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The “Nightmare Scenario’ :

@he ashington Post

An Anthem's Discordant Notes
Spanish Version of 'Star-Spangled Banner' Draws Strong Reactions

By David Montgomery
Washington Post Staff Writer
Friday, April 28, 2006; Page A01

Oh say can you see -- a la luz de la aurora?

The national anthem that once endured the radical transformation
administered by Jimi Hendrix's fuzzed and frantic Stratocaster now
faces an artistic dare at least as extreme: translation into Spanish.

Enlarge This Photo

The new take is
scheduled to hit the
airwaves today. It's
called "Nuestro
Himno" -- "Our
Anthem" -- and it
was recorded over
the past week by
Latin pop stars
including Ivy Queen,
Gloria Trevi, Carlos
Ponce, Tito "El
Bambino," Olga
Tafion and the sroun

Pitbull, among the artists on thé song. (By
Wilfredo Lee -- Associated Press)

What if the LHC finds only a Higgs?

While critics sketch
a nightmare scenario
of a Canada-like
land with an anthem
sung n two
languages, immigrant
rights advocates say
they agree learning
English 1s essential.
Studies of immigrant
families suggest the
process 1s inevitable:

Fiochtuv-twn nercent
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The “Nightmare Scenario’ :

Tom LeCompte's version [Argonne Workshop on Collider Physics, May 2006]:

Why Are We Doing This Anyway?

B Find the Higgs
— This will take years, unless both the following are true:
* We are lucky
* Nature is kind
— A single scalar Higgs and nothing else would be a disaster

* Progress is made by having disagreements between expectations
and measurements

B Search for SUSY

— No SUSY would irritate Carlos, which would have certain positive
“quality of life” issues for me.

— The party line is “Just look at the inclusive missing E distribution; you
can’t miss it” and occasionally, “The background to SUSY is SUSY”

B Some other surprise

A
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Why is it a nightmare scenario?

Reason #1:

7
[y 3 DISCOVERING THE QUANTUM UNIVERSE %
-

DISCOVERY SCENARIOS

Because “particles tell stories” .

We don’t just want to find the £ PARTICLES TELL STORIES
H |g gS tO fl | | | n a feW m Ore n U m- ' For Newton, it was apples. For Einstein, it was trains and Swiss
be rS | n th e Pa rtlcle Data BOO k . i #8 clocks. Today, physicists use particles to discover new laws of

nature in the microscopic world. The discovery of a new particle
is often the opening chapter of an entirely new story revealing

unsuspected features of the universe.

We Wa nt to un d ersta N d itS Story * When the positron, the brother of the electron, was first

- detected, the discovery went beyond the identification of a particle.

- th e Story th at eXp | a i nS e|eC— : The positron revealed a hidden half of the universe: the world

. , of antimatter. The positron showed how to reconcile the laws of

t rowea k Sy m m et ry brea kl n g a n d relativity with the laws of quantum mechanics. The positron told
t h e h I e ra rC h y. ii a brand-new story about the structure of space and time.

Reason #£2:

Can we get an ILC built with only the SM and a Higgs to study?
This is a matter of politics...
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T he familiar picture:

B0 T T T T T T T T T T
. 500 ] Landau Pole:
@ - Higgs self-coupling
Tm 400 —1 too large; blows up
= | at scale A
200 Vacuum Instability:
B 19l Sl . 3 )
" Vacuum Instability 7| Higgs self-coupling
| | | | |4 too small;  runs
o) T Y T T

103 106 109 1012 1015 1018 negative at scale A
A [GeV] [PDG 2002]

Real nightmare is a SM-like Higgs with mass ~ 140—-180 GeV.

SM Higgs sector is perturbative and stable (but terribly fine-
tuned) all the way up to the Planck scale.
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Is the familiar picture really correct?

Landau Pole:

Conventional wisdom holds that \¢* theory is trivial.

that is, A runs down toward zero as the cutoff is taken to infinity.
This is supported by renormalization group egns and nonpertur-
bative finite-cutoff boundary conditions, but there is currently no
rigorous proof (!).

