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AN EXTENDED Higgs SECTOR

- Compared to fermion and gauge sectors, the scalar sector
IS less explored experimentally.

- Other than usual symmetries, no guiding principles in
constructing the scalar sector:
L g representa’[ions of scalar bosons cf. 3 generations of fermions
m numbers of scalar bosons and 3 gauge interactions
m extra symmetries (continuous/discrete)
s required by new physics

(neutrino mass, DM, EWBG, SUSY, etc)

Study of predictions and constraints of
models with an extended Higgs sector
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PRO®BING Hlggs SECTOR

- Two ways to probe an extended Higgs sector:

» Direct search: to discover additional Higgs bosons that
contribute to EWSB; and

* Indirect search: to find deviations from SM in
observables/quantities related to the 125-GeV Higgs
boson (h).

» So far, no additional Higgs boson has been discovered at
the LHC.
w making the indirect search more appealing
w Higgs couplings at loop level
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MOTIVATIONS FOR GM MODEL

» With the introduction of a complex Higgs triplet field A, one
can give Majorana mass to LH neutrinos.

* Relevant Yukawa interactions:

—hing}/CiO'gA’gbjL + h.c.
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MOTIVATIONS FOR GM MODEL

- The model realizes the minimal Higgs sector containing
isospin triplet fields while maintaining custodial symmetry.

* The most general Higgs potential allowed by gauge and
Lorentz symmetries:

assume m 2 < 0,but m2>0
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FEATURES OF GM MobeEL

* A large triplet VEV va is allowed.
w focus on va ~ O(GeV) regime
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VACUUM EXPECTATION VALUES
- The VEV'’s are subject to the constraint

1
— (246 GeV)?
NoTeP ( )
with two mixing-angle definitions seen in the literature:
24/20A ) Vg
Vg 2v/20a

* One could attribute EWSB entirely to va (= 87 GeV) while

: — Georgi, Machacek 1985
keeping ve = 0. Chanowitz, Golden 1985

* Perturbativity of top Yukawa coupling demands
va = 80 GeV.

w other constraints later
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FEATURES OF GM MobeEL

* Alarge triplet VEV v, is allowed.
m focus on va ~ O(GeV) regime

* There exists a doubly-charged Higgs boson that can lead

to like-sign LNV and possibly even LFV processes at tree
level.

w providing a link between neutrino and LHC physics
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Higgs SPECTRUM

| complex triplet +

. | complex doublet
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FEATURES OF GM MobeEL

* A large triplet VEV va is allowed.
m focus on va ~ O(GeV) regime

* There exists a doubly-charged Higgs boson that can lead

to like-sign LNV and possibly even LFV processes at tree
level.
w providing a link between neutrino and LHC physics

- The SM-like Higgs can possibly have stronger/weaker
couplings with weak bosons (simplest model for this).
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NeUTRAL Higgs CourLINGS

 Coupling scale factors (V = W,Z; F = quarks) at tree level:

JoFF govv 24/ 2v v
RF = v » BV = ~sm tanfy = \/_ A or tan 3 = 0
9hFF Invv Vo 2v/2va
depending only on & and B (or va) group factor that makes it
H; possible for the entire factor
1885 RE ¥ to be > | (mixing required)
COS (v : :
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FEATURES OF GM MobeEL

* A large triplet VEV va is allowed.
m focus on va ~ O(GeV) regime

* There exists a doubly-charged Higgs boson that can lead

to like-sign LNV and possibly even LFV processes at tree
level.

w providing a link between neutrino and LHC physics

- The SM-like Higgs can possibly have stronger/weaker
couplings with weak bosons (simplest model for this).

* There exists a Hs*W=*Z vertex at tree level through mixing
and proportional to va.
w cf, loop-induced in models such as 2HDM

- The Higgs decay pattern is mainly controlled by va and

mass hierarchy.
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Higgs PECAY PATTERN

CWC, Yagyu JHEP 2012

Am <0 (mg, > mpu,)
It — HSW* , HY — Hf Z/HOW™ | H) — HFXf WT/HYZ
H — HW | HY - H)Z

|Am|

Am > 0: (mH3 > mH5)

H It — et
H;r — Ty

H5O—>I/V

Hy — HS "W~ /HS Z/HJW
HY —» HEWT/H)Z

| Am >0 (my, >mpy,)

HSt — WHwt

H — WtZ

HY - WTW~/ZZ

HY — HI "W~ /HS Z/HIW
HY - HEWT/HYZ

~ MeV

H " =0T, H = {0v, H »w |H T —>W"W*  HS -W~*Z, H - W W~ /ZZ |

H — 0Ty, HY — vv. H: — 77v/c5/tb , H — bb.
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ExrecTeEr COUPLING PRECISION

- All Higgs couplings will be determined by HL-LHC + ILC to
O(1) or sub percent level (particularly h\/\V couplings).
m need to know radiative corrections

Projected Higgs coupling precision (7-parameter fit)

10%F HL-LHC 14 TeV, 3000 fb™! (CMS-1, Ref. arXiv:1307.7135) ~ '=====777===" —
. Il HL-LHC 14 TeV, 3000 fb™! (CMS-2, Ref. arXiv:1307.7135)

9 0/0 | [ 1L.C 500 GeV, 500 fb'@® 350 GeV, 200 fb'@® 250 GeV, 500fb"' ..oo.  .ee.. —
ILC 500 GeV, 4000 fb"' @ 350 GeV, 200 fb' @ 250 GeV, 2000 fb

I iLC @ HL-LHC 3000 fb™ combination
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CusTtoblAL Higgs MobeELS

 Couplings of h are modified by exotic Higgs fields due to
their EW charges and mixing with ®sw.

