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Outline 1/2

e Standard Model

* Flavour problem
* Impact of the first run of the LHC

* Anomalies in semileptonic B-meson decays



Outline 2/2

Based on 1412.5942 in collaboration with
Ben Gripaios and Sophie Renner

+ * Explaining the anomalies in semileptonic B-meson

br gL decays, in the context of a Composite Higgs model with
an extra PNGB

I~ (3,3,1/3)

EE *Flavour Violation regulated by the mechanism of partial
compositeness



After LHC-|

|) Discovery of a SM Higgs-like scalar
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2) No evidence of New Physics from direct searches*

MSUGRA/CMSSM: tan(B) = 30, A_ = -2m;, u >0

Status: SUSY 2013
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* 2 sigma effects recently seen by CMS

After LHC-

3) No (clear)* evidence of New Physics from indirect searches
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*more details in a few slides

The Flavour Problem

*SM is very successful in describing physics up to the EWV scale

*SM is not a complete theory (neutrino masses, dark matter, BAU, ...)
9
(

Leg = LoMm + Z A ;_4) Ogd)(SM fields).

eUpper bound from naturalness of the Higgs mass A < 1 TeV

2 2 2
) ) M = Miree + 0ME
------------ 3
om3, = —= GrmZA? =~ (0.3A)?
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)
1.3 x 10 TeV x |cqq|t/?
Isidori, Nir, Perez

e| ower bounds from FCNC A =< 5.1 x 102 TeV X |cpg| /2 1002.0900

| 1.1 x 102 TeV X |cps|1/?

* Two (problematic) possibilities:

(i) Non canonical, A > 1 TeV and ¢;; = O(1) Hierarchy Problem

(ii) Canonical, A<1TeVandc; <1 Flavour Problem

Minimal Flavor Violation

D’Ambrosio, et al.

*MFV hypothesis consists in the assumptions that hep-ph/0207036

(i) the full EFT is formally invariant with respect to the
flavor symmetry

(@)
Lo = Lo+ Y i O (SM fields).



(ii) the SM Yukawa couplings are the only irreducible
source of flavor breaking

(d) _ (d)(

Yus Yd Ye )

eLet us work in a basis where v, = VgKMT“, Yg = Td’ Yo = Te Ci; O
A2
*Consequences
(i) flavor violating contribution from combination of the type (?}uyL) ~ \2 (VCKM)*ch{M

(ii) predictive hypothesis with correlations among observables

(iii) flavor problem is practically solved (see table)
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(iv) there is no flavor violation in the lepton sector

Operator Bound on A | Observables

HY (DrY¥Y*Y¥0,,Q.) (eF.) 6.1 TeV | B— Xyv, B— Xt~

HQLY"Y¥v,Qr)? 59 TeV | ex, Amp,, Amp,

H}, (DY Y Y "0, T9QL) (9.G%,)| 34TeV | B Xyy, B X,etg= S0 Nnberez 10520500
(@LyuyuT%QL) (ER%ER) 2.7 TeV B - X T4, By = putu~ Hurth el al. 0807.5039

i (QLY*Y*4,Qr) H} D, Hy 23TeV | B— X 0T0~, By — utu~

(@LY“Y”HMQL) (LryuLy) 1.7 TeV B — X t¢~, By — utu~

(QLY“Y"1,QL) (eDuFy) 1.5TeV | B— X 10

MFV after LHCI

* et me assume that (coloured) New Physics enters at the one-loop

level (like in the MSSM)
8 s +
3 g dy d Cij — — (yuyu)ij

1T 6Oy Am
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Tiny NP effects in the flavour
sector from MFV
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G. Isidori — Quark & Lepton Flavor connections UK HEP-Forum, Nov 2013

Mass scale of New Physics (new colored & flavored particles)

Simplifying <1TeV few TeV > few TeV
a complicated
multi-dim.
problem...

