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FLAVOR PHYSICS IN
ONE SLIDE

* baryon asymmetry implies more CP
violation than in the SM

e flavor measurements a way to probe
such required new CPV sectors

® high energy scales and /or small
couplings

e probe also other puzzles: dark matter,
strong CP problem,...
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MANY EXPERIMENTS...
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MANY MEASUREMENTS...

e PDG lists O(10%) observables

® branching ratios, angular
distributions, CP violating

asymmetries, .... —

e focus of this talk:

® hints of experimental deviations from
the SM predictions

® asign of new physics?
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OUTLINE

e flavor physics as a tool to search for new physics

e heavy new physics — off shell modes

e light new physics — rare decays to light NP states
e experimental anomalies

e ) bosutu, b cr

e if NP, what are it's properties (heavy/light,...)?
e what next?

® Belle II, LHCb upgrade, etc
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PROBING
HEAVY NEW PHYSICS



FROM FLAVOR PHYSICS TO
HEAVY NEW PHYSICS

e SM@tree level: no Flavor Changing Neutral Currents
® all FCNC processes loop suppressed
® e.g., meson mixing :

e can be modified by NP

e NP contribs.

scale as
4 92 )
NP sb
0O x Ve
_ NP )

* depends on

couplings
and NP masses
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LARGE SCALES PROBED

Physics Briefing Book, 1910.11775
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LOW ENERGY PRECISION
BOUNDS

UTFit 0707.0636, 1411.7233
see also Bazavov et al, 1706.04622
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in last 10 years
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THE (MID-TERM) FUTURE

* just from LHCb:

Physics Briefing Book, 1910.11775
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THE (MID-TERM) FUTURE

Physics Briefing Book, 1910.11775

* just from LHCb:
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THE (MID-TERM) FUTURE

Physics Briefing Book, 1910.11775

* just from LHCb:
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PROBING
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SEARCHING FOR LIGHT
NEW PHYSICS

e if NP particle is light, can be produced
on shell

o search for rare decays g, = q; + Xyp,
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FLAVOR VIOLATING PNGBS

e if NP has a spontaneously broken global U(1) = light
(pseudo)Nambu-Goldsone boson

® interactions with the SM start at dim 5

o Eoaem a ~ 0,0
Lo = — GG L FF AV (Cy s+ Chpvs) [
fF 37 1. N 871 f, 2F, fW ( fif; fzf375)fj
e in general the couplings can be flavor violating 2 f
F a
e since dim 5, FCNCs probe very high scales k f I }/}4

® even above astrophysics bounds

e concrete examples: FV QCD axion, axiflavon, majoron,...
Calibbi, Redigolo, Ziegler, JZ, 2006.04795
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Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623

BOUNDS ON FLAVOR
VIOLATING QCD AXION

F; [GeV]
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F bs
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EXPERIMENTAL
ANOMALIES



EXPERIMENTAL ANOMALIES IN
PROCESSES WITH MUONS&TAUS

Standard Model Experimental data
(th. err.) o (exp. err.) F
A Ry [1.1,6] A | =
Ry~ [0.045,1.1] — o
Ri- [1.1,6] — °
R,k [0.1,6] — o
e P; [2.5,4] 4 .
o -
§ P5 [4,6] — °
B(:By — oputu) [1,6] — °
B(B, — p"p) - o
V B(B® = ptpum) o
Muon g — 2 — ®
AN R(D) - .
= R(D*)
" _ .
= .
v R(J/4) = ¢
I I I I I
0 1 2 3 4 D
figure credit: Patrick Koppenburg Pullin o
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NEWS FROM
EARLIER THIS YEAR

e theoretically "clean" observables
e RK went from 2.50to 3.1c0 LHCb 1903.09252, 2103.11769

e the first single measurement in B anomalies to
cross the "evidence" threshold

e < 20 tension in BS = i LHCb 2108.09284, 2108.09283
e theoretically "dirty" observables

The Muon g—2 Collaboration, 2104.03281

e (g —2),went from 3.76 to 4.20

® BI"(BS g ¢//t//l) 366 below the nominal SM LHCDb 2105.14007
prediction
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IF NEW PHYSICS...

