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Abstract: <span>With the discovery of anew Higgs-like particle at the LHC, thereisan
unprecedented opportunity to use the Higgs as a probe for physics beyond the

Standard Model. | will discuss avariety of recent ideas to look for new

physics via the Higgs, including measurements of Higgs couplings and associated
indirect observables; searches for Higgs production in association with new

physics; and strategies for probing extended electroweak symmetry breaking
sectors.</span>
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Now what?: Higgs physics after discovery

Nathaniel Craig (IAS & Rutgers)

Based on recent work with Scott Thomas; Jared Evans, Can Kilic, Michael Park;
Alex Azatov, Spencer Chang, Jamison Galloway, David Shih, Simon Knapen, Yue
Zhao; Emmanuel Contreras-Campana, Richard Gray, Sunil Somalwar, Matt Walker
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What to do after the Higgs”?

“Tja, & months without writing a post is
my personal best since I started this blog.
It cannot be just laziness. I blame it on the
frantic atmosphere surrounding the Higgs
discovery, which resulted in post-coital
tristesse. Indeed, a face-to-face with a
genuine discovery only makes you realize
the day-to-day misery of high-energy
physics today. Now it's much harder to get
excited about setting limits on new physics
or even about seeing hints of new physics
that will surely go away before you blink.”

--Resonaances
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Overcoming post-Higgs tristesse

* Higgs mass and implications for new physics

e Higgs couplings and implications for new physics

* Studying Higgs physics in multi-lepton final states

* | ooking for Higgs production in association with new physics

* | ooking for extended Higgs sectors

* New precision physics measurements via the Higgs
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Implications of the Higgs mass

The optimist The pessimist

“125 GeV is within 129 GeV requires

37% of 91.2 GeV!’ one loop as big
as tree levell

We can accommodate it in the MSSM,
but it should make us nervous

Page 6/41



The Higgs mass in the MSSM

,u;‘.) X X . .
: f 7 { jLcot [7)

mi=173.2 Ga\

(FeynHiggs fixed-order result)
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The Higgs mass in the MSSM
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(FeynHiggs fixed-order rasult)
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Bad news for gauge mediation

® A-terms are zero at the messenger scale

® Large Al possible due to RG, but requires large Ma and Mmess.

log (Mo /GeV) for my, = 123 Ge log (Mo /GeV) Tor my, = 125 GeV
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New interactions to the rescue

Can induce A-terms by introducing Higgs-messenger interactions, e.g.

W= AXD,; b, + Ny Hy O, &, +y H, - QU+ pH, - Hy

/

[his gives A-terms at one loop (as well as one-loop, F/M:
suppressed and two-loop unsuppressed Higgs soft masses)

A [TeV] Msusy [GeV ] . AfMsusy

Suffices to raise the Higgs mass with stops around 1.5 TeV
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But at an unpleasant price

. -\ri
Large A-terms came from a Kahler operator / d'0 - H!H,

Fo I '
( {Il'_l I'”‘.”“, CA, .\](")l\””.”“’)

. . S N at:
...but this also contributes to soft masses: rhn;);“ x |eal? |,”.,
At large tan /3 Z mass comes from cancellation
o . o 9
my ~ 3(’”'7L, + 1))
his leads to a tree-level tuning in the potential

equivalent to just having A=0 and heavy scalars.

Generic to calculable origin of aligned A-terms. The MSSM with I
scale SUSY breaking is hard-pressed to accommodate 125 Ge

Page 11/41



Pirsa: 12100060

But at an unpleasant price

. -\ri
Large A-terms came from a Kahler operator / d'0 ¥ H!H,

F o 2 '
( CAu 17 Fy Hy =ca, .\](L),\,,HI.",)

. . o | F2
...but this also contributes to soft masses: rhn;),r“ x |eal? |,”.,
At large tan /3 Z mass comes from cancellation
o . 5 9
my ~ *3(’”'7L, + 1))
his leads to a tree-level tuning in the potential

equivalent to just having A=0 and heavy scalars.

Generic to calculable origin of aligned A-terms. The MSSM with I
scale SUSY breaking is hard-pressed to accommodate 125 Ge

Page 12/41



Pirsa: 12100060

But at an unpleasant price

. -\ri
Large A-terms came from a Kahler operator / d'0 ¢y ¥ H!H,

I I '
( e g Fin Ho "‘--.u”‘\”””")

. . o Nt
...but this also contributes to soft masses: mn;’;“ x |eal? |,”.,
At large tan /3 Z mass comes from cancellation
92 P 9 2
my ~ .B(m.;,H + 1))
'his leads to a tree-level tuning in the potential

equivalent to just having A=0 and heavy scalars.

Generic to calculable origin of aligned A-terms. The MSSM with I
scale SUSY breaking is hard-pressed to accommodate 125 Ge

Page 13/41



Pirsa: 12100060

New physics in Higgs couplings

What about couplings? Are they SM-like?