Direct New Physics searches @ high pT:
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sz',j reach @ 8 TeV @ 14 TeV | searches @ LHC
I l
NP effects in Quark Flavor Physics:
Anarchic huge | sizable | sizable/small
[>0() ] | [O() ] | [<0)]
2 Small | |
S misalignment sizable | small | small/tiny
§ (e.g. partial [O(1) ] [ O(10%) ] [ O(1-10%) ]
N | I
= compositeness) | |
> .
e Al ¢ | | not visible
= Sl\/llg&if%;) [ O(10%) ] | [ O(1%) ] | [<1% ]
G. Isidori — Quark & Lepton Flavor connections UK HEP-Forum, Nov 2013
Mass scale of New Physics (new colored & flavored particles)
Simplifying <1 TeV few TeV > few TeV

a complicated
multi-dim.

Direct New Physics searches @ high pT:



problem...
A Wlthm direct NP withinreach | NP beyond direct
Coi ach @ 8 TeV, @ 14 TeV | searches @ LHC
i ‘ .
f P effects in Quark Flavor Physics:
Anarchlc | i ag | | Sizable/SInaH
2 Small | |
g misalignment | small | Small/tiny
§ (e.g. partial | [ O(10%) | | [ O(1-10%) |
cg compositeness) | |
> .
g - " tiny not visible
—  Alignedto 0 I |
&3 [ O(10%) | O(1%
SM (MFV) (10%) o L@l [<1%]

“Anomalies”




1) Tension in the LHCb data coming from B — K*utu~ angular observables

2) Various measurements of branching ratios are low compared to the SM prediction

3) Hint of violation of lepton universality in [ p-

B— K*'p u~




Angular distributions \
_ _ - 1~
B® — K*Orty— (K™ — K—7*) full angular BN

distribution described by four kinematic variables:
q° (dilepton invariant mass squared), 6y, Ox+, ¢

d*I'[B — K*(— Km)/]
dqg? d cos 0y d cos Ok dop

LCHb, 1308.1707, PRL

1.0
3.70 discrepancy in one of g? bins 05*
Explanations: |
~ 00}
. L. . Q.

|. Statistical fluctuation ~ - — |
2. Hadronic uncertainties |
3. New Physics 1.0} B
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Moriond EW
[LHCb—CONF—2015—002] 21 March 2015

LHCb _
preliminary -

SM from DHMV
[1407.8526]
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2.90 in [4,6] GeV2 bin  (+2.9¢ in [6,8] GeV? bin)




Various measurements of branching ratios are low compared to the SM prediction

Decay obs. ¢ bin SM pred. measurement pull

BY — K*0uty~ 107 €8} [16,19.25] 0.47+0.05 0.31£0.07 CDF +1.9
BY — K*0,t Arg 2,4.3]  —0.04+£0.03 —-0.204+0.08 LHCb +1.9
BY — K*0utpu~ Fy, 2,4.3] 0.79+0.03 0.26+0.19 ATLAS +2.7
BY — K¥utpu~ Ss 2,4.3] —0.164+0.03 0.124+0.14 LHCb -2.0
B~ — K*ptu~ 107 43 [4, 6] 0.50+0.08 0.26+0.10 LHCb +1.9
B™ — K*pfp~ 10" 93 [15,19]  0.59+£0.06 040+0.08 LHCb +1.8
B - Koutpu— 108 %‘} 0.1, 2] 2.71+0.53 1.26+056 LHCb +1.9

BY —» K%t~ 108 ‘fg? 16, 23] 093+0.10 037+£0.22 CDF 423

Bs — ¢utp~ 107 G [1, 6] 0.394+0.06 0.23+0.05 LHCb +2.0

|. Statistical fluctuation (now in different channels)
2. Hadronic uncertainties

3. New Physics

[Altmannshofer, Straub 1411.3161]




LCHb, 1406.6482, PRL

2 dg®
Ry — min dg” 1 < ¢ < 6GeV2/ct
K= dT[B > K'ete ] !
a; dg? dg
min q
Ry = 0.74570:9% (stat) 4 0.036 (syst) RYM ~1.00

Explanations:

|. Statistical fluctuation
2_ et e SluiTamyi , < et o A e e ._ .
3. New Physics




New Physics (Model Independent)

* Model independent analysis via a low-energy effective hamiltonian, assuming short-distance
New Physics in the following operators