e the two quark level transitions that show
~4¢ deviations from the SM

e explanable with NP in V — A quark currents

1 _ _
LsMEFT D A2 (Q"0Q;) (Liyuo” Ly)
Qiij:l h
c; ,b— cTvy ‘ b— sut
Vr
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IF NEW PHYSICS...

e (g —2),showing 4.2¢ deviation from the SM

® in SMEFT from dimé6 operator
V2e v

£5 ey a o™ B e

Greljo, Stangl, Thomsen, 2103.13991

e note: any flavor violation needs to be highly
suppressed

U — ey = Ny 2 3500 TeV
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OUTLINE FOR THE
BEEST OF THE TALKS:

* overview of anomalies
® expt+attempted explanations
e -2,
® b—suu
® h—(CTV

e grand picture?
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A DEVIATION?

o the value of (g — 2), from g-2 coll.
al® —aM = 251(59) X 10—10

,u
e the SM theory error 116591810(43) x 10717
dominated by
hadronic uncert.
QED 116584 718. 931(104)
Electroweak 153.6(1.0)
HVP (efe”, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116591 810(43)

The muon g-2 theory initiative, 2006.04822
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HADRONIC VACUUM
POLARIZATION

e HVP the dominant uncertainty

® a tension between determination using
lattice QCD and from R-ratio

1L
w-—-gw
aﬁVp x 1010
—E— Lattice —&— R-ratio
. BMW 20 This work | BMW '20 ——
® : Lehner et al. ’20 Gérardin et al.32 | - ._""_,
——i FHM ’19 Davies et al.33 - = :
\ ° , Mainz 19 Giusti et al.3* |- =
\ o : PACS ’19 Blumet al.’ - =
e ETMC ’19 Borsanyi et al.1 |- =
- : RBC/UKQCD 18 Davier et al.3 - —0—
Keshavarzi et al.4 | a9 :
$ R-ratio Sotonentor stais L _ o R
| '—T | | | | | 660 680 LO_HVF7,001010) 720 740
680 700 720 740 760 Boréanyl et al, Nature (2021) % (x

Gerardin, 2012.03931
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PRESENT STATUS BEFORE
FERMILAB RESULT

IIII|IIII
HVP from:
BMW20 =N
>
S
. £
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©
o
O
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PRESENT STATUS AFTER
FERMILAB RESULT

——
HVP from:
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IF NEW PHYSICS...

€ wis
4™ — a$™M = 251(59) x 1010 = (A" Hg) Fi
NP models of two types
e chirality flip on SM fermion leg . ﬁ
e NP need to be light, AN
example: Z" from L, — L, L ARV

e chirality flip can be on the

NP fermion leg ‘Q\Vﬁ
S

e NP can be much heavier oo~
/ \
® example: minimal models po I uERE) g
with DM Fr F,
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IF NEW PHYSICS...

Z

eXp SM HII,..AN\,\\ e s //”/
a,u T a'u — 25 14 . L — - - / <//tL0 ﬂR) F//lI/
& 14

872

|

e NP models : N

e chirality flij

® NP need
example:

0.005

BBN

gl

e chirality flij oont
NP fermion

__________
———

' /// :
5.% 10 - 4__:_’7/__/ . DUNE L L ]
| / —

® NPcanb | 7 T
¥
® example: S E T S—— T T T 10
; Altmannshofer et al , 1902.06765 (G
Wlth DM e —— my (GeV) e
o anaa eSS
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IF NEW PHYSICS...

€

MOdCl FLR] (}\11{——1 AzH—O 3 —Al —A2=1)
2 - 8 2
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UPSHOT

* h—sll tflavor anomaly
® theoretically clean, ~50 excess

® consistent with many additional obs.
that require hadronic inputs

e relatively high NP scale = less
constrained by other probes
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UPSHOT

p—

@ theoretically clean, ~50 excess

—————

— il

e consistent with many additional obs.
that require hadronic inputs

e relatively high NP scale = less
constrained by other probes
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EXPERIMENTAL SITUATION

e h—sll: generated at 1-loop in the SM

a —
GFWb‘QEEC9(10)§LW“bL 0y, (75 )¢ '

b :
X f y fh t /sL l
’ SM SM
' W § g 09 ~ 010

® in the SM b—see the same as b—suu

® Lepton Flavor Universality in the SM
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b—sll : EXPERIMENT

e clean observables: Ry R+, BR(B, — pu™u™) twobing

Br(B — Kupu) e BR(B = K*utu) ./

Ri =
" BT(B — Kee) [1,6]GeV?2 BR(B —> K*6+6_) |

® 3.10 anomaly in Rk ,

/|
Bt — Kt J/p(18) (e )

