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EWSB: PAST AND PRESENT

What did we know (prior to LHC)?

o Massive Wand Z
o = Nonlinear sigma model at energies below some cutoftf ANLSM

What did we want to know (from the LHC)?
o Does the NLSM survive to its strongly coupled scale Anrav ~ 4o ?
o Or does new perturbative physics intervene?

What clues did we have going in (from other data)?
o LEP gave some answer to question of strong coupling: “probably not”
o The problem: Electroweak Precision, contributions from IR

INBRRAR e 0 (ANLSM)

mz

o Data were indicating ANT,9M S ()

Simplest, most economical though potentially unnatural, solution:

a hght Higgs



EWSB: PAST AND PRESENT

Given the lessons of LEP, a model-independent Higgs-like Lagrangian

becomes a handy tool for thorough exploration of the weak scale.

Chiral expansion: Log = £2) = ES e o
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Given the lessons of LEP, a model-independent Higgs-like Lagrangian

becomes a handy tool for thorough exploration of the weak scale.
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Indicators of naturalness in composite models:
ba,dc oc v/ f*
tuning ~ 1/

x% tuning corresponds to £% deviation in vector coupling



EWSB: PAST AND PRESENT

Given the lessons of LEP, a model-independent Higgs-like Lagrangian

becomes a handy tool for thorough exploration of the weak scale.

Chiral expansion: Log = £2) = ES e o
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Indicators of naturalness in models with new matter

(SUSY, partial compositeness, ...)



EWSB: PAST AND PRESENT
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Where do we stand?
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(rather accidental that a previous ‘second solution” has dematerialized)



EWSB: PAST AND PRESENT
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(strong cutoff at > 20 (10) TeV, respectively)
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EWSB: PAST AND PRESENT

For ‘tun’: What’s the forecast like?

nggs @ LHC: Hlstorlcal Trajectory of Best F1t
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WHAT ABOUT LOOPS?
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BUT these are understandably small for a composite Higgs...



WHAT ABOUT LOOPS?

h |4
A‘C’(4) s ; X (@VZV _I_IQLV s ,W/Vu )

These are understandably small for a composite Higgs...

...so we'll turn our attention to the final one 1n the list.




MOVING TO LOOP LEVEL: (PARTIAL) COMPOSITENESS

Elementary

Composite

[ ~ UV brane | [ ~ IR brane ]
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MOVING TO LOOP LEVEL: (PARTIAL) COMPOSITENESS

Elementary

® Gauge
Ay...

® Fermions

q,u,d. ..

Composite
® Higgs
G/H > h(z)

® Fermions

AL=Mq  PbQr +...

AL = M(QEQR + h.c.) + mixing — (QL> = ( Eal Sinﬁ) <PDQL)

q%M —sinf cos6 qr



MOVING TO LOOP LEVEL: (PARTIAL) COMPOSITENESS

Composite
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MOVING TO LOOP LEVEL: (PARTIAL) COMPOSITENESS

Composite
® Higgs
G/H > h(z)

® Fermions

® Gauge
Ao
® Fermions

q,u,d...

Elementary <—6an6’ = j\@ >
X

AL =37 PDQr+ ..
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______

Encompasses a broad class Of models:

RS, Composite Higgs, Conformal TC, etc.
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MOVING TO LOOP LEVEL: (PARTIAL) COMPOSITENESS

Composite

Elementary 4—63116’ = j\@ >

® Gauge ® Higgs
A,u... G/H > h(x)
® Fermions ® Fermions
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MOVING TO LOOP LEVEL: (PARTIAL) COMPOSITENESS

Composite

Elementary 4—6311(9 = j@ >

® Gauge ® Higgs
A“... G/H > h(x)
® Fermions ® Fermions

Q7u7d--- AEZ(:})EQEPDQR+...