Some recent discussion in lattice community about possible lat-
tice discrepancies from RG predictions, but it seems inconclusive
so far. — Standard picture looks oK.

see e.g. Cea et al, hep-1at/0501013; Balog et al, hep-lat/0601016

Vacuum Instability:

Recent lattice and nonperturbative results — Vifr is always stable!
see e.g. Holland, hep-lat/0409112; Branchina & Faivre, hep-th/0503188

Lower bound on my comes from requiring bare A > 0 at cutoff

scale A\ [so that effective theory is valid].

Lower bound on my basically the same for large A:

myg Z 140 GeV for A\ — Mp|.
Lower bound ~ 10 GeV higher than old *“vacuum instability” bound for A ~ TeV.
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To add to the misery, a Higgs mass in this range agrees nicely
with expectations from precision electroweak data.

6
] aal®
54 — 0.0275840.00035 ;
=== [ 0274810 0001 2
4 - »= incl. low Q° data —
N 3 March 2006 update from LEP EWWG
> _ _
One-sided 95% CL upper limit on my:
2 7 myg < 175 GeV
1 (without LEP direct-search limit)
1__ | Renormalize probability for mg > 114
0 Excluded w GeV to 100%:
30 100 300 mpy < 207 GeV

m,, [GeV]

No clues; SM looks totally consistent.
T his particle has no story to tell! D
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What can we do if the nightmare comes true?

Measure everything we can at the LHC:
How Standard-Model—-like is our Higgs?

102 L

r\
10 F

Standard Model predictions depend only on my:

Production at LHC

o(pp—H+X) [pb]
Vs = 14 TeV

M, = 175 GeV
CTEQ4M

1
T o w  4q—HAq
10 99’ —>HW =
2 r \\\\ \\ -~
10 E T \\\\ 3
N Tl TENTTtSee . geq@oHI ]
_ gg,qq—>Hbb qq—;HZ --
10_4 R R R N BN RPN S B R e SR
200 400 600 800
M,, [GeV]
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Higgs Mass (GeV)
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Aoy/oy (%)

Measure Higgs production times decay rates;
take ratios to get ratios of partial widths.

50 T T T T
width ratios

gluon fusion

o)
o

N
o

w
o

(AN
o

Ty/Ty]

expected accuracy, 7%

—
o
T T

O ] ] ] ] - :
100 120 140 160 180 200 ot b
100 120 140 160 180 200

my (GeV) my (GeV)

LHC, 200 fb~! (except 300 fb~! for ttH, H — bb, WH, H — bb)
from Zeppenfeld, hep-ph/0203123
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Add a theory assumption: only Higgs doublet(s) and singlet(s)
— fit of Higgs couplings-squared from LHC data

30 fb~1 x 2 detectors 300/100 fb~1 x 2 detectors
11— 1
; < E ) [ A P *(H,2) : < E ....... ?(H,2)
BTqol — FHW) T, of — FHW)
o ©0.9 H < @091
E - I AR o*(H7) N N o?(H7)
0.8 0.8
o7 %\ /e T 1/ A T
B without Syst. uncertainty B without Syst. uncertainty
0'6; 2 Experiments 0'6; 2 Experiments
05" I L dt=2*30 fb 05" J. L dt=2*300 fb
; . WBF: 2*100 fb
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0:\HlHH‘HH‘HH‘HH‘HH‘HH‘HH‘HH'\H 0:\HlHH‘HH‘HH‘HH‘\\H‘HH‘HH‘HHrl\H
110 120 130 140 150 160 170 180 190 110 120 130 140 150 160 170 180 190
m,, [GeV] my [GeV]

Diihrssen, Heinemeyer, H.L., Rainwater, Weiglein & Zeppenfeld, hep-ph/0406323
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Look for deviations from the Standard Model Higgs rates

Example: MSSM, m,TaX scenario

Ty T
o 2rs0f
2300 +2*100 fb'1 *****
| 2*300fbT 1
| ,
| anax scenario LHC sensitive to
L 5 MSSM nature of h
| | G
o up to my < 300
c e ) GeV
®© G my, = 130 GeV7
I [
3 ] I | L ]
200 300 400 500 600 700
M, (GeV)
from Dihrssen, Heinemeyer, H.L., Rainwater, Weiglein & Zeppenfeld, hep-ph/0406323
VLCW’06
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Triple-Higgs coupling:
Use gg — HH — WWWW process at LHC.