T I T T T T ! T T T T I ‘
. , BaBar BT — KT(25)(£07)
: 0.1 < g% <8.12 GeV?/¢*
"
, . Belle dg?
1.0 < ¢* < 6.0 GeV?/c* T
— | LHCb 9 b BT — K¢ j l)
1.1 < ¢*<6.0 GeV?/c*
u I 1 | | 1 | | i | | 1 1 | | I [ | [ | (
0.5 i 15 , ;
LHCb, 2103.11769 R [4m(€)] — ¢
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b—sll : EXPERIMENT

e 2 bins in Rx*

_ BR(B— K*utu™)
- BR(B — K*ete™)

R

e 2.2-2.50 deviation in each

| I I | I I | | | I | | | I | | | | | I | | I ] I I | | | I i
*x 10 :_ ......................................................... L P ST _—
X FRZ & &= i
0.8 | -
I I I ]
0.6 17 ® LHCh -
i BIP i
0.4 1 Y CDHMV =
i o EOS
0.2 - ® flav.io ]
n LHCb ® JC
OO N T A S A i B A A A AR AT A A A
0 1 2 3 4 5 6
LHCb, 1705.05802 q* [GeV? /]

Br IlO_Tl

>

0 6 15 20

g [GeV?]

experiment: LHCb, 1705.05802 (3.0 fb! @7+8TeV)

Rpc+10.045, 1.1] Gevz = 0.6607 570 == 0.024,

RK*[l.l, 6] GeV2Z — 0~685J—r8:(1)ég + 0.047,
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INFORMATION JUST FROM
THE LFUV RATIOS

see, e.g., Alonso, Grinstein, Martin Camalich, 1407.7044

Ry can only be explained by NP in

Mem ,_ - Kem ,_ )
Og(a,)g = E(S'YMPL(R)I)) (), OYO” = A (87" PrL(r)b) (byu7st)

® scalar currents constrained by Bs—II

* Rk and Rk different parity, complementary info, e.g. for
central bin

. YBSM BSM
9 Re CbL—I—R(H’_e)L Re CbR (M_e)L
CbLML C1b
‘ LML

see, e.g., D'Amico et al., 1704.05438
e from ratios: NP can be either in muons or electrons

® in both cases (5b); ok

e for electrons also (5b)r(e)r possible (from quadratic dep.)
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INFORMATION JUST FROM

—r — -— e—

e. | New physics in y
55;7,\\ N )
o ’i Fj)\ | [T | [ / [ | I [
‘H TRT™ ' /
1.4+~ b%esle /
1.2
< 1.0~
RS
0.8
0.6 -
<0
0-4 [ [ INOTIE|2|017 [[)alta|ShO“J’n|'
04 06 08 10 1.2 14 1.6
D'Amico et al., 1704.05438 RK

|

® in both cases (5b); ok

L | '—"\'__._._AA

gf‘x;/‘\ \ ¢  New physicsine

~
|
-’75-//?7/2.?» \ v T

b : \
1.4F
O 1.9
< 1.0F
nec S 2
0.8
€ 06l
0. 4/ d NOTE: 2017 Data shown'
E 04 06 08 1.0 1.2 14 16

D'Amico et al., 1704.05438 Rz

bl

see, e.g., D'Amico et al., 1704.05438
e from ratios: NP can be either in muons or electrons

e for electrons also (5b)r(¢e)r possible (from quadratic dep.)
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PREFERENCE FOR
NP IN MUONS?

e Br(B, —» u"u~) precise SM theory prediction
o S 20 exp. deficit

Geng et al., 2103.12738

0.4; CMS

[ ATLAS i
0.3 1 see also Alguero et al, 2104.08921;
I ‘ Hurth et al, 2104.10058;

0.2} Altmannshofer, Stangl, 2103.13370

F LHCb
0.1}

0.0}

10” BR(B-uu)

