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| ntroduction to Bosonic Technicolor

BTC combines technicolor and supersymmetry  Dine, A.K., Samuel '90; non-susy
version: Simmons, ‘89

technicolor condensates trigger electroweak symmetry breaking
fundamental Higgs fields H,,, H; give masses to quarks, leptons
supersymmetry stabilizes the Higgs scalar masses

Higgs VEV’s via Yukawa couplings to technifermion condensates

7 B UrU DnD
)\UURTLHu + ADDRTLHd = <Hu> ~ AU@’ <Hd> ~ )\Dy
my; m2,

® positive Higgs mass parameters, m?, , m%, >0 = no electroweak
u d
symmetry breaking in absence of TC

W, Z receive masses both from technicolor condensates, Higgs VEV’s

v, = (246 GeV)? ~ fic + f2 4+ f3, (Hud) = fu.a/V2



-Fermion mass generation in BTC via “Higgs scalar exchange", integrated out in heavy limit

-for light Higgs, use chiral Lagrangian approach Carone, Simmons; Carone, Georgi

® Minimal BTC = MSSM + SU (N )¢, with technifermion superfields
Tr(2rc,10,21,0), Ur(2rc,le,1r,-1/2), Dr(2tc,lc,1r,+1/2),
and Yukawa superpotential
Wy = A\gUrTy Hy + A\pDgrTyr Hy
- N7 = 2is minimal choice

- Nor¢c = 3 disfavored: stable fractionally charged technibaryons; SU(2) ;, anomaly
- N7 = 4 disfavored by S parameter

® superpartner technigluino, technisquarks acquire masses > A1, yielding a QCD-like
technicolor theory at lower scales



Linking Arc and mgs,

BTC introduces two scales at low energies: (i) msusy, the scale of superpartner
masses; (ii) Arc, the scale of TC chiral symmetry breaking

potential coincidence problem since, e.9. msusy /Arc = O(few)

when techni-superpartners acquire masses and “decouple”, technicolor beta function
becomes more negative.

$ more rapid increase in atc below mgysy could link the two scales
AK, Samuel '91

most attractive scenario Azatov, Galloway, Luty "11:
above mgusy, aTc Sits near a superconformal strong IR fixed point. Provides direct
link between mgyusy and Arc



® appealing realization Galloway, Martin, AK:

SUSY SU(2) with ny = 2 and an adjoint matter superfield has a strong IR fixed point,

with chiral symmetry unbroken in the supersymmetric theory Elitzur, Forge, Giveon,
Rabinovici '95

® R symmetric BTC has precisely this TC field content. Can yield the following
running of apc:

£ A perturbative 2-loop estimate yields o™ ~ 1.8




Theminimal UV theory

® The model: asymptotically free SU(2)1c, confining at scale A.
For simplicity consider the non-supersymmetric version

® The technifermion (TC-fermion) content is

SU@2)rc | SURQw  U(l)y
vl ]
_= Tl 2 |:| O
2 ’ ]
U3 =U [] 1 —1/2
U4 =D ] 1 +1/2

® all fermions are treated as LH Weyl fields, transforming under the (1/2, 0)
representation of the Lorentz group SU(2) x SU(2) ~ SO(3,1)

® With weak interactions turned off, the model possesses a global SU(4) symmetry
under which the four-component object V¥ is a fundamental, ¥ — UV, U € SU(4)

VU = (Tl T2 U D)T



The TC-fermion condensate
<‘lja ‘IJT’bE C—1> X @&b
is antisymmetric in the SU(4) flavor indices a, b by Fermi-Dirac statistics, ®7 = —&®

assume it breaks SU(4) to its maximal vectorlike subgroup Sp(4)
= SU(4)/Sp(4) coset structure =2 SO(6)/SO(5)

most general Sp(4) preserving condensate Galloway, Evans, Luty, Tacchi 1001.1361

e’ e cos 0 15sin6

o = , 0¢€]0,m]

—15sinf —e "Yecosf

#® obtained by applying SU (4) rotations to the canonical Sp(4) preserving vacuum

® s a CP violating phase: & — —&T under CP



sin 0 = 0: electroweak (EWK) symmetry is unbroken, "EWK vacuum"
sin @ = 1: the condensate is purely SU (2) 1, breaking, "TC vacuum"

The Sp(4) vacuum degeneracy is lifted by the UV TC-fermion interactions

previous BTC studies only included fundamental Higgs - technifermion Yukawa
couplings, thus selecting the TC vacuum (0 = 7 /2)

we explore the benefits of small misalignment from the EWK vacuum:
small to moderate sin 6

