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We found the h(125) !

* The 125GeV Higgs boson was discovered at the LHC.
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Beyond the SM ?

* We now confirm the existence of all particles predicted from
the standard model (SM).

- However, we believe the SM is NOT complete yet.

Why is the EM scale around 100GeV ??

What is an origin of dark matter ??

* We expect the SM should be embedded in a larger theory.
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Beyond the SM?

* What happens if the EVVSB sector is extended ?

fermion
hlggs

fermion
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Beyond the SM ?

* Higgs coupling measurements
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Beyond the SM ?

* Higgs coupling measurements
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~10% deviation from Kv = | is still allowed.
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Beyond the SM ?

* Higgs coupling measurements
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~|% precise measurement is expected to be realize
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Beyond the SM?

* Higgs coupling measurements

Can we make definite predictions for BSM,
if the Higgs coupling strengths turn out to
deviate from the SM predictions?

~|% precise measurement is expected to be realize
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What if ky #= | ?

Longitudinal Longitudinal

Longitudinal Longitudinal
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What if ky #= | ?

A S
Ty ey,

EZ
Mw,w—wiwy, ~ W(l — Ky)

7N

Gauge boson  Higgs boson
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What if ky #= | ?

I

EZ
Mw,w—wiwy, ~ W(l — Ky)

* The SM higgs boson ( kv =1 ) keeps the theory perturbatively
unitary.
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What if ky #= | ?

I

EZ
Mw,w—wiwy, ~ W(l — Ky)

- If kv # |, perturbative unitarity in W W_ scattering seems to
be violated at certain energy scale.
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What if ky #= | ?

A[TeV]
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- If kv # |, perturbative unitarity in W W_ scattering seems to
be violated at certain energy scale.
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What if ky #= | ?

* In order to keep perturbative unitarity at high energy scale,
new particles are needed.

i}{: o M "
PO
T, I

EZ
Muwwisww, ~ 375 (1=« +BSM)

“Unitarity sum rule”

* Perturbative BSM should satisfy the “unitarity sum rule(s)”
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Strategy

* Guide for studying perturbative BSM : “Unitarity sum rule(s)”

X LXK
i h  BSM
T, oy O

* We expect the sum rule(s) tell us

Importance of the SM coupling measurements
Non-trivial property of new particles

Possibility of non-perturbative EVWWSB
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Outline

Introduction ~ 30 pages

Extended Higgs sector
~ |10 pages

Extended EVV gauge sector

Summary




Outline

Extended Higgs sector

RN, M.Tanabashi, and K.Tsumura

» Unitarity sum rules




The model

Let us first discuss a extended EWSB model with extra neutral
scalars (h’,h”, ...) :

2

/
L= %Tr[DVU"LD”U] (1—|—2ZKWW + Ykl i )
h,h'

i

NGB fields : U = eo@'T

Gauge bosons: D, U =9,U — igUW, +igyB,U

» SUQ2)L x U(l)y gauge invariant
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The model

« Let us first discuss a extended EVWSB model with extra neutral
scalars (h’,h”, ...) :

2

/
L= %Tr[DVU"LD”U] (1—|—2ZKWW + Ykl i )
h,i

2

v + h W2
ESMZZTI[DP{U D'U) (14 2- el

» SUQ2)L x U(l)y gauge invariant
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The model

Let us first discuss a extended EWSB model with extra neutral
scalars (h’,h”, ...) :

2

/
L= %Tr[DVU"LD”U] (1—|—2ZKWW + Ykl i )
h,h'

i

NGB fields : U = eo@'T

Gauge bosons: D, U =9,U — igUW, +igyB,U

» SUQ2)L x U(l)y gauge invariant

Custodial symmetry

Ryo Nagai (Tohoku U) Sum rules for extended EWSB sectors



The model

« Let us first discuss a extended EVWSB model with extra neutral
scalars (h’,h”, ...) :

2

/
L= %Tr[DVU"LD”U] (1—|—2ZKWW + Ykl i )
h,i

» Custodial symmetry breaking can be easily added:

L st = ——Tr[u D, Uts) Y w0 hayh’)
h,h

2 h , hi
+5 T [U' D, U] Tr U D U (ﬁ+2§ R~ +§K’” )

* More general parameterization than SM + N-singlet scalars
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VLVL scattering

X XX
T, M‘"% MM

* Tree-level scattering amplitude:

5 h
MWLWL—>WLWL ~ 02 I+p— Z(KWW)z

N

Gauge boson Higgs boson(s)
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VLVL scattering

X XX o
T, MW MM

* Tree-level scattering amplitude:

