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OVERVIEW

* Higgs measurements

- Custodial Higgs models

» Georgi-Machacek (GM) model
- Renormalization of GM model
* Numerical results

« Summary
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Higgs PHYSICS PROGRAM

* Higgs mechanism in SM offers an elegant and minimal
way to give mass to weak bosons and charged fermions:

mw;z through ms through
gauge interactions Yukawa interactions

I I
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I

self interaction

- It also features in a self interaction that plays a role in the
phase transition in the early Universe.

- After the discovery of 125-GeV Higgs boson, it has
become an important program in particle physics to
determine its interactions with SM particles (including
itself).



Higgs PHYSICS PROGRAM

» Global fits of Higgs couplings (assuming universal scaling
factors krv) from LHC Run-|
- quite consistent with SM
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Higgs PHYSICS PROGRAM

* Precision coupling measurements are required!
w tiny deviations from SM expectations?
m hint a non-standard structure in the Higgs sector?
w an extended Higgs sector?
w how EWSB exactly happens?
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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:
g representations of scalar bosons cf. 3 generations of fermions
m numbers of scalar bosons and 3 gauge interactions
s extra symmetries (continuous/discrete)
m 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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Higgs EXTENSIONS

- Higgs extensions are subject to a stringent constraint
_ My
P = M? cos? Oy
* In models with an extended Higgs sector, at tree level
> 07 [ Ti(Ti 4+ 1) = Y72
Ptree = Zz QYZ'QU?
- If only one new SU(2). rep is added to the SM, piree = 1
gives the following possibilities:
(0,0) — real singlet, " interacting mainly with hswm

(1/2,1/2) — doublet, " a popular choice (e.g., 2HDM)
(3,2) — septet, (25/2, 15/2), (48,28), (361/2,209/2), etc.

— 1.00040 + 0.00024  PDG 2014




Higgs EXTENSIONS

- Higgs extensions are subject to a stringent constraint
_ My

P = M? cos? Oy

* In models with an extended Higgs sector, at tree level
> 07 [ Ti(Ti 4+ 1) = Y72
Ptree = Zz 2),7;2%2

» One can also choose to add a custodial symmetric rep

(n,n) (n € N) under (SU(2).,SU(2)r) with vacuum

alignment.
m generalized GM model  Logan Rentala 2015

— 1.00040 + 0.00024  PDG 2014




Higgs EXTENSIONS

- Higgs extensions are subject to a stringent constraint
_ My

P = M? cos? Oy

* In models with an extended Higgs sector, at tree level
> 07 [ Ti(Ti 4+ 1) = Y72

Ptree = Zz 2),7;2%2

» Simplest CP-conserving custodial Higgs models:

- real Higgs singlet model (rHSM): ®sm + S

- two Higgs doublet model (2HDM): ®sy + @’

- GM model: sy + A

— 1.00040 + 0.00024  PDG 2014




GEORGI-MACHACEK MODEL

» The Higgs sector includes SM doublet field $(2,1/2) and
triplet fields x(3,1) and &(3,0) Georgj, Machacek 1985

Chanowitz, Golden 1985
_|_
(v (D
d — ¢ ] A =
(D Uq;

++ )

transformed under SU(2).xSU(2)r as
®—->U.dUrT and A — UL A Urt

with UL r = exp(- i BLr?2 T2) and T2 being corresponding
SU(2) generators.
 Take vy = ve = va (aligned VEV).
m SU(2).xSU(2)r — custodial SU(2)v
w0 =1 at tree level

Y

10 Cheng-Wei Chiang (NTU)



QEORGI-MACHACEK MODEL

- The most general Higgs potential allowed by gauge and
Lorentz symmetries and built in with custodial symmetry is

assume m;2 < 0,but my2>0
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- Decoupling limit: m; = o0
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Higgs SPECTRUM
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| real triplet
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CUsSTODIAL Higgs MopeLs

- Couplings of h modified by exotic Higgs fields due to their
EW charges, and mixing with ®gw.

