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STRONG HIGGS REGIME

If m? =Xv?and A > 1= my > TeV...
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STRONG HIGGS REGIME
If m? =Xv?and A > 1= my > TeV...

R _ i)y - o A m Vart
b= < —U=e¢e (no mass dimension!) # = N -

Global Local

SUR2)L x SURR)r — U ~(2,2)  SU(2). x U(1)y — L(x)U(x) RT(x),
L(X) — eI'E'L(X)“I_"/27 R(X) — eiey(x)'r3/2

Covariant derivative

DU=9,U+ ErW U - EUrB,.
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dynamics?
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What changes if the Higgs has strong interacting
dynamics?

As in strongly interacting QCD «s ~ 1 = unsuppressed

multiple gluon emission

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

Soee )
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What changes if the Higgs has strong interacting
dynamics?

Model independent: effective lagrangian approach
ot » -
o = ( 9 ) — U = ™" (no mass dimension!)
Building blocks: U, D,U, T = UnUf, V, = (D,U)U!

Tower of operators contain, e.g.,

2

"4
7 TVAV,L.
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h THERE, NOTHING ELSE UP TO TeV...

= STILL STRONG DYNAMICS
Giudice, Grojean, Pomarol & Rattazzi '07
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What if this light Higgs comes from a STRONG REGIME??...

h THERE, NOTHING ELSE UP TO TeV...

= STILL STRONG DYNAMICS
Giudice, Grojean, Pomarol & Rattazzi '07

2

h
= a0 |ptaz+b=+...|, p=

4
for f

We focus on the 1st term for v = f.
Now go to FLAVOR =
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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 G¢ for mgyaus = 0
Gr = SU(3)q, x SU(3)u, x SU(3)p,

QL ~ (3,1,1), Ur ~(1,3,1), Dr~(1,1,3)
Py = QLYpDr® + Q,YyUr® + h.c.

recovering Gr
fr—

Yy ~(3,3,1) & Yp ~(3,1,3)
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0d=
L= ,Cs/w-i-a, + ...

Od:G ~ Cap ’(/_)afyul/)ﬂ (CDTDHCD) ; CaB Cys 1/_@1/1&1;7%

¢ ~ YYT, D'Ambrosio, Giudice, Isidori & Strumia '02

Minimally flavour violating main A ( [TeV]
dimension six operator observables - 4+
Oy = l(QL)\FcJ r'uQL)Q ek, Amp, 6.4 5.0
Opy = Hf DR)\dAFcaWQL) L B— Xy 03 124
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Od:G ~ Cap ’(/_)afyul/)ﬂ (CDTDHCD) ; CaB Cys 1/_@1/1&1;7%

¢ ~ YYT, D'Ambrosio, Giudice, Isidori & Strumia '02

Minimally flavour violating main A ( [TeV]
dimension six operator observables - 4+
Oy = l(QL)\FcJ r'uQL)Q ek, Amp, 6.4 5.0
Opy = Hf DR)\dAFcaWQL) L B— Xy 03 124
Oct = H'(DpAghpco,, T° QL) Gl B— Xy 26 35
On = (QrArc,@Qr)(Lry,Lr) B— (X)f, K—mp (m)tl |31 27 =
Onp= (Qui\rey,mQu)(Ley,m™Ly)  B— (X), K—mw, (r)fl |34 30 «
O = (Qy Arev,Qr)(HYiD,H) B— (X, K—mp(m)fl |16 16 =
Op = (QrArcy,@r)(Dry,Dr) B—Km, dfe,... ~1

= A~ TeV
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Non-linear expansion @ d, = 4
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Correspondences

MFV with linear EWSB had also 4 ops. ©9=° @ LO
Only 2 are siblings of those (O )

Now O34 new!
and...

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



STRONG HIGGS DYNAMICS + MINIMAL FLAVOR VIOLATION

6La s =~ %
g
C

— 5o 2" 2200 (vh + VybV") Up + a2Di (vh + VIV V) D1

(W Upyu(aw + iace) (Y V + Vyp) DL+ h.c] +

a;zal+ag+ag7 3%581—32—33,
aw = a2 — as,

dcp = —as .



STRONG HIGGS DYNAMICS + MINIMAL FLAVOR VIOLATION

Lo —a=— % Wy, (aw + iace) (Y3 V + Vyd) Di + h.c.] +

5L 24 (55T (3 + VIBVY) Ui 92D (v + V1Y) D1

8%5314‘32-"-837 a§581—32—33,

aw = ap — as, dcp = —as .
\/.. — H 2 2
Vi = Vi [1+ (ow + face)02 + v3)]

<
2



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



AF =1

Wilson coefficient modification = Qgz,, Qgv, O7...