* At tree level, their hVV couplings satisty
Kw = Kz
 Three simplest custodial Higgs models:

rHSM 2HDM GM model
Prew S H,A H* Hy, (HY, HS), (HY, H H: )
parameters a,ms, Mp,ma, Mmp+, mMpg,, My, MHy, U1, 42, &,
(mn,v) = (125,246) GeV g, A\os, A\s M, a,tanB = vy /vy tan B = ve/(2v/2vA)
Kw.z = ghvv /9o COS sin(f8 — ) sin 3 cos o — @OS [ sin o
\/ \/ *
always < | through mixing group factor that makes it

possible for the entire factor
to be > | (mixing required)



RADIATIVE CORRECTIONS

- Radiative corrections can lead to at least two effects:
 changes in the magnitudes of various couplings
- deviations from tree-level relations among couplings

due to various custodial symmetry breaking parameters
(couplings, masses).

rHSM 2HDM GM model
pnew S H, A H* Hy,(HY, HY), (HY, H ", H: )
parameters o, mg, Mg, MA, Mg+, M, , MHs, MHS, W1, U2, CQ,

(mn,v) = (125,246) GeV g, Aas, As i, a,tan f = vy /vq tan 8 = v /(2v2vA)

KW.z = ghvv /G COS sin(f8 — a) sin 8 cos v — % cos (8 sin «
dKy — sin ada cos(8 — a) (08 — da) %’%m + d;—ﬁvéﬁ + dg—;/5p

- Want to know how big quantum corrections are.
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RENORMALIZATION

* Independent in the model:
gauge sector scalar sector
ma, — miy + omiy m35 — ms5 + om% |
m>, — my +om3, | (X = Hs, H3, Hy, h)
Qem — Qtem + 00cm pi = phi 0 5 (1= 1,2)

UA — UA + OVA

1
B 14+ =-0Zp | B
“%<+2 B> a v—0+0v, (V=uve—vy)

N 1 . a— a+oa .
Wu — <1+§5ZW> WM :



RENORMALIZATION

 [n addition to the renormalization conditions in the SM to
get physical Gr, mz, and aev, the GM model allows one
additional condition, which we take to make
17(0) = T57(0) gy, Mipw (0) — Mg (0) | gy

aemT — 9 T 9
mZ mW

equal to zero or its experimental value.
« Use the on-shell scheme to fix other counter terms.



hVV CourPLINGS

- In general, the renormalized hV, V, vertices can be
decomposed as

[ — flg“” + fgp’fpg + f3€“’/pap1ppza

where the last two form factors start to appear at 1-loop
level from 1-particle irreducible (1PI) diagram
contributions, while the first form factor of interest to us

. 2m,2
i, = 20V L PIPT sT

U
has contributions from the tree-level coupling, 1PI
diagrams, and counter terms.
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K= AND K\

* hVV scale factors at 1-loop with momentum dependence
are defined as: 7 momentum of off-shell v

_ fl(m%/ap27m%)NP
- Ty(mi,p?,m3)sm
« At 10, Kwz are (will be) determined to be
LHC Run-I sz =[0.94,1.13] kw = [0.78,1.00]
HL-LHC  Akyz =2 — 4% Arw =2 —5% 14TeV, 3000/

ILC Akz =058%  Arw =0.81% 500G s00m

1606.02266 [hep-ex]  ® 250 GeV, 500/fb
o ] _ 1310.8361 [hep-ex]
- Radiative corrections in SM: 1506.05992 [hep-ex]

Ry (p°)

for 4/ p? = 250 (500) GeV

tree

g [—1.2 (+1.0) % (hZZ)
Ihvv

1404 (+1.3) % (hWW)
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- Lighter dots satisfy theoretical
constraints (unitarity, stability,
perturbativity, and oblique
parameters [S and T]).

- Darker dots further satisty
Higgs data from LHC Run-|
(20 channels). ATLAS + CMS 2016

* Other types of 2HDM are
expected to have a similar
result as 2HDM-I.

* It is possible to discriminate
among the rHSM, 2HDMs
and GM model.

el Chiang, National Taiwan University 71
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- Same parameter sets in the -
two plots, only different in p. )

- Green dots change little after & ZZ
imposing the Higgs data, while §

-0.5}

2HDM and GM dots shrink
significantly.
« GM prefers kz € [0.88,1.12], 190

while the others have
Kz € [0.8,1.0].

