
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Renormalization Group Evolution

example point in parameter space

mp ~ 1255 GeV, ms ~ 168 GeV Yukawa couplings
1.2
my, ~ 740 GeV, mz ~ 850 GeV I
my, ~50GeV, m,, ~50GeV 100
me, ~ 160 GeV, mg, ~ 700 GeV Tl \?\ Y, .
08
» SU(2)x gauge coupling is L Yt\\
asymptotically free S 0.6l S -
U(1)x gauge coupling I .
becomes large close to the T s ]
Planck scale 0.4/ Rl
» Yukawa couplings show only 02— Y
mild scale dependence T
of

10° 10%® 10° 10'? 10%° 10%8
u (Gev)
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Renormalization Group Evolution

example point in parameter space

mp ~ 1255 GeV, ms ~ 168 GeV guartic couplings

My ~ 740 GeV , myz ~ 850 GeV O3 —=T T T T
My, =~ 50 GeV, my, ~ 50 GeV I A4

me, ~ 160 GeV, mg, ~ 700 GeV 0.2/ }

» SU(2)x gauge coupling is

asymptotically free e 0.1
U(1)x gauge coupling [
becomes large close to the Oi
Planck scale L

» Yukawa couplings show only [ 2
mild scale dependence —01F z

» parameter point was chosen Ry S Ty - TR
such that the Higgs quartic, 10° 10> 10° 10°° 10™ 10
the dark scalar quartic and u (GeV)
their beta functions are
~ 0 at the Planck scale
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Higgs Phenomenology
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Reduced Signal Strength of the SM Higgs

» due to mixing with
the dark scalar,
higgs production is
universally suppressed

2
o = C, X OsMm

» bound on the
mixing angle

Cc. =09

~

Wolfgang Altmannshofer

19.7 fo (8 Tev) + 5.1 fb* (7 TeV)

Combined CMS

H=1002033 | praliminary

H - bb tagged
1=0.93+0.49

H - 1T tagged
u=091+0.27

H - yy tagged
p=113+0.24

H - WW tagged
p=0.83+0.21

H - ZZ tagged
1=1.00+0.29

m,, = 125 GeV

Radiative Origin of the EW and DM scale
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Best fit cr/crS
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Invisible Higgs Decays

invisible Higgs branching ratio

50
X
£ 20 \\/ N
+>§‘ 10 / - ’\\ \ >
\ \! (]

= ~ =
+ o5l o7 / | 1w
= ;7 TN\ \ -
X/ / \ I
> 1 \ =
VS
o
T 1/ ~
o s \7 RS "

o o N\

5 10 20 50

m,, =m,/2 (GeV)

» if kinematically allowed,

the Higgs can decay into
dark fermions

F(h—xx) =

3

\& ) 4m? \ 2
— X 1 X
87 Mh Sa m,2,

» for sizable mixing,

the branching ratio
can be O(10%)

» could be probed at a

high luminosity LHC
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Signals of the Dark Scalar

scalar signal strength

1
- > » looks like a second
=l = Higgs with couplings to
0107 b =, 2 SM reduced by s,
503 ! -
5 = ~ / = » but invisible decays to
5 0.01 0.5 A / o~ dark sector can be
[ / D sizable if kinematically
g - = O allowed
<
0.001-— > , ‘]1 (s = x%) =
27 / !
= E Y2 an \ ?
10 “’ = Xmpcd [1-—X
5 10 20 50 100 8w < mﬁ )

m,,=m,,/2 (GeV)
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Signals of the Dark Scalar

scalar signal strength

1
a > » looks like a second
[ Higgs with couplings to
o
0.1 04 o SM reduced by s,
[
g o2 — = » but invisible decays to
5 0.01 o dark sector can be
[ =01 g sizable if kinematically
< S allowed
0.001 ‘]I r(s = x%) =
104 N A
5 10 20 50 100 8n m

m,,=m,,/2 (GeV)

24/30
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Predictions for the Dark Scalar

1.00

scalar signal strength

Wolfgang Altmannshofer

m,, =50GeV

my,

Radiative Origin of the EW and DM scale

» dark scalar is expected
below < 250 GeV

» current Higgs searches
already constrain parts
of the parameter space

» expect signal strength
of at least few %
of the SM Higgs
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Dark Matter Phenomenology
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Dark Matter Annihilation

» four dark fermions: 7, x3, £, €3
» three lightest are always stable

» if kinematically allowed, heaviest can decay
into the other three through W exchange
(g & — &xzx7)
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Dark Matter Annihilation

» four dark fermions: 7, x3, £, €3
» three lightest are always stable

» if kinematically allowed, heaviest can decay
into the other three through W exchange

(e.9- & — &x3Ix7)

» the charged dark fermions can annihilate
into dark photons

» 5%-10% charged dark matter component
can be compatible with constraints
(Fan, Katz, Randall, Reece 1303.1521)
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Dark Matter Annihilation

» four dark fermions: 7, x3, £, €3
» three lightest are always stable

» if kinematically allowed, heaviest can decay
into the other three through W exchange

(e.9- & — &x3Ix7)

» the charged dark fermions can annihilate
into dark photons

» 5%-10% charged dark matter component
can be compatible with constraints
(Fan, Katz, Randall, Reece 1303.1521)

» only unsuppressed annihilation channel of
the neutral dark fermions is into the
charged dark fermions

— want mg > m,
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Dark Matter Relic Density
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Dark Matter Direct Detection
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dark matter direct detection
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» direct detection cross
section suppressed by
the Higgs mixing

» still 1-2 orders of

magnitude below the
current LUX constraint

» LZ should be able to

cover essentially the full
parameter space
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Summary N

» no-scale models avoid fine-tuning of the Higgs mass
(if gravity has special properties)

» discussed a specific model, where the electro-weak scale
and the dark matter scale are generated dynamically
from the radiative breaking of a SU(2)x x U(1)x
gauge group in a dark sector

model makes testable predictions for

— higgs signal strengths

— collider signals of the dark scalar

— dark matter direct detection

— number of relativistic dof’s in the early universe

Radiative Origin of the EW and DM scale November 3, 2014



“Of course, going from Higgs and no SUSY
to modified naturalness [...] is risky.

Of course, it is much more reasonable
to imagine ant***ic selection within a
SUSY multiverse of branes wrapped on
compactified 6 or 7 extra dimensions.”

A. Strumia
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One Loop Effective Potential

1 1
Vet(h, s) ~ g/\H(Mh)h4 + =

1
I Arh(psn) P S® + é)\z(,us)34

1 2 mii § 2 mg,' §
+ 16w2{_zm’“[log(u§)_2 _Zm& o9 w2 ) 2

+302, Lo mW' 332 o m§, -3
2 w’ g Hh 6 4 z! g Hh 6 )

where the field dependent masses are given by

=Y{H /2, my=g'n/4, mz=(g"+(g))H"/4

mi/ = Y5i82/2, mgi = Y€2is2/2’ m%'V’ 29)2(32/4, mZ’ - (gX+( ) )S /4
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Beta Functions

diy SM 1
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