AF =2

Modifications on = I\/I1K2, €K, I\/lfés, Als’,
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AF =1 observables

2\/G§F:ssv ViVey> o, G Qn+he, C, = CSM 4 cNP

FCNC operators basis

Qv = divu(1 = v5)d; 4" (L = s)v, Q7 = eq divu(l — v5)d; §v*(1 + 7s)q

Qov = divu(1l —7s)d; "L, Qg = eq divu(1 —5)d; gv*(1 — 75)q,

Qioa = divu(l —5)d; Tyt Q7y = gdi(1 —5)o,d; (e FI),
QSG - ﬂzd(l _75)0'/1,117— d (gs a )

Wilson coefficient modifications
~y2a%, n=vv,9V,..,9
o
0, n=7v,8G



AF =1 observables

Operator Observable Bound (@ 95% C.L.)
Ogv B — XTI~ —0.811 < a9 < 0.232

Owa B — X1~ B — ptp~ —0.050 < a2 < 0.009
Os, K+ = rtiw —0.044 < 2 < 0.133




AF = 2 observables

AF = 2-effective hamiltonian

3 G M?2 —a [AY™
HeAffF_z— A 2W C(n)Q Q= (d" v, PLd] )(d{aryﬂpl‘dfp)



AF = 2 observables

AF = 2-effective hamiltonian

HE GMﬁVC() Q = (df v PLd®)(d v PLdf)
eff T T2 =\a; Yp Frap g 7 FLa;

Mixing amplitudes:

(RO 1K)
2 mg

(BgMar—1Bg)*

M =
12 2 mBq

M7, = qg=d,s,
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AF = 2 observables

AF = 2-effective hamiltonian

war=2 — G M C(w) @ Q = (d? v, PLd)(d] v PLd)
off —42 = \4d; Y FLa; iV rLa;

Mixing amplitudes:

(KO Hed 2 K)
2mK

(BgMar—1Bg)*

My =
12 5 ma,

M7, = g=d,s,

Either K or B-system,

My = (My2)spm + (Mi2) e



AF = 2 observables

Neutral kaon oscillation

AMyg =2 {Re(/\/l{é)sm + Re(M;{g)NP} )

K= T m (M) g, + m(M)



AF = 2 observables

Neutral kaon oscillation

AMyg =2 {Re(/\/l{é)sm + Re(M;{g)NP} )

K= T m (M) g, + m(M)

Neglecting all contributions proportional to y, 4 s and y[ with
n>2:

(M{S)np ~ 12 X2 0 (yt2 aw, yi agp, yi (#)2)
+mA20 (vZaw)
+2m3 A A O (vZ aw, vy azp)



AF = 2 observables

Neutral meson oscillation
Mixing amplitude

Mf, = (Mf,)sm Ca, e?! %8
By s-mass differences

AMg = 2|M,| = (AMg)sm Ca,

Cg, =C

d

B, = 1+(9(yt aw, yi (a%) )+ ’O(ytyb awacp)

vB, = B, ~ O (yiyh aw, acp)



AF = 2 observables

Neutral meson oscillation

Mixing-induced CP asymmetries Sy, & Sy4 for
B — ¢ Ks & B — ¢

Syks =sin(25+2¢g,), Sye =sin(28s —2¢g,),
UT-angles 5 & (s
V* Vg Vi Vis
=ar _ch>’ Ear(—“’ ),
i (- Vv
Rer/am

. 2
11+ (aw + i acp) yi|
Rer/am ~ s

d



AF = 2 observables

B-semileptonic CP-Asymmetry

Ab = (0.594 + 0.022) aZ + (0.406 + 0.022) a°

sl »

NP contributions

F§’2 = (r;’2)s|\/| CNBq with éBq =1+2ay yg ,

(rg2)5/w éBq .
(I\/’T — SIn (¢q+2ngq) 5

)SM Bq




EK VS.

a's from a;0;

acp = £0.1 — (58;( ~ 11%,
aw =0.1(-0.1) — dex = +26%(—19%) ,
al =40.1 — ek ~ 124%),

SR~ —1.4%,
OR ~ —25%(+30%),
OR ~ —62%.