* At tree level, their hVV couplings satisfy

Rw = Rz
rHSM 2HDM GM model
Prew S H,A H* Hy, (HY, HY), (HY, HS, H ™)
parameters mpg, &, Mg, mmpg,ma, Mg+, mp,,MHs, MHs, U1, U2, &,
(mn,v) = (125,246) GeV g, dos, As M, o, tanB = vo /vy tan B = v /(2v/20A)
KwW.z = ghvv /gy, COS sin(ff — «) sin B cos o — @OS Bsin
v v v
always < | through mixing group factor that makes it

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



Exrecter CouUuPLING PRECISION

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

Projected Higgs coupling precision (7-parameter fit)

1 O °/o B 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 O/o | I 1L.C 500 GeV, 500fb'® 350 GeV, 200 fb'® 250 GeV, 500" _.oo.  .ee.. —
i ILC 500 GeV, 4000 fb™' @ 350 GeV, 200 fb™ @ 250 GeV, 2000 fb’*
I 1L.C @ HL-LHC 3000 fb™* combination
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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
prew S H A H* Hl,(Hg,H?)i),(Hg,Hg)i,Hg:i)
pa'rameters mmpg,a,mg, mg,ma, Mg+, mmpg,,MHas, MHg, U1, 42, &,

(mn,v) = (125,246) GeV g, Aag, As

W, &, tanﬁ — UQ/Ul

tan 8 = ve /(2v2vA)

_ SM
Rw,z = ghVV/ghVV Cos &

sin(8 — «)

sin 8 cos o — %cosﬁsinoz

Ky —sin ado

cos(8 — a)(08 — o)

8/6‘/ 8/43\/ (9/4,\/
Do oo+ 5 08 + o dp




RENORMAULIZATION OF GM MopEL

* Independent counter terms in the model:

gauge sector scalar sector
ma, — miyy + omiy m35 — myx + om5y ,
m22—>m22+(5m22 : (X = Hs,Hs, Hy, h)
Cem — Qom + 0Cem pi = phi +0ps (0 =1,2)

UA — UA + OVA

1
B,—|(1+=-0Zp | B
: ( +2 B) " v—0+dv, (Vv=uve—vy)

a 1 a a— a+da .



RENORMALIZATION CONDITIONS

* In addition to the renormalization conditions in the SM to
get physical Gr, mz, and aem, the GM model allows one
additional condition, which we take to make

o M57(0) — TEZ0) gy Wi (0) — iy (0)] gy, &
em m2Z m%v _’
equal to 0 or its experimental value. 5p — SN

2
- Use on-shell conditions to fix other counter terms. ’
- Observe gauge dependence in mixed 2-point functions.
w fixed by use of pinch technique in the physical ff — ff
processes due to pinch terms (D:Ce);?e\g”s'lfl?nz|19?9%9Pz;zi\;izi:!)iuPléitgs 1998
w unlike 2HDM, one needs to sum up Hs-G, Hs-Hs, and G-
G diagrams in GM model to see the gauge dependence

cancellation
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hVV CourPLINGS

* In general, the renormalized hV,Vy vertices can be
decomposed as

[HY — f‘lg“” + fgpﬁbpg + fgé“’/paplpma

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

. 2m,2
P, = 2 L PIPT gT

U
has contributions from the tree-level coupling, 1P|
diagrams, and counter terms.

P1
0 «—— /v-
R
N,
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K=z AND K

- hVV scaling factors at 1-loop with momentum dependence

are defined as: A D o o
R _ I'y(mi, p°,m3 )np

2
i) = [y (m, p2,m)su
- At 10, kwz are (will be) determined to be
LHC Run-I rkz = [0.94,1.13] mw = [0.78, 1.00]
HL-LHC  Akz =2 — 4% Arw =2 —5%  14Tev.3000/b

B o 00 GeV, 500/
ILC Arz = 0.58% Arw = 0.81% @5350 Ge\\//,SZOO/fb

1606.02266 [hep-ex] @ 250 GeV, 500/fb
1310.836 | [hep-ex]

- Radiative corrections in SM: 1506.05992 [hep-ex]
1—Iloop (
—1.2 1.0 hZZ
ghge\g ~ ("’ ) 0 ( ) y for /p2 — 250 (500) GeV
9y | +0.4 (+1.3) % (RWW) ,
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1-LoorP ReEsULTs ..

