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A Fermilab The Standard Model Higgs

e The SM Higgs:

- All properties are determined for given mass.

- Any deviations signal new physics.

m(H) =126 GeV  T'(H) = 4.21 +0.16 MeV

branching fractions : bb = 0.561 (3.4%)
error(%) 7 = 6.15 x 107% (5.8%)

cc = 2.83x 1072 (12.2%)

ptpuT = 214x107% (5.8%)

e Theoretical questions:

- Couplings and width SM?
- Scalar self-coupling SM?

- Any additional scalars? EW doublets, triplets

or singlets? (e.g. SUSY requires two Higgs
doublets)

- Any invisible decay modes?

Theory errors (LHC Higgs Cross Section WG)
[arXiv:1107.5909v2]

WWw* = 0.231 (4.1%)
Z7Z* = 289 x107?% (4.1%)
gg = 848 x107% (10.0%)
vy = 2.28 x 1073 (4.9%)
Z% = 162x107% (8.8%)
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The Standard Model Higgs ?

- Indirect measurements are all consistent with

a 126 GeV Higgs

m, (GeV)

- For a 126 GeV Higgs the SM is consistent to the

Planck scale; but the vacuum is only metastable )

above 100 GeV.

Jean Elias-Miro et. al.
[arXiv:1112.3022]
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Instability scale A in GeV

M, =(1732+09) GeV

* Theorists are intrigued by this edge of stability. *
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# Fermilab The Standard Model Higgs ?

- EPS 2013 results: (F. Cerutti)

* ATLAS (M. Duehrssen)

* mh=125.5 + 0.2 (stat) + 0.6 (sys) GeV
.« u= 133+0.20 (YY, WW*, 2Z*)
1.23+0.18 (+ bb, 1)

* Uver/Hggr+ttH = 1.4 + (stat) (+0.4/-0.3) + (sys) (+0.6/-0.4)
« VBF production 3.3 o

« CMS (J. Bendavid)

* mh = 125.7 + 0.3 (stat) + 0.3 (sys) GeV
« pu= 0.80=+0.14 (YY, WW* ZZ*, bb, tr)
«<6.9 GeV

« V mediated production 3.2 ¢

« Tevatron

. 4= 144 +0.60 (bb, WW*, 7z, YY)
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=g Fermilab The Standard Model Higgs ?

- Spin and CP:

Pseudoexperiments

Light pseudoscalars often appear in dynamical EWSB models
However they don't couple to WW/ZZ in lowest order.

Assuming spin zero - a pure pseudoscalar is experimentally disfavored.

Spin 2 is also disfavored.
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Branching Fractions:

Combined
uw=0.80=0.14

H— bb
u=1.15+0.62

H— 1t
w=1.10= 0.41

H—vyy
u=0.77+ 0.27

H— WW
u=0.68=+0.20

H—ZZ
w=092x0.28

The Standard Model Higgs ?

Vs=7TeV,L<5.1fb" ys=8TeV,L<19.6 fb"
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Signal strength ()

e Within present errors, ATLAS and CMS results consistent with SM Higgs
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# Fermilab The SM Higgs and BSM

e The strong case for a TeV scale hadron collider rested on two
arguments:

1. Unitarity required that a mechanism for EWSB was manifest at or below
the TeV scale.

2. The SM is unnatural ('t Hooft conditions) and incomplete (dark matter,
insufficient CP violation for the observed baryon excess, gauge unification,
gravity and strings)

e If affer the analysis of the 2012 CMS/ATLAS data, the 126 GeV state
is found to be a O+ state with couplings consistent with the SM Higgs,
the first argument is satisfied.

- The second argument remains strong. but is less strongly tied to the TeV
scale.

- Scales already probed at the LHC suggest that any new collider (of LHC
level costs) should be able the probe the BSM physics in the multi-TeV

range.
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Implications of early LHC Results

e No evidence for new physics beyond the Standard Model (BSM) to date:

- BSM (SUSY, Strong Dynamics, Extra Dimensions, New fermions or gauge bosons,...)
* ATLAS limits

Large ED (ADD) : monojet + E
Large ED (ADD) : monophoton + E; .
Large ED (ADD) : diphoton & dilepton, m.
UED : diphoton + E
s’ /Z, ED : dilepton, m,
RS1 dlphoton & dilepton,m,_
RS1 : ZZ resonance, my, ,;
RS1: WW resonance, my,
RS 9 %tt (BR=0.925) : tt — I+jets, m

1t boosted

ADD'BH (M, IMp=3) : SS dimuon, N, .

ADD BH (M., /M,=3) : leptons + jets, p
Quantum black hole : duet F (

W' (SSM) : mrem
W' (—=tq, g =1): my,
W, (= tb, s'éM) m

Scalar LQ pair (8=1) :
Scalar LQ pair (8=1) : kin. vars. in pujj, wvjj

Scalar LQ pair (B=1) : kin. vars. in tjj, wvjj

4" generatlon t't'— WbWb
4" generation : b'b'(T, Tm)a WiWt

New quark b' : b Zb+X, m.

Top partner : TT — tt + A A, (dilepton, M
Vector-| Ilke quark CC, mqu
Vector-like quark : NC,m,,
" 'Excited quarks : et
Excited quarks : dijet resonance, m
Excited lepton : |-y resonance, m

Techni-hadrons (LSTC) : dilepton,m,

Techni-hadrons (LSTC) : WZ resonance (vlll), m iz

Major. neutr. (LRSM, no mixing) : 2-lep + jets
W, (LRSM, no mixing) : 2-lep + jets
H (DY prod., BR(H™—ll)=1) : SS ee (un), m
H* (DY prod., BR(H*—eu)=1) : SS ep, m

Color octet scalar : dijet resonance, m .

