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- Motivation (Why bother about strongly-coupled EWSB?)

e Higgs detection? CMS and ATLAS recently reported discovery of a light particle
around 126 GeV. For many, this is evidence that the Higgs is there and the SM s
ratified in its most mysterious aspect: the mechanism of EWSB.
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- Motivation (Why bother about strongly-coupled EWSB?)

e Higgs detection? CMS and ATLAS recently reported discovery of a light particle
around 126 GeV. For many, this is evidence that the Higgs is there and the SM s
ratified in its most mysterious aspect: the mechanism of EWSB.

e Case 1: the new state is a light scalar responsible for EWSB
Information on the TeV is necessary to ascertain whether it is a manifestation of
weakly-coupled or strongly-coupled dynamics.
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- Motivation (Why bother about strongly-coupled EWSB?)

e Higgs detection? CMS and ATLAS recently reported discovery of a light particle
around 126 GeV. For many, this is evidence that the Higgs is there and the SM s
ratified in its most mysterious aspect: the mechanism of EWSB.

e Case 1: the new state is a light scalar responsible for EWSB
Information on the TeV is necessary to ascertain whether it is a manifestation of
weakly-coupled or strongly-coupled dynamics.

(i) Case 1.1: weakly-coupled (fundamental) scalar
Some mechanism has to be invoked to stabilize its mass. The best candidate is
SUSY. Signature: states at the TeV scale.

\_ J

JLab, August 09, 2012 EWSB by strongly-coupled dynamics: an EFT approach (page 5) Oscar Cata
(in collaboration with G. Buchalla) LMU Munich




- Motivation (Why bother about strongly-coupled EWSB?)

e Higgs detection? CMS and ATLAS recently reported discovery of a light particle
around 126 GeV. For many, this is evidence that the Higgs is there and the SM s
ratified in its most mysterious aspect: the mechanism of EWSB.

e Case 1: the new state is a light scalar responsible for EWSB
Information on the TeV is necessary to ascertain whether it is a manifestation of
weakly-coupled or strongly-coupled dynamics.

(i) Case 1.1: weakly-coupled (fundamental) scalar
Some mechanism has to be invoked to stabilize its mass. The best candidate is
SUSY. Signature: states at the TeV scale.

(ii) Case 1.2: strongly-coupled (composite) scalar
No mass stabilization mechanism needed: naturally at the EW scale if the scalar is
a PGB (but hard to compute in any model!). Signature: states at the TeV scale.
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(ii) Case 1.2: strongly-coupled (composite) scalar
No mass stabilization mechanism needed: naturally at the EW scale if the scalar is
a PGB (but hard to compute in any model!). Signature: states at the TeV scale.

e Case 2: the new state is not responsible for EWSB
Strong evidence for strongly-coupled scenarios.

\_ J

JLab, August 09, 2012 EWSB by strongly-coupled dynamics: an EFT approach (page 7) Oscar Cata
(in collaboration with G. Buchalla) LMU Munich




- Motivation (Why bother about strongly-coupled EWSB?)

e Higgs detection? CMS and ATLAS recently reported discovery of a light particle
around 126 GeV. For many, this is evidence that the Higgs is there and the SM is
ratified in its most mysterious aspect: the mechanism of EWSB.

e Case 1: the new state is a light scalar responsible for EWSB
Information on the TeV is necessary to ascertain whether it is a manifestation of
weakly-coupled or strongly-coupled dynamics.

(i) Case 1.1: weakly-coupled (fundamental) scalar
Some mechanism has to be invoked to stabilize its mass. The best candidate is
SUSY. Signature: states at the TeV scale.

(ii) Case 1.2: strongly-coupled (composite) scalar
No mass stabilization mechanism needed: naturally at the EW scale if the scalar is
a PGB (but hard to compute in any model!). Signature: states at the TeV scale.

e Case 2: the new state is not responsible for EWSB
Strong evidence for strongly-coupled scenarios.

e Conclusion: Identification of the scalar (Higgs or not) can take many years... If
new states at the TeV, signatures can hardly distinguish SUSY particles from
strongly-coupled resonances. Strongly-coupled scenarios have a lot to say. But so

\ far no evidence of TeV physics... j
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- Linear vs non-linear EWSB

\_

e Massless gauge and fermion sector of the SM [SU(3)¢c, SU(2)r,U(1)y]:
G.[8,1,0,  W,[1,2,0],  By[1,1,0]

39,2, 11,22 31,20, dls1,-2 1,1, 1]
q 7767 )= 27 u 7737 ) ) 37 677

organized as:

