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The Higgs sector: unchartered territory

e Relatively little known about mechanism of EWSB

e Theoretical arguments (" hierarchy problem”) suggest new physics at the TeV scale

Here focus on SUSY extensions of the SM:
MSSM: economic field content, gauge coupling unification

But: expectation of light Higgs in some tension with direct LEP limit

—>» perhaps minimality assumption not warranted, and extra SM singlets,
Higgs triplets (with small vev’s), W’'s, Z's... present at the TeV scale

Key point underlying this work: new d.o.f. slightly above the weak scale can significantly
change the spectrum and properties of the MSSM Higgs sector

EFT analysis (with heavy physics integrated out) allows a model-independent study
of SUSY 2HDM Higgs signatures...

See also: Brignole, Casas, Espinosa, Navarro, ‘03
Dine, Seiberg, Thomas, '07

Antoniadis et. al. ’07 ...
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The 1/M Expansion

Assumptions:

e Heavy physics characterized by a scale M 2 1 TeV

e SUSY breaking in MSSM and heavy sectors of same order, and mg ~ few hundred GeV

e Main modification in Higgs sector (matter sector more constrained)

—>» Superspace language, classify higher-dimension operators at super- and Kahler potential level

—» SUSY breaking via spurion superfield

Predictions for a relatively ""generic” SUSY extension, with SUSY broken at the EW scale

An important technical point:
(Dine, Seiberg and Thomas, 2007)

e 1/M (superpotential) terms contribute to a subset of possible Higgs quartic potential operators

e 1/M? (Kahler) terms leading new physics contribution to remaining Higgs quartic op’s
(Carena, Kong, EP & Zurita, 2009)

First two orders in 1/M expansion can give comparable effects...

... but there is no breakdown of the EFT expansion!
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" The SUSY 2HDM”

Carena, Kong, EP & Zurita, 2009
W1 W2

2M S

with w1, wa, ... free” dimensionless parameters (fixed by UV physics)

Superpotential: W = yH, H,; + EG el Qe

Corrections to Kahler potential:

AR %(ngvﬂd)% - (e ) %(ngvﬂu)(ﬂgevlfd) GO

A ¢ Custodial — _ %‘HquP"‘ [%H&edeqt%HieWHu} (H Hy) +he. +--.

Plus SUSY breaking via spurion X = m g6
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" The SUSY 2HDM”

Carena, Kong, EP & Zurita, 2009
W1 W2
i 3M3

with w1, wa, ... free” dimensionless parameters (fixed by UV physics)

Superpotential: W = yH, H,; + EG el Qe

Corrections to Kahler potential:

C1

non—cust.
AK =

C2 C3
U I 2 —— (g g W(HievHu)(Hflede) o

A ¢ Custodial — _ %‘HUHAQJF [%H&edeqt%HieWHu} (H Hy) +he. +--.

Plus SUSY breaking via spurion X = m g6

UV completions: singlets, triplets, Z's, W’s can generate all of these with arbitrary coefficients

(exception: Cg and C7 , but main points do not depend strongly on these)

But note: different UV theories generate subsets of op’s, sometimes with definite signs

—3» handle to infer UV details from Higgs properties

survey collider

Here, treat coefficients as independent, and scan over [—1,1] —>»
phenomenology
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The Higgs Potential

Quartic couplings in scalar potential:

1 1
s 5Al(lﬁlgglﬁldf i iAz(HILHu)Z + A3 (H Hy, ) (HYHg) + Ao (Ho Hy) (HLHY)

- {;A5(Hqu)2 + [A«s(Hled) 1 >\7(H,1Hu)} (H,Hy) + h,c}

A o e == At O(1/M?) : all \;'s get corrections

But at tree-level in MSSM: A1, A2, A3, Ag o< g°  (small)

Note: Non-renormalizable operators essential to stabilize Ag, A7 instabilities!

1% 2 o : h HP?=H'H +H'H
Ffv!H\u+thHwH~ (here |H|*=H H, + H;Hy)

2
S Al N W1 5 .
= p’|H|* + 5 |H(HuHa + hee) + 5 [HI*| Hu Hal* + -

Minima that do not exist in absence of new physics (yet within realm of EFT!)  (Batra & EP, 2008)
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The Higgs Potential

Quartic couplings in scalar potential:

1 1
VD SN(HIHW)? + SAe(HLHL)? + Ne(HLHL)(HHa) + M\ (Hu Ha) (HLH])

e {%A5(Hqu)2 sy [M(H;Hd) o A?(HiHu)} (HuHa) + h'C-}

QAL S e S s e =2 At O(1/M?) : all \;'s get corrections

But at tree-level in MSSM: A1, A2, A3, Ag o< g°  (small)
Note: Non-renormalizable operators essential to stabilize Ag, A7 instabilities!

(here |H|> = H!H, + H:QHd )

Dim-6 operator

Minima that do not exist in absence of new physics (yet within realm of EFT!)  (Batra & EP, 2008)
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Minima from Infinity

sEWSB Minimum o 4/p
MSSM-like Minimum — const.