7 miss

" [£=5.26:1 1", 8 Tev [ATLAS CONF-2012-125]
L=4.71b”, 7 TeV [1210.6604]

L=1.01b", 7 TeV [1205.1016]
', 7 TeV [1209.4446]

L=1.01b", 7 TeV [1112.4828]

L=1.01b", 7 TeV [1203.3172]

L=4.7 1b”, 7 TeV [Preliminary]

L=4.7 b, 7 TeV [1210.5468]

L=4.7 fb”, 7 TeV [ATLAS-CONF-2012-130]
L=2.0b", 7 TeV [1204.1265]

L=4.7 b”, 7 TeV [1209.4186]

L=4.6 ib", 7 TeV [ATLAS-CONF-2012-137]
_ |L=46 ", 7 Tev [ATLAS-CONF-2012-137]

'Kin. vars. in ee ever

ee/un

! T T T T 11171
M, (5=2, .
Mp(0=2) =2 MSUGRA/CMSSM : 0 lep + ' + ey

MSUGRA/CMSSM : 1 lep +j's + E7
Mg (HLZ =3, NLO) é.’;’-.As . Pheno model : 016p + /' + Eymer
Compact. scale R™ refiminary 2 Pheno model : 0 lep + 'S + E e
e ~ R 3 Gluino med. %" (G0 : 1lep +j's + E
Graviton mass (k/Mg, = 0.1) i GMSS { NLSP&I 2 Iep SOZS) +s+ ETrmss
; _ TS+
Graviton rr!ass (kIMp =0.1) 4 3 GGM (blno NLSP) e Erm.ss
Graviton mass (k/Mp, = 0.1) Ldt=(1.0-13.0) fb 2 GGM (wino NLSP) -y + lep + E™™
g,, mass \s=7,8TeV = GGM (higgsino-bino NLSP) :y +b + E”"ss
My (5=6) ’ GGM (higgsino NLSP) : Z + jets + ETmss
M, (5=6) o . quv!tlnp LSP : 'monojet’ +E e
M, (6=6) 208 —~bbi, : 0iep +3b Tmiss
A §Ss gty 2 SS-lep + (0-80)'s +
A (constructive int.) T3 Gty : 0 lep + multi-i's + .0
A S E ’gﬂ!ax Olep +3bij's + Eq s
. w"bbb —b¥. 0Iep+2bjets+E i
20TV, 7 mass BB, Bt : 2 85-lep + (0-8b-)'s + E, e
DR £ mass T |g\1 tﬁ_lgx 1/2 lep (+ b-jet) + E, -
255Tev. W' mass T (medium), 167 : 1 lep + b-jet +E,,mSs

430Gev. W' mass

s38Gev 3" gen. LQ mass
656 GeV | t' mass
670GeV b’ (Tm) mass
400GeV. b'mass

113Tev. W' mass
2427ev. W* mass
s60Gev 1" gen. LQ mass

483GevV. T mass (m(AQ) <100 GeV)
142Tev. VLQ mass (charge -1/3, coupling k,q =v/mg)
1.08Tev. VLQ mass (charge 2/3, coupling ko = v/mg)

p /o mass (m(p,fo) - miar) = M,)

T (medlum) I—-bx 2lep+E.
- T (heavy), t»t’){ 1 Iep +b-jet + E.
1t (heavy), (atx 0 Iep + 6(2b-)jets + E.
1t (natural GNISB) : Z(—Il) + brjet + E

Tomiss
T.miss
T.miss

3rd gen. squarks
direct production

T.miss

S R 77t2t2,1~t+272(—>ll)+1Iep+b|e(+E
685Gev 2™ gen. LQ mass 1, |~q) 2lep +Ewss
5 A —N():2lep+E;
28 i) 2 E
3

=m0 T x
%7 —=T vILI( 5 vlLI(vv) 3lep +E
= W72 3 lep + Erp
Dlrectx pair prod. (AMSB) long-| ||vedx

Stable §, R-hadrons : low B,

GMSB, stableT : Iowﬁ
GMSB, %, °—y @ : non-pointing photons
V) A+ heavy displaced vertex
Pp—V.+X,V,—>e+u resonance
LFV : pp—=V +X,V,—>e(u)+t resonance
Blllnear RPV CMSSM 1lep+7j's + Er s

Tmiss

Long-lived :
particles

q*mass e
I* mass (A =m(l*))

>
p, mass (m(p,) =m(r;) + my, m(a) = 1.1m(p,)) & X‘M<_) _§ x —eev,env, : 4lep+E;, o
Nmass(m(WR)=2TeV) KK e xwv ew (Blep+it+E,

H;* mass (limit at 398 GeV for pu)

—qaq 1 3-jet resonance pa\'w

Wamass (m(N) < 1.4 TeV) y-h, Hbs 25S-ep + (08b)s + £,

o Scalar %tjoh : 2-jet resonance ai
WIMPlnteractlon (D5 irac ) : 'monojet' +

Scalar resonance mas: miss

L1l 1 RN

107 1

*Only a selection of the available mass limits on new states or phenomena shown
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L=207 fb", 8 TeV [1210.1314]

L=207 ", 8 TeV [ATLAS-CONF-2013-007]

L=207 b, 8 TeV [ATLAS-CONF-2013-007]

L=207 fb, 8 TeV [ATL.