#® minimally accomplished by adding gauge singlet TC-fermion masses of O (v )

#® they can be linked to SUSY breaking, therefore to Arc

® an appealing alternative, and a feature of RBTC: 4- technifermion operators



® Minimal UV potential In SU(4) notation
Vov = =V eC™H (M + N W + hee. + m¥ | H|? + M |H|*

® C~! =diagfiog,ios,io2,i02] acts on LH Weyl spinors in ¥,
® cactson TC indices
® H is SM Higgs doublet with m2, > 0

® )/, ) are 4 x 4 matrices containing singlet masses, Yukawas: m1 2, Ay, p,
(M 4+ ) is an SU(4) breaking spurion, (M + X) — U*(M + \UT

1 [m 0 1 0 —H
M = — L€ 3 )\ — - A 9
2 0 —mg € 2 \HT 0
o 1 [Au(op +v* —imp)  Ap(—imy +73)
AN — —=
V2 — Ay (imy + 77) Ap(op +v+im))

oy, (7},) are the scalar (pseudoscalar) components of H, v = (H)



» the TC-fermion masses: mi1T2Ty +maUD +myTiU + mpTeD

my = Ayv*/V2, mp = Apv/V2

® The gauge-kinetic term for ¥, including EWK and TC

Lxp =101 6" (0, — —iAu, —iGATY2 14) U, Gu = (1,-3&",

#® EWK gauge interaction embedding in SU (4)

ga W2 27 0

AM —



Discrete symmetriesin theUV: CP

® CPisthe only discrete symmetry of the TC interactions lying outside of SU (4)
CP: ¥(zF)—ieC P U*(x,).

#® pseudoreality of the SU(2)1¢ fundamental = P and C are separately
unphysical, only being defined up to arbitrary SU(4) rotations

® fundamental d.o.f. are the four LH Weyl spinors in ¥. A true discrete symmetry
must rotate among them.

& for a single LH Weyl fermion, P exchanges (1/2,0) <> (0,1/2), which
proceeds via conjugation to construct the RH field, bringing in C to recover the
LH one

® For simplicity, assume CP-invariant Vv = m1 2, Ayp are real

# checked, to O(p*), that minimizing the IR potential then yields
a = arg(v) = 0, which we assume holds to all orders (no spontaneous CPV)

® CPinvariance of the EWK interactions = A, — AE (usual gauge boson
transformations)



Grr. SU(2) < SU(2)g interchange

® (G p-parity interchanges the generators of SU(2);, and SU(2) g
(also see Franzosi, et al. 1605.01363)

® itresidesin SU(4), and the left-over Sp(4) symmetry
(it has nothing to do with spacetime parity)

® U — G;rV where, up to an overall phase

0 o9
LR = — ( )
09 0

® To see this, extend to the left-right symmetric gauge group, and require that G, r
exchanges top and bottom components of ¥ and gor, W1, <> goarWr

® underGrr € SUM4), M+X—GL,(M+XNGLr
= mq (2) = M2(1), My (D) — MpD (U)> AU (D)h — Ap (U)ha .....
Thus, GG, g invariance of Vi would require mi = mo, Ay = Ap

® the isospin rotation in G, is reminsicent of G-parity



The SU(4)/Sp(4) coset for arbitrary 6 Galloway et al.

® 5 broken SU(4) generators, X?, in 5 of Sp(4) = SO(5), satisfying X® — &X' =0

s =sinf, ¢ = cosf
1 _ 1 SO —co3 2 _ 1 SO9 1clo 3 _ 1 so3 coq
21/2 —co3 S01 21/2 —1cly —so9 21/2 co1 SO3
4 _ 1 0 o2 5 1 clo —S€
2v2 \os 0 2v2 \ se —cls
® 10 unbroken Sp(4) generators, 7%, in 10 (adjoint) of Sp(4), satisfying T® + ®T* = 0
lei o1 0 ,T2:L oz 0 ,T3:L 03 0 |
0 —oq 22\ 0 oy 2v/2 \ 0 —03

co9o —1819 6 1 cos —S01
P = —— e
—co9 2v/2 \ —soq cos3
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® subgroup structure: Sp(4) D SU(2)1 x SU(2)2,
® SU(2)1 2 identified with generaotrs (T & T t3)/v/2, a = 1,2,3

