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Large Hadron Collider - CERN

primary mission:
- Search for Higgs particle

- Origin of Electroweak symmetry breaking

Is there a Standard Model Higgs particle?

If not, what generates the masses of the weak
bosons and fermions!?

New strong dynamics!?

Composite s mechanism!?

Primary focus of USQCD
BSM effort and this report

SUSY projects are progressing well with new simulations planned for next year
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Atlas and CMS compared (from Vivek Sharma)
For low Higgs mass hypothesis both CMS & ATLAS see

an excess 1n event yield over expected background

s [T = T
& T ATLAS Prellmlnary 2011 Data - o 10} cMs Preliminary — CRsenvad ]
B —~ Obs. B - \Ns=7TeV ) #58 Expected (68%) 1
5 9 Exp. J Ldt=46-49f" & & | =asasl o = Expected (95%) -
"g - EHio 1 =
. - [:]-_{-2 G \s=7TeV . 'é
=~ 1=
© ]
X O |
0 0
1 - o~
- 110
CLs Limits
10-1 1111111 | INTURTTNE TN U SN TN U U N U TN U W N U U U W N U WO W W N SN0 WU O O AC N N MO AN AN AN
110 115 120 125 130 135 140 145 150 10 'H N | o N
my [GeV. 110 115 120 125 130 135 140 145

Higgs boson mass (GeV)

ATLAS excessat M = 126 GeV CMS excess at M =125 GeV



Outline

- LHC Higgs search and BSM implications

- Composite Higgs mechanism

- USQCD BSM results of last 12 months

lead role in world-wide effort

- S-parameter (LSD)
- WW scattering (LsD)
- Composite Higgs model realizations: SU(2) adjoint and sextet SU(3)

- Cosmology connection
(dark baryon matter and EW phase transition)

- Outlook



What comes at the end of the LHC run?
- light Higgs with non-SM couplings (dilaton?)
- Heavy Higgs, or Higgsless
- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY - timely efforts



What comes at the end of the LHC run?
- light Higgs with non-SM couplings (dilaton?)
- Heavy Higgs, or Higgsless
- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY - timely efforts

- Composite Higgs mechanism

- The paradigm is important again

- Higgsless QCD-like (cutoff A to 3 TeV)

- changes close to conformal windo

- non-perturbative lattice studies needed

- USQCD effort will be shown on:



What comes at the end of the LHC run?

- light Higgs with non-SM couplings (dilaton?)

- Heavy Higgs, or Higgsless
- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY -

04
02
0.0
02

—04

~06
203 02 —01

OO 0.1

timely efforts

- Composite Higgs mechanism

- The paradigm is important again

- Higgsless QCD-like (cutoff A to 3 TeV)

- changes close to conformal windo

- non-perturbative lattice studies needed

- USQCD effort will be shown on:

d
lim

S=47Np Am oz

——My_a(Q°) — ASsy



composite Higgs? example: Nf=2 SU(3) sextet rep  TC (ETC) language used

uA i running coupling a“" i near-conformal i Extended Technicolor paradigm:
i | !
: non-conformal QCD-like ! i - reguires walking gauge coupling
| far from conformal window : A= 100-1000 A, ! chiral SBon A,.~TeV scale
I | |
i i : - fermion mass generation from
| | | scale at A, ~100—1000A .
|
| ! ) ) I
! | walking coupling | - can solve problem of flavor changing
| : separates two scales : currents
| |
I |
i i target of USQCD lattice BSM effdrt - composite Higgs mechanism
! S ‘ ! >
A=A q "N At 4 - broken scale invariance (Dilaton) =%
light non-SM composite Higgs
N o ’ particle?
§ Lo s’
original Technicolor paradigm o L . /’ - can atvo_idtconflict with EW precision
replaced with sextet SU(3) color rep: IR constraints
I 1~
i s ® - candidate models require non-
- one massless fermion doublet U ! o perturbative lattice studies
chiral SB I
I - - -
- three Goldstone pions d ! -focus is _on composite Higgs
! mechanism
- become longitudinal -
components of weak bosons 1B
I I
A, ~TeV
- composite Higgs mechanism Chiral symmetry breaking turns
scale of Higgs condensate ~ F=250 GeV conformal FP into walking

- flavor changing currents and fermion

mass generation would be problems important for lattice studies in BSM theory space

- conflicts with EW precision constraints?



important for fermion mass generation

anomalous dimension of <y P>

generates ~ (ff)(TT)

fermion mass,
want low A A2 »
L Unuhn

2
generates FCNC, A
want high A

8 from Adam Martin
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Nf (flavor)

—i
o

theory space and conformal window

critically important for composite Higgs

space of color, flavor, and massless fermion representation
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Nf (flavor)

theory space and conformal window

critically important for composite Higgs
space of color, flavor, and massless fermion representation
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USQCD BSM project sites using LQCD-ext hardware & SciDAC software

support
‘ (a few years ago map was empty)
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several USQCD BSM groups study the composite Higgs mechanism
TC scale - stretched to ETC scale by walking gauge coupling

fermion mass generation is open problem - new theory on ETC scale?