~0.1F

~0.2}

10” BR(Bs->p)
__ __ __, _ _[-Trento (virtual), Sept 10 2021



FIT TO CLEAN OBSERVABLES

* afit to only
the clean
observables

® Ry
@ RK*

o Br(B, — uu)

J. Zupan On flavor anomalies
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- 21
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GLOBAL FITS

T 1 T T I T T T T I T T T T I 1 T

N% 5;_ LLHCb B sMm predictior? ]
* in principle much more info 3 af o a1
M
0 - Bt - Kttt
® Br(B — K®uu), Br(Bs—puy), 2 °t :
C\l@ 2:_ E
BT(B%XS‘U‘U) % 15 E—
e angular obs. in B — K0y, : :
O PR S R S T N TR ST T N S ST SR SHN NN S TR S T R "
0 5 10 15 20
Bs—opuu 2 [GeV¥ 4]
e sensitive to hadronic inputs R (U _
> 14F  LHCb —3- LHCLOD
: ) | - LHCb 3fb™"
® require form factors predict. 3 12f SM (LCSR+Latice
N 1 SM (LCSR)
(QCD sum rules), charm T f SM (Lattice)
= 8= =
loops, nonfactor. contribs. A 6'_+¢ D e E
3 - o P
: S L4E - —+ — g
e prefer NP in muons RS S S e 1 :
%q = — J
I T T R T
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GLOBAL FITS

* in principle much more info

® Br(B — K®uu), Br(Bs=¢up),

Br(B—Xsuu)

® angular obs. in B0 — K*0uy,

Bs—pup

e sensitive to hadronic inputs

® require form factors predict.

(QCD sum rules), charm
loops, nonfactor. contribs.

e prefer NP in muons

J. Zupan On flavor anomalies

« JHEP 02 (2016) 104
« PRL 118 (2017)
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B SM prediction ]
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- e LHCbdata o ATLAS data ]
» Belle data CMS data ]
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—|ts
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i

0.5 l !
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0 5 10 15
2.8 and 3.0 o from SM

* ATLLAS-CONF-2017-023

CMS-PAS-BPH-15-008

q° [GeV?/ 4]

S. Jager, May 2017

Simone Bifani, seminar at CERN (overlaid predictions from SJ&Martin Camalich 2014)
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* in principle much more info

® Br(B — K®uu), Br(Bs=¢up),
Br(B—Xsuu)

® angular obs. in B0 — K*0uy,
Bs—pup

e sensitive to hadronic inputs

® require form factors predict.

2.0

Geng et al., 2103.12738
1 .5 [ 'o‘\‘
1 'O - ¢"' “-‘| ,'
CE (@) . & " I'
” v i " :' ,'
LQ" O 0-5 "' 2 ," o
;Q "0 ' i""‘ ¢
> " s
o0 00 ooy -
c
- mmm=(Clean Fit
< -0.5;
-1.0 '
‘ -2 —1 0 1 2
19}
5C!
0 50
" S,
" : 9p)
_O.D:— iz 1 1 -_1
_1- N _‘
0 15

(QCD sum rules), charm
loops, nonfactor. contribs.

« JHEP 02 (2016) 104
« PRL 118 (2017)

2.8 and 3.0 o from SM
» ATLLAS-CONF-2017-023
CMS-PAS-BPH-15-008

q° [GeV?/ 4]

Simone Bifani, seminar at CERN (overlaid predictions from SJ&Martin Camalich 2014)

e prefer NP in muons
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NP JUST IN MUONS?

e from global fits preference for also a
nonzero universal coupling to both e and u

What's in the fits? [ > |246 obs (Global) + 22 obs (LFUV) from LHCb, Belle, ATLAS, CMS

3 ] “ """ ] Alguero talk at Moriond QCD 2021
| \\ see also Alguero et al, 2104.08921
| | |
| o CNP = CV
% 0
| |
NP _ V U
y QB CNP=CY+C
N
I ———— e
-2
|
3 Il |
-3 -2 -1 0 1 2 3

v
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WHAT KIND OF NP?

e from now on will assume that NP in b—=supu
e what is the NP scale?

e the Wilson coeffs. in previous slides

1 NP~
thV* Kem C[ _ CI CI . 0(1)

¢
® Arv?

e types of NP
e tree level (heavy or light)