® reduceto SU(2)r rin 6 — 0O limit

® isospin group SU(2)y = SU(2)+r = SU(2)142, with generators 7'1:2:3

® under SU(2); x SU(2)2

5=(2,2)+ (1,1)
10 = (3,1) + (1,3) + (2,2)



we follow the CCWZ prescription, arranging the 5 NGBs into
€= exp(V2i7-X/f)— UEVT,

where the transformation applies to global rotations with U € SU(4) and V' € Sp(4)
= VoVt =@

The transformations of the pions under C' P, GG g obtained by considering the
transformations of the corresponding vector currents, ¥15, X W

1,2,3

The eaten NGB's are linear combinations of the C'P-odd «:%:% and

74 is the C' P-even component of a composite SU(2), Higgs doublet

1 [ 7wl + in?
V2 \ 4 + 73

72 is a C P-odd isosinglet

712,35 W}1L,2,3 are Gpp odd; 7%, o4, are Gz r even



Chiral Lagrangian for scalars and vacuum alignment

kinetic terms expressed in terms of C,, = i¢TD,¢  (following composite Higgs
notation, e.g. Contino et al., Panico and Wulzer)

#® project onto broken and unbroken directions (C,, = d,, + E,.)

d, =2tr(C, XX~ Vd, VT  (5—plet),
E, =2tr(C,TY)T* — V(E, +0,)VT (10—plet), ,

spurion building blocks
x+ = &(M 4+ \)ed + Hee, Y4+ —= Vs V1
O(p?) Lagrangian

@ _ S

- tr(du d®) + Ar f° Zs tr(x+),

$ 7o~ 147, from N.=ny = 2 lattice study Pica et al. 1602 .06559



® TC and fundamental Higgs H gauge kinetic terms yield EWK scale
v, = (246 GeV)? = f2sin? 0 +v? .

® associate f sin @ with VEV of composite pNGB Higgs 74

® The O(p?) potential
Ve(fo) — 87rf3Zg(m12 cos — Aypwvsin 0/\/5) + m%{v2/2

mi2 = mi + mo, Jdmio =mi1 — mso, E€lC.

® For simplicity, ignore quartic - also motivated by SUSY where it is a small
perturbation

® EWK, top Yukawa loop effects, usually considered in composite Higgs models,
are a negligible perturbation



$ minimizing Ve(f?) obtain vacuum solution (myp,mi2 >0, 0 € [7/2, 7))

my p 4\/5)\(]1) Sin9f37TZQ
tanf = — , e >
mio mH
2 4
m m
= sin0:\/1— 412 21% 5 -
Ayp 162 f°Z3
#® canshow tanf = —myp/m;2 to all orders

® for given f or Arc, largest tuning of sin # due to variation of Ay p
|dlog(sin ) /d log(Ayp)| = 2cot? 6

® Forexample,sinf ~ 1/3 —1/2istuned at ~ 6% — 17%
(moderate sin 0 is fine phenomenologically e.g. Higgs, precision EWK)

® in principle, f more tuned, but f could be linked to m g or m12 in SUSY theory

® A4-technifermion operators, e.g. due to exchange of TC-adjoint scalar with mass
ma 2 Arc, offer an alternative in which mq 5 o< (W) < f3, like v.



Vacuum misalignment and scalar spectrum

® To elucidate the structure of the vacuum and scalar spectrum, it is useful to project
(M 4+ X) onto the Sp(4) singlet (o< ®) and vector directions, for vacuum rotation 6

AUDpOp +18Ayp 5

2v/2

1 )
(M—i—A) = —5 <7”7”L—|— 89) (I)—|—§(I) (AUD Xg+i5>\UD X@la) X

# the fermion mass 1 and Sp(4) = SO(5) vectors xy, xj are

R 1 1

= S (=mizco + mup sp) = E(mfz +mip) =27 [ ZoAGp/mir lg o s
)ZQ — (7.‘-}17,7 7T}2L7 W%aahCQ +vcg + \/§m1239/>\UD70) — (7.‘-}17,7 7T}2L7 W270h6970)
)ZO/ — (_71-}21,7 7T}17,7 Op +,U77T?L Co, 5m12/5>\UD)7

# the O(4) components of x4, X, have opposite C'P, generalizing the O(4) vectors
of Gasser and Leutwyler (Ann Phys) for the SU(2) x SU(2)/SU(2) coset

® constanttermin xj D veg + V2mi2sg/Aup
must cancel to avoid terms in V,g of form constant x7*
from operators « xg - ¥ = tand = —myp/m12 to all orders



® compare the O(4) C Sp(4) vectors for the rotated vacuum (6 # 0)
7?:(71-1771-2771-3771-4)) )29 — (ﬂ-}u 7T}2p ﬂ-?uo-hce)