A/{V = KRw — Rz

1.5¢

- Lighter dots satisfy theoretical
constraints (unitarity, stability,

perturbativity, and oblique

parameters [S and T]).

- Darker dots further satisfy
Higgs data from LHC Run-l.

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

* |t Is possible to discriminate
among the SM, rHSM, 2HDMs

and GM model. E oy FE
CWC, Kuo,andYagyu 2017 =150~ = ]
0.8 0. 1.0 1.1 1.2

Kz
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1-LoorP ReEsULTs ..

AKLV = Rw — Rz

1.5¢

- Same parameter sets in the
two plots, only different in p.

- Green dots change little after
imposing the Higgs data, while
2HDM and GM dots shrink
significantly.

* GM prefers kz € [0.88,1.12],
while the others have
Kz € [0.8,1.0].

- AKv may be observable.

« 250-GeV ILC is better than
500-GeV in distinguishing 15l DMl
rHSM and 2HDM-I. - .
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ALLOWED SPACE IN GM MODEL

: X
P(e\\m\ /Y
scanned parameter ranges 40— _
—650 <uy <0 GeV | o
800 s et ] m2lGeV]
180 <mg < 450 GeV | et 360
—0628 <Ay < 1.57 o

—1.57 <A3 < 1.88
—2.09 <)\4 <£2.09
—8.38 <Ay < 8.38

i 240

a [degree]
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SCALING FACTORS IN GM MobEL

. analyY
/ A
P ( 2) _ F%LVV(m%hp%vm%)GM
viP2) = 1 (m2,, p2, m2)
hv v My, Po, My )SM
40, ........................
s0f SR .
| el !1.10
> ; |
920 _ 1.04
s i ; 0.98
NS T T _

a [degree]

0.88 < iy < 1.12
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Kt CORRELATIONS

strong correlations among the hff scaling factors
with a range of ~ [0.6,].2]
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MOMENTUM DEPENDENCE

0.80¢

- Examples of a few benchmark points: P /“e//'m,har
va (GeV) o mu1 (GeV) mus3 (GeV) mus (GeV) u (GeV) L2 (GCV)—| )/
24.57 -17.21° 609 601 572 -614 -60
0.34 -0.27° 556 562 573 -7 -298
2.08 -0.56° 496 519 562 -34 32
24.99 -51.68° 389 404 574 -179 -276
1.20;
1.15¢
1.10}
1.05F
&' 1.00¢
0.95}
0.90}
0.85f
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MOMENTUM DEPENDENCE

- Examples of a few benchmark points: P /“e//'m,ha
r
va (GeV) o mu1 (GeV) | mus (GeV) | mus (GeV) w1 (GeV) b2 (GeV) | )/

24.57 -17.21° 609 601 572 -614 -60
0.34 -0.27° 556 562 573 -7 -298
2.08 -0.56° 496 519 562 -34 -32
24.99 -51.68° 389 404 574 -179 =276
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SMMMARY

- We have been doing 1-loop radiative corrections to the Higgs
couplings in the GM model, and made a comparison among the three
simplest custodial Higgs models (rHSM, 2HDM-I and GM).

* 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-| and GM models at 250-GeV and 500-GeV ILC,
showing power to discriminate among the models.

- We have presented preliminary results of hff couplings in the GM
model, showing their correlations among themselves and with hVV
and the momentum dependence of these couplings.

- Radiative corrections to the hhh coupling are in progress.
- More phenomenological analyses will follow.
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Thank You!
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