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Motivaton, in case you need it...

@ The SM Higgs with mass my < 2mw has many decay channels that are
potentially observable at the LHC and Tevatron (H — ZZ*, H — v,
H— bb H— WW* H— 7t77).

o Also different production channels can be isolated (gluon fusion, vector
boson fusion, W/Z and tt associated production)

o Rich Higgs physics available in near future

o If new physics exists, Higgs interactions likely to be modified

@ If new physics restores naturalness, Higgs interactions are necessarily
modified

@ Measuring Higgs rates at the LHC may be the shortest route to new
physics!



Hierarchy problem and Higgs physics

e

stolen from R. Rattazzi



Higgs
Observations



DietTag . 5L TATLASPrefiminary || 2011 Data |
g 25 Bestiit 17
Class3 - —— %1.5; Htio /_\ JLdt:1.0—4.9fb é
5 1 BTV 4
Class 2 — 2] £ 3
0.5F / E
Class 1 [~ — 0; /\V """" N é
0.55 E
Class 0 [~ _1; é
— 155 3
L L P I o] =S T AT I A R N WA N e

2 0 4 6 110 115 120 125 130 135 140 145 150
Best Fit o/og, ®) M, [GeV]

@ Significant background, but great mass resolution

@ Both ATLAS and CMS observe an excess near m, ~ 125 GeV, ATLAS
centered at 126 and CMS centered at 125

@ In both case the best fit cross section at the peak exceeds the SM value,
though the latter is well within uncertainties

o CMS also observes an excess in inclusive y7yjj channel dominated by VBF
production mode, corresponding to cross section well exceeding the SM
one (though, again, uncertainties are still large)
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@ Very low background, great mass resolution
@ ATLAS has 3 events at ma ~ 124 GeV
@ CMS has 2 events at my ~ 126 GeV



H— WW* — 2
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@ Significant background, poor mass resolution, better for exclusion than
discovery

@ No clear excess here, which begins to feel weird

@ Bad luck, background misestimation, or something interesting going on?



Exclusion limits
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@ Low mass range excluded by Tevatron and LHC except for 122-127 GeV
range

@ Even lower mass range excluded by LEP,

@ High mass range excluded by LHC, or highly disfavored by EWPT

@ Within the SM, no more "elsewhere”!



VH — bb at Tevatron
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o Both CDF (more) and DO (less) observe broad bb excess around
mpp € (120,135) GeV associated with leptonically decaying W or Z

@ Points to somewhat enhanced rate in VH production channel, the heavier
Higgs, the larger cross section boost is needed

@ Doesn't strongly favor any mass between 120 and 135 GeV



Experimentalists:

Not enough data to conclude the existence
or non-existence of the Higgs boson



Theorists:

Come on... it's 125 GeV



Tomorrow

the final answer



This talk:

Assuming ;-) Higgs exists at 125 GeV
what's next?



Next
Is it the SM Higgs?



Higgs
Theory



Higgs effective theory

Define effective Higgs Lagrangian at p ~ my ~ 125GeV. Couplings relevant for
current LHC data
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o Few theoretical prejudices here:

o Assuming Higgs couples to SM fields only

o Custodialy symmetry fixing cyy = ¢z = cy (otherwise quadratically
divergent contributions AT)

o Scalar (rather than pseudoscalar) interactions only

@ Top already integrated out, contributing to ¢z and ¢,
@ SM predicts 1 = cy = ¢, & ¢z and ¢y = 2/9
@ Any of the couplings can be modified in specific scenarios beyond the SM

o All LHC Higgs rates can be easily expressed as functions of the ¢; couplings



Higgs Widths

Higgs decay widths relative to SM modified approximately as,
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where, taking into account W loop and assuming my, ~ 125 GeV ,
&, ~c,—cv,and &y sy = —0.8



For m, ~ 125 GeV total Higgs width scales as
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Assuming H — bb dominates Higgs widths
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Effective Theory Interpretation
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o Carmi+ [1202.3144] : determine the region of effective theory parameter
space favored by current Higgs data

@ Question whether the current LHC data are consistent with the SM Higgs

@ Question whether they favor or disfavor any particular BSM scenario

o Of course at this stage one cannot make very strong statements about
Higgs couplings

o Consider it warm-up exercise in preparation for better statistics

@ Recently similar approach in Azatov-+ [1202.3415] , Espinosa+

[1202.3697], Giardino+ [1203.4254] , Rauch [1203.6826] , Ellis and
You [1204.0464] , Farina+ [1205.0011], Klute+ [1205.2699]



