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Motivation

If future measurements of the higgs couplings do not show
signibcant deviations and no new particles are discovered we
might be in the decoupling limit of a SM extension

Unitarity Constraints provide a model independent link between
higgs coupling deviations and the scale below which New Physics
must appear

In a specibc model and it isnOt necessary that the higgs couplings
approach SM values as slowly as allowed by unitarity (faster
decoupling implies NP shows up earlier)

Studying scalar, fermion and gauge boson extensions can help us
Pnd features that are directly related to NP appearing much
earlier vs closer to the bound due to Unitarity



Motivation

¥ In addition we can identify models in which a higgs coupling Is
always enhanced or suppressed or allows for both enhancement

and suppression

¥ An understanding of these aspects of SM extensions should aid In
distinguishing between potential NP models



Parametrization of cauplings
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Unitarity Limits

¥ 2— 2 scattering involving longitudinal V (W or Z), f, h
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¥ Inthe abovevVv = 246 GeV

¥ these inequalities determine the scale below which EFT is valid

¥ and the scale below which NP must appear



Scale below which NP enters
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¥ large deviations lower the NP scale upper bound

¥ @, bare more sensitive to the NP scale upper bound



Unitarity Limits
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Model Independent Power laws for deviations in couplings
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OSaturationO of Power Laws

¥ In models with a decoupling limit we can express coupling
deviations in powers of V/Mpew
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Power Laws Iin Specibc Models

¥ Scalar Sector Extensions
¥ Fermion Sector Extensions

¥ Gauge Boson Sector Extensions



Extended Scalar Sector - Type || 2ZHDM
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a, b and c do not saturate unitarity limit power law

Are there scalar sector extensions for which this is possible?
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Extended Scalar Sector - SM + singlet

¥ Simplest extension of Higgs sector with interesting e.g. :V. Barger et al.
phenomenology when mixing is allowed or forbidden lar A O
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¥ sdoes not get a non-zero vev because pu? > 0

¥ Discovered higgs is a mixture of SM doublet higgs beld ! and
a real singlet scalar

h=#cos$" ssin$
H = #sin$+ scos$

¥ Solving for mass eigenstates
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Extended Scalar Sector - SM + singlet

M 2y?
¥ Power laws for coupling modibcations a=Cc=cos$& 1" 2ul
M 2v?
b=cos*$& 1" —
L

¥ Decoupling limit where only [ Is taken large does not saturate a, b or c
¥ Alternatively we could scale M1 and M;

¥ M,can scale at most linearly with 1 |IM 1|/W pu2! 578
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¥ To see this note that - 22" 2m?)

¥ And it has an upper bound from Unitarity and BFB constraints
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Extended Scalar Sector - SM + singlet
§ 3 #
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¥ When M1 is scaled linearly with (1 : aand b M 2v2
saturate power law a=Cc=cos$& 1" U
2\ /2
¥ a, bandcare all suppressed comparedto SM  p=cos2$& 1" Miv
TC

¥ cdoes not saturate UL power law

¥ Are there scalar sector extensions whereaand b are not necessarily
suppressed or where c saturates UL power law?
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Extended Scalar Sector - Georgi-Machacek

: : - H. Georgi, M. Machacek
¥ Proposed in 1985 as a possible scenario for EWSB NPB 262 463 (1985)]

¥ As we will see this model can generatea, b> 1

¥ Contains the SM doublet along with a complex triplet (Y=2) and a real
triplet (Y=0) arranged so as to preserve custodial SU(2)
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¥ The scalar vevs are constrained from theW boson mass
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Extended Scalar Sector - Georgi-Machacek

¥ Most general custodial SU(2) preserving potential

V(LX) = “ZTr('“>+ Tr(XTX)+|1[Tr(|J” M2+ 1 oTr(! FYTR(X TX)

+13Tr( X TXX TX)+ L A[Tr( X TXO)]2" LeTr( !l 7 21 B X
"MaTr(! T3P} UXU g™ MoTr( X 12Xt PY(UXU M) gp.

Hartling, KK, Logan[arXiv: 1404.2640]; Aoki, Kanemura [PRD 77,095009]; Chiang, Yagyu [JHEP 1301, 026||

¥ Has a decoupling limit as M3 is made large

¥ All new scalar masses get large with {3 , VI
tends to zero

800

(o2}
o
o

s
_____
P
PR
. ST
.- -

smmm=®® — o
- P
-_—
—
e

Massesn; [GeV]
NN
()
o
W
\
\
\

400 ,600 800 10¢
115 [GeV]

0 ! ! !
300 350 , 400 450 5C
b3 [GeV]

approaches SM vew!