Gmass  (m@ <2 TeV, light7}) ATLAS

Gmass  (m@) <2TeV, light7) Preliminary
Gmass  (mG) <200 GeV, ;') = HmGi)+m@)

gmass  (ans<15)
140Tev. Gmass (tang>18)

gm (mG)> V)
Gmase e (e Lat = (4.4 - 20.7) fb!
Fmass (@) >220 Gev) _
"g'mrnass (m(F > 200 Gev) s=7,8Tev
F ' scale (m(@)>10" ev)
G mass (m& ) <200 GeV)
800GeV. §mass (any m(i )
Gmass  (me )< 300 Gov)
o g mass m(i ) <200 GeV)
X bmass  (m6))<120Gev)
- 430GeV. bmass  (m(z;)=2mG,)
tmass  (mG)=55Gev)

8 TeV, all 2012 data

L=13.0fb", 8 TeV [ATLAS-CONF-2012-167]
L=207 fb", 8 TeV [ATLAS-CONF-2013-037]
L=205 fb", 8 TeV [ATLAS-CONF-2013-024]
L=207 fb", 8 TeV [ATLAS-CONF-2013-025]
L=207 fb", 8 TeV [ATLAS-CONF-2013-025]
L=47 16", 7 ToV [1208.2884]
L=47 fb",7 TeV [1208.2884]
L=207 fb", 8 TeV [ATLAS-CONF-2013-028]
L=207 fb", 8 TeV [ATLAS-CONF-2013-035]
L=207 fb", 8 TeV [ATLAS-CONF-2013-035]

L=207 fb", 8 TeV [ATLAS-CONF-2013-036]
L=207 b, 8 TeV [ATLAS-CONF-2013-036]

L=207 b, 8 TeV [ATLAS-CONF-2013-007]
L=451b", 7 TeV [1210.4826]

EEsGEGe Tmass (M) =0)
L 110340GeV

ooss7Gew sgluon mass  (incl. limit from 1110.2693)

tmass  (mG)=0Gev,mG) = 150 GeV)
IEGEGEE t mass  (m() =0 GeV,m(i}-m(z;) = 10 GeV)
200610GeV| tmass  (mG)=0)
320660 GeV| tmass  (m)=0)
500GeV. tMass  (m()> 150 Gev)
520GeV| t, mass  (m{i)=mG;)+ 180 GeV)

180:930GeV| ¥, MASS  (m(7,) <10 GeV, m| (M) + mG)
eauG-v x mass (M, m(zi m&‘i 0,m(i¥) as above)
3156eV| 7, mass (m(' ) = mG2), e ) =0, sleptons decoupled)
% mass (4 <G )<10ns)
g mass
Tmass  (s<tanp<20)

7, mass (m(z)<10Gev. g(m(‘)vm(ii)b

)"( mass (0.4<7()) <2ns)
Gmass (1 mm<cr<1m,3decoupled)
V. mass  (i,=0.10,%,,=005)
VMASS  (2,=0.10.4,,,,=0.05)

G=gmass (e, <imm)
760GeV | 7, Mass (m('b:iDOGsVA >0
FOGEV] % Mass  (mG)>80Gevii,>0)
g mass
880GeV| Gmass (any mi)

M'ﬁcale (m, <80 GeV, limit of <687 GeV for D8) |
1 T T 1 [ I S

107

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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q*(qg), dijet
q“@W)

q* (@2

q*, dijet pair
q*, boosted Z
e, N=2TeV
p,A=2TeV

Z'SSM (ee, py)

Z'SSM (tT)

2Z’ (tt hadronic) width=1.2%
7' (dijet)

Z' (tt lep+jet) width=1.2%
Z'SSM (II) fbb=0.2

G (dijet)

G (ttbar hadronic)

G (jet+MET) k/M = 0.2

G (yy) M =0.1

G (Z(NZ(qa) kM = 0.1
W’ (Iv)

W’ (dijet)

W (td)

W’— WZ(leptonic)

WR’ (tb)

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV
String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qgbar)

CMS limits

Implications of early LHC Results

LQ1, B=0.5
LQ2, p=0.5
LQ2, B=1.0

LQ3 (bv), Q=+1/3, B=0.0
LQ3 (b1), Q=+2/3 or +4/3, B=1.0
stop (b1)

b’ = tW, (31, 2I) + b-jet

q’, b’/t’ degenerate, Vib=1
b’ = tW, l+jets

B’ - bZ (100%)

T - tZ (100%)

t' — bW (100%), |+jets

t = bW (100%), I+

C.I. A, X analysis, A+ LL/RR
C.I. A, X analysis, A- LL/RR
C.l., py, destructve LLIM
C.l., py, constructive LLIM
C.l., single e (HNCM)

C.l., single p (HNCM)

C.1,, incl. jet, destructive
C.1., incl. jet, constructive

Ms, vy, HLZ, nED = 3
Ms, vy, HLZ, nED = 6
Ms, Il, HLZ, nED = 3

Ms, Il, HLZ, nED = 6
MD, monojet, nED = 3

gluino, 3jet, RPV | | |

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
neutralino, ct<50cm

1 2 3
‘ Long
Lived

0 1 2 3

MD, monojet, nED = 6

MD, mono-y, nED =3

5 MD, mono-y, nED =6
MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED = 2

5

| LeptoQuarks
3 4 5

4th
Generation

Contact
Interactions

Extra Dimensions
& Black Holes

m; = 0.5m.. + 0.5m_,
X, pa

LSP mass [GeV]

% r LIEP2 sle[;ton IimitI I I ‘ B
O, goo|- M LEP2 chargino limit ]
P : — PP — io ~t (]L, BF(/*1')=0.5) i
S | pp— x 1+ (T, BF('D)=1) ) 1
600 = pp -7, z (noT, BEWZ)=1) . -

g-g production, g— t1%°
S N N A R B R RS

— CMS Prehmmary = SUS-12-024 0-lep (Er+H;) 19.4 fb'—|
—— SUS-13-007 1-lep (n >6)194fb'