T T T | T T T | T T T | T
3 pp > F+4j —
] Vs = 14 TeV |
I 95% CL limits l
= oL - -
< . ‘ [ttt b - l
- 600 fb~! ,
| 1 Determine Appp to
< - -
P | — —=30% to +100%
~ B ) _1
. 3000 bt 1 (1o) with 300 fb
= - L i
0 SM
T B N ..3000 fb™t 1
! - — 7~ 600 fb"
1 | =
140 160 180 200

my (GeV)

from Baur, Plehn & Rainwater, hep-ph/0211224

gg — HH — bbyy for mpg ~ 120 GeV — somewhat worse precision
Baur, Plehn & Rainwater, hep-ph/0310056
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Triple-Higgs coupling could reveal electroweak baryogenesis
New scalars — modification of effective potential to get strong
enough phase transition

— also modifies triple-Higgs coupling!

Contour plot of Ahypn/Mpn @nd @ /T, in the mg-M plane

Two-Higgs-
doublet model:

2 10% shift
of triple-Higgs

coupling
100 ANnnn/Ahhh = 5% (o) = L tan = 1
- sin(o-p) = -1, tanf =1 .
g0 L mh = 120 GeV | (LHC:
M® = MH = Ma = Mu? would have to
O | | | | | | |
0 20 40 60 80 100 120 140 get lucky.)

M (GeV)

from Kanemura, Okada & Senaha, hep-ph/0411354

Likewise MSSM: 2 6% shift of Ay, from top-squark loops
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Limits on invisible decay modes

_| Comparison of the discovery potential for different channels |

ct’lJ\p : : : : : A
I A A— et 4 Hipy USES
- A= ZHinv : ; : : : 7 _ £_|_€_
10 =) —e— ttHinv
| === VBF .
VBF |looks promis-
ing (but it's not
clear how well
those events can
be triggered)
10.1100| [ |15|,0| [ |2(|)0| L |25|0| L |3(|)0| [ I3E|,0| [ |4(|)0/| Foom for |mprove_
M, [GeV/c"] ment?

05% CL exclusion limits with 30 fb—1 at LHC
[ATL-PHYS-PUB-2006-009]

¢2 is a scaling factor: o x BR(H — invis) = £2og\
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Limits on exotic visible decay modes: e.g., H — uu
Do small fermion masses come from higher-dim operators?

gia\"
£=y< v > LHug — yﬁfr: (2n 4+ 1)my/v

10

Scaling factor on
SM rate to see 3o,
50 signal

ONEW/OSM

K =
N
I A L L L L

Can probe n = 11

\ \ \ \ \
0
100 110 120 130 140 150 160

my, (GeV)

Higgs mass [GeV]
from Han & McElrath, hep-ph/0201023

Similar reach from VBF — H — up — Cranmer & Plehn, hep-ph/0605268
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Tensor structure of the HVV coupling

Slide from D. Zeppenfeld, plenary talk at SUSY’'06 conference

Most general HV'V vertex T*Y (g1, q2)

Physical interpretation of terms:

q q
wsv o __ SM Higgs L ~HV, V¥ — 1
4,3V
0 2 0
(@) loop induced couplings for neutral scalar
CP even Leff ~ HVFWV‘W — >
™ = mg" + i
v v CP odd Lepr ~ HVny VEY — 5
o (0192 8" — q195) +
a3 €M7 41,026 Must distinguish a1, 25, a3 experimentally

The a; = a,(q1, > ) are scalar form factors
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Slide from D. Zeppenfeld, plenary talk at SUSY’'06 conference

Tell-tale signal for non-SM coupling is azimuthal angle between tagging jets

0.0150 0.0150
0.0125 0.0125
-y
T 0.0100 0.0100
N
b
o]
5 0.0075 | 0.0075
N~
—

0.0050 0.0050

0.0025 0.0025

0.0000 0.0000

Dip structure at 90° (CP even) or 0/180° (CP odd) only depends on tensor structure of HV'V
vertex. Very little dependence on form factor, LO vs. NLO, Higgs mass etc.

