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- “Higgs impostors’ left behind!
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The SM is established!

Where to expect new-physics (beyond the SM)?

Where a new paradigm is needed?

To answer this, we can follow Einstein’s path:

“Gedankenexperiment”
(thought experiments):

look at which regime the theory fails,
and therefore new physics must appear!

m ho-lose theorem
for a discovery

guaranteed the discover of the positron, charm,..., top & Higgs (or something else)
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With mu~125 GeV, the SM, is a consistent theory all the way to Mp

10'° GeV
(Mr)

\ New paradigm needed

(Strings?)

First time in particle physics
that new-physics scale is far away
from current experiments

Energy

dying of success?

Mw
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With mu~125 GeV, the SM, is a consistent theory all the way to Mp

10'° GeV
(Mr)

New motivation to go beyond:
Naturalness (Esthetics!)

mH << Mp
Why so different?
Not natural/stable to expect

Energy

Mw




With mu~125 GeV, the SM, is a consistent theory all the way to Mp

10" GeV New motivation to go beyond:
(Mp) Naturalness (Esthetics!)
g Following a more (risky) mature Einstein’s path:
b0
5 “the principle of the universe
T will be beautiful and simple”

Mw




My << Mp?

Towards naturalness

“fermionizing”
the Higgs
persym me " mechamsm’
“marrying” a fermion: arXiv:1504.07551

Higss «—> Higgsino

-~ o, | M u Itlve rse P
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The “transvestite” Higgs:




mHy << Mp!?

Towards naturalness

. \No‘"ew TeV-physics

“fermionizing”
the Higgs

# relaxation ™
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{ Supersymmetry )

“marrying” 1 fermion: arXiv:1504.07551

Higss «—> Higgsino Lo ey
: { Multiverse 4

new TeV-physics = £




my << Mp?

Towards naturalness

/

Here we will discuss:

No new TeV-physics

Sur s, “relaxation ™
( Supersymmetry )

" mechanlsm7 7

“marrying” 1 fermion: arX|v |504 07551

Higss «—> Higgsino

new TeV-physics




First important place for natural theories (BSM) to show up:

~ millions of Z produced
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by symmetries (custodial), but no S

w touching the “BSM’s bones”
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W the Higgs discovery has provided a new
“handle” to catch BSMs

With the Higgs, we have had access to
new relevant information by measuring its properties



Second important place for natural theories (BSM) to show up:

W the Higgs discovery has provided a new
“handle” to catch BSMs

With the Higgs, we have had access to
new relevant information by measuring its properties

ST | The Higgs is the most “‘sensitive”
(0T SM particle to new-physics,

| and therefore

the best place to look for natural BSM
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Examples:

1) MSSM: ~ superpartners 5
Gauge bosons: VvV MY~ Joop effects
h f
ocs e ~ tree-level effects
Higgs: —0 < ’

can be a factor 16112~ 100 larger!|

- SR—_—

k

(A=composite scale)

2) Composite models:

Z 2 2
ron U
Srons PN

yA

Gauge bosons:

h givt  16m2?

Y

\( Az YA
“strong” Higgs coupling

Higgs:



Consequences:

W Even with less statistics at the LHC, similar
impact today in new-physics as LEP

LEP: ee— Z (—ff) ~ millions of events

LHC: pp—h (YY) ~ thousands of events



First question to address in Higgs couplings:

Which are the most relevant
Higgs couplings to measure?

3

probes testing
new directions in the
“parameter space” of BSMs

Higgs physics

EVV observables

(tell us things that we didn’t know!) (non-Higgs)



Model independent analysis

Assuming a large new-physics scale: A>>mw (as LHC suggests)
(/ OZ

C
ﬁeﬁ:‘:CSMﬂLZE

/ | \ V\clim=6

SM NP scale - e |H|2G;xVGAW

just validated = I

give the leading deviations
to SM Higgs physics from BSM
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Too many new terms to say something!?



Relevant ones are dimension-6 operators whose
effects on the vacuum, H = v, give only
a redefinition of the SM couplings:

1 H|? 1 2
e.g. —G2 ‘ ‘ G2 N < v >G,12u/

gs M A \gd A2
2 ¥
G G

Not physical!
But can affect Higgs physics:
h @

\
N ¥

@ affects GG —h!
G G



There are 8 operators of this type

for one family

(assuming CP-conservation)

|H’2GA]/GAMV

7

HPWg, W

S —

HI*|D,HI*

H?