: \s =8 TeV = SUS-12-017 2-lep (SS+b) 10.5fb™" ]
- Moriond 2013
F = SUS-12-026 (MultiLepton) 9.2 fb™!
- — Observed sy
- Observed -1 of;wy
- - - Expected

cea b b b by b b |

N [T T T T T

.
'
'
'
'
.
'
'
'
'
1
'
'
'
1
]

[
C
C
I
—
g

i S ..I...ul....!;.\
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alnino mass [GeVl1

CMS Preliminary \s=8TeV,L =9.2fb"

[ o Xy (T BR(TD=1) o

S N IS PRI VRPN IR L N
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1 2

1

- Scales already probed at the LHC suggest that to study BSM new physics the next
energy frontier collider must have /3 in the multi-TeV range even for EW processes.
- However there must be new physics Il WHY? Let me list the reasons
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Implications of early LHC Results

1. The Standard Model is incomplete:

2. Experimental hints of new physics: (g-2),, top Ass, ...

dark matter; neutrino masses and mixing -> new fields or interactions;

baryon asymmetry in the universe -> more CP violation
gauge unification -> new interactions;
gravity: strings and extra dimensions

3. Theoretical problems with the SM:

Scalar sector problematic:
uz ((DTCD) + A (CD-I'CD)2 + rijwiLijRCD + h.c.

e X N

Mu2/MZpianck ® 10734 vacuum large range of
Hierarchy problem stability fermion masses

The SM Higgs boson is unnatural. (mun?/p?)
Solutions: SUSY, New Strong Dynamics, ...

40-

20-

0

10

log,,(Q/GeV)

muon (g-2) T

HMNT (06)
JN (09)
Davier, Hoecker, Davier et al, T (10)
Malaescu, Zhang Davier et al, e’e” (10)
Jegerlehner, Szafron  Js(11)
Hagiwara, Liao,

Martin, Nomura, HLMNT (11)
Teubner - experiment

-
1

l
I

BNL

hadrgmc'VP BNL (new from shift in %)
Contnbut]ons [ NS FN TS FE T

——
[ ]

~10
(685 +£4) x 10 a, 10"~ 11659000

T RS N N S
170 180 190 200 210

There remains a persistent discrepancy of 3.3-3.6 o
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e Concept of naturalness.
- K. Wilson, 6.'t Hooft
- A theory [L(W)] is nhatural at scale y < for any

small dimensionless parameter A (e.q. m/p) in L(y)
the limit A -> O enhances the symmetries of L(p)

e The SM Higgs boson is unnatural. (m.?/u?)

- Maybe no large gap in scales (Extra Dimensions)
e Two potential solutions:

- scalars not elementary

G. 't Hooft in Proceedings of
Recent Developments in Gauge Theories,
Cargese, France (1980)

NATURALNESS, CHIRAL SYMMETRY, AND SPONTANEOUS

CHIRAL SYMMETRY BREAKING

G. 't Hooft
Institute for Theoretical Fysics

Utrecht, The Netherlands

ABSTRACT

A properly called "naturalness" is imposed on gauge theories.
It is an order—of-magnitude restriction that must hold at all
energy scales p. To construct models with complete naturalness for
elementary particles one needs more types of confining gauge
theories besides quantum chromodynamics. We propose a search

New strong dynamics (TC, walking TC, little Higgs, top color, ...)

- fermion masses are natural
Symmetry coupling fermions and bosons (SUSY)

e Quest for the "natural” theory to replace the SM has preoccupied theorists

since the early 80's

e TIsa third way required after the discovery of a Higgs boson?

& -
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# Fermilab What Happened to Naturalness?

e Higgs coupling proportional to mass

CMS Preliminary ys=7TeV,L<51" {s=8TeV, Ls196fb'

Q | | LI I | | | L I JLRAL) LU ':
’; i === 068% :
| |mesect t

D qL|—95%cL o
5 | Wi -
< R ]

107 3

lllllll

. { it does look
102} l ike a Higgs
boson!

Loy A M A I PRPTRTT
1 2 345 10 20 100 200
mass (GeV)
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=g Fermilab What Happened to Naturalness?

e A Third Way

The standard model is natural?

Bardeen - Fermilab/CONF-95-391-T (1995); "Aspects of the Dynamical Breaking of Scale
Symmetries”, Myron Bander Symposium (6/2013)

At a classical level the SM is conformally invariant except for the quadratic term in
the scalar potential. (Ignoring gravity)

Scale current: S, = z¥T,, divergence: §,S# = T¥
: 1
QCD Classically T, = Tr|Gu,Ghl - ZgWTr[GngPU] —>9,S" =T = 0
Scale Anomaly - Quantum corrections:  9,5* = %TT[G,,UGW]

Imagine the limit of the SM in which the scalar potential vanishes with v fixed.

2

1 9
V(o'e) = 1(8') + A (670)° pPand A0 with — = o fixed

In that theory the EW symmetry is broken and the W/Z and all the fermions get mass
just like normal, BUT the Higgs boson remains massless.