[Figy & Zeppenfeld, hep-ph/0403297]
Dashed lines include LO vs NLO and formfactor effects for LHC
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This is great if the HVV vertex is completely nonstandard!
. and just happens to give us the SM rates ...

But it doesn’'t help us much for a SM Higgs with a CP-odd
admixture:

- SM HV,,V# coupling is tree-level

- CP-odd HV,, V# coupling is loop-induced: gives only a tiny
contribution to VBF rate.

Ideally, want to look at a process where the SM and CP-odd
parts would come in at the same level, like Hgg or H~~ [both are
loop induced]...
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Tensor structure of the Hgg coupling (1) at LHC

Slide from D. Zeppenfeld, plenary talk at SUSY’'06 conference

Effective Hgg vertex is induced via top-quark loop
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Z —_
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CP — odd : % vs — H wa@”"“ coupling
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Consider Hjj production via gluon fusion, e.g.

23
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B
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(@)
Parton level analysis with relevant backgrounds

Hankele, Kldamke, DZ, hep-ph/0605117)
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— Difference visible in Hjj, H—WW—I"]~ §7 events at
mp ~ 160 GeV with 30 fb—! at 60 level
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Method can be generalized for any Higgs mass. Problem 20 40 60 @ 100 120 1a0 160 a0

is lower signal rate for h—71T or h—yy
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Spin and CP of the Higgs at LHC

H — ZZ — 4/¢:. study angular
correlations of the 4 leptons
Sensitive to longitudinal/transverse

polarization of the Z bosons

| Polarisation of the Z Bosons from Higgs decay (100 fb") |

-

=i
-l

31 SM-Hi
= 't " ggs
n - *
c r
% 0.5_— .
s L W H }f spin1,CP=1
S N
0_
05
_13_ % % % Spin 0, CP -1
C | | | | | R B

200 250 300 m, [GeV]

from Buszello, Fleck, Marquard & van der
Bij, hep-ph/0212396
Works at higher Higgs masses

Heather Logan
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VBF qqH — qqWW — qqglviv:.
Study angle between two for-
ward jets and invar. mass of 2
leptons

Sensitive to structure of HWW vertices

’ Exclusion Significance - No Lepton Cuts ‘

2+ Spin 0, CP even

20~
B v Spin 0, CP odd
181 = Spin 1, CP even
16F e Spin 1, CP odd
14
12
10 30
fb—1
8
6F
ar
2F
7\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\
0 150 155 160 165 170 175 180

m,, [GeV]

from Buszello & Marquard, hep-ph/0603209
Works at lower Higgs masses
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We've had the nightmare; now let's dream a little...

The ILC will be fantastic for Higgs measurements!

Measure Higgs branching ratios to high precision:

Table 1: Summary of expected precisions on Higgs boson branching ratios from existing studies within the ECFA/DESY
workshops. (a) for 500 b~ at 350 GeV; (b) for 500 fb~! at 500 GeV; (c) for 1 ab—! at 500 GeV; (d) for 1 ab—! at 800
GeV; (e) as for (a), but method described in [35] (see text).

Mass(GeV) 120] 140] 160] 180 200 220 240] 280 320
Decay Relative Precision (%)
bb 24(@)/19(@.) | 26(@() | 65() [ 120 | 17.0(d) [ 28.0 (d)
cc 8.3(a)/8.1(e) | 19.0 (a)
T 50(@)/7.1() | 8.0(a)
i 30. (d)
eg 5.5(a) /4.8 (e) | 14.0 (a)
WW 51()/3.6() | 25() | 2.1() 3.5 (b) 50(b) | 7.7@®) | 8.6(b)
77 16.9 (a) 9.9 (b) 10.8 (b) | 16.2 (b) | 17.3 (b)
~y 23.0 (b) /35.0 (e)
7y 27.0 (¢)
review talk by K. Desch, hep-ph/0311092
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With a 1 TeV ILC one does even better (statistics):

