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IF THERE , AND NOTHING ELSE UP TO TeV...— STILL STRONG
DYNAMICS

Giudice, Grojean, Pomarol & Rattazzi '07

Whether it is at the TeV or at 125 GeV

| will assume that the HIGGS DYNAMICS IS STRONG



What about FLAVOR in this context??...



MINIMAL FLAVOR VIOLATION (MFV)

Ansatz: Yukawa couplings are the unique sources for flavor
effects at low energy in SM and beyond. chivukula & Georgi '87.



MINIMAL FLAVOR VIOLATION (MFV)

Ansatz: Yukawa couplings are the unique sources for flavor
effects at low energy in SM and beyond. chivukula & Georgi '87.

» SM-flavor symmetry Gy for mgyaus = 0



MINIMAL FLAVOR VIOLATION (MFV)

Ansatz: Yukawa couplings are the unique sources for flavor
effects at low energy in SM and beyond. chivukula & Georgi '87.

» SM-flavor symmetry Gy for mgyaus = 0

Gr = SU(3)q, x SU(3)y, x SU(3)p,



MINIMAL FLAVOR VIOLATION (MFV)

Ansatz: Yukawa couplings are the unique sources for flavor
effects at low energy in SM and beyond. chivukula & Georgi '87.

» SM-flavor symmetry Gy for mgyaus = 0

Gr = SU(3)q, x SU(3)y, x SU(3)p,

> QL ~(3,1,1), Up~(1,3,1), Dr~(1,1,3)



MINIMAL FLAVOR VIOLATION (MFV)

Ansatz: Yukawa couplings are the unique sources for flavor
effects at low energy in SM and beyond. chivukula & Georgi '87.

» SM-flavor symmetry Gy for mgyaus = 0
G = SU(3)q, x SU(3)u, x SU(3)o,

> QL ~(3,1,1), Up~(1,3,1), Dr~(1,1,3)

» Yy = 5LYDDH¢ +5L YUuR&) + h.c.



MINIMAL FLAVOR VIOLATION (MFV)

Ansatz: Yukawa couplings are the unique sources for flavor
effects at low energy in SM and beyond. chivukula & Georgi '87.

» SM-flavor symmetry Gy for mgyaus = 0

Gr = SU(3)q, x SU(3)y, x SU(3)p,

> QL ~(3,1,1), Up~(1,3,1), Dr~(1,1,3)

» Yy = 5LYDDH¢ +5L YUuR(T) + h.c.

recovering Gy
fr—

YUN(37§a1) & YDN(3717§)



MINIMAL FLAVOR VIOLATION (MFV)

Ansatz: Yukawa couplings are the unique sources for flavor
effects at low energy in SM and beyond. chivukula & Georgi '87.

» SM-flavor symmetry Gy for mgyaus = 0

Gr = SU(3)q, x SU(3)y, x SU(3)p,

> QL ~(3,1,1), Up~(1,3,1), Dr~(1,1,3)

» Yy = 5LYDDH¢ +5L YUuR(T) + h.c.

recovering Gy
fr—

YUN(37§a1) & YDN(3717§)



©»d=6

L —1—
=L
sm+a
;i
+

/\2
f



0d=6
L=Lsgy+a —+..
f

0% ~ Cog Pay ey (DTDLD) ) Cag Cr Bt tis

c~ YYT, DAmbrosio, Giudice, Isidori & Strumia '02
3



L=Lgy+ a;

db‘

et

0% ~ Cog Pay ey (DTDLD) ) Cag Cr Bt tis

c~ YYT,

Minimally flavour violating

dimension six operator

D’Ambrosio, Giudice, Isidori & Strumia ’02

main

observables

As [TeV]
-+

Or = §(QrrcyQr)’

Op = Ht DR)\d)\F(OWQL) L
Oci = H' (DpAidrco, T°Qr) G2,
Ou = (QrArc,@r)(Lry.Lr)