H|*fLHfr+ h.c (f=b, T, t)

———————




- Only 8 nggS coupling§ (assuming CP-conservation and one family)

can be modified by new-physics, not affecting anything else

Elias-Miro, Espinosa, Masso, AP, JHEP 1311 (2013) 066
AP, Riva, JHEP 1401 (2014) 151

ALgsv = 5ghff hfoR + h.c. (f=b, T, t)

_ 1
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h
(Y

h
+ gy FTHVE,

h
+ g FTEL,

-+ 5ggh h3

Higgs primary
couplings

EVV observables
(non-Higgs)



- Only 8 nggS coupling§ (assuming CP-conservation and one family)

can be modified by new-physics, not affecting anything else

Elias-Miro, Espinosa, Masso, AP, JHEP 1311 (2013) 066
AP, Riva, JHEP 1401 (2014) 151

ALgsv = 5ghff hfoR + h.c. (f=b, T, t)

_ 1 _
+gnvv h |WHHW A QCOS2HWZMZ'M

h
174
h Y UV 1Y Important;
T Ry — L por=attt-
v custodial invariant!!
h & zero-momentum
i nie W17 niA
+ R~Z N F F,uy

-+ 5ggh h3



- Only 8 nggS coupling§ (assuming CP-conservation and one family)

can be modified by new-physics, not affecting anything else

Elias-Miro, Espinosa, Masso, AP, JHEP 1311 (2013) 066
AP, Riva, JHEP 1401 (2014) 151
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6 measured

at the LHC
(the “kappas’)



Higgs coupling determination

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

19.7 o™ (8 TeV) + 5.1 f6' (7 TeV) EMS W 68% CL
combines | CMS m, = 125 GeV reliminary = 95% CL
W=10=0R Preliminary  per decay
H — bb tagged N
i=0.93+0.49 L Jhii
i = M
H — 1t tagged .
w=0.91+0.27 hii K
H — vy tagged # A ——
w=1.13+0.24
H— WW tagged
p=0.83+ 0.21
H — ZZ tagged '—*_
“=1.u0t0.29 .................................................... B R R TTTEETRPIT
| | | | | | 1 | | I | | 1 | :
0 0.5 1 15 2 BRgg) flle—— :
BESthtG{GSM Tt oo b b e
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parameter value

All parameters floating and K <1

reasonable good agreement with the SM!



- Only 8 nggS coupling§ (assuming CP-conservation and one family)

can be modified by new-physics, not affecting anything else

Elias-Miro, Espinosa, Masso, AP, JHEP 1311 (2013) 066
AP, Riva, JHEP 1401 (2014) 151

(f=b, 7, t)
1 T
2 cos? Oy 2 ]
6 measured
at the LHC
(the “kappas’)
h—Zy

It can be measured
in the far future by
GG—hh



Experimental bound on h—= 4y

CMS (s=7TeV,L=5fb"Vs=8TeV,L=19.6fb"
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Phys.Lett.B726 (2013) my, (GeV)
CMS (H — Z7): p <9 (9 expected) at 95% CL /\
BR(h—Zy)~0.00 :

small in the SM Lo 1 i still allowed to be
since it comes 7T v T , 4 9 x BRsmMm
at one-loop: ! ) A

... last hope for finding O(|) deviations?

(possibility in composite Higgs models)
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CMS (H — Z+): u < 9 (9 expected) at 95% CL /\
BR(h—Zy)~0.00 R

small in the SM o , ’ still allowed to be

sinceitcomes T LA d 9 x BRSM
at one-loop: | A0 I _

Events / 2 GeV

... last hope for finding O(|) deviations?

(possibility in composite Higgs models)



Prospects for 3h-coupling
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arXiv:1502.00539




Natural expectations for
primary Higgs couplings



Expected largest corrections to Higgs couplings
in different BSM scenarios:
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We have specific patterns!