Scaling M — pM with p € [1,10] {

N
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Minima from Infinity

sEWSB Minimum o 4/p

Scaling M — pM with p € [1,10]
MSSM-like Minimum — const.

Qt? (COLUMBIA UNIVERSITY  Eduardo Pontén
—— M THE CITY OF NEW YORK

OF NEW YO



Constraints

e Robustness: study points expected to be insensitive to higher orders in 1/M expansion

(danger of accidental cancellations in lowest orders, rather than breakdown of EFT!)

e Several minima: ensure global, no charge/color breaking, and no (P (for simplicity), in EFT.

e EW precision constraints: heavy physics, modified MSSM Higgs spectrum + sparticles

Mild cancellations in e.g. Peskin-Takeuchi T parameter allowed

(Bechtle, Brein, Heinemeyer,
Weiglein & Williams, 2008)

: : HiggsBound 2=
e Current direct collider bounds from LEP and Tevatron [ 8000 Rt e

e We do not consider indirect, flavor-dependent bounds, e.g. from b — sy
(depend on details of SUSY sector, model-dependent)

IM THE CITY OF NEW YORK
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Selected Results...




CP-even Higgses and Current Bounds

Carena, EP & Zurita, 2010

tan f=2, M=1TeV, u=m; =200 GeV, Msysy =300 GeV,A, =A, =0 tan =20, M =1TeV, u=m;=200GeV, Msysy =300GeV,A, =4,=0

= LEP excluded = LEP excluded
+ Tevatron (2009) excluded + Tevatron (2009) excluded

* Tevatron (10 fb~!, eff = 1.5) excluded —-—- MSSM « Tevatron (10 fb~!, eff = 1.5) excluded
» Allowed « Allowed

L]
8 o.‘.a'-‘- "o~ s

ek o B

i y;g&’ 2-’4.

i

Large tan (8 |

P R g Kl

50 100 200 250

B Allowed Bl Excluded by Tevatron

B Excluded by LEP [l Tevatron projection
(with 10 fb~" and 50% efficiency improvement)

See also Draper, Liu & Wagner (0905.4721)
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Suppressed couplings of h to bb

tan B =20, M=1TeV, u=ms=200GeV, Msysy =300 GeV, A, = A, =0 tan 8 =20, M=1TeV, u=m;=200GeV, Msysy =300GeV,A; =A, =0

= LEP excluded
La'rge ta’n /8 + Tevatron (2010) excluded

x Tevatron (10 fb! ,eff = 1.5) excluded
« Allowed

BR(h - W W)

Large tan

* LEP excluded
+ Tevatron (2010) excluded

x Tevatron (10 fb™!, eff = 1.5) excluded
« Allowed

o(gg —» h)/SM o(gg - h)/SM
e Region associated with suppressed bb = enhanced BR(h — W W ™)
e Also at low tan 3, suppressed bb associated with enhanced gluon fusion cross-section!

Sensitivity at Tevatron to the light CP-even Higgs
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Enhancements elsewhere

Suppression of bb leads to enhancement of other channels across the board
e Decays into gg and quarks =3 large BR into jets

e But also enhancement into gauge bosons or taus

e As well as rare decays like Y7 ...

tan § =20, M =1TeV, u=m;=200GeV, Msysy =300 GeV,A, =4, =0 tan $ =20, M =1TeV, u=m;=200GeV, Msysy =300GeV,A, =A, =0

= LEP excluded
+ Tevatron (2009) excluded

* Tevatron (10 fb~!, eff = 1.5) excluded
« Allowed

= LEP excluded

Tevatron (2009) excluded
—-—— MSSM x Tevatron (10 fb! ,eff = 1.5) excluded
» Allowed

Large tan

BR(h - yy)
S

o(gg —» h) x BR(h - yy)/SM

Large tan (-

200 250

At low tan 5 = similar to SM rate
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An example

An “unusual” SUSY spectrum: ma | Mmy+ o
(in GeV) 110 | 167 S

Main decay modes: (BRs)

H* 5. (HT > W=A

h — bb H s WW 0.43 0.20
0.05 0.91 0.73 0.25 Tl e

Note: here H is ““SM-like” g7, ,/SM = 0.2 0.9 0.1
g.%{zz/SM =0.8

h can be excluded at Tevatron (with10 fb~" and 50% efficiency improvement):

Heavy CP-even Higgs observable at LHC in 4-lepton “gold-plated” mode:
o(g9 — H) x BR(H — ZZ)/SM ~ 0.5

May observe both H* and A in top decays
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Summary

Collider phenomenology can be understood from:

Suppression/enhancement in relevant channels

e Interesting suppression in bb couplings =3 enhancement in easier channels

- WW at the Tevatron potentially very interesting

- Potentially spectacular enhancements in 7y

Altered Higgs spectrum: heavier, " "unusual” mass splittings

e Both CP-even Higgses " "heavy” with significant decays into gauge bosons

Potential to map in detail the physics of EWSB!

e Decay chains such ash/H — AA and HT — AW™ (e.g. with H™ from top decays)

- Multiple Higgs signals (no need for large tan § to test full 2HDM)
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Conclusions

Observation of
- Light” superpartners (e.g. strongly interacting scalars) = It's SUSY!
- Unusual SUSY Higgs sector, e.g.
- At least a SM-like Higgs heavier than 135 GeV ...