(Qr e, Q) (L Ly)
Om = (QrArcy,Qr)(HiD,H)
(QLAFC uQL)(DR ;ADR)

ek, Amp,
B — Xy
B— Xy
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Minimally flavour violating main /\ f [TeV]
dimension six operator observables -+
Oy = 3(Qrrrcy,Qr)’ e, Amp, 64 5.0
Opy= Hi DR)\d)\F(O;mQL) s B— Xy 9.3 124
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Om = (QArcy,Qr)(HYD,H) B (X)), K—mm (st |16 16 =«
Op = (QuiveQr)(Dry,Dr) B— Kr, €fe,... ~1

= N¢ ~ TeV




Back to STRONG HIGGS DYNAMICS ...
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Large my-limit

T
o= (4

) — U = ¢&"/" (no mass dimension! )

=N

(v %)

L
Global ocal

.
SU2), x SU)g — U ~ (2,2), SUR). x U(1)y = L() U(x) R'(x),
L(x) = gL07/2, R(x) = gev()s/2

After vev

SU2), x SU(2)g — SU(2)c
SU@2)L x U(1)y = U(Nem

Covariant derivative

_ ig i ig
DU =0,U + i WU — U By
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What changes if the Higgs has strong interacting dynamics?

» As in strongly interacting QCD ag ~ 1 = unsuppressed multiple

gluon emission

Strongly interacting Higgs A ~ 1 = unsuppressed longitudinal
W — Z components emission

ee
ST

————

Low cost of w-fields emission!
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What changes if the Higgs has strong interacting dynamics?

Model independent: effective lagrangian approach
T "
o= < ¢ ) — U = &/ (no mass dimension! )

Building blocks: U, D,,U

Tower of operators becomes...

=
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+
MINIMAL FLAVOR VIOLATION

O1 ~ oy {UreU, (DU} 035, Oz ~ oy (DuU)UT 4

O3 ~ Py UraUT (D, U)rsUT g, O4 ~ o [UrsUT, (DL U)UT] w5

MFV with linear EWSB had also 4 ops. 09~ @ LO
Only 2 are siblings of those (012 )

Now O3 4 new!
and...

04 is a CP-ODD op.! — Natural GP @ LO!!



STRONG HIGGS DYNAMICS

+
MINIMAL FLAVOR VIOLATION

0Ly 4=~ % [W“*Um(aw +iacp) (yfjv+ VyZD) D, + h.c.] +

— 502" [a Uy (v + VyBV') Us+ 2D (vB + VIYE V) D
Cw

6%581-{-324-33, 33531_32_&%

ay = as — as, dcp = —as4 -



STRONG HIGGS DYNAMICS

+
MINIMAL FLAVOR VIOLATION

g
V2
— oL 2 [0 (¥ + BV Uo+ D (45 + VI¥) 01

SLoy—g = — [W“*ULW(aW + iacp) (y’f‘,v n Vy%) D, + h.c.] n

al=aj+a+as, al=ay—a —as,
ay = as — as, dcp = —as4 -

V= Vj |1+ (aw + face) (Y2 + ¥5)



= Impacts on AF =1 & AF = 2 observables...
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AF = 1 observables

FCNC-effective lagrangian

Gra
2
2\/§TI'SW

Wilson coefficient Chp:

ViVyY  CnQn+he.,
n

Cn=CM+C)F

FCNC operators basis
Qv = diyu(1 —5)d 9" (1 = y5)1,

Qov = divu(1 —5)0) &yH¢,
Q104 = Aryu(1 — v5)d; EyH st

Wilson coefficient modifications
2 od
~ yt a27
ChP

0,

Q7 = eq dryu(1 —5)d g (1 +5)q,
Qo = €9 diyu(1—15)0 g7+ (1 — 75)q,
Q7'y = *zldl(“ _75)0—MV(7}'(6F‘“/)7

QsG = (1 —5)0un T2 (9s G5”) -

n=vv,9V,..,9

n=7v,8G



AF = 1 observables

Operator Observable Bound (@ 95% C.L.)
Ogy B — XsIt1~ —0.811 < a2 < 0.232
O104 B— XsItI= ,B— ptp~ —0.050 < ag < 0.009

