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Motivation for enhanced AVV couplings

Simultaneous enhancement of all the h couplings can hide a non-
SM contribution to the Higgs width.

LHC measures rates in particular final states:

2 .SM  , 2rSM

Mtot Yk H%FEM + [new
All rates will be identical to SM Higgs if all kK;, =k > 1 and

Rateij =

2 __ 1 BR o [ new
— new =
1 — BRneW /QQFJESOI\{I _I_ I_ﬂeW

Coupling enhancement hides presence of new decays!
New decays hide presence of coupling enhancement!

Constraint on M*°t (equivalently on k) from off-shell gg (— h*) — ZZ assumes
NO new resonances in s-channel: a light H can cancel effect of modified h
couplings. 1412.7577

Study concrete models in which > 1 to gain insight.
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First interesting feature: WW — WW unitarization

Wy Wi Wi wi Wi w;
Z,xy
Zyxy
WL Wi WL WL WL Wi
(a) (b) (c)
Wi Wy wi Wi
H
H
W, W, w; wL
d . .
(d) (e) Graphic: S. Chivukula

SM: Higgs exchange cancels remaining E2/v2 term in amplitude.
2HDM/SM+singlet: cancellation = sum rule (s%)2+ (xf)?2 = 1.

Kf{/ > 1: need doubly-charged scalar exchanged in u-channel!
Implies presence of larger isospin representation(s).
Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter's Guide)
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197fb (8TeV)+ 5.1 fb" (TTeV)

Implementation of x{, > 1 o 20— ST BT ¢ 0.1 1] (T TeV _
5| CMS -

. Preliminary

hVV coupling always suppressed in 1.4 _

models with doublets/singlets: 12p FNY

- i/ H =
o A
2 0.85— \ // E

2 0.2F £

-2thw:2#%Mwwsnmﬁ-a) - S J— :

2
- SM + singlet: 2@’@9“,, COS« (h= ¢cosa — ssina)

hWW coup can be enhanced in models with triplets (or larger):
M2

2
- SM + some multiplet X: 2i=¥g,, - X2 |T(T + 1) — "
(Q="T%+Y/2)

scalar with isospin > 1
must have a non-negligible vev
- must mix into the observed Higgs h
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How large can the isospin be? Hally, HEL, & Pilkington 1202.5073
Consider 2 — 2 scattering amplitudes for ViV — ¢¢:
transverse SU(2); gauge bosons

- no growth with E?; ag depends on weak charges & multiplicity of ¢'s

General result for complex scalar multiplet with n = 27T + 1:

max,SU(2) _ 92 (n2 —1)y/n
ag . (T) =
) 160 23
- Real scalar multiplet: divide by /2 to account for smaller multiplicity

- More than one multiplet: add ag’'s in quadrature

Require largest eigenvalue af'?* satisfies |Reag| < 1/2:

- Complex multiplet = T < 7/2 (8-plet)

- Real multiplet = T < 4 (9-plet)

- Constraints tighter if multiple large multiplets are present

Essentially a requirement that the weak charges not be too large.
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Problem with isospin > 1: the p parameter

p = ratio of strengths of charged and neutral weak currents
» = Mg, _ 2k 2T (T + 1) — Y2 /42
M2 cos Oy Sk Y22
(Q =T34+ Y/2, vevs defined as (¢2) = v;,/v/2 for complex reps and (¢?) = v for real reps)
PDG 2014: p = 1.00040 £ 0.00024

Two approaches:

1) p =1 “by accident” for (T, Y) = (%, 1) SM doublet, (3,4) septet
Septet: Hisano & Tsumura, 1301.6455; Kanemura, Kikuchi & Yagyu, 1301.7303
LLarger solutions forbidden by perturbative unitarity of weak charges!

2) Impose global SU(2);xSU(2)r symmetry on scalar sector
— breaks to custodial SU(2) upon EWSB,; p = 1 at tree level
Georgi & Machacek 1985; Chanowitz & Golden 1985
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Both have theoretical “issues'’:

1) Can’'t give the septet a vev through spontaneous breaking
without generating a physical massless Goldstone boson.

