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Motivation

“Twin Higgs” is simple realization of
Chacko, Goh, Harnik 06 “Neutral Naturalness”
Higgs is PGB of accidental global top partners

symmetry from explicit Z2 symmetry

Z.2 breaking introduces some model dependence

: Explore parameter space of Twin Higgs
and its SUSY UV completions
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‘Twin Higgs Setup

Double SM gauge fields, Higgs and tops

Gsm  — GE « GB,

H,Q3, U3 — Hp,Q34,Us34 + Hp,Q3p,Usp
— —

visible sector “dark” sector: neutral under SM

Natural Z, exchange symmetry: Hs <— Hp



‘Twin Higgs Setup

Double SM gauge fields, Higgs and tops

Gsm  — GE « GB,

H,Q3, U3 — Hp,Q34,Us34 + Hp,Q3p,Usp
— —

visible sector “dark” sector: neutral under SM

Natural Z, exchange symmetry: Hs <— Hp

Here we focus on fine-tuning: just Higgs, gauge and tops doubled

e 7, involves the full SM 0509242 Barbieri, Hall & Gregoire

® Minimal (“fraternal”) Twin Higgs  1501.05310 Craig, Katz, Strassler & Sundrum
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Higgs Potential

Vo= XHal* + [Hp|* = f°)° + s(IHa* + [Hp|") + i

Vu,

respects U (4) respects Hy <> Hp |
for kK > 0

for A\>0, f°>0 ,
| Z2unbroken, va = vp|

spontaneously broken

7 GB - 3 eaten = SM Higgs ff

maximal mixing

(excluded)
radial mode gets mass PGB gets mass
ma; ~ Af? m%wnf2<fm?{

K << A\



Higgs Potential

Vo= M|Hal® + [Hp]* = f%)? + (IHal* + |Hp|") + @*|Hal* + p| H al"

VU4 VMLL)ZQ VMZ_IE)ZQ
~9 .
respects U (4 respects Hq <> H pi~ soft breaking
P ) P 4 5 P hard breaking
for A>0, f?>0 for Kk > 0 allows for hierarchy
spontaneously broken Zsunbroken, v4a =vB} v=va<vp=f
7 GB - 3 eaten = SM Higgs maximal mixing controls mixing
(excluded) so = v/ f
radial mode gets mass PGB gets mass Higgs couplings give
m% ~ \f? mj, ~ £ f? §<m?{ flo>23

K << A\



EWSB

PGB approximation & < A

2
1
V(h)=— f2(/<:—0)h2 12(8/<:+3p—0)h4

o = i*/f?
0_2:1 i m2%4f2</<;—€)%81}2(/<;—|—8)

f2 2\k+5 " 2 2

Soft Z2 Breaking Hard Z2 Breaking

p Lo p >0

® need tuning for v < f ® naturally v < f for p> &

® light Higgs m; ~ 8kv? ® heavy Higgs m; ~ 4rf*
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EWSB

k<0 f/V > 2 3 4 parameters {f,s,0,p}

- 2 observables {v, mp}

0.15 % _ K --- my=130 GeV
f NSNS — my=125 GeV and constraint f/v > 2.3
-10.05 ]

0.10 - mp=120 GeV

0.05 — \ | Y softbreaking: p < o

tuningo ~ 2k to get f/v > 2.3

0.00 : soft.Z, —breaking

0.15

r hard-breaking: p> o

-005 [

tuning k < p to get My,
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Include Quantum Corrections

“freezing logs” we can match to the tree-level potential

_ 3y} A?
K = Ko + Rtop + Khard ~~ ¢ 1 t
0T T6r2 0% 7
02 = 02+ o2 02 ~2 P2
X [o T Htop T Hhard ~ Ho + @Ap
P = P0 T Ptop T Phard = pg

contributions

contributions from higgs
from top sector

sector with hard-breaking

Soft Breaking

top makes ~70% of Higgs mass -

(pure) Hard Breaking

top makes ~150% of Higgs mass « -

f/v>23

075 F |




Soft vs. Hard Breaking

Soft [,00 — O]

m; =~ 8vik = 8v° (/i(S)Oft + Ktop)

—

2
- f makes ~70%
A’U/f ~N T

202

Need %BOft >0 for my = 125 GeV

(Gain in fine-tuning corresponds
to enhancement of Higgs mass

A% + 167202

F (A —
(Ao, /) A%—|—87T2f2

Hard |/ig =0

Sv? Sv?
m2 ~ g — Khard + Kt
N ER D T F Ry O T )
f2
A’U/f ~ Q—UQF(Apaf)

Need " <0 for mj, = 125 GeV

F(Ap, f)
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Making hard breaking viable

hard
OaI‘ <O

A3=1TeV?, fiy=0
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Making hard breaking viable
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Twin SUSY