Many ways to approach this question
(collaborations increasingly doing it for us)

One interesting avenue; focus on

f & U3

fermion couplings

Combined Likelihoods

Up-Suppressed
(Type 1y

¢ Contonrs

== W/ Tevatron

Bext Fits (LHC)Y

Iy
Yl sin( /4 = o)
Sy
i
T

)

ATLAS+CMS Combined Likelihoods

Down
Suppressed
(Type 1y
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New physics in Higgs couplings

What about couplings? Are they SM-like?

Many ways to approach this question

(collaborations increasingly doing it for us)
One interesting avenue; focus on
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Coupling implications for the MSSM

The preference for
down-suppression has
interesting implications

for the MSSM

Yukawi Couplings: General Type <11 2HDM

Focus on tree-level potential:

AV = A [HO  + ag [HY|' = 2as |HO |HOP

; ‘,\, (O HOHY + Mg |[HY) HOHY

"Up=Suppressed Shaded
General

e lan fi = |
an At 2

FA(HYHG)? + c.c.

For tan /3 = 3 need

Al
Al + Ag 5 tan 5 5 0

MSSM
tree-level

The tree-level potential Is unpromising
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Loops typically don’t help

Dominant correction to quartics from the top/stop

I{.r/,'

I’S/\| 5
1G7r=

2 |
[xl, x‘; /].2} > typically = 0

Ziy,';:"] 2

AT —2) — . 0 at max mixing

5/\‘ r
O T Gar?
L

rj‘/\ | B
32m=

(A, 6A;) — 0 at max mixing
(o= p/m; and Ay = A, /i)

Loop corrections go the wrong way at maximal mixing.
Better prospects if we are shy of maximal mixing.

If these coupling preferences hold up, favors either a
non-MSSM potential or light new physics in loops.
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Looking for new physics with multi-leptons

¢ \We can learn much by studying the Higgs directly, but we can also pursue the
complementary strategy of producing new physics associated with the Higgs.

¢ This includes looking for the Higgs in association with additional tagging
information (leptons, MET, HT, etc.) and locoking for direct production/decays of
new states in the EWSB sector,

¢ Quite likely that these new states have (at least) electroweak quantum numbers.
S0 a good place to look is in leptonic final states. There may or may not be
significant MET or hadronic energy, so it's useful to cast as wide a net as
possible.

¢ |t helps that the CMS multi-lepton search is produced down the hall at Rutger
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CMS Multi-leptons: a theorist’s dream study

- 2
NaNNagnmNnEE

Every channel is a signal channel (data-driven
backgrounds inferred from dilepton sample)

N{r)=0

Nir

Power of the search
arises from the exclusive
combination of all
channels; sensitive to
correlated signals arising
in multiple channels

Farticularly useful for
nonresonant electroweak
production/decay of new

physics.
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Multi-leptons and MET

\s=7TeV,L=4981Ib'
— e
® Data

[y

i -
(2 " )+det

(2h*) —= Iy
SM Une

it
(Zh ") +Jet
1(Zh*) = Il
I SM Unc

Events/10 GeV

| e
150 200 : 150 200
EF"™ [GeV] ET" [GeV)

3L HT LOW; 0 tau; Z+no Z 3L HT LOW: O tau: no Z

Added sensitivity from looking off Z; both
high and low MET regions have sensitivity

Can factorize off-Z events further by whether or not there are OSSF pairs
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Events/50 GeV/c

Multi-leptons and HT

CMS \g =7 TeV,L=498b" SME Vs =7TeV, L=4981(b"'
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Added sensitivity from looking off Z; both
high and low HT regions have sensitivity

*Future data should have b-tags as well
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Multi-lepton signals of the Higgs

Why not look for the Higg:s

Leptonic decays of associated products
plus leptonic decays of the Higgs lead
to various multilepton final states

1

Branching ratios

=
=
=
T
T
!

&

200 300 400 500 1000 O SN ~
M, (GeV] 180 200

M, [GeV]
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Looking for the Higgs in rare decays

Expect
Br(t — ch) < 1.7%

HT HIGH
HT HIGH
T O
T LOW
HE HIGH
HT HIGH
HT LOW
HT O

] ‘. I_:‘,H‘I.‘ 0 ( )t IServe

OAM b Br(t — ch) < 2.7%

NNNNNNNN

e enr b Corresponds to
HT LOW ) . Lo 9
HT HICGH

HT LOW . ‘ 108 \/l/\},r'l') } |/\ff,r|.") < []{1

HT HIGH
HT HIGH
T O
HT LOW
HT HIGH
HT HIGH
HT LOW
T LOW

Best limit on these couplings.

NNNNNNNN

Can improve significantly

with b-tags, top tagging
Signal for
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Looking for extended EWSB in multi-leptons

* \What about additional particles in the EWSB sector? For example, additional
states in a 2HDM (supersymmetric or otherwise)?