Have to couple it to the SM doublet through a dimension-7
XCD*CD5 term Hisano & Tsumura 2013

Need the UV completion to be nearby!

2) Global SU(2);,xSU(2)p is broken by gauging hypercharge.
Gunion, Vega & Wudka 1991
Special relations among params of full gauge-invariant scalar
potential can only hold at one energy scale: violated by running
due to hypercharge. Garcia-Pepin, Gori, Quiros, VVega, Vega-Morales, Yu 2014

Need the UV completion to be nearby!

This talk: focus on (2): Georgi-Machacek model and its gener-
alizations to higher isospin
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Georgi-Machacek model  Georgi & Machacek 1985; Chanowitz & Golden 1985
SM Higgs bidoublet 4+ two isospin-triplets in a bitriplet:

0« e+

Ox + X
P = ( _(24—* fbo ) X=| —xT & X7
Xt —et* X0

Physical spectrum: Custodial symmetry fixes almost everything!
Bidoublet: 2 x2 —3+1 Bitriplet: 3 x3 54341
- Two custodial singlets mix — KO, HO

- Two custodial triplets mix — (H3 , HS, H3) + Goldstones

- Custodial fiveplet (Hg T, H , HQ, Hy , Hg ™) unitarizes vV — vV
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Generalized Georgi-Machacek models
Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

Replace the bitriplet with a bi-n-plet — “"GGMn”
Bidoublet: 2 x2 —3+1 Bitriplet: 3 x3 54341
Biquartet: 4 x4 —-7+54+3+1

Bipentet: 5x5—-9+4+7+5+3+1

Bisextet: 6 x6 —+114+94+7+5+3+1

Larger bi-n-plets forbidden by perturbative unitarity of weak charges!

Two custodial singlets mix — KO, HO

Two custodial triplets mix — (Hj,Hg,Hg) + Goldstones

Custodial fiveplet (H"“",H"‘,HO,H_,H__) unitarizes VV — VV
5 555,45, M5

Additional states
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Phenomenology I: construct in parallel to original GM model
Vevs: (D) = (v4/V2)Iox2, (Xn) = vnlpxn == define cg = vy/v

Two custodial-singlet states are mixtures of cboﬂ“ and custodial
singlet from X:

h=cad?" —saH,  H=s5a0"" + caHy
Couplings:
K}?/ = caCcy — VASaSy m}}i = ca/Cp
RI‘}I:SQCH—F\/AC@SH m?zsa/cH

Note that &, < [1+ (A —1)s%] /2 saturated when ki = 0.
VA factor comes from the generators: A =4T(T + 1)/3

Agm = 8/3, Aggma =15/3, Aggwms =24/3, Aggme = 35/3
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Large enhancements of /«:ff/ possible for large sy (up to about 3.3)

GGM6
3
c .
>
“
©
) 2.5
3 L
I .
> .
g .
E 2
X
S
E 9
1.5
1
Vertical line: y; perturbativity — tanfy < 10/3 HEL & Rentala, 1502.01275
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Phenomenology II: entirely the same as original GM model

Two custodial-triplets are mixtures of (¢1,#%%) and custodial
triplet from X:

GOF = cpydd™ 4 sy HYT  HOF = —syddF 4 ey HYF
Couplings to fermions are completely analogous to Type-I1 2HDM:
Hgﬁu : @tan 9H75, chjd . —@tan 9H757

v (V)
2
H;_’lj,d : —i\/—7VUd tan HH (muPL — mdPR) ,
(V)
2
HIwe: Y2 tan 6y Pp.
(v

ZHé"Hg also same as in 2HDM: constraints from b — sy, Bs —
pu, Ry, etc translate directly.

Vector-phobic: no H3VV couplings

To do: better understand mapping onto 2HDM in order to translate LHC constraints.
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Phenomenology III: again in parallel to original GM model
Custodial-fiveplet comes only from X: no couplings to fermions.

HsV'V couplings are nonzero: very different from 2HDM!