B = O ) e S (QL) & (9 Smﬁ) (PDQL)

C]EM drL
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______

Encompasses a broad class Of models:

RS, Composite Higgs, Conformal TC, etc.

sl [ ots of (composite) fermions in the TeV-ish spectrum:

even 1f not directly accessible, may contribute in loops...



COUPLING CONSIDERATIONS

[ Primary tool: low energy theorems | FRUSERIRORA0)
Shifman et al (1979)

*—

Ideology: treat Higgs as } im M(X = X +h) ~ M(X = X)

constant background field Ph(x)—0

E.g. OED vacuum } s WQM o WQ—M

polarization
L e A? expand oy .
e E , . . I3
Tei Z, b {62 108 <m2> E szwm,ih(z)X

Ref:
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COUPLING CONSIDERATIONS

[ Primary tool: low energy theorems | FRUSERIRORA0)
Shifman et al (1979)

=

Ideology: treat Higgs as } lim M(X = X + k) ~ M(X = X)
constant background field Ph(z)=0

E.g. OED vacuum } R WQM o WQ—M

polarization
| e A? expand a Y g
_ZF X ;bz 167‘(‘2 log <m2> T [bZS—ﬂ_Eh(CU) X F
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Ref:

A calculational } gﬁh(x) 2 O h(x) Ologm e

simplification 8T M 8m v Ologwv

sum species 2 84 h(l‘) 0 P
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Can compute corrections to loop-induced processes very simply...



COUPLING CONSIDERATIONS

[ Primary tool: low energy theorems | Ellis et al (1976)
Shifman et al (1979)

s

Ideology: treat Higgs as } lim M(X = X + k) ~ M(X = X)
constant background field Ph(z)=0

E.g. OED vacuum } 5 WQM - WQ—M

polarization
R e? A? expand a Y 5
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Ref:

A calculational } gﬁh(x) 2 O h(x) Ologm e

simplification 8T M 8m v Ologwv

sum species 2 84 h(l‘) 0 P
— F det M'M
[ ¢ 16w v 8logv®g i )

...so what can we expect to produce with these sorts of interactions?

(very naively it looks like O(1) corrections should be typical)



CONTACT OPERATORS h7yy AND hgg FROM COMPOSITES

Sufﬁc?s.to examine mass matrix |, _ (T X/) of = four R
e.g. minimal coset SO(5)/SO(4): B T

(

a particularly transparent basis:| M? =

)\R’U F(M, Y, f)
A \ : )j
2 : Ref:
= det M° = f(\v) x F(M,Y, f); Low et al, JHEP 1004 (2004)}
2 Low & Vichi PRD (2011)
— Op logdet M* = f /(AU) Azatov, J.G. PRD (2012)

—_—

*———

symmetry understanding: two spurions A\;, g =  single inv’t to build M?

Conclusions:

In cases of partial compositeness where individual charge
species mix with a single composite representation,
VEV and composite mass dependence factorize;
no #/-dependence 1in effective contact operators



INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

Gl , a g
Recall the Higgs as } = E(z) = exp(iv2n® ()T / f)
Goldstone of G/H ... Arfils o s U(g)ﬁ(a:)V(Jz.{)
D,=0,—1A 1 1yt
LE theory built from § and CM : igf (2) DM () Cy =2 VOV
auge via Cartan form g s @ N= V(C’” 440 )VJr
247 = (C;)*T + (Ch)*T® = H b
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Construct field strength, cov'nt deriv.
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INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = exp(zﬂw (2)T°/f)
Goldstone of G/H ... G/H - — U(z)VT
D,=0,—1A 1 Tyt
LE theory built from § and } CM : igf (2) DM () Onindomd
gauge via Cartan form 5 > (Ci)dTZ + (Clyere C'/U — V(Cﬂ +i0,)VT
i = < Gauge field of SO(4) :

Construct field strength, cov'nt deriv.