Figs from: Hartling, KK,
Logan[arXiv: 1404.2640]

15



Extended Scalar Sector - Georgi-Machacek

¥ abandcdo not saturate power | g = COS#V_! l ﬁ sm#— 21+ 3M{v
laws . 3 ¥ 8 “3
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¥ If Myis scaled linearly with pig| b=cos®6+ :—%sm v& 1+7 2
aand b saturate power laws . COS#U_ o %MM
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¥ Reason forM: increasing at most linearly is similar to SM + singlet case

¥ \q Increases with increase in M1/l 3 and is bounded from unitarity
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Extended Scalar Sector - Georgi-Machacek

- 2\ /2
¥ aand b saturate power laws q = COS#V_! l g& sin#v— & 1+ SMiv
v 3 v 8 Ui
¥ aand b areenhanced compared 3 Y a2
b=cos’0+ —sinfA& 1+ >—2
o2
¥ c does not saturate power laws s T %le
o 13

A feature that leads to saturation of aand b in scalar sector
extensions Is the presence of a dimensionful parameter (e.gM 1)

that Is the coefbcient of a term trilinear In scalar belds

¥ Do fermion extensions saturate the power law for ¢ ?
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Extended Fermion Sector

¥ Adding new vector-like top partners

¥ Mass terms for top and top partners
ytﬁ(thR ! yLH@L$R | M$®, $r + h.c.

¥

L (!

$Lr " (B 1)y,

eg: KK, R. V.-Morales,F. Yu [PRD 86,113002

In the (t,") basis the (non-diagonal) mass and interaction matrices
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Extended Fermion Sector

¥ After switching to basis of mass eigenstatest # (t1,t2)
T h ..
[ I\@D-I_VVh Pr t+ h.cC.
My = OMR %, = PN, R

¥ The 1,1 entry of¥ &, gives us theht€ coupling
¥ This model has a decoupling limit as M Is made large
¥ Assuming &, o' 1

m; 2 M 2 2\M 2
¥ while a=b=1
¥ DoesnOt saturate power law forc as well
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Extended Gauge Boson Sector

¥ For completeness we consider the effect of an extended gauge boson sector

bi-dolublet doublet under SU(2)1
v

BU(2): # SU2)2# U(l)y —— SU@w x U(l)y —— W (D)en

B. A. Dobrescu, A. D. Peterson [arXiv:1312.1999]
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Extended Gauge Boson Sector

¥ Of the 12 belds in the bi-doublet and doublet : 6 are OeatenO by gauge
bosons

¥ Of the remaining 6 there are 4 odd under ZzZ@AO, @

¥ And 2 are even under Z»: ho, e \ _
masses proportional to V!

¥ Decoupling limit corresponds to making Vi large

¥ In terms of the original doublet and bi-dou(l)t}let Delgs
1 Y0

125 GeV boson— h° = 9f cos&, ! _i "+ # sin&s,

. 10 &
H™ = 9% sin&, + _i "+ # cos&

¥ In general there is an effect ona,b,c from mixing between the two Z2
even scalars

¥ Since we want to isolate the effect of the additional bosons we choose
this mixing angle ! h to be zero
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Extended Gauge Boson Sector

Calculating aw ,az,bw , by
Generated by the scalar kinetic terms : (D #) Dy# +Tr ¢(Du! ) D!

7V

where DU = u S |ng BU 4 igl-(-l é\(\llu " igz-(-z é\(\/gu
Debning ti, = g:1/g2
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| |
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ay can be enhanced like in GM model while couplings to Z may be
enhanced or suppressed depending ont;

The fermion coupling modibcation again does not saturate unitarity
power law

c= ... —11 .55 ¥ Always suppressed
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Results

Extended Scalar Sectors (SM+s, GM) can saturata and b power laws
when there Is a trilinear term whose dimensionful coefbcient can be
made large

Further discrimination is possible based on whether aand b can be
enhanced in a model (e.g. Georgi-Machacek)

None of the extensions (to our knowledge) saturate the power the law
for c

Gauge Boson Sector extensions that enhancaand b are possible as well
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