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NP search strategies

o High-energy frontier: A unique effort to determine the NP scale

¢ High-intensity frontier (flavor physics): A collective effort to determine the
flavor structure of NP

Where to look for New Physics at the low energy?

e Processes very suppressed or even forbidden in the SM

» FCNC processes (i1 — ey, 7 — -, Bg{d —utp=, K— i)
» CPV effects in the electron/neutron EDMSs, de p...
» FCNC & CPVin Bs 4, D decay/mixing

e Processes predicted with high precision in the SM

» EWPOas (g—2),: ap® —aSM ~ (34 1) x 109, a discrepancy at 30!

» LUIn RY"=T(M — ev)/T(M — ) with M = =, K
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Experimental status

Observable SM Theory Present Future | Future
prediction error result error Facility
SBe o 0.036 < 0.01 <70.2] 0.01 | LHCb
Sp, ok sin(24) <0.05 0.444+0.18 0.1 LHCb
. —5x10~* 104 —(5.8+3.4)107% | 10~3 | LHCb
A3 2x 105 <105 (1.6 +8.5)10~3 10~3 | LHCb
Acp(b—s7) < 0.01 < 0.01 —0.012£0.028 0.005 | Super-B
B(B—1v) 1% 10~4 20%—5% | (1.73+£0.35)10* 5% | Super-B
B(B— uv) 4 %1077 20% — 5% <1.3x10°® 6% Super-B
B(Bs—utp™) 3x10°° 20% —5% <45x107° 10% | LHCb
B(By—ptu™) 1x10-10 20% —5% <15x10°8 [?1 LHCb
B—Kvi 4 %1076 20% — 10% <1.4x10°5 20% | Super-B
19/P|p—mixing 1 <103 (0.86"51%) 0.03 | Super-B
o0 0 <102 -(9.6183%)° 2° | Super-B
B(K* —xtvp) | 85x 10~ 8% (1.737512)1071° | 10% | K factory
B(K,—7%p) | 2.6 x 10" 10% <26x10°8 [?] K factory

[Altmannshofer, Buras, Gori, Paradisi, and Straub, '09; Isidori, Nir, and Perez, '10]

Superstars of 2011-2013 in flavour physics: ;1 — ey, Bs— ¢, Bsg—pu ™
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Messages from the B-factories
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“Very likely, flavour and CP violation in FC processes are dominated
by the CKM mechanism” (Nir)
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UT tensions
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Similar conclusions from the CKMfitter collaboration (’10)

© These “UT tension” are interesting but not significant yet.
® To monitor the impact of BSM scenarios on the UT analyses.

® To monitor the implications of possible solutions of the “UT tension” in BSM

scenarios.
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Time-integrated CP asymmetries in D° — K*K—(n+77)

o Experiment: Aacp = ag+x- — a

it

Aacp = —(0.67 £ 0.16)% [LHCh 11, COF 11, Belle ‘08 and BaBar 07
_(D°—=fH-r(D° =1
T (D° — )+ (D° — 1)
e Is it possible Aace @ % in the SM? See Silvestrini’s talk

as , f=K'K ,nfn™

« Theory: SCS decay amplitude A¢(Ar) of D° (D°) to a CP eigenstate f
A = Al [1 + 17 e"(“’”’)} ,

As

T .
nee Af €' [1 + rfe"‘s""’”}

Direct CPV <= r; #0,0 #0and ¢; # 0
4 12
adir — |Af|2 - ’A”

= A |2 |Z\ |2 = —2rssin é sin ¢
(- + |Af
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Effective Hamiltonian for D° — K*K~(n*x

e General Effective Hamiltonian isicori kamenik, Ligeti & Perez, 1]
Gr

M = 7 > (CIaI+CPQf) + Y (CQi+CiQ) +He.,
2,4 12,56 i=7.8
Q] = (ug)v-a(qc)v-a, QF = (Uaqs)v-1(qsCa)v-a,
Q! = (Ge)v-a(Gq)via,  Qf = (UaCs)v-a(GsGa)va,
@ = 862 Me U0 (1 + 78) F™ €
Q = 8952 me o, (1 +75)T2GL ¢,

e D— Dand ¢ /e constraints: |Ac| = 2 and |As| = 1 eff. ops are generated by
“dressing" T{Hx; 2" (x) Hiaci—1(0)} and T{Hx, ¥ (x) HE'(0)}

|Ac|=1
Allowed Ajar Disfavored
07 8 Q; . Ogc2 u,8d,b,0) OfEd Céss—d)l
vf 01 ', Qécs—u,b)/ Qéot)w stg) CgEd,c—u,Bd,b

