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2 Higgs Doublet Model (2ZHDIV1).
<H,> ,<H,> = <H> ,tanp

":Hz"

5 Physical Higgs bosons:
CP-Even: h, H

CP-Odd: A
Charged Higgs: H*"
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v sir' B nggS.

Hsr =(sin BH, )+ €os BH ) < veos? B
Hysy = —cos BH, + sin BH

SM: Only 1 Higgs which then acquires a vev <H,>=vcos B
and leads to EWSB. <H,>=vsin B

= <h>=v

Lighter () is 125 GeV SMVHike Higgs. <H>=0

Additional States can be light!
_ ol ALIGNMENT
Haber and Guimion, 03, M. Carena, | Low, NRS. & C Wagner, "13, A Delgado, G, Mardini 8 M.

Cwiras, 13, M. Craig, J. Galoway & 5. Thomas, 13, P. Dev, A. Pilaftsis 14, ML Carena, H. Haber, | Lo,

MRS &C Wagner 148 ‘15
4 W,
NAUSHEEN R. SHAH — HH Production at Colliders — FNAL Sep 7, 2018 — Slide 7



* Interaction basis: (H,, Hy, S)

— H,: Couples only to up-type fermions <H,>=v,

<H,>=v
— H,: Couples only to down-type fermions t, :“uf“:
— S: Only couples to Higgs <S> =p/A

CP-Even Higgs Bases
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* Interaction basis: (H,, Hy, S)

— H,: Couples only to up-type fermions <H,>=v,

<H,>=v
— H,: Couples only to down-type fermions t, :vufu:
— S: Only couples to Higgs <S> =p/A

Only SM state

i INEE . I Ww
* “Extended” Higgs basis: (Hysu, Hor S) muﬂ;ﬁ!

== HI"'-.ISI"n.-"I: {dﬂwn: up, V) - (Vd tB: "ftuf tﬂ@ {HNSM} = [

— Hgy: (down, up, V) = (g, Yy, 8hw) <Hg> =V

CP-Even Higgs Bases
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* Interaction basis: (H,, Hy, S)

— H,: Couples only to up-type fermions <H,>=v,
<H >=
— H,: Couples only to down-type fermions t, ;v f::
— S: Only couples to Higgs <S> =p/A
* “Extended” Higgs basis: (Hyc, Heps S)
— H, .oz (down, up. V) =1v.t. V.0 1, 0 5
nsm* P, V) = (Vq tg Yo/ g 0) L e Sy
— Hgy: (down, up, V) = (g, Yy, 8hw) <Hg> =V

* Mass basis: (H3, H?, H1)

—H'= K'yspm Hysm + K'sp Hgp + K's S
CP-Even Higgs Bases
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* Interaction basis: (H,, Hy, S)

— H,: Couples only to up-type fermions <H,>=v,
<H >=
— H,: Couples only to down-type fermions t, ;“ f::
— S: Only couples to Higgs <S> =p/A
* “Extended” Higgs basis: (Hyc, Heps S)
— H, .oz (down, up. V) =1v.t. V.0 1, 0 5
nsm- | P, V) = (yq ta v/ T, O) Mo n=0
— Hgy: (down, up, V) = (g, Yy, 8hw) <Hg> =V

* Mass basis: (H3, H2, H1) = (H, h125, h)

—H'= K'yspm Hysm + Ky Hgpy + K's S
CP-Even Higgs Bases
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Higgs Potential

* Higgs potential dictates Higgs interactions
relevant for collider pheno.

* Arbitrary quartics: 27 parameters!!

M. Carena, H. Haber, I. Low, N.R.5., C. Wagner, ‘15
_ _ 5. Baum & N.R.S., ‘18
V=Y\HH, +Y,H}H; + [Y3H!H; + h.c.] + Y, 518
+[C\H] H\S + CoH) H,S + C3H) HyS + C4HH\S + C5(S'S)S + C6S® + h.c.]
+1Z\(HIH\)? + 1 Zo(HIH,)? + Z3(HIH, ) (H] Hp) + Z4(H] Hp)(H Hy)
+ {%zﬁ{nf H,)? + [Zg(H] Hy) + Z7(H}Hz)| H{ Ha + 11.n.} (A1)
+8'S(Zy H{Hy + ZpHyHy + (ZsaH]{Hz + h.c.) + 2,451 5]
+ {zﬁnuwlﬂ“—‘ t 2 HIH 5% + Zg HI HyS? + Z, g HIH 5% + Z5515 53 + 2,105 + h-n:.}_
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h,.. to the !