If there is a dynamical symmetry breaking for a flat potential then the Higgs boson
would be the Goldstone boson of scale symmetry breaking.
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e Renormalization Group

—Lint = {eFmﬁTz +dFp¢'q+ aFré'q + h.c+ m?¢Top + = (M) }

- For SM the quartic coupling runs with scale:

d A\ 1 9 27 9 9
_ 12)\2 (22 9 2 A 2 2 4

+ 12T7[Fy'Fy + Fp'Fp + 1/3FL'Fy |\ — 12T7[(Fy'Fy)? + (Fp'Fp)? + 1/3(FLTFL)2]>

= Only the top Yukawa coupling is important: Fp=F.=0,Fu=y
- Simplify by ignoring the gauge couplings (g1, g2) as well:

d A 12

d Inpu 1672

()\2 + y?\ — y4) <0
(A~1/4 and y~1)
- Adding the gauge couplings not enough to change the sign.

- Need to add additional boson loops -> new coupled scalars

Higgs quartic coupling Al p)

my = 126 GeV
0.06 —r—r W
oosl \ my = 1732 GeV
adt W as(Mz)= 01184
002}
[ el m=1714GeV ]
0.00 =~
002}
004}
- : ‘ 7 ', ) ] /
- l J I ”””” /
—0.06 ] ans / { /l /
10°

1 1 ' '
10+ 10° 108 1ol° 1012 10“ 1016 1018 102
RGE scale y in GeV
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e Numerics
- v=173 GeV, 00K = m2/(2v?) ~1/4 V(ple) = %A<¢+¢)<¢*¢—v2>2
1 A ko
Aoptg) = >‘0+§ A7r)2 (\fzﬂ)
m
A = Z [( )boson (;)ﬁermion] ~ —11.5
dof

- The loop corrections: A = 6(m/v)*w + 3(m/v)*z - 12 (m/v)*op +... only provide 13% of the
required A.

- If want the whole mass come from loop corrections must add a large positive
contribution. New bosons.
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What Happened to Naturalness?

e Can get EWSB in a scale invariant theory:

- Must ignore quadratic divergences - related to preserving scale invariance?

* Bardeen - Fermilab/CONF-95-391-T (1995). "Aspects of the Dynamical Breaking of Scale
Symmetries”, Myron Bander Symposium (6/2013)

- Effective potential (m=0), define v = ||

V(glp) =

1
§>\(¢T¢)(¢T¢)2

V(v)

/

positive
slope

Estia Eichten
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e An example of how this could work: T. Hambye and A. Strumia [arXiv:1306.2329]

- Add new scalars S: A complex double under a hidden SU(2)x but a singlet under
the SM.

- The hidden sector provides dark matter candidates.

- Scalar potential:

V = Ag|H|* — Aus|HS|? + As|S|*.

: d)\g 1 [9g%
- Running of As: = — X 092 \g + 2)\% o + 2402 |.
9 BAS dln/,b (47T)2 8 gX S HS S

5 10_] B \~AH~ =
i= = ]
% e T AS """""""""" =
g i i
1072 ¢ ‘ E
S AR Mg ===

10—3 | .' | | | | | | | | | | | | | | | |

102 10* 10 10® 109 10'2 10 10'® 10'® 10%
RGE scale u in GeV

17
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- EWSB occurs dynamically.
Adgdhg — N3g < 0,

- Conditions needed are easily satisfied because no fermions in X sector. Exponential
ratio of scales like Aqcd/ Aplanck.

- Constraints on viable models:

10° Ty : 0.008 o8B E T T

- Bound | TN ‘X’\TLAS, CMS . F
2 [fromLEP | - ! g\ ’/\'. P r Bound from
E : \ \‘ A 0.007 Xenon 2012
@ ey TN 10744 £
) LovRy N E
20 107! . RN
T A "
S % % 0.006 % h
2 g0 v S
= T ’<:|: £ 104 E
g F 0.005 S i
g 1072 ¢ . s
- C —46 |
g 0.004 :
O

. L) r
1073 S : 0.003 ) TR
50 100 150 200 250 30 100 300 1000 3000
Mass in GeV of the extra Higgs DM mass in GeV

e Many others working on related ideas - a third way: s. Iso [arXiv:1304.0293]; 6. Wouda
[arXiv:1306.6855], W. Bardeen, C.T. Hill, EE (in progress), ...
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What to measure and how well ?

e Measurements for a Higgs factory

- partial decay widths intfo WW™ and ZZ™:

Establishes whether the Higgs is the sole agent of EWSB.

If additional contributors to EWSB are all SU(2) doublets then I'/Tsy < 1

The relative couplings of the Higgs to WW and ZZ is fixed by EW symmeftry.

- mass, total width and self coupling A:

< PtD > = VZ/Z = mh2 /27\ [V = (GF«/Z)_% ~ 247 GeV]

look for invisible decays associated with BSM particles

- Branching fractions into fermions:

Establishes whether the Higgs is the sole agent of fermion masses.

N.B. The original technicolor model provided for EWSB but not fermion masses.

Measure coupling to (top, bottom, tau) 3rd gen. and (charm, muon) 2nd gen.

- Branching fractions into gauge bosons (Z¥, gg, ¥¥)

Estia Eichten

Sensitive to BSM particles contributing in loops.