» The effects induced by QY are suppressed by m2/M3 !
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Time-integrated CP asymmetries in D° — K*K—(n+77)

o “Relevant” Effective Hamiltonian

_ Gr
Hipgt = —= Y _CiQ+he
|Ac|=1 i )
\/é i

me -
Q = 470 Uopuw T2gsGh” cr,
és = yp 2URO‘WJT gsG‘“’cL

o Aacp: SM + NP

Aacp

Q

sin 6, [Im( o Vup)Im(AR®M) + 2’: Im(G" ) Im(ARY)

= —(0.13%)m(AR™) - 9> "Im(C") Im(AR™"")

ARPM x as(mg)/m ~ 0.1 in perturbation theory and ai* = —ad™ in the SU(3)

limit. In naive factorization ’Im(ARNPB,S) 2 0.2 [Grossman, Kagan & Nir, 06]

Aagh ~2Im(Cy" +Cs'")
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Lessons & Questions

e Lessons:

» On general grounds, models in which the primary source of flavor violation is linked
to the breaking of chiral symmetry (left-right flavor mixing) are natural candidates to
explain this effect, via enhanced chromomagnetic operators.

» The challenge of model building is to generate the AC = 1 chromomagnetic

operator without |nducmg dangerous 4-fermion operators that lead to unacceptably
large effects in D° — D° mixing or in flavor processes in the down-type quark sector.

e Questions:

» Which are the most natural NP theories to account for Aacp @ %?

» How to test and discriminate among different new-physics models? Looking at
connections between Aagp and other independent observables.

[G.F.Giudice, G.Isidori, & P.P, '12]
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Testing direct charm-CPV

e Aacp vs. direct CP violationin D — V’y [Isidori & Kamenik, '12]

Im[C7(me)] 105 1/2

el =000 [0 (5o - O
Cme) = i [nC(M.) +8Qu (n — 1) CY(M.)] @)
c)(me) = FCP(M.), (3)

 Tas(M)1F [as(m) 15 [as(ms)]%
"—[as(m,)] [as(mb)} [as(mc)] ’ @

 Tas(M)1# [as(m) 1% Tas(ms)]%
"—[as(m,)] [as(mb)] [as(mc)] ' ®

e In SUSY one can find (77 10 appean

_5 1/2

= sfed”| < (gl o) e @
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Aacp in SUSY )

o Direct “12” transition

V2nasig (612),5 5
T Grme ﬁ7<2; 98(Xgq) » 98(1)—*%

Céf?) _

o Effective “12” = “13” x “32” transition: quasi-degenerate squarks

B V2rasing (0%3),, (9%)1q (952) ar E "

(9) _ -
CB - Gch fhg (ng) ) F(1 ) - 360

o Effective “12” = “13” x “32" transition: split squark-families

B V2masing (0%3),, (5%),7 (952) ma
Gch ﬁ72

a3

Cég) = 98(Xgq)

[G.F.Giudice, G.Isidori, & P.P, '12]
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Aacp in SUSY: two scenarios

e Aacp in SUSY: two scenarios

(Aa%ESY‘ ~0.6% (‘Im(éﬁ)ig’) (@) ,

103 m

o Disoriented A terms (proportionality but not alignment with Yukawas)

Im(A) 012 m, Im(A 0 T _
I (3),,, ~ R (2A) (D) (T ) n0e,

* Split families: mg, , > mg,, (933) 5, = Ami/ Mg,

(54,2)7;5 = (54‘3)% (553)/1 (5g2)LL ) (572)i = (‘54]3)LL (5g3)HL (6g2)RR :

(X =0(10"%) ,
(A =0(107%).

(6:‘3!2)LL = O()‘z)’ (5%13)/?9 = O()‘z) - (54’2)7::: =
(6;13)“ = O()‘s)’ (65’2)/?/? =0(}) - (5#’2)?}: =

[G.F.Giudice, G.Isidori, & P.P, '12]

Paride Paradisi (CERN) Direct CP violation in charm and flavor mixing beyond t Capri, Italy 12/30



o The D°-D° transition amplitude can be decomposed into a dispersive
(My2) and an absorptive (I'12) component:

= i
(D°|Hes|D°) = M — érf’2 .
o Physical parameters
M re M5,
X12—2| 12', }’123%7 ¢12—arg<rg )»
12
e The 95% C.L. allowed ranges by HFAG are
X1z € [0.25,0.99]%,  yi2 €[0.59,0.99]%, ¢ €[-7.1°,15.8°],
o Effective Hamiltonian
Har - = = Ty T S Zz,o°“ +He.
Q" = Ugcl'upe), QY =Ugcupcl
Qf =TaelTjcy, Q8 =0Rc)T/ch

|zo| <1.6 x 107",

|z4) < 5.6 x 1078

|zs] <5.8x 1077,
|zs| < 1.6 x 1077,

13/30
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Aacp vs. D°-D° & €' /e in SUSY

|aa| ~ 0.6% (W%) (%> |

9 10 (TVN? T (05)p 12
~-5x10 —= |

e Aacp

o D°-D° mixing

G 1x10-8

2 (su u
@ —10 (TeV\" (032),p (812) A
A~ 20 (T0) (kg

o ¢/e
€/e ~ (9%2) 15 (‘%)F{LAﬁ/ ~ meZ:MEV A2 i2
(¢'/€)sm A5 m? m A
* Values of (52),5 5, ~ 107° leading to Aace ~ 0.6% are well below the current
bounds from D° — D° mixing

e NP contribution to ¢’ /e are generated through loops of charginos and
up-squarks, but they are suppressed by (01%),5 (052) 5 /i ~ m2/m* and
therefore they remains insignificant, even for (6%,),5 ~ 1072.
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Aacp in SUSY

o Disoriented A terms

q
(69)1p ~ Ag’% g=ud,
| oo [ o5 | o0 |65 |
g=d || <02 | <05 | <1 -
g=u || <0.2 - <03 | <1

[G.F.Giudice, G.Isidori, & P.P, '12]
o Down-quark FCNC (in particular ¢’ /e and b — sv) are under control thanks to
the smallness of Muown
o EDMs are suppressed by my 4 (yet they are quite enhanced)

e Up-quark FCNC (induced by gluino & up-squarks) and Down-quark FCNC like
K — mvv and Bs g — pu (induced by charginos & up-squarks) receive the
largest effects from disoriented A terms.
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Aagp in SUSY with split squark families

e Aacp in the split family scenario

B 2V2rasing Im [(813),, (653) 7 (652) A
Grme fn(213

Adcp ~ 2 x ImCég) = 9s(Xgq)

e EDMs in the split family scenario

a, asMy dy,dS
{;u, dﬁ} = _27:’7753 £, (Xgq) Im [(613).L(033)r(031)RR]

e Aacp vs. the neutron EDM in the split family scenario

adh
3x 10-26

1073
Im (%) RR
where (353)a. & A m;/ M. A strong hierarchical structure in the off-diagonal

terms of the RR up-squark mass matrix is required. This happens for instance
models of alignment

Im (5gz)nn
0.2

)Aa%gSY‘ ~2x107°% x

u My, /My, (51)RR my -2
Uy o N oMy
(05)rs | Vil (05)RR  Amc 0

[G.F.Giudice, G.Isidori, & P.P, '12]
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Aacp and SUSY

Aagp

Aagp

h(TeV)=.0.5

won M= (125 4- 1) GeV

10 \, 15\\ \
\, X L
AN Al \
N\ X \
0.8 \ \ \

N\ N1 \..\15
AN \is\

10'1 110 115 120 125 130 135 140

10
Im(S55,5 )| m,(GeV)

Left: 0.5 TeV < M, iy < 2 TeV, tan 3 = 10, |A| < 3.
Right: [Tm[(6%)rr(0%;)w]| = 1072, M <2TeV,and A=0.51,152.
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Formalism for By s mixing amplitudes

e Theory:

M, = (M) g, Cs,6”%% AMy = 2|M3,| = (AM)suCs,  (g=d.s).
Suks = SiN(28 4+ 2p8,), Sy = sin(2|Bs| — 2¢8,) ,

SiN(28)iree = 0.775+£0.035,  sin(28s)iree = 0.038 £0.003  (CKM fit).

o Experiments:
Sy, = 0.676 £0.020, S;’;P(fo) — _0.03+0.18.

e Aacp vs. Syk, in SUSY with split squark families

5(:/ )2 1 4m2
@ ~ (ug)*™ |14 Bolug Fo~ o (Z) T
My, = (M) [ + V2 0 ~3(7 =3

Capri, Italy 18/30
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Aacp and SUSY

510-1 810 *
] | exp: oulna
3 3 [
|5Ff|=1o‘/ 108/ [ 102

=.m = (125 4- 1) GeV

P S o e
e T
AR T ) i
ERREE .