- 32 new USQCD BSM 2011-2012 publications (size of BSM effort ~ 20% of USQCD)

= impact: over 200 citations for new papers

- USQCD BSM is competing well world-wide in this field

Neutralino-hadron scattering in the NMSSM.
Thomas Appelquist, ) 5 , Saul D. Cohen, George T. Fleming, Joe Kiskis, Sophie J. Underwood (Adelaide U.), Joel Giedt (Rensselaer Poly.), Anthony W. Thomas, Ross D. Young (Adelaide U.)..
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Zoltan Fodor (Wuppertal U.), Kieran Holland (U. Pacific, Stockton), Julius Kuti, Daniel Nogr: S)Ls.tematm_ELLQLs_o.f_th.e_M.C.BG_M.ethm FERMILAB-PUB-12-036-T.
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e-Print: arXiv:1111.2317 [hep-lat] e-Print: arXiv:1108.3794 [hep-ph] FERMILAB-CONF-11-715-T,COLO-HEP-568.
) ) ) | Published in PoS LATTICE2011 (2011) 060
m%mﬁiwwm An Object oriented code for simulating To appear in the proceedings of Conference: C11-07-10
T eI - 4 pp. imon Catterall (Syracuse U.), Anosh Jos e-Print: arXiv:1110.6845 [hep-lat]
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It is a world-vmde effort (USQCD plays leadlng role
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Outline

- LHC Higgs search and BSM implications
focus of USQCD BSM

- Composite Higgs mechanism

- Composite Higgs model realizations: SU(2) adjoint and sextet SU(3)

- Cosmology connection
(dark baryon matter and EW phase transition)

- Outlook



S parameter LSD Collaboration, PRL 106:231601 (2011)

Constraint from vacuum polarizations N*”(Q) of EW gauge bosons
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Constraint from vacuum polarizations N*”(Q) of EW gauge bosons
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WW scattering LSD Collaboration, PRD 85:074505 (2012)

Direct (but difficult! ) probe of electroweak symmetry breaking |

Hadronic

EW
EFT

g,9 — 0
p® < Mg, M,

Low-energy S-wave “/ = 2” pseudoscalar scattering on the lattice
— hadronic chiral lagrangian LECs ¢4 and /5
~~ electroweak chiral lagrangian LECs a4 and as
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WW scattering LSD Collaboration, PRD 85:074505 (2012)

Direct (but difficult! ) probe of electroweak symmetry breaking )

1 [
Importance in Higgs-less LHC scenario

used to be the “no-lose theorem”

1Hogd — U Y1 Y Cv
p < Mdsa x /p2 < M337M323

Ztr (0,U0"U) + a5 [tr(0,UT0*U)]” + ay [tr(8,UT8,U)]
Low-energy S-wave “/ = 2” pseudoscalar scattering on the lattice
— hadronic chiral lagrangian LECs ¢4 and /5
~~ electroweak chiral lagrangian LECs a4 and as
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WW scattering LSD Collaboration, PRD 85:074505 (2012)

For Nf =2, aq+as = (334017739 x 107% — ASgy
(dominant systematic error from chiral fit)
D-wave scattering or form factors needed to separate a4 and as

Unitarity bounds a4 + a5 > 1.14 x 103 and oy > 0.65 x 1073
Expected LHC bounds (99% confidence level after 100/tb at 14 TeV):
—7.7 < asx10° < 15 —12 < a5 x 10 < 10

For Ny = 6, IR ——
reorganize yPT in terms of -
measured Mp and Fp

Directly compare LECs
for Ny =2 and Ny = 6
b;;,/_-; x Lo+ 2L1 + 2L + L3
214 — Ls+2Lg + Lg
No explicit Ny-dependence

;T _ -1
boy(n=0.0229a")