4G F 0 0
Heg = T (VisVin) E Ci (1) O; ()
7
07:) - 166;1.2 mMp (go'aﬁPR(L)b) FoP ) C’%SM — _03193 SM gives Iepton
2y  Oem ,_ Y SM __
Oy = 7 — ($7aPrmb) (4*F) , Co™ = 4.23, flavour universal
/ _ M . .
Of[(]) — (jlin (gf},aPL(R)b) (g,},a,}/g)g)' Cigo = —4.41. contribution

e Relevant contribution, add hadronic weak interaction




[figure from Lyon,Zwicky, 1406.0566]

Theoretical uncertainties

T R

|. From factors, however at low g*2 can use Ligh-Cone Sum Rules (LCSR) and at high g2

lattice result [Ball, Zwicky hep-ph/0412079,
Horgan, Liu, Meinel, Wingate arXiv:1310.3722, arXiv:1310.3887]

(M(N)[5£*(N) Pr(r)bl B)

2. Contributions from hadronic weak hamiltonian (non local effects)

.82 —ig-T —1 rem.le 1q- ‘em,ha a »
—z?fd%e TETY bu 1 pt($)|0>fd4y€qy<M’J ek () HEE (0)| B)

“Ad hoc fix? (o — Cgff — (o 4 Y(GZ)



From now on, | assume New Physics, SM prediction and numerical analysis | will use
[Altmannshofer, Straub, 1411.3161]

Fits

! e
T
cpr —0.05 [-0.08,—0.02] [-0.11,0.01] 3.2 o Oom _
i 09() - (S’.YC!PL(R)b) (E,.}/OAE) ’
C —0.05  [-0.14,0.04]  [-0.22,0.13] 0.3 47
e ! (8 _ _
CNP 131 [-1.65,-0.95] [-1.98,—0.58  12.9 o) = ﬁ (57aPrL(r)b) (£v*5L).
oA 026  [-0.02,0.53]  [-0.29,0.81] 0.9
o 0.60 [0.32,0.90] [0.06,1.23] 5.1 [Fits by various groups,
Gosh, MN, Renner, 1408.4097
! —0.1 —0.40, 0. —0.62,0.24 . P ' ’
10 018  [-040,0.08]  [-0.62,0.24] 0.7 Hurth, el al.,1410.4545,
ciP =Ccyf -0.09 [-0.36,0.20]  [-0.61,0.53] 0.1 Altmannshofer, Straub, 1411.3161]
Cy¥ = -C{¥f¥ —-0.55 [-0.74,-0.36] [—0.95,—0.19] 9.7
Ch = Ci, —0.06 [-0.36,0.24]  [-0.67,0.52] 0.
Ch = —C!, 0.13  [-0.00,0.25]  [—0.13,0.38] 0.9

* Assuming only one source of NP at high scale, data prefers effects in the muon sector

* If only one Wilson coefficient is allowed to be non vanishing, various groups agree that NP
| /qu ' vt Aaremd vy =l A A tem ﬂu,NP 7 _1
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* Short distance effects from New Physics are expected to have a chiral structure

_ — . Best Fit with (NP
V5 CrRYLR Left-Left currents

__ p, NP
= —Cg

SL,
Altmannshofer, et al. 1403.1269 _
Glashow, Guadagnoli, Lane 1411.0565 Hiller, Schmaltz, et al. 1403.1269
Altmannshofer, Straub 1411.3161 Gripaios. MN, Renner 1411.0565

NIEhOff, Stangl, Straub 1503.03865 BECireViC, Faifer, Kosnic, 1503.09024

1 1 1 ™~ .. 1 1 1 1 s .1 ™\ A 7 1



® INEW IFNYSICS at the LAC motived Dy INaturalness probiem oOf the EVYV Scale

Which is the interpretation of these anomalies in the context of
SUSY and Composite Higgs?