Can look for these states in the same standard channels as the Higgs, but this
may not be fruitful -- rates to those final states may be suppressed or
nonexistent. Direct decays to SM states may be in high-background channels.

One possibility is to instead look for collective, non-resonant signals -- exploit the
totality of production and decay

Multi-lepton search is an ideal approach: sensitive to totality of SM-like Higgs
decays to leptonic final states; new scalar decays to leptonic final states; and
scalar cascades.

¢ Straightforward to apply the existing multi-lepton search to 2HDM. ..
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Looking for extended EWSB in multi-leptons

PN DN T ZHDN T ZHDN TV

Z2HDN T | 2HDNDIE | 2HDNTHE | 2HDNTY

Consider four discrete types
w/out tree-level FCNC

Spectram T Speetrum 20 Spectrim 3 Spectrum
(GoeV) (GeV) (GeV) (GeV)
125 125 125 Consider a few benchmark spectra
":‘ ! ':' '“': to exemplify certain topologies
(i 200 241

) 250 240

For simplicity, impose PQ Vieatar = m B+ m3H g+ SN 5 SN )+ M) (1)

symmetry: fixes scalar widths in 1
e B ) FNCHEH) L)+ [ SN
terms of masses and angl 2
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Looking for extended EWSB in multi-leptons

105 channels!

Many possible multi-lepton
channels for each benchmark.
Would be prohibitive to simulate
inclusively as a function of the
mixing angles. Instead factorize
into topologies, compute
acceptance for each topology,
then re-weight analytically using
functional dependence of cross
section and branching ratios.

h/AJH*JH 0 125/230/230/500 GeV

a-Br-A(pp — [) er(pp O A(pp — L -_/‘)th‘,,(f » f)

t
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Looking for extended EWSB in multi-leptons
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Looking for extended EWSB in multi-leptons
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New regions of parameter
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Looking for extended EWSB in multi-leptons
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Drilling down on

AT [ T Now we also have more
S 9] i e et S kinematic information
FERENATIRT I : about 3L events. Useful

i for di-Higgs production.
CMS Preliminary  Vs=7TeV,L  =4.98,b"
Al S Iv's

h— WW* = (tyy
"“; h— WW* = lvqq

. nne
¥ oo

: events populate the
Y. i b low-bkad Region I
0 20 40 60 BO 100120 140 160 180 200 220 X v

M, [GeV]
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Drilling down on di-Higgs

Non=prompt Rare SM Total background  Data
7328 TITEIE— DOEET Now we also have more

194 + 1.02 04 +02 60+ 13

Tah0t oiios sowar a kinematic information

Yek1e 117458 164024 172 about 3L events. Useful

. for di-Higgs production.

CMS Preliminary  \s=7TeV,L =4.98fb"
I ”[ \ | I\"’ |

h — WW?* — vy
h— WW* = luqq

eee

Leptons from the
fully leptonic decay
will be collinear:
events populate the

- H :
I bl M low-bkgd Region |l

| Y i 5 | |
00 20 40 60 80 100120 140 160 180 200 220
M, [GeV]
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Precision physics through the Higgs

Can write NP in terms of effective operators involving the Higgs...

f; (H'D,H)(H'D'H) «+ one-to-one with T parameter

-{“-’i‘-’f‘jﬂ-- H'W,,H B" » one-to-one with S parameter

.U:]—J{Hw t w \
L H'H B,,B"" « 7
2M* f \\ New information from Higgs!

Hih’.]{—"‘,’,' 1 J iy - 1 4 U
2N 2 H'H W, W < ’ Bl(/l — "'}"}) X 'Sll + ,S-_J-_J - ,512

Isolate this by measuring inclusive ratios to find

Br(h —~y) _ Br(h — %) L+ O o &
Br(h — ZZ) ~ Br(h — 22) |y ( o M

Sensitive because the leading SM contribution starts at one loop
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A new precision ellipse

PEW + 100 % Uncertainty Br(h-=yy)/Br(h->2Z) ) % > 1-»22)

- L . Svstematics: statistics, resonance
Systematics: my, log(mn), o ,
’ continuum interference
S=0.01+-0.10
Also can get orthogonal
T=0.03+0.11 information from Z~
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-~
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A new precision

5=0,01+-0.10

Also can get orthogonal

T=0.03+-0, i i
+0.11 information from Z7
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Conclusions

The discovery of the Higgs suggests many novel
approaches to the search for new physics, we are at the
beginning of a new era for searches involving the Higgs

* Higgs mass provides a sharp target for solutions to the hierarchy problem

* Higgs couplings may indicate NP, as well as (dis)favor various models; allows
new types of precision measurements that are currently statistics-limited.

* Higgs provides a probe for NP associated production, either in NP-induced rare
decays of SM states or in NP cascades,

* Higgs discovery also suggests looking for related states in the same mass range.
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