Fits assuming mp = 125 GeV
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Fits assuming m, = 125 GeV
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@ We consider 2D planes in the parameter space

o Fixing all but 2 parameters (not marginalizing over) and fitting the
remaing 2

@ 1 sigma bands for 5 most sensitive search channels shown

o Combined = Ax? < 6, corresponding to 95% CL for 2 degrees of freedom



Fits assuming my = 125GeV
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@ Only dimension-5 Higgs couplings allowed to vary (motivated if new
physics enters only via loops)

@ On this plane Tevatron never within 1 sigma band

@ Good fit if the ¢, and ¢, simultaneously enhanced



Fits assuming my = 125GeV
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e Composite Higgs inspired parametrization (but couplings to fermions and
gauge boson allowed to vary independently)

@ Fermiophobic Higgs (¢, = 0) disfavored

o Apart from SM-like Higgs, another favored region where sign of Higgs
coupling to fermions flipped



Scalar partner toy model

@ Very toy "natural” model: just one scalar top partner (this is not SUSY,
where at least two scalar partners are needed)

@ Top partner interactions with Higgs to cancel top quadratic divergences
— (YHQE +h.c.) — |F? (/\/12 + 2y2\H\2> ,
@ Only one free parameter: top partner mass mz = M? + y°v?

@ New contributions to effective dimension 5 Higgs interactions
2
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Fermion partner model

@ For fermionic top partner, non-renormalizable interactions with Higgs
needed to cancel top quadratic divergence

o Simple model inspired by T-parity conserving Little Higgs

— (y fsin(JH|/f)Qt" +h

.c.)—yfcos(|H|/f)TT®

o Again only one free parameter: top partner mass mr = yf cos(v/v/2f)
o New contributions to effective dimension 5 Higgs interactions
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@ Beginning of a beautiful friendship
@ More Higgs data from LHC may favor/disfavor particular BSM scenarios...

@ ...or just confirm the SM again



Constraining invisible width
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o Extending effective theory to add invisible width

@ Here x is a new collider stable particle, possibly constituting part of all of
dark matter in the Universe

o Exisiting LHC data already constraint the invisible width
Djouadi,AA,Mambrini,Quevillon [1205.3169]



Constraining invisible width

@ CMS monojet search EXO-11-059 updated to 5 fb-1
o at least 1 jet with p/- > 110 GeV and |1/| < 2.4;
e at most 2 jets with p/-,- > 30 GeV;
e no isolated leptons; )
© missing transverse momentum p's% > 200 — 400 GeV.
@ Event yield dominated by backgrounds (mostly Z — vv-+jets and
W — vl+jets) with systematics at about 10%.
o For example, for piiss > 350 GeV CMS observes 1142 events vs predicted
background 1224 + 101
@ For Higgs with SM cross section fully invisible additional ~ 100 events,
comparable to errors
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Constraining invisible width

PR | NS ONIDT | ANske | RLY | ROY
200 630 260 ~1200 2.6 1.8
250 250 110 ~380 2.0 1.3
300 110 50 ~170 2.1 2.2
350 46 25 101 2.8 1.6
400 22 13 ~70 3.8 2.3

REeF = MBr(h —inv) <19 @ 95%CL

inv — O—SM(gg*} h)

gypr = (99 =h99) b <43 @ os%CL
osm(qq — hqq)

Combining (assuming SM proportions of ggF and VBF),

o(pp — h)Br(h — inv) <1.0(1.3)  ©90(95)%CL

Rinv =
o(pp — h)sm

(Ignoring theory errors)



Constraining invisible width

Ry = PP MBr(h = 0v) 54 3) 0 ao(es)%cL
a(pp = h)su

@ No direct constraints on the invisible franching fraction yet if Higgs
produced with the SM rate

@ However if Higgs rate enhanced (as for example in the presence of the 4th
chiral generation) then our analysis provides non-trivial constraints

@ This was just a recast of the large extra dimension search. A designated
search could give better bounds?

o Indirectly, a better bound Br(h — inv) < 0.4 from observation of visible
Higgs decays Giardino+ [1203.4254]

@ Interesting interplay between LHC and direct dark matter detection in the
context of Higgs portal models
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What If 7
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@ Current combined Higgs data allow, while Tevatron and VBF ~+ channel
in CMS favor increased Higgs coupling to WW and ZZ

o What if indeed ¢y > 17



What if cy > 17

o If SM Higgs doublet mixes with a singlet or another doublet, then always
cv = cosa < 1. Thus enhancement impossible in typical SUSY models.

e For Higgs being a pseudo-Goldstone boson of any compact coset (Little
Higgs and composite Higgs), also cy = cos(v/f) < 1. Again,
enhancement of ¢y impossible

@ Low et al [0907.5413] : sum rule proving cv > 1 implies charge-2 Higgs
@ AA et al [1202.1532] : stronger sum rule (assuming custodial symmetry)

~ 6

@ cy > 1 implies enhancement of isospin 2 channel of WW scattering

V2 > ds O O O
11—~ / £ (2012(s) + 30124(s) — 50i%4(s) -
J0



Quintuplet Higgs?