(2HDM)
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e Comparison of Higgs factories: (Jianming Qian)
(Higgs working group report for €SS 2013)

[
Estia Eichten

Facility LHC HL-LHC ILC Full ILC CLIC LEP3 (41P) TLEP (41P)

Energy (GeV) 14,000 14,000 250 250450041000 350450041500 240 2404-350

[ cat (1) 300/expt  3000/expt 250 250450041000 500450041500 2000 1000 00

Ny produced 1.7 x 107 1.7 x 10° 80,000 370,000 618,000 600,000 3%
Measurement precision / \

mu (MeV) 100 50 35 35 70 26 7

ATy ~ -~ 11% 6% 6% 4% 1.3%

BRiny NA NA <0.8% <0.8% NA <0.7% <0.3%

AGH 51-65% 15-54%  18% 4.1% NA 3.4% 1.4%

AGigq 5.7—11% 27-75%  6.4% 1.8% NA 2.2% 0.7%

Aguww 27 -57%" 1.0—45%" 4.8% 1.4% 1% 1.5% 0.25%

Aguzz 27 -57%" 1.0—45%" 1.3% 1.3% 1% 0.25% 0.2%

AGH up < 30% < 10% - 16% 15% 14%

Agprr 51-85% 2.0-54% 5.7% 2.0% 3% 1.5%

AGHce - 6.8% 2.0% 4% 2.0%

Agmb 6.9 15% 2.7 11%  5.3% 1.5% 2% 0.7%

Agree 8.7—14%  3.9-8.0% - 4.0% 3% -

Agrim ~ 30%* — 26% 16% -

N
(=
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Handbook of LHC Higgs cross sections: 3. Higgs properties [arXiv:1307.1347]

Higgs Factory

Table 1: SM Higgs partial widths and their relative parametric (PU) and theoretical (THU) uncertain
selection of Higgs masses. For PU, all the single contributions are shown. For these four columns, 1

percentage value (with its sign) refers to the positive variation of the parameter, while the lower one ref

negative variation of the parameter.

I
TLEP 2013 @ Fermilab

Estia Eichten

Channel M [GeV] T [MeV] Aas Amy Ame Amy THU
122 230 30 3i% Toon Toom Thow

H — bb 126 236 o5 tiow Toow Toom Thow
130 242 5% arw Toow Toow Taom

122 2511070 100E T00n foon foin Taion

Hooheo 126 2591070 f00% FOOR 0OR 0R IO%
130 2671071 F0O% OOR OOE ok toow

122 871107 {00% OOE To0n Toun Thow

H—phty™ 126 899107 1007 *00% 00 FO0% 30
130 927107 F00% OUR FU0n toow aom

122 1161071 [TGR T0OR eNE OOk tIon

H — ¢t 126 L191070 TTOE o4 FRIR 0% Ton
130 1221070 TR 04 FROR OIR Thow

122 3251070 FRIEC0OR OOE 0% how

H - gg 126 3571070 FRi 0% HOR 03k ti0%

%o+ :

130 391107t HIAE 0% 00n Loan o

122 8371077 IO0E T00% Toow Toow Ciow

H -y 126 959107% OOE ToUR oo Toow iow
130 110107 Fp® 0% 0% toon iow

122 4741070 ION% TO0E T0ok Tovw Eow

H = Zy 126 684107° TOOE OO Toaw Todw fiow
130 955107 F00% FO0% TUon Toon oo

122 6251070 IGO0 T00E Toon oo o

HoWW 126 9731070 S50 T00E Toon Toon Tosw
130 149 +0.0% +0.0% +0.0% +0.0% +0.5%

—0.0% —0.0% —0.0% —0.0% —0.5%

122 7301077 FOOR FOOR OOE OOR toin

H— 727 126 1221070 FpOR FOOE FOO% TO0R 0o
130 1951070 FOO% FOOR 0% Toon oan

TLEP (2xAqg)

0.44%
0.8%
14%
0.5%
1.4%

2.8%

0.5%

0.44%

Theory needs improvement

(a) as-> lattice

(b) mp, mc -> lattice
(c) THU -> pQCD

N
R
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e Two Higgs doublets (MSSM):

Beyond the Standard Model

- Five scalar particles: h%, H°, AC, H*

- Decay amplitudes depend on two parameters: (a, ()

- decoupling limit ma® >> mz°:

et bb
hY  —sina/ cosf
H° cosa/cosf3
A" —iystan 3

cos o/ sin 3
sin o/ sin 3
—i75/ tan 3

27, WHW -~ Z A0
sin(f —a)  cos(f — «)
cos(f —a) —sin(f — «)

0 0
M3 + M3
tan 2a = m tan 26

» h° couplings close to SM values

» HO, H* and A° nearly degenerate in mass

» HO small couplings to VV, large couplings to ZA°

» For large tanp, H° and A° couplings to charged leptons and
bottom quarks enhanced by tanp. Couplings to top quarks
suppressed by 1/tanp factor.

Estia Eichten

0.1 E E
0.01 .
0.001 . P .
100 150 200 300 500
MA [GGV]
500 | | | |
M(I) [Ge\/]
X; = V6Msg
300 | -
tan f =3 ——
tan =30 ------
200 |- :

100 "

50 I I I I
50 100 150 200 300 500
MA [GGV]

N
N
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- The LHC has difficulty observing the H, A especially for masses > 500 GeV.

Even at /s = 14 TeV and 300 fb-l.

2

= ATLAS
o 4 -1
- JSLdt=300 fb
0
2
10
g LEP2
va = 200 GeV
? Lot = 200 po' 50
6
5
- LES2 40
ve = 189 Gov
3 Sigt = 175 90"
) &
2 4
20
]
400 450 500 10
m, (GeV)

- Pair produced with easy at a multi-TeV lepton collider.

Significance contours for SUSY Higgses

Regions of the MSSM parameter space (mp, tgB)
explorable through various SUSY Higgs channels

e 5 o significance contours
e two-loop / RGE-improved radiative corrections
® My = 175 GeV, mg gy = 1 TeV., no stop mixing ;

| ! | ! | ! | !
cms, 3-10% po!

A Hatt-ht+h + X

1\ | \lLEP Iy ﬁ =200GeV | | 1

0 D e c

200 400 600 800 1000
mp, (GeV)

N
w
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L. 3

If the LHC discovers an enlarged scalar section (as in SUSY), then there is a

[
special role for muon colliders.