MMM

* 4+ — Altmannshofer, Straub
B — K 'u"u arXiv:1308.1501, arXiv: 14113161
ﬂ _m‘ * Large effects possible in OlO
. T A e Better than SM but worse than NP in O“
<Hu>’ , () ()
gf’ %j * Lepton universal
¢ - £ ¢ - V4
.RK

L * Lepton universality is broken by slepton masses Mz > my
--..--)(..p.--
| | ¢ Rox diasrames are niimericallv small verv licht particles in



e = e B = DU

74 74 the loop

* Direct searches (LHC+LEP) give strong constraints,
""" probably no holes left (but a careful analysis is required)

The LHCD results suggest an extensions of the MSSM

Strong O cOf Elementary
sector 9p>Mp sector

* The Higgs is a pseudo Goldstone boson
* Possible contributions to semileptonic B decays

S ” bL\\./ g
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* Spin-| Vector exchange e Scalar leptoquark
Niehoff, Stangl, Straub Based on 1412.5942, JHEP,
1503.03865

Ben Gripaios and Sophie Renner

New Physics (Model Dependent)

* A leptoquark interpretation  Hiller, Schmaltz 1408.1627

_l_
br EL * Quantum number of the new states, uniquely
determined by the the Left-Left structure

I~ (3,3,1/3)

IT

P Aij Q1,4T2Tal ;i 11



N

* Anomalies are fitted when \/‘)\:u)\bﬂ ~ M /(48 TeV)

L

* Just two, non-vanishing leptoquark coupling

* Scale of New Physics not predicted

Composite Higgs

. . Georgi, Kaplan (1984)
* The Higgs is a pseudo Goldstone boson Agashe, Contino, Pomarol hep-ph/0412089
Contino, 1005.4269

e Pattern of symmetr'y breaking: Bellazzini, Csaki, Serra 1401.2457
Comparing with TC

G G

H G— H
by strong interactions gp, My




* Explicit breaking of G due to the Yukawa sector and an effective potential for H is generated:

|. EW symmetry is broken mﬁ v -
2. Higgs mass is generated V(H) ~ 7@ * 162 ° V(H/f)
. . . ’U2
® EWV tuning is characterised by ¢ = I

* Minimal realisation

|. H contains EW group and the custodial symmetry H = SO(4)
2. G/H contains only one Higgs doublet G/H = S0O(5)/50(4)

Theoretical Framework

Strong O cOf M Elementary
sector sector



A * Being PGB, Higgs and Leptoquarks are lighter than the other

resonances coming from the strong sector
mp —1 10 TeV

* SM fermion masses are generated by the mechanism of

partial compositeness

SM) = cose|f) + sine|O)

* BSM Flavour violation regulated by the same mechanism
mi — 1TeV
M — 195 GeV * Naturalness (...)

Leptoquarks as PNGB

* Partial compositeness requires the presence of coloured composite state, plausible to
expect coloured PNGB Gripaios 0910.1789

* Depending on the quantum numbers of the PNGB, diquark and leptoquark couplings are
expected Gripaios, Giudice, Sundrum |105.3189



* Colour gauge group can be part of the symmetries of the strong sector (in analogously to
the EVV group)

e Coset structure (1,2,1/2) +(3,3,1/3) +(3,3,—1/3)

SO(5) — SU(2) i x SU(2)r SO(9) — SU(4) x SU(2)n
H ~ (2,2) (+117) ~ (6,3)
e SM embedding SUB)c xU(l)y D SU(4)
Ty = —%Tw + 13p
. . Xs 2
* Mass term generated by the colour gauge interactions 173 ~~ 4_mp
T

N £l Eelem — ?/?’)/M_Duf



)Qz T Lecomp = Leomp(ps Mps H)

Lix = €1 frOL + €1, frROR + h.c.

o i .. L
Y =cij€rer g, > Y'Y ~eleng,
* Flavor violation beyond the CKM one is generated:

\ €L SL/

2
fr I e fr 9o i i j FV related to the
~ m2 CLERETER SM one but not in a
ﬁ/ 6 1/m? > \fn P Minimal FV way
R

* Focus on Leptoquark resonance

Parameters (quark sector)

* Yukawas are given by

(V.. ~, o 41U (V.. ~~ 9.9



\~ujtyg JIJp+r 7y A\ eJseg JPETY )