Higgs Mass (GeV)

115 120 140 160 200
A(c - By)/(c - By) +0.003 +0.004 +0.005 =+0.018 =0.090
Ao - Byw)/(o - Byw) | £0.021  40.013  +0.005 =£0.004 +0.005
A(U-ng)/(a o) +0.014 40.015 +0.025 =+0.145
A(o-B..,)/(o- B, +0.053 +0.051 +0.059 +0.237

A(

0-Bzz)/(o BZZ)

+0.013

from Barklow, hep-ph/0312268

ILC-1000, 1 ab~ 1 —80%

e~ pol, +50% et pol
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SM Higgs Branching Ratio

Check for deviations from the Standard Model predictions:

: e
=)
]
4 P
= o -
T -
% b ,f"f
=)
102 ;: f”z/
: S 001 ¢t
=] - =
8 ¥
O
Mass (GeV)
Battaglia & Desch, hep-ph/0101165 ACFA WG

ILC measurements are model-independent!
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Constrain non-SM possibilities with ILC precision:

No Mixing Maximal Mixing
50 50
I SBR |
- — | 6,=.03/.06 -
------ p=-08/.16
N Cy=-08/.16 10
2 F vy |,"~':.| A ol 1 ,” |,"5:| Lol : 12
% 0.1 0.2 0.5 1 2 0.2 0.5 1 2
@ -u=A=1.2TeV,M=5TeV ~A=p=1.2 TeV, M =.5 TeV
50 e 50
10 =10
2 - X ’ B '._‘ - 2
\ \ 1 RANIEY BRI A
0.1 2 0.2 0.5 1 2
M, (TeV)

Carena, Haber, H.L., Mrenna, hep-ph/0106116
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Example:
MSSM benchmark
scenarios

Contours of

SBR(b) = 3%, 6%
(solid),

SBR(W) = 8%, 16%
(long-dashed),
SBR(g) = 8%, 16%
(short-dashed)

(~ 1, 2 sigma).
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ILC precision is so good that theory uncertainties start to matter!

“Distinguishing power” of SM Higgs vs MSSM h

50 — ,
ILC350 ---- /

45 | + thy/param uncert /I

40 | mp'® scenario, 50 b ILC-350, 500 fb—1

35 | L

50 I/ Parametric uncertainties
. my(M,) = 4.17 +£0.05 GeV (1.2%)
§ 27 1 as(Mz) =0.1185+ 0.002 (1.7%)

o0 F /,’ 1 m(M.) =1.23+0.09 GeV (7.3%)

15 /' 1 Theoretical uncertainties

10 | PRELIMINARY /,/ 1 Mg lee~1%

5t L 1 [gg~3%  NBLO hep-ph/0604194

O 1 1 1 1 1 1 1

250 300 350 400 450 500 550 600 650

M, [GeV]

A. Droll & H.L. preliminary!

“Reach” in M 4. Ax? = (5)? away from SM
500—600 GeV with experimental uncertainties only
400—-500 GeV including parametric & theory uncertainties
compare LHC 250—-300 GeV
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Measure the triple-Higgs coupling:

Os/h5 [%] Higgs self coupling sensitivity
60 —— —_—
Int(L)=1 ab™"’
L 100% efficiency 4
e’ ——ShhvV «weeees

40+ ete ——>7Zhh -
combined ™~ ]
. 1 TeV 500GeV |

1.5TeV

20

150

200

Higgs mass [GeV]

from Snowmass 2005 Higgs report, hep-ph/0511332

Precision ~ 15% — 7% — 5%

with 500 GeV — 1000 GeV — 1500 GeV machine

Recall EW Baryogenesis: AM,,p 2 5—10%
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Look for invisible Higgs decays at ILC:

| 50 exclusion at BR ~ 2%

o L B B L L B
! ind. method -
% M,, = 120 GeV
10'1__ . I\/IH:14OGeV -
: M, =160GeV
nooooo’* oo o0 ®0 0 060 06000 0600000 o N3%meas
j......m::‘.&:":..........................t for |arge BR
10'2 ....|....|....|....|....|.T.'.."|".;:;.;F.;.‘.;._;:1HL.|....