—0.044 < aé < 0.133

Oz, Kt = 7t
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AF = 2 observables

AF = 2-effective hamiltonian

AF=2 GIZZ Msv Jo ay g8 B
H = C(w) Q, Q= (d yu PLaf)(d7 v PLd}")

eff T4 2

Mixing amplitudes:

i (KOIHGP=IKO)"

_ (BYIH5P-2189)"
12 2 my

2 mBq

M —

2= g=4ds,

Either K or B-system,
M2 = (Mi2)sm + (Mi2)np
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AF = 2 observables

Neutral kaon oscillation

AMg =2 [Re(M1K2)SM + Re(M1K2)NP] ,

= 7 attgreg I (V) g (5),,

Neglecting all contributions proportional to y, 4.s and y¢ with n > 2:
(M{S)np ~ m2 XF O (J’rz aw, ¥ ap, ¥i (ag)z)

+mAZO (}’c2 aw)

+2m3 At Ac O (}/zz aw, yi ach)



AF = 2 observables

Neutral meson oscillation

Mixing amplitude

2ipp
/\/’1‘72 = (M‘?g)SM CBq e q

By s-mass differences

AMq = 2|Mf,| = (AMq)su Ca,

NP effects from Cg, ; and ¢, ,

Cp, =Cg, =

140 (yF aw, v (82)?) + 10 (y¥5 awace )

w8, = v8, ~ O (V2¥3 aw, acp )



AF = 2 observables

Neutral meson oscillation

Mixing-induced CP asymmetries Syxg & Sy for BY — ¢ Ks & B — 1 ¢
Sykg =siN(28+2¢8,), Syp =sin(28s —2¢p,),

UT-angles 8 & Bs

vV, ViV
Bzarg<— chv“’> : ﬁszarg<— b ’s>,
th Vtd Vep Ves

RBF{/AM
11+ (aw + iace) y2°

Cs,

Rer/am ~



AF = 2 observables

B-semileptonic CP-Asymmetry

= (0.594 + 0.022) aZ + (0.406 + 0.022) S

sI - sl

NP contributions

F?z = (F?z)SM C;Bq with (’fsq =142 aw yg,

éi sin (qsq + 2505q> ,
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€K VS.

a's from g;0;
acp = £0.1 — e =~ 1.1%, 5RBF{/AM’z_1~4%7
aw =01(=0.1) —  Jex ~ +26%(—19%),  ORgg/am ~ —25%(+30%),
ad =+0.1 — Sex ~ 124%, 5Rer/am ~ —62%.
_ o _EXp  QeXp
k(e & Sy~ STR) & !

= SHD + MFV able to soften = — Sk, anomaly, but not the
SM tension for



ek VS. Agr/am from O4

| e:correlation = — Fgn oy
1 %: SMvalues

{ Green & Orange: 1,2, 30 exp
@ values

acp € [—1,1]

30
25}
R
+ 20}
o h
S5
=
S
10}
I b
05 B Exclusive case Inclusive case
<« <—>
0_0-...|....|....L..J‘|....| |
1.7 1.8 1.9 20 2.1 2.2 2.3
ek (x1079)

3

I

ul
it
N
»
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Sye vs. Ab, from

Oy

T

00355 00360

Sﬂr(f)

00365

00370

{ e: correlation Sy — A%
4 *: SM values

Large values for acp
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STRONG HIGGS DYNAMICS

+
MINIMAL FLAVOR VIOLATION

U

Different MFV phenomenology for the perturbative Higgs
and the strong interacting regime, e.g., O4

Natural GP (O4) @ LO!

£k — Sy, anomaly removed, still SM tension for
BR(BT — ttv)

Small §S,, & JA2 experimentally allowed



Thanks!