#® after EWK symmetry breaking, the fundamental and composite O(3) vectors
(7}, 72, w3) and (w!, 72, 73) remain aligned
£ SU(2)142(0 #0) = SU(2)142(0 = 0) = SU2)L+r = O(3)

# the composite Higgs 7 is rotated by by 0 relative to o}, [and 74(0 = 0), as in
composite Higgs]
& opin(M+)N): o« op(—sgls+icg2v/2X4), i.e. itis rotated by 6 in the Sp(4)

singlet direction

® interms of SU(4) matrix representations (expand £®¢7 = 18 oc X' ®)

0 10 4 1 [ic2sinf® —cosf1s
;= ; op =

1
—io" 0 2 \ cosf1ly —ic?sinf 2 \ 15 0

DO | =
~
N

® the fundamental Higgs doublet mass decomposes as

m3 | H|? = m%Xo - Xo = m%[Xe - Xo + (or50)°]



The scalar mass matrices

® for given mio, if \yp > N;p=0#0,and

1 —t
~tg  t3
2 2 2
C —cpt m4; S 0
M2 =m2, 6 X A 4 H"0
—cglp tB 0 0
in the bases (", 7+) and (h, 74), tg =tan B = v/(fsin0)

® (22) entries are the GMOR relation for fermion mass m:
m72r = m%{t% = 16 fZym

< M§+ and first matrix in M7 are related by Sp(4) invariance:

- =

(11), (12), (22) entries < Xy - X9, Xo T T T

® therefore, both have massless eigenstates: the “eaten” NGB’s and would-be
Higgs h

# the Higgs mass is lifted by the second matrix in M2, corresponding to the Sp(4)
singlet's mass, m%, (o sg)?



® charged pion (e = £) and Higgs mass eigenstates: tan 2o = cos 6 tan 23

Ga285ﬂ'%—i—65ﬂ'a, ﬁa:—CBﬂ',O{—i—SBﬂ'a,

h:Cah—Saﬂ'4, stah+ca7r4,

® non-zero masses

m2 = m%{/c%, m%,fH = m? (1 F \/1 — 52 SSB) /20% :
® inlimit sgc% << 1 the light Higgs mass is (up to small quartic shift ~ \j,v?)

mi = m?% sin® 0

# Higgs is dominantly fundamental, with admixture of composite pNGB 74

°

Higgs mass is associated with misalignment « sin 8, as in composite Higgs

® small sin 6 offers opportunity to raise the fundamental Higgs mass m%{,
or SUSY scale

® the Sp(4) singlet radial o mode’s mass mixing with o, is ~ m?%,sin 6 tan 8, thus Higgs
mass sin? @ suppression persists; same true of higher orders in the chiral expansion



Higgs phenomenol ogy

® LVV (V=W 2Z)and hff couplings normalized to SM: k- and rk, and s2 << 1
limits
_ 2 .2
KV = CaS8 — S50 C3Co 1—0589/2,
KF = Ca/Sg 1—0250%33/2.

® small percent level deviations from SM
® note additional c% in deviations compared to composite Higgs

® For hyy, hyZ and vector resonance discussion introduce Sp(4) covariant field
strengths Galloway etal

D,uy — V['uldy], F,UJ/ — _Z[V[L)vlj] .

V. is Sp(4) covariant derivative
® D,,, Fu tranform homogeneously under Sp(4)
® F, isall0of Sp(4), Dy isabofSp(4)



effective operator for h~y~y

Ay sec Bsin 6

LyFFr = tr(xT Fuw F*Y), Ay = O(1)in NDA

647T31)W

induced h~~ coupling

0" Ay A c
[ — C’TEC hA,uVA'uV, C’TEC _ X AUD Co Sg)
TUOW 32\/57‘(‘65

compared to cSM ~ .23,

Including modified Higgs couplings to ¢, W

Ty /TSN = 152 |k pcSM — 1.04ky + ] ©P2.

. . _ 2 . .
= TCshiftsinI’  yy 7, are suppressed by sj, deviations are small, percent level.