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
BR(H—inv.)

500 fb~!1 at 350 GeV. dashes - invisible rate; dots - Higgsstrahlung xsec
M. Schumacher, LC-PHSM-2003-096
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Measure the Higgs spin... ...and CP

: 907: I
15; ,’/ 80% I l
] ] l
o] _ ]
\E q 60 ‘ l
2 10 ]
@; . 50
A ] . e'e - HZ =1t qq
o | 40 m, =120 GeV, Vs = 350 GeV, L=1ab™
© 7 - both t decaying via p-resonances
5 30 Signal + remaining SM background
] 2
i 1 CP-even H°
I '3 cp-odd A° |
O T L — L — L — T i Slmdet
210 220 230 240 250 L e L B
0 0.5 1 1.5 2 2.5 3
V3 (GeV) reconstructed acoplanarity angle ®
from Dova, Garcia-Abia & Lohmann, from Snowmass 2005 Higgs report,
hep-ph/0302113 hep-ph/0511332
Dependence of threshold turn- T polarization in H — 71, mea-
on shape on Higgs spin sured in relative = decay angular

distributions
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Finally, look again for discrepancies from the SM:
Electroweak precision test

Does my agree with electroweak precision expectations?

L I I I I I I I I -
02— —
0.0

— - -
—-02H mh —
B 1000 ]

_0‘4 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1

-0.2 -0.1 0.0 0.1 0.2 0.3

from Peskin & Wells, hep-ph/0101342
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Finally, look again for discrepancies from the SM:
Electroweak precision test

Does my agree with electroweak precision expectations?

02— .
00— .
- | 1 More stringent
I | test of SM.
_0‘2-_ _| Gain clues to
- 1 New Physics if
| | there’'s a dis-
—0.4- N T T B B 1 Ccrepancy
-0.2 -0.1 0.0 0.1 0.2 0.3

from Peskin & Wells, hep-ph/0101342
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ILC GigaZ option:
Opportunity to take electroweak precision a level further
and probe the SM at the quantum level

80.70 T 1 T T T T [ T T T T T T T
experimental errors:
LEP2/Tevatron
— LHC/LC

80.60

— GigaZ
LEP:
§ . constrains tree-level dim-
;; 6 ops as high as 10 TeV

80.40

GigaZ:
take it to 30 TeV7??

80.30
LEP’'s “little hierarchy” becomes

that much bigger.

165 170 175 180 185
m, [GeV]

from Heinemeyer & Weiglein, hep-ph/0012364
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Conclusions, 1/3

Nightmares force us to think about our fears.
So, what if the LHC finds only a Higgs?
e First, get everything out of the LHC that we can.

LHC can measure:
- the Higgs mass
- ratios of couplings
- individual couplings [with some theory assumptions]
- sensitive to MSSM-like Higgs sector for m4 < 300 GeV
- can search for nonstandard decay modes: invisible; uu
- tensor structure of HWW, Hgg couplings
What else can we come up with?
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Conclusions, 2/3

e Second, what “story(ies)” would this scenario tell us?

Nature doesn't care about fine-tuning?
Landscape? What about 0qcp”?
Hierarchy is stabilized by something LHC can't see?
“Twin Higgs" with mirror-world? LHC signatures??
Dark matter isn't a WIMP?
Axion dark matter? WimpZillas?
Dark matter is a scalar singlet heavier than mg /27
Direct detection?
[your model here]

How can we test any of these?
What are the next experimental steps?
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Conclusions, 3/3

e Third, if the LHC finds only a Higgs, do we still want the ILC?

High-precision Higgs coupling measurements
extend the sensitivity to deviations
Higgs triple coupling
Insight to electroweak baryogenesis?
GigaZ precision electroweak
Is my still consistent with pure SM?
Top threshold
The SM isn't just the Higgs!
New Physics missed by the LHC but discoverable at ILC?
Maybe a fishing expedition...

If so, then we'd better make the case!
. even in this worst of all possible scenarios.
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