T
it 1 /
A ]
R 13
Eal )
¥
3 : iz 2 «m= (125+-1)GeV
10 ! ! 10

10 -9 8 7 6 5 4 -3 2 10 -28 10 27 10 -26 10 25 10 24

Ogq |d.| (e x cm)

Left: (63,)rm = 0.2 and ¢, € £(30°,60°), 1(68))ee| < 0.1.
Right: (6%).. = 1072, (6%)ar = 0.2i.

Capri, Italy 19/30
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Top and stop phenomenology

e The effective AC = 1 transition through stops opens up the possibility of
observing flavor violations in the up-quark sector at the LHC.

» Production processes: pp — t*ii;, where U; = @1, &. The rate for single T
production in association with a single stop is proportional to (5/"3)12111! since the
mixings in the right-handed sector are larger then in the left sector.

» Flavor-violating stop decays
r—ex’) _ 1% (1 B m,2>_2
r(f — tx0) B M)
where u; = u, ¢ and X0 is the lightest neutralino.
» Flavor-violating gluino decays
Tt 1105
In models with split families, the gluino can decay only into § — i, bb. Once we
include flavor violation, the decay g — u;t is also allowed
» Flavor-violating top decays [Dc Divitiis. Petronzio, Silvestrin, '97]

o \2 my 4 u 2
BR(t — gX) ~ (E) (msusy) 165,

where mgysy = max(mg, my) for X =, 9, Z and msysy = mg for X = h. Even for
5(;](7 ~ 1and msyusy Z 3mw, BR(t — qX) 5 10—6.
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SM vs. NP flavor puzzle

1078 1074 0.01 1
: : ‘ : o
e ud S ct b t Yi V/ ?. .
e ee ° o o ® Gev CKM ~
104 0.01 1 100 @
| Froggat-Nielsen '79: Hierarchies from SSB of a Flavour Symmetry |
(@) (¢ ()
€= %’) < 1= Yjoc@th) E E E
bi M b;

|Arkani-Hamed & Schmaltz '99: Hierarchies from Extra Dimensions

ez |1 107" 102 10 10°® lmec h
N Ae VAN

The Gaussian wave functions of / and e° overlap in an exponentially small region

Small Yukawa couplings without Symmetries
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SM vs. NP flavor puzzle

¢ Flavor Models flavor protection
[Lalak, Pokorski & Ross '10]
| Operator | U(1) U(1)® SU®3) MFV |
(QXGQu)e | A \° 23 A5
(DaXggDR)12 | A AT X (Yays) x A°
(OLXLDHDR)Q PN X0 8 Vs X 5

e RS flavor protection [Gerghetta & Pomarol, '99; Huber, '03; Agashe, Perez & Soni, '04]

d, FaL d Fo KKgluon e

<H>

dR FdR S FsL FSR S
" (g*)> mam
mg ~ v Fg, Y*Fg (ex)rRs—cim ~ M, (v Y*)sz
(VCKM)/'/' ~ FdL,- /FdLj [Csaki, Falkowski & Weiler, '08]

[Blanke, Buras, Duling, Gori, Weiler, '08]
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AaCP |n SUSY a“gnment mOde|S [Nir & Seiberg]

e In SUSY alignment models it turns out that
e Am,
(651);{ = (552)RL (551)LL ~ fnc>"

o (8%,),, ~ A arises from the SU(2) relation /"> = VU{$? vt and the
assumption of non-degeneracy for different squark families

(M)21 = (D)1 +/\[( MED?)o2 — (Mff)z)n] :

(551) ~ A A’7721 7
« The bounds from D-D mixing imply | (521)LL| < 3 x 1072 for TeV squarks, and
(6%) AL ~ Amc /i < 1073 from vacuum stability.

o In SUSY alignment models Aa2pSY « 1073

o SUSY flavour models: “We explore the possibility that a major part of the
asymmetry comes from supersymmetric contributions. The leading candidates
are models where the flavor structure of the trilinear scalar couplings is related
to the structure of the Yukawa couplings via approximate flavor symmetries,
particularly U(1), [U(1)]? and U(2). The typical value of the supersymmetric
contribution to the asymmetry is AAZRSY ~ 0.001, but it could be accidentally
enhanced by order one coefficients.”
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Partial Compositeness in SUSY

o MSSM soft terms in SUSY with Partial Compositeness [ratiazzi & collaborators, '12):

I3 g
Oy~ =3 efed, (659 0 cpdetnd

m2 i%j RR ™~ ﬁ €; j
d d VudAo d d g Yu,d Ao
65 e~ G ==, (O))A~ G =5, (7)
d

(Ya)i ~ Goclefs (Ya)i ~ Go€e - (8)