- Can be produced in the s-channel.
- Good energy resolution is needed for H° and A° studies:

o [pb]

Dittmaier and Kaiser 9 1
pu~ —bb .

I

\

\

[hep-ph/0203120]
MSSM

————— Born
—— Born + elmg. + QCD
------ Born + elmg.
] ] ] ] ] ]
401 402 403

398 399 400

Vs [GeV]

N
e
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LHC bounds on the H/A (H*)

- Present bounds: 300 GeV (tan p = 10); 600 GeV (tan p = 40)
- LHC 14 TeV with 150 fb1: 900 GeV (tan p = 10); 1.5 TeV (tan p = 40)

E.E and A. Martin
[arXiv:1306.2609

e Viable SUSY models with present LHC limits favor:

- heavy H/A ->
104,
nearly degenerate masses
alignment limit -> small couplings to WW and ZZ

- few sparticles below 500 GeV
-> narrow widths (10's of GeV's)

100

o (fb)

- Some ILC Benchmark examples:
light-slepton NLSP model (TDR4)
hidden supersymmetry (HS)

natural supersymmetry (NS)
non-universal Higgs mass (NUHM)

e High Energy Muon Collider can study H/A as oot}

s-channel resonances

Vs (TeV)

I
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# Fermilab Supersymmeftry

e LHC limits on SUSY sparticles in various cMSSM scenerios:

= Gluino and light squark masses limits ~ 1 TeV

CMS Preliminary =
m(mother)—m(%") =200 GeV ] e E L [ L T
MSUGRAICMSSM - 1-48p + 5 + E e i R 0] G =g mass ,[“" ‘°°3_'7"’
L= -0 _ . . MSUGRA/CMSSM : multiets + £, i S 3 (iarge. 7TV
T1:g—q¢x" (1.1 fb™!, gluino - § Phono model:O1ep +f5+ £y | S mn;m(m@aw/mxﬁ ATLAS
H Pheno model - 0-lep +['s + E, o " Grmass (m(@ <2TeV. light 1) rolminary
£ Glinomed.7 c—d!i) 1lep +15+ E.... | Gmass (1) < 200 GeV. m(y') = it om(@)
TLtttt: g—tt) -1, glui £ S8 2405, + Er | —
g X1 [4.98 fb~', gluino g Gm i s oo sy “;‘:ﬁ“‘r:;f;,
GMSB 25+ +E, e Gmass (ang > 20)
_ - GGM o1y +E, mass (i) > 50 Gev)
T2: q_”IX 1.1fb!, squark . Gluimn-dﬁga@'n—hp‘bi'sés:_ amn:wv(x',‘n<mm
- Giino med. T @-1T1,) - 14ep + bi's + Er e Gmass (m(i) < 150 Gev)
N -0 . ; Gu ino med. T G—E;) : 2-ep (SS) + 15+ Ey ey mass (m(1) < 210 GeV)
T3w: g—qq(W)X" |4.98 fb !, glui 3 Glinomed TG - s + s mass () <200Ge
H . nn;uﬁsﬁew zwms S, Sm(m°y<wﬁ-v)
irect T (GMSB) - Z| m-n(ns m(i;) < 230 GeV)
T3Lh: g*qqig\fcﬂ 4.98 fo!, gluino g Diectgaugno (1, 317 bpSS E,_ 2, mass ()< 40 GeV.zy, mL) =L mi9) =Fmit) + )
b ’ Dl.ugmgvm(i'quli’) 360+ Eppy . ; mass (m({}) < 170 GeV, and as above)
] AMSS long-iived 7, ; mass (1 <T(Y}) < 2 e, 90 GeV mitin [0.2.60] ns)
. <0 - : g Stabls massive partci (SMP) : .hadions
T52z: §—qq%; |4.98 fb~*, gluino - 2 SMP : R-hadvons
H SMP : R-hadrons.
N g ‘SMP : R-hadrons (Pixel det.only) Gmass
.= > 1 GMS8 - stable
T5Lnu: g—qqx™ |4.98 fb ', gl B e i 9, M8 (1,010, 430.05)
§ Biinear RPV : 148p + 5 + Ey e G mess (0T, < 15 mm)
o ~0 + - . . MSUGRA/CMSSM - BC1 RPV - 4-lepton + £, | ATLABCON- K1
islep: ¥3.x* — "%’ |4.98 fb!, ne;lalmo/charglno il a4 o wn..(..,.Tme"w'.’m_.m;ch.
5 T 205 5 a5 1655 P I““;o" P ......1 P ...“.10 P
Mass scales [GeV] ; Mass scale [TeV]

- Stop (3rd generation) ~ 600 GeV (except very near top mass)

14, production Staus: Moiond QCD 2013

S‘mIII|IIII|IIIlIIIII[IIIIlIlIIIIIIIIII|l]||||||||||||||[ °
] ATLAS Preiminary g bbbt seikall B CMS Prefiminary E=8TeV,fLat=0.7 "
% ol — g _.,LE, re—— B it Sapas ngant anan nemns nansa snane 10
g - R A somee Cpp TP T3 _NLO-NLL exclusions
: [ 50 /80 1 1ty mixhare == Observed+ic
L === Expected=ic
200—

10"

95% C.L. ULonaxBR [pb]

' b 20 350 400 45 200 280 300 %00 480 800 880 000 10?
I NI m[Gemvt: m=05m;+05m, m,[GeV] CMS-PAS-SUS-12-023 m,[GeV]
m,

- The full study of SUSY will require a multiTev lepton collider or a VLHC.