_ I | I I | I | I |
0 0.005 0.01 0.015 0.02 0.025 0.03
m
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adjoint SU(2) color representation Nf=2 (with fourth family) - phenomenology?
phenomenologically viable only if below the conformal window and has large anomalous
mass dimension (Sannino MWTC)

i The standérd model

0.1 | T 1 ‘ T T 1 ‘ T T 1 Elementary p’a"rticles
. i ?’“ "ﬁ
w U Colorado, Boulder (DeGrand et gl.) » . pth
T s ed | U(ly
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2 | - IRFP? | 4th lepton doubler ol 5 |
2 o085 g N . Wl
= LEL extra ! r u n m v
Tl R y B s:f::,.%'; m o W"%‘i s SU2)L
S e ; __ ‘). ;‘?‘ (™
\(/)/ — N exéja 3 e ﬂ T W 3
NQD electron lelectrong , muon g B, tau &osqg‘d
> - - ~ 'g“"‘l
i . 4 aivond SU(3)C
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091 o ©p=225 ] wf R D i
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L /,/ 8 , 05- X
[g 05 _— _- g
04 ‘}& Syracuse/RPI Cafterall, @iedt, et al.
05 i //% ] 03} %
el /%/ }% ] 02 ' %
0.1 % //’/ i 01r ¥.+.><l .
1. | XX o .
0O - I 0.|05 I Ol.l I 0.|15 I 0?2 I O.|25 01 I — I1I0 I — I100
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adjoint SU(2) color representation Nf=2 (with fourth family) - phenomenology?
phenomenology can start before conformality is resolved (generic) Sannino MWTC

Number of events/20 GeV @ 10 fb™’

Number of events/20 GeV @ 10 fb’’

M,(GeV) M,(GeV)

from Sannino et al.

q

production

500 1000 1500

Number of events/20 GeV @ 10 fb’’

M,(GeV)

Dilepton invariant mass distribution M, for pp — Ry, — 7€~ signal

Drell-Yen production of composite
vector bosons on the TeV scale

€+

1,2

-

Feynman diagram of TeV scale new vector meson



SU(3) sextet color representation Nf=2 (minimal composite Higgs) - phenomenology?
phenomenologically viable below the conformal window: has large anomalous mass

dimension should be called MWTC

sextet model Goldstone pion in PCAC channel with quadratic chiral fit

0.07 T T T T T
. . . T | T T T | T T T
Lattice Higgs Collaboration
M2 =c m +¢C m2 =3.2 P 7 i < thin links 4->8 _
006" m 2 P 7 | 004l O fat links 6->12 [ |
c,= 6.43 = 0.095 o ' x fatlinks 8->1 (DeGrand et al.)
] / — — 2 loops
0.05f , . L -
c,= 48215 e j
, 5 0.02 - —
0.04F x“/dof=1.6 7 .
oL J )(SB S ] IRFP is dis péeirlpg? T
v y 5
0.03F P - Q 0 I i 1 1 |
Y the Goldstone boson of TC AN [F E[] T |
0.02} / . A El] +
002 — S~ - —
ul inputs from: 24°x 48, 32°x 64, 48°x 96 | I {( ________ _ + ]
' 24x48 not fitted .
m fit range: 0.003 - 0.008 O 32x64 fitted 004 |- ]
O inf volume point fitted -
% 0.002 0.004 0.006 0.008 0.01 0.012 , | , , , | , , , |
m 0.2 04 0.6
. _ . . 2 4 4 4
sextet model FJr in PCAC channel with linear chiral fit u=1/g" (4,6 ,or8)
0.1 T T T T
wl F =F +cm p=32 Lattice Higgs Collaboration |
. n 0 1 | I ' I
F,= 0.02805 = 0.00052 . O B,=0 ]
0.08 - \ o PB.=05
c,= 3.08=0.12 S e one loop .
0.07} . L \ —— two loops .
¥SB \ . .
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0 '
" 005 - = i \ i
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. B \\ 7]
o setting the EW scale Fo I S % % |
0.03 . i \%‘ -~ |
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X I
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SU(3) sextet color representation Nf=2 (minimal composite Higgs) - phenomenology?