Tools
_ ig j ig
D,U=9,U + 57 wiu — 7UTS B,

T=UrUT, T LTLY,
V. = (D,U)UT, V. — LV,LF.
Lagrangian for interaction between the gauge fields and the scalar sector:

1 , 1 L V2
L= = WL WY — BB + LTV + oL,

2
Lo —2 = awz VT THT V] THT V4],

Non-linear Yukawa interactions:
v

A
T2

Q. YUQr+hec., Qr = (ug,dr)



Tools

y= Yy 0) _ (Viyy o0
“\0 Yp/) T L O Yp
Spurion field ~ (8, 1, 1) for new FCNC effects

e = YuYi+ YY) = Viyiv + v

d, =4 ops.
i ,_
01 = EQLAF’Y“ {T,Vp.} @, Op = IQAFY*VLQL,
_ 1
O3 = IQAATV,TQ, , O4 = 30 TV, QL.

Effective Low-Energy Lagrangian

6Ly —4 = —\% [W“’rUL'yu(aW + iacp) (yf,VJr Vy%) D+ h.cA] +
302 [ 00 (v + VWBVT) Ui+ aDi (v + VIvEV) 0]

u — d — _ _
a; :a1 +ax+as, az 7_81 a — as, (0.4)
aw = a» — aa . arp = —as .



Non Unitarity and CP Violation

Vj= vy [1+ (aw + lace) 03 + ¥3)]
Z Vie ‘7jk ~ b + [2 aw yf + (ay + ach)Yf] 0itdjt
k

Sk Vi Vig = 8+ [2aw y2 + (8, + a2p) V] Vi Vy

Vik Vi 2 2 2 2
g <— Vi v,-,> +ace [2aw (v5 - v2) (v4 - ¥3) +

(3= 3) (V3 + 2 +y3 +3) ] +0(a",

2 .2
~a+2y, ¥ aw ace,

v
arg | — -2 ~B—2ysy?awace,
Vi Vig

~y—2yiytawace ~ .



AF =1 observables
FCNC-effective lagrangian

Gra

——— ViV > CnQnthec.,
2\@71'5%, ' o

Wilson coefficient Cp:
Cnh=C3M 4 chP
FCNC operators basis
Qov = dyu(1 —¥8)d v (1 —y5)v, Q7 = €q divu(1 — ¥5)d; v (1 + 15)q.,
Qov = diyu(1 —5)dj ExH L, Qo = &g Avu(1 —75)d; gv* (1 —5)q,
Q104 = divu(1 — 5)d; Lyt st , Q7 = Hdi(1 = y5)oudj (e FHV),
Qo6 = (1 — 5)0 T30} (95 G4”)

Leading NP contributions non-linear MFV operators:

3“-“

CMP = —ky?ad, CNP = +stwyt 5
cNP — 1—4s2,)y2 ad, CNPf —2rkc2, y2ad,
i ag wYt 4z
CMe = —ky? ag, CY =c)f =o0.
Bt — rtu

Bt — tTu-tree-level charged current process.

BR(B™ — 7Tv) =

2

G2 mg+ m? m2 ) 2
FT 1_m2 F,52;+|Vub|2 1+(aw+’aCP)Yg B+ »
B+

Fg+ is B decay constant.



AF = 2 observables

AF = 2-effective hamiltonian

HAF:Z —
eff 47_‘_2

Q neutral meson mixing operator:
Q = (3% v PLd?)(d] v* PLdf)
Mixing amplitudes Mi, (i = K, d, s):

<RO‘HeA"S:2|KO>*
2mg

(B8

ME =
12 2 mg,

q _
) My, =

)

with g = d, s. For the K system, M, = (ML) i + (MI5,) yp- Neglecting all
contributions proportional to y,, 4.s and yg with n > 2:
(Mi)su = Ric[n2 X So(xe) + 11 A2 Soxc) + 2 A Ae Solxe, x1)|

(4my? a§)2>
2

(M) np Rk +2m1 A2 aw y& G(xe)