1 1 1
£4 — —§<G/JVGMV> - §<WMVWMV> - ZBHVBMV

+ 4G Pq + il Pl + iuPu + idpd + ie Pe
with
Dqu = (au +1gW,, + 7:g,YLBu)wL
D,yr = (0, +ig'YrRB.)YR

e Masses to gauge bosons and fermions through Higgs mechanism: SSB with the
pattern SU(2)r, ® U(1)y — U(1)g. But in which precise way EW symmetry is
broken?
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Linear sigma model: the Higgs boson

Masses to the gauge bosons are given by a fundamental (complex) scalar doublet in
a renormalizable interaction:

+
Lg=D,®"D,®+ 120Td — \(0Td)?, o = ( ?50 )

SSB is achieved through picking a nontrivial vacuum

/2
1 0 B u? ! B 1/2

Goldstone bosons are converted into longitudinal components of the gauge boson,
I.e., they generate masses:

v
mW:§9
ms = SF T
mA:O

Price to pay: appearance of a fundamental scalar H with arbitrary mass

my = 2\v?

Custodial symmetry: accidental global SU(2);, ® SU(2)r symmetry that ensures
/ 2

that p = g g My g

;T J
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- Non-linear sigma model: Higgsless* scenario

~N

e SSB a la CCWZ: Assume that the Goldstone bosons arise from the spontaneous
breaking of a global SU(2); ® SU(2)g symmetry to the diagonal subgroup
SU(2)y (minimal scenario). The Goldstone modes can be collected in a SU(2)
matrix U, transforming as

U— gLUQE, gL.r € SU(2)L.r

e Convenient realization:
0
a 1 »p_ +
U = exp(2i®/v), o = gpa% = < vz ¥ )

with 7¢ = 7, the generators of SU(2).
e Gauge the SU(2);, ® U(1)y subgroup:

DU = 0,U +igW,U — ig’BMU%

e Collect the right-handed quark and lepton fields in spurion doublets r = (u,d)?

and n = (v,e)t.
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e List down to most general Lagrangian at leading order:

U2

4
where P are SU(2) projectors:

Ly (D, UTD"U) — v (qY UPyr + qYqUP_r + 1Y .UP_n + h.c.)

e Moving to unitary gauge it is clear that masses for the gauge bosons and fermions
are also generated:

,UQ

8

e No fundamental scalar is requested. The No M at leading order is equivalent to
the Lo M with the scalar integrated out.

L 2°WIWH + (¢° + ¢°) 2, Z"] — v (q¥uu + qVad + [Yee + h.c.)

e However, composite scalars can be accommodated, with natural masses at the
electroweak scale. [ ]

e The theory is no longer renormalizable, but if phrased in an EFT language,
renormalizability order by order can be recovered and the framework can become
predictive. Power-counting essential. )
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(A survey on strongly-coupled EWSB

\_

First works in early 80's (before NLO xPT!). LO

and NLO bosonic sector with comments on the power-counting. Size of the
operators estimated with technicolor models. Revisited in
with redundancies eventually eliminated.

Fermion bilinears , completed in
Four-fermion operators partially discussed in

Mostly all work oriented to phenomenological studies with technicolor in mind.
From early 90’s, phenomenological studies with LEP physics. However, (i) not
systematic and power-counting discussions absent; (ii) some of the technical
developments ignored.

~N
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- Organizing the expansion: power-counting

\_

Canonical dimension of operators clearly not the right expansion. L4 + Ly
iInhomogeneous...

Landau gauge is especially suited: ghosts and Goldstones decoupled (ghosts
decoupled from EWSB dynamics), so no ghost fields needed to build the effective
operators.

In the absence of fermions and gauge bosons the power-counting should reduce to
the familiar yPT formula:

2 B
U™ or42 (P
D~ 3P (Z)

The addition of fermions leads to
(yv)”  p* —pl P2 -pL 2 (@\B
D~ s s vV vn e (L) d=2L42-v— (P + Fp)/2

Divergences, i.e., d > 0 exhaust the list of counterterms.
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e A more general formula can be written down to include gauge fields. \

5 (yv)u<gv)m—|—2r+2x+u+z pd —F]f Fz —F}% FJ% X,uy \%4 0 B
~ e v R (50 (5)

where the power of p is

Fr + F
d52L+2—1/—%—V—m—2r—2x—u—z

Bounded from above.

e The power-counting formula justifies that the naively LO custodial symmetry
breaking operator

51U2<TLLM>2

is actually NLO.
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- Operators at NLO ~

e The general effective Lagrangian reads:

,UG—di
£:£4+£U‘|‘£51 +ZC1TOZ
e Classes of operators O;:
UD* (D, UTD*UY  (5)
XUD?: (U'W,, D*UYUTD"UT3)  (2)
XU : B, (UWH"Ur)  (4)
V2UD iey,e(UTD*UT3)  (10)
2U D? IUP_n(D,U'D*U)  (15)
YU Iy, UrsUTleny*e (64)

e Potential classes [UD® XUD*, X2UD?, X3U,¢y*UD?3,4?UXD,*UX] can be
shown to be subleading (NNLO).

e Notation: to simplify the operators | will work with L, = UDMUT and
= Ur3UT.
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-~ Operators at NLO: U D*

e Pure Goldstone sector

bosons:

Z,ZM 2,27, WIWHrTW,Wwr,

\_

Op1 = (L, L")(L,L")

Ope = (L, L,) (L"L"

Ops = (tL L") (T, L¥)?

OD4 = <TLLM><TLLM><LVLV>
OD5 = <TLLM><TLLV><LMLV>

e In unitary gauge they correspond to all the possible quartic contractions of gauge

WIWH— W rIwe—,

ZyZPW IEWH 2,2V W FWHT

e They correspond to the usual xPT operators at NLO.
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-~ Operators at NLO: XU D? and X?U ~

e CP even and CP odd operators: [ ]
Oxu1 =g gBu (WH*'rL) Oxtra = ' g€urp(TL W, ) B
Oxya = g2<W’WTL>2 Oxus = 92€W>\p<7'LWW><TLWAp>
Oxrrs = ge"" P (WH Ly) (1 L,) Oxr6 = g(Wu L*) (1, L")
Oxur =19 By (Tp[L*, L¥]) Oxvi0 = 19 €uur, B* (11, [L*, LP])
Oxus = ig(Wyw[L¥, L¥]) Oxui1 = ig€un,(WH L, LF])
Oxvy = tg(WyuTr) (o [L", L¥]) Oxv1z = i9€ung(WH L) (T [L*, LF])

e Relevant for EWPT: oblique parameters and triple gauge vertices.

e Caveat for phenomenology: redundancies such as

(W [L*, L¥]) = - %v2<LuL“> +ig B (1, W) — ig (W, WH)

Eurg (WH LN LP)) = ig'e n, B* (T, WHP)

not taken into account in phenomenological studies!
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-~ Operators at NLO: *UD

\_

e Operators involving a fermionic vector current:
Oyv1 = 1qy"q (L),
Oyva =gy 7Lq {TL L),
Oyvs = iqy* Plaq (L, Ps)  (h.c.),

O¢V7 = il_”}/“l <TLL/,L>7
Oyvs = ily 1l (Tr.L,)
Oyvo = ily*Phl (L, PEL) (h.c.)

[
Oyva = iuy*u (tr,L,,)
Oyvs = idy*d (L)
Oyve = iuy*d (L, Ps;) (h.c.)

Oyvio = i€yte (tr.L,,)
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-~ Operators at NLO: 1)*U D? ~

e Operators involving a fermionic scalar and tensor current: [
]
Oysi2 = qUPyr (L,L")
Oyssa = qUPyr <7‘LLM>2
Oypss = qUPrar <LuP2L1> (Tr, L")
Oyse = qUPar (L, P) (to, L")
Oys7 = WUP_n (L,L")
Oypss = WUP_n {t,L,)*
Oysy = WP (LuPy) (L")
Oyr1 = Go""UPyor (L,PH)(rrL,)
Oyr2 = qo""UPor <LMP1%><TLLv>
Oyprsa = qo""UPyr (L, Pl)(L,P);)
Oyrs = lo"UPian (L, Py ){TrL,)
Oyre = lo"UP_n (L,P)(L,Py;)
\_ /
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- Operators at NLO: Y*U

[ ]
e LLLL operators (16):

Orre = V"' 709,79, Orrr = V' 709 qvu4q
Orrs = @Y 7093 (3 VuTLo Orro = @Y 7098 43Vu4a
Orrio = V" 1oqly, 7Ll
Orrii = @*reqlyd,  Oppiz = @ qlyuril
Orris = (V' 7olly,Trq, Orria = qv*7rlly,g
Orris = IW*rplly, Tl Orrie = W7l lv,l

e RRRR operators without U fields (7).
e LLRR operators (18):

OLRr1o = cj’y”UTy,UTq Uy, u, OrLr11 = (TY“TATL(] Q_L’YMTAU
OrLri2 = qy*1rqdy,d, Orriz = (Y*T*1rqdv, T4d
Orria = Y uly, ol Orris = dy*dlvy,Trl
Orrie = (Y19 €V8, Orri7 = IW'7rley,e