2M2
Owr/+1i— - : w 95
HSWM WV . —1 \/gg,ul/a
9 2Mz |2
HSZMZV 1 5959#”7
_ 2Mwy Mz gs
HIW 7, : i ,
5 Y v \@gﬂy
o 2M?2
HE:J“'_WM W, : v W959uua

gs fixed by VV — V'V unitarization sum rule:

h\2 H\2 2/ N2 _
(/ﬁlv) =+ (ﬁlv) - 6(95) =1
Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter's Guide)
(relies on custodial symmetry in scalar sector; same in all GGM models)
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Constraints I & 1II:

Focus on constraining (Hé""',Hé",HQ): sum rule guarantees

5
(k])2 <1+ 6(95)2

(1) Direct-search constraint on VBF Hg'"" — WTWt from re-
casting ATLAS WTW ™4 cross-section measurement.
Chiang, Kanemura & Yagyu, 1407.5053

(2) Perturbative unitarity bound from finite part of VV < VV.
- SM: m;QLSM < 1671'?)2/5 Lee, Quigg & Thacker 1977
- Custodial-symmetric models:

2
A2 D H\2 2 | 2 2 92 167v
(k) mj, + (ky ) mi + 3955 < ¢
- Combine with sum rule: HEL & Rentala, 1502.01275

(16702 — 5m%)
(477?% + Sm%)

()2 <1+
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Constraints III:

(3) Direct-search constraint on H**HTF 4+ HT¥*H¥ in Higgs
Triplet Model from recasting ATLAS like-sign dimuons meas.
Kanemura, Kikuchi, Yagyu & Yokoya, 1412.7603

Adapt to generalized GM models using

oNEC (pp — H++H5__)GM = oMEC(pp - HTTH ytm,
1
NEC(pp - HEEH )gm = 20totO(Pp — H¥HT)y1m.

Take advantage of mass degeneracy of all Hg states.
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Constraints 1V:

(4) OPAL search for Z + S° production independent of SO decay
modes: used recoil-mass method!

Upper bound on HgZZ coupling « g5 as function of msg.

Take advantage of mass degeneracy of all Hg states and custodial-
symmetry relationship among couplings.
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compare «!, < 3.3 in unconstrained GGM6
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Outlook

*x Custodial symmetry 4 unitarity sum rules extremely powerful!
- VBF HE — W*Z search coming from ATLAS (Moriond?)
- Weakest constraint: mg ~ 76—100 GeV. Offshell/loop decays?

* High-mass VV — V'V unitarity constraint is not saturated by

full theory-c

1.6

1.5 F

14

Ky

1.2 f

11}

1.3 |

0 500

1000
mg [GeV]

GMCALC 1.0.1

1500 2000

onstrained model: scan in GM model:

perturb. unitarity of quartic couplings

scalar potential bounded from below

no deeper custodial-violating minima

b — sy constraint

Explicit scalar potentials for
GGM models now available: full
study feasible (but tedious)

* Sum rules are different in septet model: no Hg state, no cus-
todial symmetry in scalar sector == under investigation
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BACKUP
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Most general scalar potential: Aoki & Kanemura, 0712.4053
Chiang & Yagyu, 1211.2658; Chiang, Kuo & Yagyu, 1307.7526
Hartling, Kumar & HEL, 1404.2640

V(P, X)

2 2
%Tr(cbfcb) + %TF(X‘LX) + M [Tr(oTo)]?

FATr(DTD)Tr(XTX) + A3 Tr(XTXXTX)

A4 [Tr(XTX)]? = AsTr(DT %) Tr(X Tt X t%)

— M Tr(dT e (UXUT),, — Mo Tr(XTte Xt (U XU,
9 parameters, 2 fixed by My and m;, — free parameters are my, mz, ms, vy, o plus two

triple-scalar couplings.

Dimension-3 terms usually omitted by imposing Z> sym. on X.
These dim-3 terms are essential for the model to possess a de-
coupling limit!

(UXU'), is just the matrix X in the Cartesian basis of SU(2), found using

-1 o L
v V3
U‘(()ﬁ 0 E)
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Constraint from b — sy
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my [GeV] mg [GeV]
Hartling, Kumar & HEL, 1410.5538 HEL & Rentala, 1502.01275

H;' in the loop: measurement constrains m3g and sinfg
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