1o N2 <y,2 aw + y2 ) Glx) +

+2m3 At Ac (.Vtz (2aw + a%p yE) H(xt, Xc) + 2 aw y& H(xe, Xz)) }

RK = G'% MEV
12 72

F}z( myg BK



AF = 2 observables

Neutral kaon oscillation

AMy = 2 [Re(Mfy)su + Re(Mi)ne | .

i pe
ek = AA;NZ)GXP [im (nfg) 4+ m (M) ]

Neutral meson oscillation

q _ (9 2i¢p,
My = (My5)sm CBq € 9,

NP effects from CBd,s and ¢p, |

q 2 * ; G,%.Mﬁv 2 £
M, = Rg, [)\, So(xt)] . with  Rg, = —"—VF3 me, By, s,

By s-mass differences
AMg = 2|Mf,| = (AMg)su C

G(xt) o\, (4ryfag)?
So(xt) * b) * 92 So(xt)

G(xt)
So(xt) |’

+2iawacp y? yE

Cp, =Cg, = |1+2aw (y,2




AF = 2 observables
Neutral meson oscillation
Mixing-induced CP asymmetries Sk, & Sy for By — ¢ Ks & BY = ¢

Sykg =sin(28+2¢8,), Sye =8iN(28s —2¢p,),
UT-angles 8 & s

Vi Vg VE Vi
=arg|--2-%], =arg | -—-2 ,
’ g( Vi Vw) * g( Vy Ve

G(x1)
So(x)

New phases

2 2
Y8, = P8, =2awacp ¥i ¥p

Rsr/am

! 2

R = —
BR/AM 2 Ca

2 .
3rrgr  m2 |Vl <1 - m’ﬁ) |1+ (aw +iacp) ¥2
41 Bg, So(xt) My |V Vig|? By

d



AF = 2 observables
B-semileptonic CP-Asymmetry
Ab = N;r+ — Nl;7
TN N

Nf* & N, ~ number of events containing two ¥ or 1.~ In pp colliders, such events can only
arise through B4 — B or B — B mixings.

A% = (0.594 + 0.022) &% + (0.406 + 0.022) a5, ,

ad = ( 2)5"” sin¢g = (5.4 +1.0) x 1072 sin ¢y,
( 12)SM
as ( ) Sln¢ -3 o
o = s =(5.0£1.1) x 107" sin¢s,
(M3,) sy 12)SM
— d _ o o
ba :arg<7(M12)SM/<F12>SM)774.3 +1.4

gs = arg (= (M3;) g / (T2) gy ) = 0.22° +0.06°

NP contributions . . 5
Y, = (M)sm Ca, with  Cgy =1+2awy,,

aZ, _ (r 12)SM
(M12)SM

CBq - sin <¢" + 2“’%) ’




Impact on the observables of specific parameter values

Parameter dek 5Rgr/aMm SAD

acp =0.1(-0.1) ~1.1% ~ —1.4% ~1.1%(—1.6%)
aw =01(—0.1) | ~ +26%(-19%) | ~ —25%(+30%) | ~ +33%(—23%)
ad =+0.1 ~ 124% ~ —62% ~ 160%
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Phenomenological Analysis
Input parameters and the SM analysis

>

Wolfenstein parametrization to describe the CKM matrix, where the parameters
are fixed considering the value of Vis, Vg, v and |V |, which are related to
tree-level processes and therefore hardly affected by NP contributions.

Vus and Vg, appear to be relatively well measured, compared to V;, which has an
error still of the order of 10%.

Actual tension between the exclusive and the inclusive experimental
determinations of | V[, which translates into the well known ex — Sy, and
BR(B* — ttv) anomalies.

~ of the By unitarity triangle, despite of being a tree-level SM processes, still
suffers from a large uncertainty. Two scenarions:

Exclusive determination of |Vyp|, Sy is predicted to be very close to the
experimental determination of sin(28)p_ czs, While e ~ 1.8 x 10~3 is clearly
below the measured value. Furthermore, for such a value of | V| the

BR(B™ — 7tv) is predicted to be smaller than the central experimental value by
more than 2¢. If NP is advocated in order to solve (or at least to soften) these
anomalies it should enhance the value of ex and BR(B* — 7+v), while having
negligible impact on Sy k.