sextet model Goldstone pion in PCAC channel with conformal fit sextet model MHiggs in scPion channel with linear chiral fit
M =c m"™ conformal fit _
n m MHiggs - IVIO e, m Mu/F ~ 6
03 c =221=0.09 Lattice Higgs Collaboration 05l M= 0.1699 = 0.0077 i
without disconnected diagram
y= 1.091 + 0.034 C,=224=+1.45
0.25} -
, 0.4 xZ/dof= 0.48 ]
X /dof=2.04
0.2t - w
S S
= T 03 .
=
0.15} -
Large anomalous dimension! 0.2 -
0.1 i
3 3 3
_ lotted volumes: 24°x 48, 32°x 64, 48°x 96
- inputs from: 24%x 48, 32°x 64, 48%x 96 | o1l P |
' i : 24x48 not fitted
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00 O_OIOQ 0_olo4 O.OIOG O_OIog o_lm 0.012 oO 0.002 0.004 0.006 0.008 0.01 0.012
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sextet model Rho meson in cRho4 channel with linear chiral fit
Mrho = M0 +c,m p=3.2
6l M _= 0.1892 + 0.0061 .
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c,= 24.7+0.92
oor LHC peak shown earlier
+?/dof= 0.56
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technicolor & Dark Matter:

e lightest technibaryon can be
stable by analog of U(1)s

e an initial matter/anti-matter asymmetry gets shared
among baryons, leptons, technibaryons via

Sphalemns (Chivukula, Barr, Fahri, Nussinov)
e can get observed Qpm/ Qg easily for ~ TeV scale DM

must be electrically neutral, EW singlets to avoid direct detection
Then leading operators are charge radius and polarizability:

ex) B*Buv, 0, F"  B*B F,, FH lattice input?
Ao 7 A

) from Adam Martin



EW phase transition in composite Higgs model - early universe

sextet model (Kogut-Sinclair)

Sinclair is USQCD member but project is not using
USQCD resources!

potential implications in early cosmology

3 . 3 .
16" %8 lattice 24" x12 lattice
40 i
[ m=0.0025 — ¢ | 25 — % —
- m=0.005 — X % . - %
o[ m=0.01 — © % - ol
_ N — finite temperature ]
- m=0.02 b i [ EW phase transition?
_ § - i i
| finite temperature ] 15 — X XX% 2 _
| EW phase transition? . = -
20| %ﬁ% 1 Xx
| 10 _—§ - (o] EW@I@ —
” _ I o
o 5 m=0.0025 — ¢ s o B
%z : - =0.005 — X x
% . ] . m=u. o
% & % o m=0.01 — O + %
O | | | | | | | | | | | ? | * * % O | | | | | | | | | | | | | | | | | | | | | .¢- |
6.0 6.5 7.0 6.4 6.6 6.8 7.0 7.2
g g
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Summary and outlook

- USQCD is playing leadership role in studies of BSM physics on energy frontier

- Searching for candidate composite Higgs models and computing their properties

- Supersymmetric extension SM - susy breaking needs lattice input with ultimate goal to
understand soft parameters in MSSM

- Covers two main approaches to understanding EW symmetry breaking at LHC
- Much learned in last 12 months - Hard but making good progress

- Excellent pilot work on S-parameter and WW scattering (important future goal)
- Composite Higgs model realizations: SU(2) adjoint and sextet SU(3)

- Technicolor spectroscopy (important future goal)

- Cosmology connection
(dark baryon matter and EW phase transition)

- USQCD BSM research is important part of our SciDAC-3 plan
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CMS Higgs search (from Vivek Sharma)

\-.\\‘(\ll ] I. I. /////// | NSNTEN B NIV KR NNNINRKA Y LI I I IS IS IS N ! BT Y R A e LT |

c% . CMS Preliminary, \(_L =7 TeV | —=— Observed
% Combined, Lint —46-47 ! S Expected * 1o
c 10 x\\ .................... iy Expected + 26 N
@ SN S NEAAA SIS XYY LEP excluded ~
- t;\§§ SRS S sy P77 Tevatron excluded <
= = AN NN s AN CMS excluded |
—
O
o~
LO
@)

1 0'1 &:\\:\\ | | | ] | jl | l SIS RSN BNISNIN BN | I N N N N AN AN AN ' BN Ve | N NN
100 T 200 300 400 500 600
114.4 127.5 Higgs boson mass (GeV/c?)

Remaining corridor of uncertainty

31



precision electroweak parameters.
if TeV-scale dynamics is QCD-like, expect S~0.3

125 T , ; or even higher!!
rz, O, 4 R‘,R ' S P
a q s s

1.00 : ' -,

------ asymmeitries L% 7

. | //7./

075 |7 == Tw | . v

— — - vscattering | v 7! ——~
0901, —. = escattering || AN e PR

. . 77 -
0.25 © ) -7

i . 7
/ -7
0.00 S :
b what about in a
0.25
all: M, = 117 GeV near-conformal
-0.50
theory?
0.75 all: M, =1000 GeV .
H New LSD results will be shown
1.00
15-125 -1 -075 05025 0 025 05 075 1 125 15 175 2
S
S = 47TND lim %HV_A(Oz) —ASSM
Q2—0 dQ
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