5 h
MWLWL—>WLWL ~ 02 I+p— Z(KWW)z

- Unitarity sum rule: Z(KI;VW)Z =1+p
h
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VLVL scattering

WLWL = W WL

MWLWL%WLWL ~ 5

1+p— ;(Klﬁvw)zl

S
WIW.L = Z 4. Mwiw, =212, ~ =5

0

<1+ﬁ>2—zK’;VW<K¢VW—KeVW>}

2
WLW, = hZ M | ) e gy
LVVL L WL W, —hZp ™~ ZKZ wa 2 Kww — Brww
, S| n W I i(t—u) i’
WLW.L — hh Mw, Wy —hi ™~ 2 {KWWKWW Kww | + =7 K2
: 5 h ~h 4 1
Z\Z. — hh Mz, 7, s ~ ) {(KWW — Ryyw) (Kww — Kww)

k! N
—(1+ 5)(wa — Rww) T ZKZ Ky
h//
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Implication of unitarity

Unitarit_Lsum rules Gunion-Haber-Wudka (1991)
Falkowski-Rychkov-Urbano (2012)

- We find if Higgs couplings satisfy the above conditions, the E2
terms in VL V| scattering amplitudes are canceled at tree-level.
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Implication of unitarity

Observation (i) Gunion-Haber-Wudka (1991)

Falkowski-Rychkov-Urbano (2012)

* Kv = | to keep perturbative unitarity in the setup.
* Kv > | is possible if we introduce doubly-charged scalar(s)
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Implication of unitarity

Observation (iii)

» Custodial symmetric relations are derived solely from unitarity
arguments
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Implication of unitarity

Unitarit_Lsum rules Gunion-Haber-Wudka (1991)
Falkowski-Rychkov-Urbano (2012)

- We find if Higgs couplings satisfy the above conditions, the E2
terms in VL V| scattering amplitudes are canceled at tree-level.
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Outline

Extended Higgs sector

» Unitarity sum rules

» Unitarity vs. Predictability




Unitarity vs. Predictability

» A violation of the perturbative unitarity often causes a UV div.
in fermion-scattering amps through EVV corrections.

In the SM
. 5 2
WW scattering: Mw,w, sw, W, =2 2 (1 — KV)
1 A?
ff scattering: S~ — (1 — K%/) In —
2
12 My
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Unitarity vs. Predictability

» A violation of the perturbative unitarity often causes a UV div.
in fermion-scattering amps through EW corrections.

* Does perturbative unitarity ensures predictability for EW
corrections!?

% <>

Unitarity sum rules UV finiteness condition
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EVV corrections

In order to make the fermion scattering amps UV finite, the following
combinations are required to be UV finite.

S ~ TI33(0) — 54(0)
T ~ 1II;1(0) — polls3(0)

U ~ I1};(0) — I15;(0)

» Can we obtain new “sum rules” by requiring the UV finiteness of
above functions ?
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Predictability

S-parameter at one-loop

h h,h’

Q 4 " /’ N
i . - \n.‘ )
\U— b ,,\;\'
o .
~

- UV divergence:

1 o2 1 i | . AN
Slog = 1 1— Xh:(Kzz) ) I;(KZ )| In ﬁ%
1 /
R . B oy L N2
Finiteness condition: 1 Zh:(KZZ) 2,;;,(7{2 )2 =0
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Predictability

S (Log/\)

T (A\2)

T (LogN\)

U (Log/\)

h/
h h B i e | M,
Y | Ryw (2w — Riyw) — R — Y_(RZ") P
7 W
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Predictability

h I 1
(K77 = Kpyw — Ky )

- We find if Higgs couplings satisfy the above conditions, the
UV finiteness of EWV corrections are ensured at one-loop level.
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Unitarity vs. Predictability

h I 1
(K77 = Kpyw — Ky )

UV finiteness condition

Unitarity sum rules
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Unitarity vs. Predictability

h I 1
(K77 = Kpyw — Ky )

UV finiteness condition

Unitarity sum rules
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Unitarity vs. Predictability

h I 1
(K77 = Kpyw — Ky )

UV finiteness condition

Unitarity sum rules

h_ h
Kww — Kzz

noo W hi
KwwKkww — Kww

“hh
Ky = 0
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Unitarity vs. Predictability

* The finiteness of EWV corrections does not imply the perturbative
unitarity.

* For example, wrong sigh hWW/hZZ coupling.

~ Finite STU

Unitary sum rules

*sM
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Unitarity vs. Predictability

* The finiteness of EWV corrections does not imply the perturbative
unitarity.

* For example, wrong sigh hWW/hZZ coupling.