* Many of the quartics related to entries of the mass
matrices.

* Certain trilinear couplings suppressed by SM-like
nature of h , (alignment), for e.g:

{gysmpgsmpnsm, ggsmpsmys} — 0

* Any additional scalar H decays to VV and h,: h,,.
BOTH suppressed by non-SM components of h,,.!
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Physical Higgs
* Re-parameterize 27 quartics of Higgs potential in
terms of more physically meaningful parameters

Mhyae y, MHE, Mp, My, Mg,

NSM S S -
Shlza ’ ShlEE ) SH » Pa

v, tanfB, wg;

mppg+ ,
{gsmpnsmpNsm,  ggsmysys,  GHSMASAS |
{grNsMpNsMpNsm,  gpNSMpNSMpS,  ENSMESHS,  JENSMASAS |

{Hﬂﬂﬂﬂﬂﬁs GHS ANSM 48, Hﬂﬁﬂﬂﬂﬁ}-

{)'LHHSMHHSMHSHS, )\HNEMHHSMASAS, )'LHSHSASAS, /\.ASASASAS}.
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LHC ?

* Interesting cascade decays due to presence of

suppressed due to alignment

additional Higgs bosons:

Di-Higgs: @,
i vj ok
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(ks = ZZ) = (SR) " m

16mmy, t:l-"

SMy2 4 2
( h-“} My my,
'k WIrw)= : :
(hi ) Brmy,, v miy v
NI m? m2 7
P(® — f]) = = _uﬂf ma (1 = m—{ )

{C'-JM o E-NHM f Lan ﬁ]‘ﬂ
(CSM 4 ONSM ¢ tan B)°

, for up -

5. Baum & N.R.S.,

—m, Decay Wdths

type quarks [,

, for down — type quarks and leptons f

2
2 2 9 3 3
98, 0 1 Mg, + My (m‘-# m'-h)
[(® = $385) = ——— 1-2—2 =+ .
L 3%k) 16mmg, (1 +¢'5_,-k) mi. mi,l_
2 , . \2
(CRMOE) my |(mb-mb) o oy
I®; + Z;) = - Y m:‘é -2 (?T!q,l +m¢J) + m

= 1 -2

2
1 Lmi 2 —mi
m, t mi " (”LmJ 1 '{)

mg, mi, ' (2
2 27 (1+7) 29 (1—)
F{@i — I'Ik] = 2 9o ix;xx 2 |1- (ﬁlﬁi_:l +mxk] ] = {m?{: mxt]
g 1+4d;;/ 16w  ° m3, m3,
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h,:®orZQ,

olgg = A= Zh)jolgg = A = hyna)
1.0+ ' ;

olgg = A — Zh)/olgg = H = hyash)
' 10— |
0.51 &

= 100
.
10}
0.6 0.6
7= 1
g
0.4 0.4
0.1
0.2 e 0.2
0.0 — 0.0 le 10~
0.0 0.2 0.4 0.6 0.8 1.0 (1.0 0.2 0.4 0.6 0.8 1.0
{'q?.l' I {nﬁl:::lzl-
SNSM g8 " : 5. Baum & N.R.S., '18
ﬂhu_-.Hh _— =H_“H I]. = 2'-.5‘_” {HLH J‘Hh] + ‘l.l"l'_'i.l -I,';|I”}
-.,r"r..!r'
F'MH".! P'-:-
.‘.II -_r,..-"l.rJ = —
J“u \,ﬂ'"a_!'i'

[]—EfP ]1' |[.ru.,I m; ]+n.z"r_i t,r,ﬂ.} .