Thevector resonances

® all resonances appear in representations of the unbroken subgroup, Sp(4)

® consider the lowest lying 10- and 5-plet vectors (also see Franzosi et al. 1605.01363)

Rio = R%,T*, Rs=RZX%, R— VRV
® RY,, RT3, RZ a=1,23aretriplets of SU(2)y
® Rl;3are Gpg even; R{;%, RL-3 are G g odd

» Ri‘gt = (R, £ Rj‘(‘)“g)/\/ﬁ, a=1..3 are triplets of SU(2)1 2,
interchanged under G r

® Dbased on the vector currents U5, 7%V at § = /2,
R1 and R5 generalize the QCD g and a; triplets, respectively

$ however, R{, and Ri‘(}L?’, a=1..3, are the G r “parity doubling partners"



Vector Lagrangian

® employ antisymmetric tensor formalism Gasser and Leutwyler; Ecker etal
® The kinetic terms are (M3 is the mass in the chiral limit)
1 A B 1% 1 2 108 %

® Arelated object, R, =—-My' VYR,
satisfies Proca equation for massive vector field

® Most general O(p?) interaction Lagrangian, linear in R5 10

. ~ L . Fio R )R y
ﬁg): tr (z GloRlo,W/d“d + ﬁRlO’MV}—M + ER&,W/DM )

& [0, are the vector decay constants,
(Rio(s) i 5, T*(X*) ¥|0) = —iF10(5) Mio(s)€},

® Gio9= —2V2f?/Fyg in vector meson dominance (VMD) approximation
(VMD pr coupling, gpnr = —my,/ fo, IS 16% below exp.; ¢ K K is within a few %)



® 2 yields the bilinears (a = 1,2, 3)

1

1
Lyilinear = _ZF10 Ry (g2W+g1 B 5*°) 1 (Fio co R{g°—Fs sg RE) (g2W—g1 B 6%3)

#® they induce the couplings to SM fermions responsible for vector Drell-Yan
production, via the substitutions

F F
Wit — Wi = 22228 (R, + Righeo) + 52 RE s

2Mi1o 2Ms
g1F10 , 3 6 g1F5
B’u, — B’u, — 2M10 (Rlo,,u — RlO,MCQ) — MRg,MSQ .

® leading R decays originate from the trilinears

GlOMlO abc pa b c a+3 5 a a 5
—W(E RlO,MW 8’“7’(’ +R107M|:7T 6’“7’(’ — 7T 8’“7’(’ ])+ ..... y
® typically, we are far form the chiral limit, m < £, closing the decay channels
RI:BW0) L ar (HF).

® Therefore R}b'3’(4”6) —aWr /Zy,, (th, HW /Z1 ) dominate



S-parameter

P tree-level Ri’f, Rg exchange yields
AStree = 4 (Ffy /M3y — F2/MZ) sin® 6

> sg suppression is a general feature of misalignment in composite Higgs
Barbieri, Bellazzini et al; Contino et al; Panic, Wulzer...

® here the origin of 33 IN AStree IS explicit; Ril)’gfs parity doubling cancelation
o 1 — cZ; and sy suppression of the R couplings

® To estimate ASiree We Use the N. = ny = 2 lattice results for Mo, fr (full decay
constant) away from the chiral limit

® estimate Fo/ fr by fitting to fv/fp vs mg in QCD

® Dbound the contribution of R5 via approximate upper and lower bounds,
Ms < Mo mal/mp and Fs > fa1 f/ff&‘:d

& Take f,, = 152 MeV based on a phenomenological determination using
Br(tt — vy tataT)



obtain ASiree/s2 < [0.11,0.09] ([0.19, 0.13] for R1o) for 7g/f = [0, 1.5]

® exhibits an expected (especially for R1g) decrease away from the chiral limit

® implies AS C 0.10 + 0.08 [Rome], 0.00 + 0.08 [PDG] (10) is reasonable

scalar loops in S are log divergent, due to ¢y factor in the =% gauge couplings
Barbieri, Bellazzini et al 0706.0432. After SM Higgs subtraction
+ Fﬁn) )

where Fp,, is a lengthy expression from finite loop contributions

1 A2 A2
ASioop = Y (sg [sa log Y + 0(21 log -y
h H

# the large log (1st term) is additionally suppressed by s2, relative to the usual
composite Higgs, from projection of 7% onto h

® for cut-off A < 8r f find ASioop < 0.01 in our examples



I parameter

At one loop, T mainly arises from

® scalar loops with isospin breaking entering via 73 —7#, and 73 —n mixings, and 73—#+
mass splitting

® these loops vanish in the limit (A — Ap) — 0, so their size can be controlled

® (G wave function renormalization via B—Ré’fé‘l"r’ loops.
® non-trivial to estimate rychkov; kamenik; pich.
however, G is dominantly fundamental = projection of the vertices onto G+
suppresses these effects by c%, or O(10)

® so we conclude that misaligned BTC should reasonably live within the (S, T') plane’s
allowed 10 ellipse
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