5591 (13700 # ossencd
Wrong sigh h(WW/hZZ coupling g0 .
|KW|_ +
h - h i
ic,| +
may cause strong WW—ZZ/Zh |
scattering keeping the consistency i
with EWPTs and higgs data. (?) bt dosbuus oy

Parameter value
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Unitarity vs. Predictability

- If the Higgs couplings satisfy the unitarity sum rules, the one-loop
finiteness of EWV corrections is automatically ensured.

Perturbative Unitary — Testable by EWPTs !

"~ Finite STU

Unitary sum rules

*sM
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Outline

Extended Higgs sector

» Unitarity sum rules
» Unitarity vs. Predictability

+ Phenomenological application




Constraints on heavy Higgses

* If (hi,h2,hs,...) satisfy the unitarity sum rules,
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Constraints on heavy Higgses

» Even if (hi,hy,hs,...) satisfy the unitarity sum rules, extremely heavy
extra higgs bosons causes PU violation / inconsistency with EWPTs.

)
h my,
% ~ Z(Kﬁw)z‘ vzn
n
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Constraints on heavy Higgses

» Even if (hi,hy,hs,...) satisfy the unitarity sum rules, extremely heavy
extra higgs bosons causes PU violation / inconsistency with EWPTs.

2 2
o My, h, 2
Z Kzt 22 (ww) "3
n—
2 M2
p My, 2 hy
=Ky — + (1 —x
|74 02 _|_( V) 02
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Constraints on heavy Higgses

* If (h,ha,hs,...) satisfy the unitarity sum rules,

* PU constraint : | s-wave amplitude | < |/2 Lee-Quigg-Thacker (1977)

- EWPTs : S=0.06 %009 T=0.10+£0.07 Gfitter group (2014)
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Constraints on heavy Higgses

* Only from the unitarity sum rules,

o we derive upper mass bound on
8TeV extra scalars as a functions of the
| deviation of hVV coupling (Akv).
6TeV
Mh2 - ’
4TeV HE-
2TeV }/ EWPTs

xxxxxxxxxxxxxxxxxxxxxxxxxxxx

5% 4% 3% 2% -1% 0%
AKV= Ky- |
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Constraints on heavy Higgses

10TeV

* Only from the unitarity sum rules,

we derive upper mass bound on

extra scalars as a functions of the

8TeV f

deviation of hVV coupling (Akv).

6TeV i

Mh2

4TeV | >

2TeV EWPTs

M B

xxxxxxxxxxxxxxxxxxxx

- If |Aky| > 0.008, the constraints
from EWPTs are stronger than
perturbative unitarity (PU) limit.

5% 4% 3% 2%
AKV= Ky- |

-1% 0%
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Constraints on heavy Higgses

* Only from the unitarity sum rules,

10TeV |
| we derive upper mass bound on
8TV extra scalars as a functions of the
| deviation of hVV coupling (AKy).
6TeV : 7
Mh?2 274 .+ If|Akv| > 0.008, the constraints
4TeV | FEELEEE LD | from EWPTs are stronger than
T ) | perturbative unitarity (PU) limit.
2TeV EWPTs i
0.8Tev || t | AKy ~ - 0.02
5% 4% 3% 2%  -1% 0% = mp < 800GeV (EWPTs)
Aky = Ky-| < 4TeV (PU)
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Constraints on heavy Higgses

* Only from the unitarity sum rules,

10TeV |
| we derive upper mass bound on
8TV - extra scalars as a functions of the
| deviation of hVV coupling (Akv).
6TeV : I
Mh?2 274 .+ If|Akv| > 0.008, the constraints
4TeV | SEsEz | from EWPTs are stronger than
JESEEsEEE=caans : | perturbative unitarity (PU) limit.
2TeV EWPTs 1
* Precise measurements of Ky is

sy 4% 3% 2% .1% o% important for investigating BSM.
AKy = Ky-|
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Summary so far

EWSB with extra neutral scalars (h’,h”, ...)

% SM
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Summary so far

EWSB with extra neutral scalars (h’,h”; ...)

Unitary sum rules

% SM
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Summary so far

EWSB with extra neutral scalars (h’,h”; ...)

/ /
Y (kpyw)* =1 KvwKivw = Kivw

h
~ N _ ~hh'
KWW — O KWW — O
/

Unitary sum rules

% SM
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Summary so far

EWSB with extra neutral scalars (h’,h”; ...)