* And diagonalized by

(LLYURU)ZJ — ng;'LE 1] — =Y; 57,3 y (ngYde) — gp 5@3 =Y, 5@3 9
_ e? el _ e;"”d Gg’d
(Lw)ij ~ (La)ij ~ min (g: E—é) . (Rug)ij ~ min (Eu,d’ ;L_d)
j i j i

e Link with the CKM  Vogy = LiLy ~ Lyg

i ~ A é ~ )\2 i ~ )\3

€3 €3 €3
* Everything is fixed up to 2 parameters ¢y, €, €5, 6?’ 1+34+3+3=10

m%‘,m?,VoKM 34+3+2=28

(9p, Eg) in what follows

Lepton sector

* Yukawas for charged leptons (Y) gp i 7,



* Parameters cannot be univocally connected to physical inputs, due to our ignorance on

neutrino masses

* The phenomenologically most favourable scenario is obtained when

* We will assume that left (ef) and right (Ef) mixings have similar size

Mixing Parameter

Value

el = \3¢! 1.15 x 1072 ]
el = A2 5.11 x 1072 €]
€¥ = %ABIES 5.48 x 1071/ (gped)
= me Ly 5.96 x 102/(g,€d)
g=ml 0.866/(gpel)
f =Tia  1.24x1073/(gye)
=gy 5.29x107/(geed)
ed = ,:;zglg 1.40 x 1072(gped)
i =€ = (;’j)zz 1.67 x 1073 /g,/?
e — e = (%) 2.43 x 107%/g,/?
€ =¢§= (971‘)1/2 0'101/92/2

Flavour Violation & Leptoquarks




* Comment later about the flavour physics associated with my

* Relevant Lagrangian

L=Lgy + (I)MH)]L DuH — MPII'1I -+ /\f;,j qz‘jiTQTafLi IT + h.c.

qdL {5 Quarks
1/2 . . .
\/ Nj/(cigp ') j=1 Jj=2 Jj=3
: Leptons i=1 1.92x 1075 853 x 1075 1.67 x 103
1I | Yy i =2 280 x 107% 1.24 x 1073 2.43 x 1072
: i=3 1.16 x 1073 5.16 x 1073 0.101

e c are O(l) parameters

. Onl?l 3 funqamental parameters reduced to a single (gp, Eg, M) — \/%eg/M
combination in all the flavour observable!




* Integrating away the leptoquarks fields we get

{

eff = Aij(Aek)”
ELQ - Z e
170k

[2 (dpy* dL) (ELyper)y + 2 @y ul )y WLuve)y

—

+ (aL'Y#dL) kj (711%:’45)2@ + (UL’Y UL) (BL%BL)

(@) (o) + (Al ), (mue%] ,

17k  k
= VokmUi

)

Q L

* “Vertical” correlations induced by SM gauge invariance

* “Horizontal” correlations induced by partial compositeness




Fit to the anomalies

* The analysis of b — S[L+p_ observable gives

OéVPu —CNP‘u c [—0,847 —0,12] (at 2(;) Altmannshofer, Straub 1411.3161

* In our framework gives

AGpe2(ViVi) 1t AsA M\ 2
uNP _ p,NP _ F ts Vb 22723 _ * q\2 (@)
© G [ 16+/272 ] 2M?2 0.49 c3y¢23(e3) (TeV) Ar

Re(clycas) € [0.24, 1.71] (‘Z) (%)2 (va)Q (at 20)

* Due to the partial compositeness structure, negligible contribution to observables involving
electrons like BR(B — KeTe™). Rk is easily accommodated.

* 3 immediate implications

1) the composite sector is genuinely strong interacting, gp ~ 47
2) that left-handed quark doublet should be largely composite, Eg ~ 1
3) the mass of the leptoquark states should be low, M < 1 TeV



Predictions

* We expect large effects coming from third families of leptons

w/(czygp 63) =1 Jg=2 j=3
Lepton i=1 1.92 x 10~ 853 x10~° 1.67 x 10~3
A /Yg i=2 280 x 1074 1.24x 103 2.43 x 1072
i=3 1.16 x 10~3  5.16 x 103 0.101

* Decay channels with taus are difficult to be reconstructed b — ST+7'_

* More interesting are channels with tau neutrinos in the final state

. B(B — K*vv o _ .
RE" = ( — ) < 3.7, e Considering just B — KU,V gives
Buras et al B (B — K*VV)SM

: (x)vv
arXiv:1409.4557 AR < few %

B(B — Kvv)

K= B(B S Kov)gy

< 4.0.