. ameliorates
provides

calculable UVC fine-tuning

3y; M3 A
At,p ~ MS MBESM 2m2m3 ©5 Mg




Twin SUSY

provides ameliorates
calculable UVC fine-tuning
3y; M3 A
At,p MS MSSM 27%m2 0g M 00

Only few existing models (tuning 1-2 %)

Explore Twin SUSY with Hard Breaking

0604076 Chang, Hall & Weiner
0604066 Falkowski, Pokorski & Schmaltz
1312.1341 Craig & Howe

(tuning 5-10 % !?)
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Twin SUSY Matching

Vi,
% quartic from non-dec. F-term
A2, |
W =A¢SH,Hqg — N\~ —SS%B
me> Mg 4 ‘

% mass from soft Higgs masses

12 20t5 —m?2 — t%mi
0~ 2 2
QASSB

f tuning calculable




Twin SUSY Matching

= MN|Hal> + |Hp* — £2)* + (|Ha|* + |Hp|"
W—J H_/

VU 4 VU 4,42
% quartic from non-dec. F-term % D-term contribution
)\2
mg > Mg 8
% mass from soft Higgs masses x tOD/ stop contribution
2 42 9 ytsi M2
f2 ~ thﬁ md tﬁmu Flf'top 1y6t B log f2
0 2)\%8% T yi s 3

K large and positive:

f tuning calculable strong constraints
from Higgs mass



Twin SUSY Matching

= A\(|Hal* + [Hp* = ) + s(|Hal* + |Hp|") + *|Hal* + p| Hal*

Uy V4,22 VU 1,22
% quartic from non-dec. F-term | % D-term contribution | % quartic from n.d. F-term
2 92 c.g. 22
W =AsSH,Ha — A~ 253, Ko = =2t esg W = MSAH H} — p= i
ms > Mg 4 8 ms, > Mg,
% mass from soft Higgs masses | % top/stop contribution | % mass from soft masses + loops
3y st M3 ~9 2
2 a 2btg —my — tzms, Ktop — 3Yiss log ——5 g = Amgs3 + Amgcs
0~ 2)\2 1672 i s5f )2
~2 _ A 2
Hhard = — 327'('2 mSA

K large and positive: A® negative: upper
; :

f tuning calculable strong constraints bound on stop masses
from Higgs mass



Total Fine-Tuning

'Two sources of tuning

f/Ms X v/ f

e~/ e~
U4, similar NMSSM tuning v — f U4 breaking, model-dependent
f_H
3y M2 A SOFT HARD
S2AL 2 OB M 2 /20 2 /202 F (A
stcﬁ S f/?} f/v(paf)

@ Soft breaking has total tuning like NMSSM with Axmssm — As

gain slightly since unrelated to Higgs mass

@ Hard breaking better up to factor 10, if can fix Higgs mass
depends on Z2 breaking cutoff realization



Numerical Results
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Numerical Results

. . in simplest
Soft breaking Hard breaking .
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[prefers low f/v} [also large f/v is finel



Can we do better?

30
can be generated adding A-B bidoublets 2.5
>
W = )\ (I)ABHAHB —> Ko = —)\dSB b 207 Tl
me, > Map -
1.5 ja
Preliminary result: e S
-10% F'T with 2 TeV stops 95 30 3540 45 50

f/v



Can we do better?

30
can be generated adding A-B bidoublets 2.5
5 :
W= Na® PHIHT — Ko = = A8 20 o
me, > Map -
1.5 e ja
Preliminary result: T
-10% FT with 2 TeV stops 95 30 3540 45 50
f/v

other/better solutions
are in progress...




Twin SUSY
@ LHC



Higgs Spectrum

Twin SUSY = > 4 Higgs doublet model

2 CP-odd 4 CP-even

neutral neutral 2 chargea

Spectrum controlled by 2 parameters: my4, f

[dark]

1505.05488 Buttazzo, Sala & Tesi

NS 108
[visiblel

1504.04630 Craig, D’Eramo, Draper, Thomas, Zhang
1605.08744 Craig, Hajer, Li, Liu, Zhang



The Next-To-Lightest Higgs

{ measures how
much A is twin

l—ﬂE

- 0.4

- 0.4
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Higgs Searches

\/m?4 — A% f? [TeV]

A

1400 -

Di-boson

searches
12001 14 TeV (300 b ') TeV

13 TeV (100 fb ")
1000
80D H*(th) 14 TeV (3000 b )
00| Charged Higgs
searches
00 -
3 4 5 6

f/v



Summary

® Twin Higgs models with hard Z2 breaking
are rarely explored, but can reduce v/f tuning
at the cost of increased Higgs mass

® SUSY models provide calculable UV
completions, there are many options to get
Higgs mass right and keep tuning low

® Large f phenomenology resembles MSSM at low 3