1
JHNSM ANSM 7 = i

gi+g(p—p)"
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h/a

* Decay visibly to SM particles via mixing with
doublets (either NSM or SM components)
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h/a

* Decay visibly to SM particles via mixing with
doublets (either NSM or SM components)

* Decay invisibly to possible DM particles
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h/a

* Decay visibly to SM particles via mixing with
doublets (either NSM or SM components)

* Decay invisibly to possible DM particles

* Categorize final states as
— hy,c + visibles
— mono-h,,.
— Z + visibles
— mono-£
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5 > 2 wd §>8 See the Cascades!!

5. Baum & N.R.5., 18

1.0 - : : i :
B  his+visible | 600- B hyas+visible
B hs+MET | s +MET
0.8 B Z-ivisible [ 500- =3 Z+visible
N Z+MET Bl Z+MET

00 02 04 06 08 10 o b0 @ e
(S5)° Convolute everything! my, [GeV]
Future reach of the different Higgs Cascade search modes at the LHC
with L= 3000 fb! of data.

Scale up current limits + various projections in the literature + our simulation for mono-Z/H @
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BM DM EDUEI_TE.,,:;ZE: such that: Sﬁ@ the Cascades!!

a -> invisibles S. Baum & N.R.S., ‘18

1.0 - R ' '
B  his+visible | 600- B hyas+visible
B hs+MET | s +MET

0.8 B Z-ivisible [ 500- =3 Z+visible
N Z+MET Bl Z+MET

RS S
Sue # 300
0.4 - E

200
0.2 -
100

=
=
;
=

0.0 0.2 0.4 0.6 0.8 1.0 M 200 400 600

e
(S A->Zh = Z + visibles™ [GeV]

H->Za = Z+invisibles
A ->hy,: a =2 hyc +invisibles

H->hy,e h = hy,e + visibles @
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See the Cascades!!

5. Baum & N.R.5., 18

l_ﬂ | : | L ] ] ]
B histvisible | 6004 B hyas+visible
B hyx+MET ] B hs+MET
s AN Zivisble [ 500 T Z-+visible
| Z+MET B Z+MET
& S
i = 300
0.4 S -
200
0.2 1
100
{]. ﬂ L..._..... P — - - - - S— 5 ﬂ I :
0.0 0.2 0.4 : ?[I_ﬁ 0.8 1.0 0 200 400 600
(Si my, [GeV]

If either m, or m, > 350 GeV, can decay predominantly to tt.
Could be hidden in h,, tt?
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: ?
Does this really work: (aka UV completion)

(Z5-invariant) NMSSM

e MSSM + one extra SM-singlet chiral superfield
e Same Higgs sector as our model (2HDM+S)
e« Multiple Neutralinos as DM candidates

e Mature numerical tools to study collider pheno.
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W = \SH,H, + 253

* 2 Doublets (H, H,) + Singlet (S) ™ 1 3
s = = )\A . H H —EA .
* Singlet couples only to Higgs Sector. Lsoft Ao HyHa + 2N\ .‘f"’S
* vevs: (H, Hy, S)=(v,, vg vs=1/ A) I I
L’
« 3 CP-Even Higgs bosons: m,/myg

— Mixing between all three (H,, H,  and S).
« 2 CP-Odd Higgs bosons:

— Mixtures of “MSSM” m, and singlet.
* Charged Higgs bosons

* Singlino mass: 2 kK u/A

NMSSM Higgs Sector
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SMHike h,,:: Large

Preliminary, 5. Baum, N.R.5, K. Freese

1[}[}[}_| = =t L T e e s
i ¥ rzxx)
= X X I -
X x|l =i i
E X X X -Jm
xxx x|
L I I I
I I I 1'- : E[H]_
T XIIXITI M
BTz =
BEzzzT ~
T T TITI -7
= E L X X 1L
BRI
EXIzIIf 100 -
T ARE ]
T T T T [
T IxXI| |
50 : o ol ' '
200 S0 200 1000 200 300 200 1000
m 4 [GeV m[GeV]
. .
0 100 200 300 20 900 70 100 200 300 200 1000
my |(GeV my, [GeV]
NMS5MTools scan with consistent hy;c pheno
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Preliminary, 5. Baum, N.R.S, K. Freese
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LHC: Coverage of NIMISSM Higgs

Ll Ll lll] Ll L 1lLll |

Sector

Preliminary, 5. Baum, N.R.S5, K. Freese

10°

L1 L 1ll]