° |nc|uding BR(B — KV’Tv’T) , Iarge deviation ARE—?)VV Y 50%



Testable at Belle || See 1002.5012

Predictions

* Rare Kaon decay Hurt et al 0807.5039
NA62 1411.0109

B(KT = ntvr) = 8.6(9) x 1071 +0.965C,5 + 0.24(6C,5)?]

Present bound dC); € [—6.3, 2.3] NA62 expected sensitivity 0Cu» € [—0.2,0.2]

—2
Composite leptoquark prediction  §C,; = 0.62 Re(cs1c39) (j—i) (63)2 (ﬁ)

* Radiative decay [, — ey

A M \2/1)\?
* 140 =) (= —
el <14( 1) (7ew) ()

e Meson mixing AMp_

/ANZ2 /7 ar N2 1\ 4



3l <42 — ) (=) (=
el <42y, ) (1) ()

Constraints

Decay ) Padpl/ (25)° leyeial (§2) (9)°/ (4%)°
Kg — ete™ (12)(11)* < 1.0 < 4.9 x 107
K; —ete” (12)(11)* <2.7x 1073 < 1.3 x10°
tKs—putp™  (22)(21)* <51x1073 <1.2x10°
Ky, — ptp~ (22)(21)* <3.6x107° < 8.3
Kt = rtete” (11)(12)* < 6.7x 1074 < 3.3 x 10*
Kr — mlete”  (11)(12)* < 1.6 x 1074 < 7.8 x10°
Kt - rotutp=  (21)(22)* <5.3x1073 <1.2x10°
Ky — v (31)(32)* <3.2x107° < 42.5
t Bg—putp~  (21)(23)* <3.9x 1073 < 46.0
By — ttr~ (31)(33)* < 0.67 < 4.6 x 10?
t Bt — ntete”  (11)(13)* <28 x 1074 < 6.9 x 102
(21)(

t Bt s> otptp~  (21)(23)* <23 x 1074 < 2.7

e With a breaking of lepton universality is gsenerically associated a breaking of the lepton



flavour. [Glashow, Guadagnoli, Lane, 1411.0565]

* In our framework;, all the LFV decays are below the current experimental sensitivity

Naturalness

* From the B-meson decays anomalies we get )\f ~ 1 TeV, gp ~ A

Qg
m2 — m, ~ 10 TeV

* We can infer the scale of the strong sector from M ~

* Flavour physics is (almost) fine in the quark sector, but we need a departure from flavour
anarchy in the lepton sector see Rattazzi, etal. arXiv:1205.5803

: : 3 ave, 47 [ 9oH
 Higgs potential V (H) ~ R(eg )'m, V (m—p
mp v?
natural value v~ f = —/ ~ 1 TeV EW tuning &= = few%

9o fz_



* In general, a larger tuning is required to obtain a light physical Higgs

LHC

d Rae A e * Production via strong
% - : .
‘ -7 Interaction
9 N S
" \\m g ~ \m
9 TOTOOOOY- - + - -1Q ¢ 1Q
l 7
bLQ .
| B TN,
9 DOOO00O00- — — - -LQ ¢ MLQ

® Decay to fermions of the third family
* Stop and sbottom +



Uy3 =70, M >120LeV dedicated leptoquark searches

H1/3 — T tor H1/3 =77 b, M > 410 GeV [ATLAS arXiv:1407.0583]
_ CMS arXiv: 1408.0806
II_o/3 —vrt. M > 640 GeV ECMS-PAS-EXO-IB-OIE)]
M > 720 GeV

Conclusions

e Still premature to claim a discovery of New Physics

e Current anomalies in B decays have as simple and economic interpretation at the
EFT level, NP in the muon sector

e Can be explained in the context of a composite Higgs model featuring an
additional (light) leptoquark as pseudo-Goldstone boson.

* Considering the present sensitivity and the future prospects, indirect effects could
show up in various observables:



BR(B — K®vw), BR(KT — ntuw), BR(p — ev)

e Composite leptoquarks could be within the reach of LHCI 3

* Tuning is below the per cent level