- AKv may be observable.

- 250-GeV ILC is better than
500-GeV in distinguishing 5 DM
rHSM and 2HDM-I. | A
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DisTRIBUTION ON (0,VA) PLANE

(g2 = Dhvy(mbp3md o
o 2

f}va (m%/,pg, mh)SM

| 18RV [%]
0.4

0.3

va [GeV]

0.2

0.1

a [degree] a [degree]

- Larger values of Kz are obtained in the upper-left region.
* The result does not change much when p2 = 500 GeV
» 1Aky | does not depend much on va and a.



DISTRIBUTION ON (0,VA) PLANE

A

R F}ng,hq-q-(mg,qﬂ mj ., My )GM 5, = I} -(m3, (500 GeV)?, m3)am
fib,r = 7 B! 2 2
' PllzbE,hq-T (m%,ﬂ mg,w m}QL)SM thf( 1 (500 GeV)2, mh)SM

T — T —

va [GeV]
va [GeV]

a [degree] a [degree]
- Behaviors of Kp (Kt) and k; are virtually the same.
 In contrast to the Kz case, K, becomes smaller when lal
becomes larger.
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DISTRIBUTION ON (0,VA) PLANE

» While the variations from the - Tl (m3, (500 GeV)2,m?)am
SM predictions are typically "~ t
< 10% for Kz, Kp and K, the 40
magnitude of the deviation in | SR
the hhh coupling, i.e., kn =1, % i

can be at a few 100% level. s
w |arge quantum corrections £ %
for hhh coupling -

* In addition, kn does not
depend much on a and va as
compared to others.

10+

a [degree]
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Kz VS Kt / Kz VS Ky

- Some shifting between

two plots.

- Range of kr gets more = N
restricted for larger Kz. . T

085 090 09 1.00 105 110 1.15 085 090 095 1.00 1.05 110 1.15

¢ At Kz = 113, Kt = 095 kz\/]?gz%oc;ev kz\/;‘ﬁzmoeev

yyyyyyyyyyyyyyyyyyyy

* Most of kn values are T
predictedtobe 1t05, o Tl
though sometimes of =& e ' o4
0(10). .

- Possible range of knis <t 50 SONET S QU NS BN DO

1.00 1.05 1.10 1.00 1.05 110

reStriCted for Iarger KzZ. Rz Jpg = 250 Gev '?z\/;%=5oocev
* Some Kn are predicted less than 1 or even negative.
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S!AMMARY

» We have done 1-loop radiative corrections to the Higgs couplings
in the GM model, a model featured in giving Majorana mass and

possibly large hVV couplings.

« Theoretical (unitarity, stability, perturbativity, and oblique
parameters) and experimental (Higgs signal strengths) constraints
have been imposed to find viable parameter spaces.

- We have presented numerical results for the hVV couplings in the
rHSM, 2HDM-1 and GM models at 250-GeV and 500-GeV ILC,

showing power to discriminate among the models.

* We have also presented the results of hff and hhh couplings in
the GM model, showing their correlations among themselves and

with hVV and the momentum dependence of these couplings.

Cheng-Wei Chiang, National Taiwan University 27 PHENO 2018, Pittsburgh



Thank You!
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SOME BENCHMARK POINTS

a [degree] vy [GeV] g [GeV] pg [GeV]|| Aw Rz Ry R
BP1 —7.0 10 —100.3 1123 1.01 1.01 1.00 1.08
BP2 —8.0 10 7.1 2789.5 0.99 098 096 4.71
BP3|| —15.1 20 —180.0 171.0 1.04 1.04 099 1.34
BP4|| —-16.1 20 18.7 1338.3 1.02 1.01 095 4.00
BP5|| —224 30 —325.2 —53.3 1.09 1.09 098 1.39
BP6|| —24.9 30 10.0 755.0 1.07 1.06 0.93 0.87

TABLE I: Six benchmark points allowed by the perturbative unitarity and the vacuum stability.
The masses of the extra Higgs bosons are taken to be my = my, = my = 400 GeV. All the
other input parameters are shown in the first four columns. The numbers given in the latter four

columns show the output of the renormalized scale factors at \/p? = 250 (500) GeV for Aw. z (ke p)-

- BP1,3,5 (BP2,4,6) are chosen such that predictions of
one-loop corrected scale factors are close to (far from) the
tree-level predictions for va = 10, 20, 30 GeV, respectively.
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MOMENTUM DPEPENDENCE

00 400 500'609'700'800'900‘100(
Sgrt(p”) [GeV]

00 400 500‘609'700'800‘900'100(
Sqri(p”) [GeV]

FIG. 3: Renormalized scale factors kw7 (left), ¢ (middle) and &, (right) as functions of 1/p? for

My,
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= my, = my, = 400 GeV. The upper panels show the cases of BP1 (black), BP3 (blue) and

BP5 (red), while the lower panels show the cases of BP2 (black), BP4 (blue) and BP6 (red).
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