72 Tl (Cj)2 —>  masses, kinetic
ey Tr (C,,C*) = S parameter

[ Coming back to the question of how to generate loops |

Coupling to unbroken
directions (glue, photon) e L
requires breaking of = K

Goldstone symmetry

[ AL ~G?H'H, F’H'H ]



INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = exp(zﬂw (2)T°/f)
Goldstone of G/H ... G/H - — U(z)VT
D,=0,—1A 1 Tyt
LE theory built from § and } CM : igT (2) DH () Onindomd
gauge via Cartan form 5 > (Ci)dTZ + (Clyere C'/U — V(Cﬂ +i0,)VT
i = < Gauge field of SO(4) :

Construct field strength, cov'nt deriv.

72 Tl (Cj)2 —>  masses, kinetic
ey Tr (C,,C*) = S parameter

[ Coming back to the question of how to generate loops |

0, log det M2 (ot
mm=)p independent of T

composite spectrum !

[ AL ~G?H'H, F’H'H ]



INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = eXP(Z\/§7T (2)T°/f)
Goldstone of G/H ... G/H - — U(z)VT
D,=0,—1A 1 Tyt
LE theory built from § and } CM : igT (2) DH () Onindomd
gauge via Cartan form % (Ci)dTZ + (T C,U e V(C;'l £ i)V
i = < Gauge field of SO(4) :

Construct field strength, cov'nt deriv.

72 Tl (Cj)2 —>  masses, kinetic
ey Tr (C,,C*) = S parameter

[ Coming back to the question of how to generate loops |

Oy logdetM? m
m) ~ Useless as probe ™ \

of fermionic composites

sensitive only to

g
g (U/ if ) } non-linearities



INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = eXP(Z\/§7T (2)T°/f)
Goldstone of G/H ... G/H - — U(z)VT
D,=0,—1A 1 Tyt
LE theory built from § and } g : igT (2) DH () Onindomd
gauge via Cartan form % (Ci)dTZ + (T C,U e V(C;'l £ i)V
i = < Gauge field of SO(4) :

Construct field strength, cov'nt deriv.

72 Tl (Cj)2 —>  masses, kinetic
ey Tr (C,,C*) = S parameter

[ Coming back to the question of how to generate loops |

Oy logdetM? m
m) ~ Useless as probe ™ \

of fermionic composites

AN
g (these measured
g F(v/f) } already 1n a)



INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = eXP(Z\/§7T (2)T°/f)
Goldstone of G/H ... G/H - — UE(z)V!
D,=0,—1A 1 Ly 7
LE theory built from § and } CM : igT (2) DH () Onindomd
gauge via Cartan form 5 . (Ci)dTZ + (Clyere C'/U — V(Cﬂ +i0,)VT
i = < Gauge field of SO(4) :

Construct field strength, cov'nt deriv.

72 Tl (Cj)2 —>  masses, kinetic
ey Tr (C,,C*) = S parameter

[ Coming back to the question of how to generate loops |

0, log det M2 g g

m)) ~ Useless as probe ™

of fermionic composites

Heuristic moral: fermions respect Goldstone
symmetry, can’t contribute to GG, FI' operators



INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = eXP(Z\/§7T (2)T°/f)
Goldstone of G/H ... G/H - — UE(z)V!
D,=0,—1A 1 Ly 7
LE theory built from § and } CM : igT (2) DH () Onindomd
gauge via Cartan form 5 . (Ci)dTZ + (Clyere C'/U — V(Cﬂ +i0,)VT
i = < Gauge field of SO(4) :

Construct field strength, cov'nt deriv.