Expected largest corrections to Higgs couplings
in different BSM scenarios:

hif  hVW  hyy  hyZ  hGG  hd

MSSM v

NMSSM v VvV

PGB Composite \/ \/
SUSY Composite \/ \/ \/
SUSY partly-composite \/ \/ \/ \/
“Bosonic TC” \/
Higgs as a dilaton \/ \/ \/ \/

We have specific patterns!




MSSM with heavy spectrum ( > 100 GeV)

Main effects from the 2nd Higgs doublet:

\A%
a 1
“s’ 'l H N U U2
h == D M4
a ,f H H
o---% \'A"
f
Q R 2)2 .
o H ~ Dominant
h My effect!
f

Superpartners can only modify Higgs couplings at the loop-level:
Only stops/sbottoms give some contribution to hgg/hyy (not very large)



MSSM

Higgs coupling measurements already
rules out susy-parameter space

e~ 10 =
c - -
S 9 —
8 ATLAS Preliminary E
= I's=7 TeV, I Ldt = 4.6-4.8 fb™ =
/ . _1 —
= . s=8TeV, J Ldt = 20.3 fb =
0 Combined h — yy, ZZ*, WW*, 17, bb _E
5F : —
=\ Simplified MSSM [k, &y, %4 =
45\ =
3 - -==Exp. 95% CL =—0Obs. 95% CL _E
2F =
BTy, =
. ! L1 | i .WVMF\%\'.'M'N'D?THWNW

800 300 400 500 600 700 800 900 1000
m, [GeV]



Composite Higg§ H= (Higgs as a pion)

Couplings dictated by symmetries (as in the QCD chiral Lagrangian)

Giudice,Grojean,APRattazzi 07

2
JGhWww 1 U
— = Decay- tant of the PGB Hi
goM £2 / related to the compositeness scale
AW W

(model dependent but expected f ~ v)

APRiva 12

MCHM4 MCHMS

small deviations on the hyy(gg)-coupling due to the
Goldstone nature of the Higgs
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3 :

1= m

o -

- _ 27 £2 :
A D> &=v/f -
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ghvv
glsll\\/}v

observed (expected) 95% CL upper limit of ¢ < 0.12 (0.29) MCHMA4
¢ <0.15 (0200 MCHM5



New Higgs decays also possible

The most interesting ones:

|) invisible Higgs decay:




New Higgs decays also possible

The most interesting ones:
|) invisible Higgs decay:

Dark Matter

Dark Matter



New Higgs decays also possible

The most interesting ones:
|) invisible Higgs decay:

LSP neutralino

LSP neutralino

in supersymmetric models



New Higgs decays also possible

The most interesting ones:
|) invisible Higgs decay:

singlet scalar

singlet scalar

in models with more composite Higgs



New Higgs decays also possible

The most interesting ones:
|) invisible Higgs decay:

heutrino

gravitino

in theories where the Higgs

is the superpartner of the neutrino
Fayet,76; APRiva,Biggio’ |2



How to ‘“‘see” it?

unknown particle

HL

eS]

unknown particle

HV channel:
missing E1 + "I

———————

VBF channel:

unknown particle

missing Et + jets
No sign of so, up to now:

CMS:  BRinv < 58% (44% expected)
ATLAS: BRin < 29% (35% expected)



2) Flavor violation in Higgs decays h—ff;

Interesting in models where the origin of fermion masses
comes from mixing with a new sector

Prediction: BR(h — 7pu) ~ r};—:‘_’BR(h — 77) ~ 0.4%



2) Flavor violation in Higgs decays h—ff;

Interesting in models where the origin of fermion masses
comes from mixing with a new sector

Prediction: BR(h — 7pu) ~ r};—‘:BR(h — 77) ~ 0.4%

CMS preliminary 19.7 fb', Vs = 8 TeV
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2) Flavor violation in Higgs decays h—ff;

Interesting in models where the origin of fermion masses
comes from mixing with a new sector

Prediction: BR(h — 7pu) ~ r};—‘:BR(h — 77) ~ 0.4%

Getting there (CMS):

ue, o 0 Jets

uT, 1 Jet
+1.07 o,

T ,2Jdets

ut,, 1 Jet
+0.85 o,
ut,, 2 Jets
+1.58 o,

h—ut
+0.40

CMS preliminary 19.7 fb', Vs = 8 TeV
T T ‘ L T T | T T ‘ L ‘ T T T ‘ L

BR(H—put) < 1.57% at 95%CL (expected limit of 0.75%)