EK VS.

a's from a;0;

acp = £0.1 — (58;( ~ 11%, OR =~ —1.4%,
aw =0.1(-01) — dek ~ +26%(—19%), R ~ —25%(+30%),
al =40.1 — ek ~ 124%), 6R ~ —62%.
~ - p exp
ckh(m S & Suk = STR) & !

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



e =)
n (=]

Lot
=

Rgr/am (<10 4 ps)
=

,_.
tn

ek vs. Rer/anm from Oy

e: correlation
EK — RBR/A/\/I
*: SM values

Green & Orange:
1,2,30 exp. values

acp € [—1,1]

I
i
it
S
»
?



Spe vs. AL from O,

AL (x10%)
e
tn

-45:

-50 [ eq 5 g L L L A |
0.0350 0.0355 0.0360 0.0365
St’mf)

00370

e: correlation Sy, — Ab
*: SM values

Large values for acp
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STRONG HIGGS DYNAMICS

_l’_
MINIMAL FLAVOR VIOLATION

4

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

Natural CP(0,) @ LO!!

ek — Syk.anomaly softened, still SM tension for
BR(B* — 7+v)

Small 6S,, & AL experimentally allowed



d, = 4 ops. have effects also on b — s7...

Going to d, = 5...



QLOIU QR

01 =V, V¥, Oy =V, TVAT
Oy =V, VET,  O5=TV, TV
O3 =V, TV*  Og=TV,TV+T

QLo O;UQR

O7 = [V, Vo], Oy = [V, T,V, T]
O =[V,,V,]T, Op=[V,T,V,T|T

Dipole-type

Oun = Buua O = WMI/v O =T WHV
012 = Buu T7 014 = Wp,u T7 016 =T W[U/ T



= Impact on AF = 1 observable...dipole-type
operator

/
5 H DrYaArco,u Qu F™,
NP

b — sy From d, =5

ary v a 107*%—-103

=% <
f 2V2 N T TeV
/\NP ~ 10TeV

Q7y = Cw aB,, + sw awgy



= Impact on AF = 1 observable...dipole-type
operator

b — sv From d, = 4

aw,acp,ag ~ O(1)




Thanks!



Tools
_ g i ig'
D“U = 8ﬂU + 77’,‘ WM U - TU T3 B;U«
T=UnU', T - LTL,

V, = (D,U)U", V, — LV,L".

Lagrangian for interaction between the gauge fields and the scalar
sector:

2
j v v, vV
L= _Z W'LLVW'M — *B B,LL + ZTr[VMV“] + (5[,,
V2
5£dx:2 = awz Z Tr[T V#] Tr[T V“] s
Non-linear Yukawa interactions:

Py =—Q,YUQr+hc., Qr = (URr, dr)

7



Tools
y=(Yv 0)_ viyy o0
—\0 Y 0 o)
Spurion field ~ (8, 1, 1) for new FCNC effects

e = YuYi 4+ VoY) = viyiv 4 yh

d, = 4 ops.
_Is n _iD u
O = EQMF"/ {T.V.} @, Oy = iQLAFY VL QL,
. 1.
O3 = iQAYHTV,TQ, Oy = EQL)\F'Y“ [T,V.] Q-

Effective Low-Energy Lagrangian

—  _& [wrtp ; 2 2
§EdX:4 = A [W Uryu(aw + iacp) (yUV + VyD) D, + h.cl +

2fw 24 (a5 00y (v + V9 VT) U+ 22D (v + Viviv) o1

— d —
ay =ay+a+a3, ag =ay —ap — a3,

ay = a2 — az, acp = —a4 -



Non Unitarity and CP Violation

) 2 2
Vij =Vj [1 + (aw + IaCP)(yu,- +}’dj)]

<

=¥

=
14

2 2 2 4
S + [2 aw y; + (ay + acp)yt} 3itdje

1

VERY 2 2 2 4
Z k,; j 8jj + [23Wyt Jr(""WJraCP))’t} V;,thj
k

A7 Vi Vi ) 2 2 2 2
arg | — Y7 =arg | — VI + acp [ aw y“j — Yy (,Vd/ - ydk) +
jk Vil jk Vil

2 2 2 2 2 2 2 2 2 2 4
- (3 ay — acp) (yu]. - yu,.) (yd, - ydk) (yu,. + Y+ Ve +Yd,) ]+0(a"),

d

S
g

d

©
X
0

o
=
(]
e N
|
| <t
T*
2
g

2.2
> >~ a+2y,y; aw acp

S* 5
)

o

& 8

2 2
)25—2ybyt aw acp ,

*

<
S8
S

u

®
*
0

2 2
>:772ycybawacpz'v-

<t
ol
Q

c



AF =1 observables

FCNC-effective lagrangian

Gra .
— P Vv, ST G Qn + e
2V2rs, t’z,,: n=n ’