S mm(mﬂ,mH} E 1000.0GeV. ..o
— 15_
= 9 :
é 10 % ::_.._
% = -
2 1[]—-1;
= Sex1+(03— hl?’r}fl}
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i 1 S« haxs + (@ = xax1) e
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Thank You!
125 GeV Approximately SM-ike Higgs
2HDM +S: well motivated extended Higgs sector

H/A decays to Double Higgs (hyzs)hy,sZ or ZZWW suppressed

“May we live . )
In Interesting times.
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BACK UP
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* How much “non-standardness” is allowed by h125 measurements??
— Kysm Hysm + Koy Hgpy + Kg S
* Singlet: Only coupling to Higgs

» Ratios to S5M;
= Brge= (K + Kns/ta)
— Bhad = (Kspy = Knsm 1)
— Bhwv = Koy

Contamination allowed in h125 ??
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* How much “non-standardness” is allowed by h125 measurements??
tan ,B = 2.. pbeIi-ﬂ'S, F!,.-'\-'Zliﬂ.S

0.8F
— Kysm Hysm + Koy Hgpy + Kg S - pEELL— |
i / T e |
* Singlet: Only coupling to Higgs 0.6 / k j
« Ratios to SM: Ur‘-‘f h125
= Bhgg™ (Ksm + Knsplts) E;E :
— Bhda = (Kepy = Kysp t) 0.2 |
= Bhwv = Kem : f%h e __ﬁff”“ﬂ“\‘ f
0.0 :; < :
* Significant k. OK | ¢ DA by 1 A J |
» Large Kk, from sign change _02! w— I
of B ~06-04-02 00 02 04 06
K125

Contamination allowed inh125 ??
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Direct Searches for heavy resonances?

|ikE nggs decav to VV niy component coupiles to or £L11

P 0
12-6% SM value for masses B =2, pyy=0.12-0.06, mys ~ 200 GeV

160-500 GeV. owvs 1505.03831 10F
* What does this imply for SM |
and NSM components of |
extra Higgs?? 0.5}
— 160 GeV <m. < 350 GeV
— BR(WW+22) ~1 2 ol
— gF production XS impacted. °& |
s With x4 = () -0.5|
= Kh5 ~ ghizs
= ,.;mhigj::ﬂ:;::}an allowed by h125 -I.D: _‘F.ff/
-10 =05 00 05 10
hs
Ksm
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M. Carena, H. Haber, I. Low, N.R.S., C. Wagner, 15 Al |gr"| ment (N G-M I}{I ﬂg) z

f]-a]t-”fﬁ—hlzﬁ GeV mh ~ \°—sin® 283 -+ lf’; cos® 23 + Az
20T S 2

A; = — cos 28(m2 — M3)
2000+
Well Known

125 GeV Higgs

— Tree-level contribution to
Higgs mass from A.

— A~0.65-0.7
| * Low tanf3
10 15 20 25 30 . Light Stops

tan 83

Nmi%née\l Higgs Naturally!
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* Perturbative up to GUT scale.
- l?"I'I'Iﬂillm.u'?'I Kma::"”z

Not so well known:

* Leads to excellent Alignment (very little mixing
with Heavy Higgs) in the m,- tanp plane.

1.0

0.9
~ 08

0.7

My = 13543 Gev

e T 15

20 25 30
tan g

SMH-Like Higgs Naturally!
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Endd | Bndde,

A = D65

T
| L=
-
———

-
o
T ———

200 250 30D 450 500
my (GeV)
2 2
22, — my, — M7zcop
alt — 9

M. Carena, H. Haber, I. Low, N.R.5., C. Wagner, '15
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M. Carena, H. Haber, I. Low, N.R.5., C. Wagner, ‘15

30FR

2.5}

M (GeV), k=22 my=125GeV

100
oy . K
1 — 13833 — 2xS28 =

Singlet Alignment
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lnir. X = l""ﬂ
my(GeV), 1g =2, my = 125 GeV

CP- euen/udd smglet
masses anti-correlated

.§

S

Mg (GeV)

S

200 251:1 300 350 400 450 500
my (GeV)

h125 = H,,,
LIGHT SPECTRUM

Singlino: 2k u/A~ <
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