72 Tl (Cj)2 —>  masses, kinetic
ey Tr (C,,C*) = S parameter

[ Coming back to the question of how to generate loops |

0, log det M2 g g

m)) ~ Useless as probe ™

of fermionic composites

(Careful moral: two spurions imply
a single invariant => Det[M] factorizes)



INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = exp(zﬂw (2)T°/f)
Goldstone of G/H ... G/H - — U(z)VT
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Coupling to broken
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INTERLUDE: SOME NECESSARY FORMALISM (CCWZ)

G : a a
Recall the Higgs as } 7. 7e ¢(x) = exp(zﬂw (2)T°/f)
Goldstone of G/H ... G/H - — U(z)VT
D,=0,—1A 1 Tyt
LE theory built from § and } CM : igT (2) DH () Onindomd
gauge via Cartan form 5 > (Ci)dTZ + (Clyere C'/U — V(Cﬂ +i0,)VT
i = < Gauge field of SO(4) :

Construct field strength, cov'nt deriv.

72 Tl (Cj)2 —>  masses, kinetic
ey Tr (C,,C*) = S parameter

[ Coming back to the question of how to generate loops |

Coupling to broken
directions, however... | L
mmp 1 (C C; CH) =]

D) DypChnd

© might realize large corrections

. we lose the slick calculational tool



RECAP

1. Higgs low-energy theorems allow us to almost trivially see that
important loop-induced couplings cannot be modified by
composite spectrum in a way that illuminates its ‘flavor’ structure...

2. ...having to do with the fact that the crucial couplings involve a Higgs
coupling to two unbroken directions (thus Goldstone suppressed)

3. A hope may remain when looking at interactions that involve at least
one broken direction: Goldstone symmetry can be respected and
spurion suppression can therefore be absent



THE ANATOMY OF h — Z~

[ with Azatov, Contino, D1 lura; in preparation]
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THE ANATOMY OF h — Z~ |

Two pertinent operators } cy 1T C - C - (@ =k ng)}

to consider
| assuming G D SU(2);, x SU(2 ‘/ \

sl S — 77

Goldstone symmetry can be €.8. G/H B 30(5)/‘90(4)

preserved, but in this case we s 2%
need a sizable breaking of H—(2.7) @ 1
possible parity symmetry 10— 2 2 e o T

within the strong sector

| Specializing to the } N e COSS Z1,,(2) 8, h(z) F*
minimal coset SO(5)/50(4) V2f

We're left with a simple question: What sorts of UV physics can
break the strong sector’s LR symmetry in the right way?
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PARITY BREAKING: WHAT DOES THE JOB?
1. Gauge couplings

Some obvious thoughts } 2. Composite-elementary mixing
3. Mass splitting within matter multiplets

1. Gauge couplings, take one: X gauge boson

el v A lF 1
Tr (CRCHXM) = Tr (CRCH ) X =0
N

TA



PARITY BREAKING: WHAT DOES THE JOB?

1. Gauge couplings
Some obvious thoughts } 2. Composite-elementary mixing
3. Mass splitting within matter multiplets

2. Mass Mixing with a §
AL =Arq} PpOr + ArthPsQr +h.c. m o

SL:ALPDI%SLXPLR; SR:ARpsHSRXPLR

— AL e ="l [C’jC,f(SL + Sr)CY] =0 (accidental)

Two new spurions can be
constructed to respect LR



PARITY BREAKING: WHAT DOES THE JOB?

1. Gauge couplings
Some obvious thoughts } 2. Composite-elementary mixing
3. Mass splitting within matter multiplets

ADDITIONAL LR BREAKING NEEDED



PARITY BREAKING: WHAT DOES THE JOB?
1. Gauge couplings

Some obvious thoughts } 2. Composite-elementary mixing
3. Mass splitting within matter multiplets

Ref:

Djouadi et al TYCIYNI AV J |0 [« \ré

EPJC 1 (1998) @eSsiSuii

——
3. Mass Splitting ¥ @O =(2,2)® (3,1) & (1, 3D
A — Z Tl W — e Schematically:
L aimd, — o

(G

+ iOéLle ¢+ xar + iaRXjL ¢ x3r + h.c. 1672 mi
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1. Gauge couplings

Some obvious thoughts } 2. Composite-elementary mixing
3. Mass splitting within matter multiplets

Ref:

Djouadi et al TICON AJ J |D [4 \ré
EPJC 1 (1998) @=Eseiy | O+ A

PR —

3. Mass Splitting ¥ Cl() — (27 2) P (37 1) an (17 3D
A — Z Tl W — e Explicit calculation: COmPpORILes
i=4,3L,3R top msr —msr<ma
, , V2 TZ (exotic)  Q(exotic) msp — m3Rr
+iarxh @ xar +iarx) € xsr + hec. Z 72" Ty(op) . Qop) . ma

exotics



PARITY BREAKING: WHAT DOES THE JOB?
1. Gauge couplings

Some obvious thoughts } 2. Composite-elementary mixing
3. Mass splitting within matter multiplets

Ref:

Djouadi et al TYCIYNI AV J R < \ré

EPJC 1 (1998) @ESisiSuisls

PERE———
3. Mass Splitting ¥ @0 =(2,2)® (3,1) & (1, 3))
AL = Z Wl = g Explicit calculation: ComBRC
tOp mar —m3r<<my

v Am

i=4,3L,3R
2
+ iozijl ¢+ 3L + Z'OéRXjL 7~ xsr +h.c. [E’ b 2ie mj] Easily O(1)




RESULT: MASS SPILITTING WITHIN 10 ALONE

[ no additional spurions (or resonances) contributing |

Partial Compositeness and h—Zy

£ =500 GeV

m=02=10)xf

F=800GeV | Scatter: all composite
m=(2+10)x1 fermion masses between

(2, 10) x /:

LR-symmetric mass
moves vertically,
(1,3)-(3,1) splitting

moves horizontally

| coupling from a single generation w/10 ]



['(h—Zy)/SM

—
o

25+

g
S
T T T T T T

—
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RESULT: MASS SPILITTING WITHIN 10 ALONE

[ no additional spurions (or resonances) contributing |

| Partial Compositeness and h—Zy -

£=500Gev e
m=(2+10) X f | | |
F=800GeV
m=2=+10) X f

**********************************

Trig. rescaling

0gnww = "Z/f2

[ width from all 3 generations |

Conclusion:

Partial width can be
significantly enhanced
*or* suppressed...

...large deviations
possible 1n either case
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CONCLUSION / SPECULATION:

Currently the SM ws looking fairly bealthy,
loop-tnduced couplings and all...

.we'll bave to look bard at subtler channels

Composite Higgs: h — vy and h — GG suppressed by Goldstone symmetry
= Poor probe of composite’s ‘flavor’ sector
New, statistically limited and so relatively unexplored, channels might grant

more interesting information (existence proof demonstrated here; perhaps
other possibilities are around)

(SM)

Aghz @) } From one generation of fermions alone
thw [

additional contribution from resonances ]|

Sensitivity to these deviations with increased statistics

[ e.g. SM injection gives ~ 0.5 sigma with 20/tb at 8 TeV |

Despite the lack of early deviations...
We might still (safely) hope for non-SM Higgs behavior in the longer term



RESERVE



PARITY RULES IN CCWZ

E.g. minimal coset SO(5)/S0O(4)

-

equivalent to T4 — PTAPL, P = diag(+1,+1,+1,—1,1)
\_

. pa W@
71,23 —7 —T1,2.3, Th —7 Th; AL,R A AR,L

J

(primary)

-

A PC,P"  likewise for separate projections

from & — PEPT and A%,GR < AFI_-L{,CLL

J

(secondary)



WHAT ABOUT Zbb: SHOULD WE WORRY?

Enhancing h — Z + ~+ requires large parity breaking ...

... but this is the same symmetry that protects Z coupling to by .

A safe nonminimal model, without 7+ enhancement

\

AL =XPg} PpOY + Ath Ps QY
)\(10) f Pp Q(10)+)\bbT PSQ(lo) J

(

T ~~ )\515) )\t

my ~ AL,

[Via hierarchy )\Sf) > )\((110)]