Finite STU

Unitary sum rules

% SM
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Summary so far

EWSB with extra neutral scalars (h’,h”; ...)

vvvvvvvvvvvvvvvvvvvvvvvvvv

10+

=
0 b
a
"'I'

Finite STU

My[TeV]

{nitary sum rules

% SM

= ST P N S I S e e S S G (SR
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Introduction
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The model

* Let us next discuss the following class of extended EVWSB models:

SM + h',h",... + W°/2D
- W/Z N

Motivated by various models beyond the SM

+ Dynamical EVSB scenarios ( p’ meson )
. Extra dimension models ( KK gauge boson )
. Unification models (Wh,....)
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Current bound onV’

3‘ 10 % | | | | | | | | | | | | | | | | | | | | | | | | | §
2 - ATLAS ]
- B ---E ted limit |
T 0 (s=13TeV, 36.1fo1  Pocoo Mt 4
> U3 W' = v 1| Expected = 1o = q ¢
T 95% CL Expected = 26 ]
:i 107 = — Observed limit 3
= - o ] 9w’ qq gw v
g_ B Wissm - W’
£102 E
O — ]
B | q i
1073 =
—4 _| | | | | | | | | | | | | | | | | | | | | | | | | | | ..|~.-|~... CERN-EP-ZO I 7-082
10 1 2 3 4 5 6
m,, [TeV]

- mw > 5TeV with the assumption, gw' = gwi (SM).

» This bound depends on W’ couplings.
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PU and W’couplings

* Unitarity sum rules tell us general relations among W’ couplings.

ff & Wi W', scattering

NS \ZZ

Unitarity sum rules

Ez-term: Z SWW’VSfo p— ngf8W’ff
V=277
m, — ma,,
E-term: my Z SWWVEVFf Al > W =0
V=27 ny,
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PU and W’couplings

* To ensure perturbative unitarity of ff = W W’ scattering,

2
4 2
8%\// — g%wwz i 1 s’
ff m‘é | mzz /

/‘ \

W't coupling W’WZ coupling
* Let us focus on

I'(W — WZ) 1 myy Soowry

Y

R = ~
Y D(W — ff) 48 mi m? g%v,ff
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PU and W’couplings

* To ensure perturbative unitarity of ff = W W’ scattering,

_ (W = WZ) L y My, 9 glz/\/ffmzz
Y T(W — ff) 48 m3, g%ffm%,v

R
~ | ~ |

» This means Br(W’ —=W.Z) should be smaller than 2%

T(W — WZ)
T(W — WZ) + L T(W — ff) + Ly T (W — X)

Br(W' — WZ) =

(W — WZ)
St Wzt rw s g~ 002
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PU and W’couplings

» Our setup: SM + h,h",... + W/

* Perturbative unitarity of ff @ WW’ scattering requires

Br(W =WZ) = 2%

* If W is discovered in WZ decay channel in future, it implies

[I] The existence of other new particles

[2] Non-perturbative ff & WW’ scattering
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PU and W’couplings

» Our setup: SM + h,h",... + W/

* Perturbative unitarity of ff @ WW’ scattering requires

Br(W =WZ) = 2%

* If W is discovered in WZ decay channel in future, it implies

[I] The existence of other new particles
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CP-odd scalar and W’

* CP-odd scalar can make Br(W' —=W/Z) >> 2%.

ff & Wi W', scattering

I NN N

Unitarity sum rules

E2-term: Z gWW’Vgif:ngfgW’ff
V=27,7'
2 2
my; — My 1
E-term;: " ). SWWVSVf ) = :izgfngw’WA
V=2,7' |4 A
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CP-odd scalar and W’

* CP-odd scalar can make Br(W' —=W/Z) >> 2%.

T

S 0.50 ]
=~ _ _
T 020 *
?; 0.10, :

£ 005

0.01 0.1 1 10 100

XA/8w Xp =

ngfA SWW'A
A My SWff

» Concrete example:
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Summary

Unitarity sum rules are good guiding principle for
investigating extended EVVSB scenarios

EWSB with h’,h”, ...

* The one-loop finiteness of EWV corrections is automatically
ensured by the unitarity sum rules.

» Applying the unitarity sum rules, we derive upper mass bound
on 2nd Higgs as functions of the deviation of the 125GeV Higgs
coupling.

Ryo Nagai (Tohoku U) Sum rules for extended EWSB sectors



Summary

Unitarity sum rules are good guiding principle for
investigating extended EVVSB scenarios

EWSB with h',h”, ... + W'/Z

* From the unitarity sum rules for ff & WW’ scattering, we show
Br(W —=WXZ) < 2%.

* CP-odd scalar can make Br(W’' —=W/Z) >> 2% with keeping
perturbative unitarity

Ryo Nagai (Tohoku U) Sum rules for extended EWSB sectors