Wilson coefficient Cp:
Co=CM 4 P

FCNC operators basis

Qow = divu(l = v5)dj oy (1 — vs)v, Q7 = eg divu(l — v5)d; av* (L + v5)a,

Qov = djvu(1 — vs)d; Iy ¢, Qo = eq diyu(1 — ¥5)d; gy (1 — ¥5)q,
Q104 = divp(l — v5)d; £xv*s¢ Q74 = %édi(l —s5)ouvd; (e FHY),
Qgg = ?ziai(l — vs5)our T7d; (g5 GI'V) .

Leading NP contributions non-linear MFV operators:

C,’,,\Vf"-,;—fnyfadz, ; C;,:/lg:+2ns§vyfadzd,
CP:R(1—452W)ytZaZ, C%P:—sgcwytaz,
Cioa = —#y; 3z, Gy =G =0-
Bt — v
Bt — 7t u-tree-level charged current process.
2
G2 my. m? m? 2
+ F + 2 2 : 2
BR(B" — 7 V):$ 1*m; Fg+ [Vup|™ |1+ (aw +iacp) vy| T+ >
B+

Fg+ is B decay constant.



AF = 2 observables

AF = 2-effective hamiltonian

GE M3
AF=2 F Mw
Heft == 32 C(m)Q

Q neutral meson mixing operator:
Q = (@ vy PL A )@ +* PLdf)

Mixing amplitudes M{z (i=K,d,s):

7 = B0 AB=2|p0
i _ SKOHEGE 2K o _ (BaIHGE 1B

12 = ’ 12— ’
2mg

2 mgg
with g = d, s. For the K system, MlK2 = (Mle)SM + (MIKZ)NP. Neglecting all contributions proportional to
Yu,d,s and y with n > 2:

K 2 2 *
(My3)sm Rk [m At So(xe) + m1 Az So(xe) +2m3 Xe Ac So(xe, Xt)] ,

K
(Mp)ne =

2 (2 2 2 (4 y2ag)? 2 2
Ry |m2Ar | v; (Qaw +y; acp) G(xe) + Y +2m Az aw ye Glxc) +

*

+213 A Ac (yt2 (2aw + agp y2) Hixe, xc) + 2 aw 2 Hixe, Xt)) }



AF = 2 observables

Neutral kaon oscillation

K K
AMyc = 2 [Re(Mf5) s + Re(Mi)we ]

i
K= %M;)exp [Im (MlKZ)SM im (Ml};)NP}

Neutral meson oscillation

2ig
q _ q B,
My, = (M12)SM CBq e q,

NP effects from ch S and PBy o

- G2 M3 R
q _ 2 . _ My o
M, = Re, [At Sg(xt)] o with  Rgy = - CFG mp, Begms,

By, s-mass differences
AMg =2 |MJ,| = (AMg)sm Cay >

Cs, =Cg, =

G(xt) (47 y2ag)? G(xt)
2 t 2 t 3z : 2 2 t
1+2apw (v +Yp | 5" +2iawacpy; Y .
( ¢ Solxe) ") & So(xt) £ Solxe)



AF = 2 observables

Neutral meson oscillation
Mixing-induced CP asymmetries SwKs & Sy for Bg — P Ks & Bg —> PP

Sykg =sin(2B +2¢g,), Syp =sin(28s — 2¢p,),
UT-angles B & Bs
ViV, Vi Vi
BEarg<f b Cd>, BsEarg(f b ts>,
Vip Vid Vp Ves
New phases
@B, = P8, = 2aw acp Vi Vi Gl
By Bs W acp Y: Yp So()
Rer/am
2 2 2 \2 |1+ (aw + i acp) y? 2
R -~ 37Tt me |Vl mZ w cP) Yb
BR/AM = = — 3 -
4ng B, So(xt) My, |v£ vtd| mg, Cay



AF = 2 observables

B-semileptonic CP-Asymmetry

oy —
b _ Ny — Ny

= s

sl = 4+ J—
Ny N,

N;+ & N;7 number of events containing two T or ™. In pp colliders, such events can only arise through

Bg — E»’g or Bg - Bg mixings.