Orris = (Y1l ey,d
\_ i J
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e LRLR operators (12):
Osrs =qUPyrqUP_1, Ogs16 = qU Po11r qU Pyor
Ogrr = GUPL.TAr gUP_Tr, Ogrs = GU Po; T4r qU Pio T r
Osr9 = qU Py IUP_n, Osrio = qU Pa1r LU Pian
Osr11 = go"*UPyrlo,, UP_n, Ost12 = qo"UPyirlo,,UPian
e Four-quark operators with Yy # 0 (11):
Ory1 = qUPLrqUPyr,  Opys = qUPLTAr GUP T r
Opys = qUP_rqUP_r, Opys = qUP_TrgUP_T"r
Opys = gUP_r7P,U'q, Opye = qUP_TAr 7P, UT4q
Opy7 =qUP_rlUP_n, Opys = q‘a“”UP_rl_JWUP_n
Opyg = IUP_n7P,U'q
Oryi0 = UP_nlUP_n
Opy11 = UP_r7P U
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- Dynamical scales

~N

The power-counting formula is useful to identify the classes of operators associated
with physics of electroweak symmetry breaking. These are counterterms needed to
renormalize the theory order by order. However, some operators are unrelated to EWSB
processes. A full renormalization program is in any case needed.

e Electroweak scale: Apy = 4mv ~ (2:3) TeV

e Lepton number violating scale:
Qrv =1TcUu*pP, Ul
Operator of dimension-3 giving Majorana mass to the neutrinos. A, ~ TeV-GUT
scale (7).

e Baryon number breaking scale:
ee[dT Cuy)[ul Ce]

Dimension-6 operators responsible for proton decay. Apy ~ GUT scale (7).
e Flavor mass scale: Ay ...

e Generic new physics: ¥ 711111, can be mediated with with heavy vector
exchange (Z’). Axp ~ TeV-GUT scale (?)
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- Back to the linear case: SM at NLO ~

e Replace U — H/v = 1/v(¢, ¢) in the basis operators.

e The theory will become renormalizable and so the electroweak and new physics
scale decouple: v/A — 0. The power-counting becomes the naive dimensional one.

e HTH +# 1, so those factors have to be added in all places possible. This trivially
generates d = 4 terms

(61¢)*,  (679)0%(¢0)

(pip)led,  (d'@)gdd,  (¢Td)que
(') X X1, (¢7¢) X XM
(D' 9) (9" D ¢),  Bu,¢'WH ¢

e Some dimensional reshuffling (different power-counting): some classes get
relegated to NNLO (UD*, v*U, 4?UD?).

e We recover the SM at NLO.
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- Applications

Realistic models that accommodate existing experimental data hard to find. EFT
approach can be a common ground where possible UV completions can be easily tested,
for instance for EWPT or top physics.

e Oblique parameters (S, 7,U). They test deviations in the gauge sector for
two-point functions.
1 1

Lyp = =5 WilE (¢*)W)} — S Bl (%) By — WL () By — W (a*) W

§= (2) () 7= 12O "Mww© 5 g 0) 1m0

2
g muy,

and involve only 3 operators of our basis, namely
Op = U2<LMTL>2
Oxuv1 =9'g Buw (W)
Oxvz = g° (W) (WH )
Then,
S=—16ra; T =28 U=—167as

The coefficients can be determined from experimental fits and then used to
\ constrain UV completion scenarios.
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4 e Triple gauge vertices (revisited) )

€,q o

v, 4

+ w-

et q

Our effective operator basis can be matched onto the general vertex
parametrization

Lwwy = iky WIW, VI +iky WiEW, V¥ +igl (WE,WH — W, WH VY
+ gy (WEWHE + W, WHIVY — gV (WEWH + W, WV
where Ry — KJQ/ + Al'iv(Oél, Qo, ...,51).

e Triple gauge vertices loosely constrained (LEP). However, in combination with the
oblique parameters (and LHC data?) bounds might get tighter, especially when
redundancies are eliminated. EFT language really fits that purpose.
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Conclusions
/'

\_

An EFT description of a strongly-coupled EWSB scenario in general is useful even
in the presence of a light scalar.

For the first time we have a systematic and complete basis of operators at NLO.
Future prospects for phenomenological applications: EWPT, top physics, etc.

So far only the minimal setting worked out (several phenomenological applications
are Higgs-insensitive). However, a light scalar can (should!) be added with a
consistent power-counting.
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