Simplest realization of isospin 2 enhancement

e Quintuplet of weakly coupled scalars @ = (Q~,Q,Q°, Q", Q")

@ Coupled to electroweak gauge bosons in custodially invariant way
2 _ o -
£ {\EQO (MWW = m3Z2) + (@ miy Wy Wy +v2Q " mwmz Wy, Z, + hc)}

@ Sum rule fulfilled for



Quintuplet and WW scattering

o What is special about g5 = 6/5(cy, — 1) ?

@ Quintuplet, much like Higgs, contributes to WW scattering but, unlike
Higgs, it has opposite couplings to W and Z

@ For generic ab — cd process in the limit g’ — 0
A(s, t, u)8°°6 + A(t, s, u)6> 6™ + A(u, t, )67 5>

For example Ay+ - 77z = A(s, t, u),
AWJrWJr*,WJrWJr = A(ty S, U) + A(u7 t, S), etc

@ Isospin singlet and quintuplet contribute as Alboteanu et al [0806.4145]

2 2 2 2
s > S g0 s t u
A(s,t,u)y=— (1— = — _
(s:t,u) v2 ( Cvsfmﬁ)+v2 (3(sfm2Q) 2(t — m3) 2(ufmé)>

o For s> mf,yQ

Higgs overshoots unitarization, but for g3 = 6/5(c% — 1) quintuplet
restores unitary behavior as long as mq is not too large



Renormalizable Model

Quinituplet can be part of renormalizable Higgs sector provided one allows
for higher-than-doublet representations under SU(2)w The model is the
one proposed long ago by Georgi and Machacek (Georgi,Machacek
[(1985)]).
Higgs sector contains:

o Usual Higgs doublet H transforming as 2; 5,

o One real triplet ¢ transforming as 3,

o One complex triplet A transforming as 3;.
Doublet can be recse into (2,2) under global SU(2). x SU(2)r. Two
triplets can be combined into (3, 3) under SU(2). x SU(2)r and custodial
isospin is preserved by triplet vevs if they are equal
After electroweak breaking, 2®2 — 3@ 1,and 3®3 - 56361, so after
electroweak breaking we're left with 1 isospin quintuplet, 2 triplets (one
eaten) and 2 singlets

More general Higgs representations under SU(2) x SU(2) studied in
Low,Lykken [1005.0872]



Renormalizable Model

Embedding of the fields
/G+
H = vc8+H( 2)— /G( 2) )
2

%(Q ,G+ Qtt
p=| &4 \[QO A= (@7 +i65)
2v/2 1 vsg H 110 1 -GO
z(Q +'G ) 2f+\/; 3 +1/5Q — 560

Higgs vev distributed between doublet and triplet, parametrized by 8
Isospin triplets and singlets mix

G(Q) =c3G — sgA G(3) =53G + cgA

H(Q):CahfsaH H(3):Sah+CaH

where G is eaten while A, h, H are physical.
Phenomenology of doublet-triplet in view of tomorrow’s Higgs results
AA,Zupan [to appear]



Higgs phenomenology

@ In the custodial limit, Higgs potential has 7 free parameters, 2 of which
are fixed
e 2 mixing angles «, 8
e 4 masses my = 125 GeV, my, ma, mg
e vev v = 246 GeV

Higgs phenomenology strongly affected for o, 8 # 0
Higgs coupling to electroweak gauge bosons modified from the SM value,

v = CcaCp + \/8/35a583

can be smaller or larger than 1. Maximum /8/3 for a = § = 7/2
o Higgs coupling to fermions also modified

Ch = Ca/C8
can be smaller or larger than 1. Higgs decay width to gluons modified
0cg ~cp—1
@ Charge 1 and 2 Higgses affecting Higgs decay to photons
2(cp — 1) - 58he* @

oc, =
& 9 2% T 24
mh 2\/6C5542 + 3C(x53
ca = (Cacs +/8/35035) LV T St
ghA*A = <C g+ SaSp A 6cass

2 sa m m3 cs(—2v6¢s50 + 3cass)

vo=4/22% (04 Th MA &8
8ho*Q \/;Sﬂ(eré)—k m .



@ The puzzle of electroweak symmetry breaking is about to be solved

@ Hints from the LHC and other experiments consistently point to weakly
coupled electroweak symmetry breaking with a light Higgs boson

@ Measuring Higgs coupling may soon give us strong hints favoring or
disfavoring particular models beyond the Standard Model

o If data clearly points to cy > 1, all hands on board to search for 5 more
Higgs bosons!

@ Tomorrow is going to be exciting...
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