-15 -1-05 0 05 1 1.6 2 25

Best Fit to Br(h—ut), %



Beyond the primary Higgs couplings



Beyond the primary Higgs couplings

custodial breaking hVV




Beyond the primary Higgs couplings
rd

YAV h h
Bt gl — (Zu b + hec) + gl — (W JE + hec.)
QCQW R AY) v

custodial breaking hVV

AL, = gty h

7

contact interactions

‘e
f WZ



Beyond the primary Higgs couplings
rd

custodial breaking hVV

YASYA h h
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momentum-dependent ¢
W, Z

hVV couplings



Beyond the primary Higgs couplings
rd

custodial breaking hVV

YASYA h h
(R (R h +
Aﬁh — 5gZZ h 203 a i ngf % (ZILLJ]/\L[ —+ hC) + ngf’ ; (WN J'gf —+ hC)
|%%4
+ uv — 1%
T Rww ;W g WMV T KzZZ %Zﬂ Zuvs  contact interactions

v f - h
momentum-dependent ¢
W, Z

hVV couplings

but remember BSM effects here are not independent
from effects to other couplings!



All can be written as a function of contributions to other couplings:

Co
59}/}{/ = \/%V (59ffVCKM VCKM59f/fI) for f = fL

og, = Qth My (czwéglz —0k4)

9z = 2097 — 2097975 c20, + 9520y ) + 25K7Yf Eaat Tirep = 20950 — 209719 54,
Ow
o 1 Sk CQQW B
Kz7Z = 50K~y 2——K 2y + Ky, KWW =0k~ + Kz~ + k4],
CQW S20v
arXiv:1405.0181
arXiv:1412.4410

~Tigge™
primary
. couplings
Ryyy RZ




All can be written as a function of contributions to other couplings:

Co
h 5 9 m S 59% = —\/g (59]%0VCKM — VCKMc?gJ%f/) for f = fr
0977 = 29t5,, mw (C5, 091 — :

h Z Z €S9 h W 2
ol = 2697 — 2097 (9% a0 + 920w ) + B8V 3 9w = 20955 — D979 %G
Ow
1

C20v/

C(9W

U arXiv:1405.018l
= no large deviations expected arXiv: 14124410

in these couplings

l

primary

couplings




Non-primary Higgs couplings can be disentangled in distributions:

VH associated production

o
5
3
g
o
1, . -
My (a,p) = —€*(q) Ji/(p) (A + BY (p-anuw —puaw) + C €unpop’ @)
2 1 ~, 1
AV =d 4" B =) 4=

p? —my, p* —my, p
one-to-one correspondence
with Higgs couplings



Non-primary Higgs couplings can be disentangled in distributions:

VH associated production

Vector Boson Fusion

dominant at high-energy!



Main new contribution that the LHC run 2 will afford:

Higgs couplings at the high-energy regime

important as some Higgs-couplings grow with the energy

Example: pp—=?V*2VH: M ~ Msm+cagsm E*/A\?

\\\\\\\\\\\\\\\\\\\\\\\\\\ 7 k’y leading effects

i cor = 0. 2m2 ) cn — —0. 2 2
Ay oo =BG from
b ; contact interactions:
© r 1 —_—
= p, SM | V H
é‘( 0.15; ’ h ,u'f/y f
F 010:* :
T oo ' BSM-effects enhanced
_ BSM | . o
. at the tail of distributions
arXiV: 1406 '7320 0.000 100 200 300 400 500 600
pr(V)

But only certain BSMs give large effects there!
" h

strongly-coupled SM fermions and Higgs at TeV: f );ﬁ
f W.Z



Conclusions
e After LHC run | " the SM has been completed

= No need for anything else
(at least) up to around the Planck scale

End of no-lose theorems for discovery at the TeV

® We start a very different phase in particle physics:
BSM only motivated by the unnaturalness of the SM !
Natural models demand departures from SM Higgs couplings:

® Today, as Higgs coupling measurements agree with The Higgs, a weapon
the SM, we only place bounds on new-physics . of BSM destruction

e At the LHC run 2, who knows, ——
it can illuminate on new-physics supersymmetry .

Multiverse