Inclusive determination of | V|, the SM prediction for e is closer to its
experimental determination and BR(B* — 77 v) agrees with exp. within the 1o
level. However, S, is above the measured value. If NP is advocated in order to
solve (or at least to soften) this anomaly , it should deplete S, k,, while leaving
basically unchanged ex and BR(Bt — 7tv).



Phenomenological Analysis
Input parameters and the SM analysis

G = 1.16637(1) x 107° GV~ [30] [ mg, = 5279.5(3) MV [20]
My = 80.300(23) GeV [30] | mp, = 5366.3(6) MeV [30]
st = sin® By = 0.23116(13) [30] | Fa, = 205(12) MeV [32]
a(Mg) =1/127.9 [30] | Fg, = 250(12) MeV [32]
o (Mz) = 0.1184(7) [30] | By, = 1.26(11) [32]
my(2 GeV) = 1.7+ 3.1 MeV [30] | B, =1.33(6) [#2]
mg(2 GeV) = 4.1 + 5.7 MeV [30] | Fa,\/ Ba, = 233(14) MeV [32]
ms(2 GeV) = 100530 MeV [30] | F,y/Bp, = 288(15) MeV [32]
me(me) = (1.279 £ 0.013) GeV [36] | £ = 1.237(32) [32]
mp(mp) = 4197058 GeV [30] | ye = 0.55(1) [a7, 38
M, = 1729+ 0.6 £0.9 GeV [30] | AM = 0.507(4) ps~! [30]
mye = 407.614(24) MeV [30] | AM, = 17.77(12) ps~! [30]
Fx = 156.0(11) MeV, [32] | sin(23)p—sees = D.673(23) [30]
Bye = 0.737(20) [32] | ¢¥® = 0.55505 [39, 40]
#e = 0.923(6) [41] | ¢¥* = 0.03 +£0.16 +0.07 [42]
@e = (43.51 £ 0.05)° [43] | Rangs = (2.85£0.03) x 1072 30
m = 1.87(76) [44] [ A% = (—0.787 £ 0.172 £ 0.003) x 10734
i = 0.5765(65) [37] [ Vis| = 0.2252(9) 30
73 = 0.406(47) [45] | |Vis| = (40.6 £1.3) x 1073 [30]
AMye = 0.5292(9) x 1072 ps™? [30] | [Viseh| = (4.27 £ 0.38) x 1072 [30]
k] = 2.228(11) x 1072 [30] | |V | = (3.38 +£0.36) x 1072 [30]
o= = (1641 £8) x 1073 ps [30] | [Vepmb| = (3.89 4 0.44) x 1072 [30]
BR(B* — vtuv) = (1.65 +0.34) x 1074[30] | v = (73£32)° [30]

Table 2: Values of the experimental quantities used as input parameters. Notice that mi(m;) are the
masses m; ot the scale my in the MS scheme while My is the top-quark pole mass.



Phenomenological Analysis
|Vup| — v parameter space
Sy
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Phenomenological Analysis
€K
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Phenomenological Analysis
AMg,
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Phenomenological Analysis
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Phenomenological Analysis
Rer/am
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Phenomenological Analysis

In order to illustrate the features of the MFV scenario with a strong interacting Higgs
sector, the numerical analysis of the following sections will be presented choosing as
reference point, (| Vys|, v) = (3.5 x 10~3, 66°), corresponding to Sykg ~ 0.692 and
Rawmg ~ 2.83 x 1072, For this point

ex =18x1073%, Rsg/am = 1.6 x 107* ps.

Sypy = 0.036.

Al =—23x107* (ag=-40x107%, a5 =19x107%),
acp =0.1(-0.1) — SAL = 1.1%(1.6%)
ay =0.1(-01) — SAb, ~ 33%(—23%)
a3 =+0.1 — SAL ~ 160% .
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Sye vs. Ab from 015
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