... or unexpected properties such as large enhancement in diphoton channel

- More than one scalar with non-negligible couplings to Z's and W’s,
and significant decays in these channels

—>» (lear signal for BMSSM.

This broad information can be useful to infer nature of physics ~~around the corner”:

e E.g. heavy singlets may be hard to see directly

e But if new physics is accessible, a rather interesting cross check would be possible
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Supplementary Slides




Beyond leading order (spectrum)

Tree-level
Maximize mp assuming dimen- 5

sionless parameters below 1

u = mg =200 GeV max my, to O(1/M?)
M=1TeV
(But higher orders should have smaller effects) - tang=2
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Beyond leading order (spectrum)

sEWSB vacua

Tree-level
300

T T T T ‘ T T T T

LEP bounds not imposed ]
u=mg =200 GeV max my, for |pars| <1 |
- M=1TeV ]

200 -

At small tan 3 :

Large fraction of sSEWSB vacua

= I
(D) L
O, 150
§

(Smaller fraction at large tan )

MSSM-like vacua

Scan: |wil,|cal,lcsls |ez] € [0,1] and  laal, |Bils [vil, 18:] € [1/3,1] for i = 4,6,7 (assume all real)
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EW Precision Constraints

1. Tree-level effects due to new physics:

7}2

TTree T e
< 2M?

sin® 3 [c2 — 2(tan B) %c3 + (tan 8) *cq ]

2. Effects from MSSM Higgs sector:

e Heavier SM-like Higgs

} Loop-level contr. to S and T

e Mass splittings among non-standard Higgses

3. Custodially violating mass splittings in SUSY sector

Here: require that —0.4 < T 4+ 71885 < 0.3 (S is small)

Comien il =02 < 29 8 (0E% ©0dh. ) o W< 085 )

(see e.g. Medina, Shah & Wagner, 2009)
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UV Completions: Singlets

Example 1: singlets

B y-term

1 1
W = uH, Hg -+ §MSS2 + ANgSH, H, 4@1LLH@F §CL2MSSQ aF ag)\SSHqu>

150 = B R, S e R A G e (blﬂjlﬂd + b HI H,, + bg@

. 2 2
Soft masses: my ,my , Mg

Integrating out the singlet:

2
M:MS, wlz—)\s, 041:CL2—26L3,

C4:l)\5‘27 D=0k S0 64:’a2_a3’2_b3

Note ¢4 > 0, other arbitrary
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UV Completions: Triplets

Example 2: tripletssyith e— =F1

=5 I =

e | I B
Sis X (CLQMTTT - §a3)\THuTHu 5 §a4)\THdTHd>

Koo lles S RERPN a2 VIR X (i e R
Integrating out the triplets:

1
WBE = il DL = PG T = e s Induce custodially violating ops.

1|)\—\2 =as —a =g = o] =4 -
s S 2O L ek 3 Note c1, co > 0, other arbitrary

1
Z|)\T‘2 : Yo = a9 — as , [32=|0/2—0/3|2_b4 ) (AT< O)
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UV Completions: Triplets

Example 2: tripletssyith e— =F1

=5 I =

e | I B
Sis X (CLQMTTT - §a3)\THuTHu 5 §a4)\THdTHd>

Koo lles S RERPN a2 VIR X (i e R
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UV Completions: Triplets

Example 2: tripletssyith e— =F1

=5 I =

e | I B
Sis X (CLQMTTT - §a3)\THuTHu 5 §a4)\THdTHd>

Koo lles S RERPN a2 VIR X (i e R
For triplets with Y =0 — ArH,THy

=gy — 2 i iolati
Tt 2 UGED Induce custodially violating ops.

B3 = |az — as|® — b3
Note c3 > 0 (AT > 0),

Ba=laz — as|* — bz , andzel <)
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UV Completions: Gauge Extensions

(2, 2)

B ampless N e rines e s S LR 2i T <« SEL® LSUQ
p p (2)1 (2)2 (2)p H, (2.0

QM‘Q//

e — Hl eIVIH 4+ H! eIt V1 F ; 4
5 (9% + g3)

Tr [692 Va eIl Vi }

Integrating out the triplets: (g = gi/\/9? + g5 is the coupling of V' =W")

§2

e
{5 R

2
{ (HQ: eV i, + H! egVHd) = yHueHdF}

Now c1, ca,c3 < 0!

1 1 1 1

~9 ~9 ~2 =
] = (o= Cor—== CA — — :

For U(1)’ case: similar, but c4 = 0, and depends on Higgses U(1)’ charges
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