N
(o)

Estia Eichten TLEP 2013 @ Fermilab July 25, 2013



Tt

=g Fermilab Supersymmetry

e cMSSM - simple model with only 5 parameters (mo, mi/2, tanp, A/mo, sign(u))
severely constrained

* As mass scales increase (u° increases) more fine tuning

my = 2

r2 2 272
Mz, — tan® BMy;,
tan? 3 — 1

—2u®  +loop corrections: logs(mi/m:)

e The noose is tightening due to the non observation of SUSY partners, the 126
GeV Higgs mass, B decays, cosmology, ...

e Theory response - more alternative models fo cMSSM:

Studies for €SS 2013

Natural SUSY

Hidden SUSY

Non-universal Higgs Masses (NUHM2) mSugra / cMSSM
Non-universal Gaugino Masses (NUGM)

Light Sleptons with stau NLSP (pMSSM)

Kallosh-Linde or G2MSSM

Buchmller-Brmmer

Normal Mass Hierarchy:

Estia Eichten TLEP 2013 @ Fermilab

July 25, 2013



-
L. 3

Fermilab
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PMSSM - minimal assumptions on SUSY breaking parameters

- 19 parameters varied

- stop mixing parameter Xi= At - pcotp:

[A. Atbey, et. al.: arXiV:1112.3028]

Ms = My~ mi-

1 <tanfB <60, 50 GeV < My <3 TeV, -9 TeV <Ay <9 TeV,
50 GeV < m; ,Mmj,, M; <3 TeV, 50 GeV < My, My, |p| < 1.5 TeV.

;140: : I - — s F T T ]
[ - - (] 8 Sa 2 i
Q 135 = E | 123<M <127 Gev dew j‘? ]
£ F ] 5 6 « Jfa
-3 - . ﬁ\‘ L.“‘ « S
130— = 4 1,007 - ]
E ; ] Pl
125 AN E o &
- . TR = . .
1200 RS VA S = of =
115:_ '-::'f' : ’..:-.gz’ '.'i' < o - .E 2f ‘y 3 -
PR R o SeAE 5 1
E e £ n'ﬁ': 'H’:.; & S Fitis = L =
Mo i :.E:zs;:ﬁl-',‘:.'.‘... 57 4 tan B < 60 PN, I DR B
&= M. <3 TeV.- "_'_'f-&.:g\},':‘" A X 6 B LIPS W
1°5~_-|: 5 ev: R P Ty - A tanpf<5 ‘.t N
EYEM, <1 TeV. 2 ¥t = X e 8 - tanp<3 edath 3
100_..1 PR | IR T RS P 1.'1 % }:.1 P B Sl = TR VR S ST S S T S RSN BRI T, o . B

-4 -3 -2 1 0 1 3 4 0 500 1000 1500 2000 2500 3000
X,/Mg M, (GeV)

- Consistence requires: Ma >> Mn.; tan p > 10; Ms large; maximal mixing ~ V6 Ms

e Sleptons, charginos and neutralinos still remain easily assessible at a multi-TeV
lepton collider. But most remaining models do not have many supersymmetry
partners below 500 GeV. This makes the measurements at a Higgs factory

essential.

Estia Eichten
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Supersymmetry

e Present constraints still allow a wide range of variation from the SM Higgs
[M. Battaglia, INFN, ILC workshop, Cernobbio, May 2013]

5 —PP)

=bb)
o
'S

BR(h —bb)-BR(H,

couplings in pMSSM models.

BR(A,

bed
[

-0.2

-0.4

hih
]9

.500\ P

Fo00

1500

2000
M(A) (GeV)

- —cc)
—CC,
SM P
o

(=]

BR(h —cc)-BR(H
BR(A,

-0.5

—WW)

couplings? The inverse problem for Higgs decays

-0.5

What will be the expected range after 300 fb? at 14 TeV at the LHC?

CC
“S00 1000 1500 . 200 o 500 1000 1500 . 2000
M(A) (GeV) M(A) (GeV)
How well can you extract detailed information about the SUSY model from any deviation in Higgs
29
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e A Higgs factory provides a window on possible BSM physics:

All BSM scenarios adds new particles -- in particular new spin zero bosons.
Expect deviations from SM properties of the 126 GeV Higgs boson.

Any future Higgs factory must be viable in an era when HL-LHC results are
known. The LHC will provide significant constraints on properties of the Higgs
boson (and possibly new discoveries).

TLEP has the largest Higgs Boson statistics and therefore the smallest errors
on branching fractions and invisible width.

e Tssues to address for TLEP Higgs factory:

How much can theoretical uncertainties on the SM Higgs width and branching
fractions be reduced?

How high a luminosity can TLEP deliver at 250 GeV and ~2mip, threshold?

e TLEP provides a platform for a future ~ 100 TeV hadron collider.

Estia Eichten TLEP 2013 @ Fermilab July 25, 2013
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# Fermilab  Which Accelerator for Higgs Physics?

I
1. The LHC is the Higgs Accelerator - Continue -> HL-LHC

2. Continue research and development of lepton colliders. In particular the
muon collider needs a convincing proof of 6D cooling.

3. Push neutrino physics - Lepton sector

4. After 300 fb!of ~14 TeV running OR the discovery of BSM physics, chose
the next accelerator for Higgs physics.

New physics
below Vs=1 TeV ?

YES
e+e- linear collider NO
extendable to Vs= 1 muon higgs factory -->
TeV YES muon collider with Vs> 3 TeV

Is a Muon Collider

Feasible?

e+e- circular collider in large tunnel -->
NO hadron collider with Vs = 100 TeV

L 32 |
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