Al = (0.594 + 0.022) a8 + (0.406 + 0.022) & ,

rd
( ) sin¢g = (5.4 £ 1.0) x 107> sin ¢y ,

S (A
r
aj = (o) su sin s = (5.0 £ 1.1) x 10~ sin o5,
(M3) su
¢g = arg (-~ (Mfz)SM / (r;’Z)SM) = —4.3°+1.4°
s = arg ( — (ML) g / (riz)SM) =0.22° +0.06°

NP contributions . ~ 2
rl, = (M))sm Ce, with — Cgy =1+2apwyj,

(M2) sm

a
(M) s

€y sin (¢q + 2¢Bq) ,

q
s C
Bq

)=




Impact on the observables of specific parameter values

Parameter §€K 6RBR AM (;Agl
acp = 0.1(—0.1) ~1.1% ~ —1.4% ~ 1.1%(—1.6%)
aw =0.1(=0.1) | ~ +26%(—19%) | ~ —25%(+30%) | ~ +33%(—23%)
ad =401 ~ 124% ~ —62% ~ 160%
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Phenomenological Analysis

Input parameters and the SM analysis

G = 1.16637(1) x 107° GeV ™ [30] [ mg, = 5279.5(3) MeV [30]
My = 80.309(23) GeV [30] | mp, = 5366.3(6) MeV [30]
<2, = sin® fy = 0.23116(13) [30] | Fip, = 205(12) MeV [32]
a(Mz) =1/127.9 [30] | Fp, = 250(12) MeV [32]
o (Mz) = 0.1184(7) [30] | Bp, = 1.26(11) [32]
m(2 GeV) = L7+ 3.1 MeV [30] | Bp. = 1.33(6) [32]
ma(2 GeV) = 4.1 + 5.7 MeV [30] | F,/ Ba, = 233(14) MeV [32]
my(2 GeV) = 100133 MeV [30] | F,\/ Bp, = 288(15) MeV [32]
me(m.) = (1.279 £ 0.013) GeV [36] | £ =1.237(32) [32]
my(ms) = 4.19750% GeV [30] | 75 = 0.55(1) [37, 38]
M, = 17294 0.6 £0.9 CeV [30] | AN = 0.507(4) ps~ [30]
my — 407.614(24) MeV [30] | AM, = 17.77(12) ps~! [30]
Fi = 156.0(11) MeV [32] | sin(25)bmees = 0.673(23) [30]
By = 0.737(20) [32] | ¢¥¢ = 0.55105 [39, 40]
e = 0.923(6) [41] | ¢¥* = 0.03 +0.16 +0.07 [42]
e = (43.51 £0.05)° [43] | Ranr, = (2.85£0.03) x 1072 30
m = 1.87(76) [44] [ A% = (—D.787 £ 0.172 £ 0.093) x 10 7[34
o = 0.5765(65) [37] [ Vis| = 0.2252(0) 30
3 = 0.406(47) [45] | |Vie| = (40.6 +1.3) x 1072 [30]
AMpe = 0.5292(9) x 1072 ps~! [30] | |Vimel| = (4.27 £ 0.38) x 1073 [30]
lex] = 2.228(11) x 1072 [30] | [Vl | = (3.38 £ 0.36) % 1072 [30]
The = (1641 £8) x 1079 ps [30] | |Vieemb-| = (3.89 £ 0.44) x 102 [30]
BR(BT — v70) = (165 + 0.34) x 107430] | v = (73L3)° [30]




Phenomenological Analysis

|Vip| — v parameter space
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Phenomenological Analysis
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Phenomenological Analysis

AMeg,

Suk
060 062 064 066 068 070 072 074

0.0042 -

0.0040 -

2040 2045

0.0038 -

Vil

0.0036 -

0.0034 -

00032+

0.0030

20.30 20.35
AM, (ps™)

2025

2020



Phenomenological Analysis
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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,

(|Vubl, v) = (3.5 x 1073, 66°), corresponding to Syk, ~ 0.692 and
Ram, =~ 2.83 x 1072, For this point

ex =1.8x 1073, Rer/am = 1.6 x 10™* ps
Sype = 0.036.
AL = —23%x107* (a9 =-40x107%,  a5=19x10"%),
acp = 0.1(—0.1) SAD ~ 1.1%(1.6%)

—
aw =01(-01) — SAL ~ 33%(—23%)
ag =40.1 — SAb ~ 160%.
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From O, acp from O,
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From all O;

aw — acp and
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Sy VS. AS/ from 013 e: correlation S5 — AL,
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Spe vs. AL from all O; e: correlation Sy, — A%

*: SM values
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