69 e'-J’d
(Lo)y~ (Lay~ o (Rua)i~ g 9)

i J

(LL YURU),'/' = gpe,-“efé,-,- = y,-“6,-,-, (LL Yde),'j = gp676?5/j = y,-dé,-,-, (10)

q q q

€ € €
<~ 2~ N RSP (11)
€ €3 €3

o “We argued that Supersymmetric models of Partial Compositeness realize
the ‘disoriented A-terms’ scenario advocated in [18], and therefore provide
an ideal framework to explain the LHCDb result. jraia-2i & colaborators, 12)”
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New-physics scenarios with Z-mediated FCNC

o Effective Lagrangian for FCNC couplings of the Z-boson to fermions

L2 = 5o Lo P [(0D)i PL+ (9R)i Pe] 4 Z. + he.

F can be either a SM quark (F = g) or some heavier non-standard fermion. If F
is a SM fermion

(@)= 1o OO (6B = OB
QLU—MI%P L)i gRI]_MI%P R)i

e Direct CPV in charm

- Im [(ng)*t(gI%)ct] m [(Af)*,()\ﬁ)m] 1 Tev*
FCNC| o | I JulGR)et] | o y
‘Aach ‘ ~06% | —5 <071 0.6% |20 < e >
e Neutron EDM
~ 26 |1m [(07)uu(gR)u]
|dn| = 3 x 10 5107
e Top FCNC
2
(9R)ee

~ —2
Br(t — cZ) ~ 0.7 x 1072 | 5210
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Top FCNC

o Effective Lagrangian

e

o (69LPL + gPr) o tF*

+ 29,; q (ggiPL + g;’fan) 0w TG*™ +§ (ggZPL + g,‘,’f:,PH) tH+h.ec.

L = 50 (G P+ O%Pa) 12" +

e Top FCNC decay widths

2 2

- (-8 (o
t—an = Zl¥°m.
r(t—ag) = Flo¥fm,

r(t — qH)

e (4 MEY
327 mf ’

where |g¥/|* = (Ig%, [ + |g%s/%) with X = Z,v,g, h.
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New-physics scenarios with scalar-mediated FCNC

o Effective Lagrangian for FCNC scalar couplings to fermions

LhgFoNe = _g [(gf)ij P+ (9R)i Pn} g h+ hc.,

2 2
h h 14 h
(90)i = e, (D) (9R)i = MTNP()\R)”’
e Direct CPV in charm
hy* h 4
h—FCNC o m [(97)5:(9R)rc] Ao, |IM [()\ (AR Jet] | (1 TeV
‘AaCP ’ 0.6% —5 10+ | ~98%| 5102 Mxp

e Neutron EDM

Im [(97)i(9R)w]

- —26
|| & 3 x 10 > 107

e Top FCNC
h)tq 2

10—

)

Br(t — gh) ~ 0.4 x 1072
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Aacp in scenarios with Z- and scalar-mediated FCNC (¢ rciudice. ¢ isidon 2 pr

exp. bound

lpy=

E - 3 2 A 5 -
10 10 10 10 10 10 10

BR (t — ¢2)

Left: BR(t — ¢Z) vs. AaZ,"“NC. Right: BR(t — ch) vs. AdL;"“NC. The plots have
been obtained by means of the scan: |(g{)u| > 1073, |(g%)et| > 1072, where

X = Z, h, with arg[(g{)u] = +7/4 and arg[(gA)«] = 0. The points in the red regions
solve the tension in the CKM fits through a non-standard phase in B,~B, mixing,
assuming for the corresponding down-type coupling (9 )as = 5 x 1072(g{)ut.
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Conclusions and future prospects

Models in which the primary source of flavor violation is linked to the breaking of
chiral symmetry (left-right flavor mixing) are natural candidates to explain the
evidence for direct charm-CPV via enhanced chromomagnetic operators.

The challenge of model building is to generate the AC = 1 chromomagnetic
operator without inducing dangerous 4-fermion operators that lead to
unacceptably large effects in D° — D° mixing or in flavor processes in the
down-type quark sector.

e Which are the most natural NP theories to account for Aacp @ %?
Supersymmetric models of Partial Compositeness realize
the ‘disoriented A-terms’ scenario and therefore provide an
ideal framework to explain the LHCb result.

How to test and discriminate among different new-physics models? Direct CP
violation in D — V' is one of the most important test of NP in Aacgp
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Conclusions and future prospects

e There is no doubt that new low-energy flavor data will be complementary
with the high-pr part of the LHC program.

e The synergy of both data sets can teach us a lot about the new physics at
the TeV scale.
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