® loop level

J. Zupan On flavor anomalies 3% LFC21, ECT-Trento (virtual), Sept 10 2021



TREE LEVEL

e two distinct types:

e mediated by a Z’
® SU(2).singlet ® spin0or 1

<r triplety bx ﬂ

/L u\
S p
Altmannshofer, Straub, 1308.1501;

Altmannshofer, Gori, Pospelov, Yavin, 1403.1269;
Greljo, Isidori, Marzocca, 1506.01705; see, e.g., Hiller, Nisandzic, 1704.05444;

+many refs. Hiller, Schmaltz, 1411.4773; +many refs
J. Zupan On flavor anomalies 38 LFC21, ECT-Trento (virtual), Sept 10 2021
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GENERAL CONSIDERATIONS
ABOUT /'

o nontrivial Constraint from BS mixing Altmannshofer, Straub, 1308.1501; 1411.3161

br br
grszr _ 0.0l
Y
A 2.5 TeV
: compare: Vi=0.04 ST ST,
e if coupling to y; then a related signal
in b%SVV Z—)lll,vlvl - | é—)ll,vvl i | QI
1 L -
2 . i @) $§ A
e constraints from neutrino Ly-Lr - /&
- I v/ "Q"\"
trident production _ \ 3 /3
Altmannshofer, Gori, Pospelov, Yavin, 1406.2332; 1403.1269 0.3 / > o %‘SI f %Q
ky g' _ / . | Qéj;/ ~°
/6,.\‘@4 Qg/,\é’
0.1 s Vi A’S |
' 6 s
&) TN 5. mixing
n’fn 1 1 III’ ! "|‘ o | 1 | smlxlnu vl
. 3 10 30 102 3x102  10°
N ; my (GCV)
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LEPTOQUARKS

Hiller, Nisandzic, 1704.05444

e 3 options if a single LQ dominates
SU(3)exSU(2 )y xU(1 )y

label represe; ‘Wilson coefficient Relation R+

Q@LZ —01() RK<1 RK* >].

Scalar LOQ

label representa,tion Wilson coeflicient Relation  Rp

~ Vector LO

= lept 10 2021




LEPTOQUARKS

: = ey Hiller, Nisandzic, 1704.05444
e at 1-loop constraints from Bs-Bs mixing
preferred by Rk

Mnp~YY*/M?

I

| scalar LQ S;

0.1 |
al | ; / N
allowed by
.Y ~AMps~(YY* 2/ M2
preferred by »* i L 'e ‘ : -'"""""j*'-'-.
flavor models . . . L , /
1 2 5 10 20 50 L ST,

Hiller et al, 1503.01084
Ms, [TeV]

e implies upper bound on LQ mass

M <40TeV ,45TeV,20TeV  for S5, Vi, Vs

e UV model building often in terms of strong dynamics
Gripaios, Nardecchia, Renner, 1412.1791; Gripaios, 0910.1789; Alonso et al, 1505.05164; Barbieri et al, 1512.01560, 1611.04930
J. Zupan On flavor anomalies 41 LFC21, ECT-Trento (virtual), Sept 10 2021
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yj
né’en

LOOP LEVEL Yty iy,

e(’f Sa IISj Op

e three distinct options

e Z'w/ loop ® Z'w/loop @ boxw/ NP
to bs to uu fields

; w
bx ; / br M
Y L
8/ H 5L, \ S Y
L4

Kamenik, Soreq, JZ, 1704.06005 Bélanger, Delaunay, 1603.03333  Gripaios, Nardecchia, Renner, 1509.05020;
Bauer, Neubert, 1511.01900;

Becirevic, Sumensari, 1704.05835
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UPSHOT

* b—ctv tlavor anomaly

¢ theoretically clean, ~40 excess
® NP effect large: O(20%) of SM tree level

® NP interpr. often in conflict with
other constraints

cr,
br,

7_ |

Vr

J. Zupan On flavor anomalies 41 LFC21, ECT-Trento (virtual), Sept 10 2021



EXPERIMENTAL SITUATION

* seen in several experiments

for theory predictions see, e.g.,
Fajter, Kamenik, Nisandzic, 1203.2654

Bailey et al, 1206.4992
Becirevic, Kosnik, Tayduganov, 1206.4977

® theor y Well under COntr Ol Bernlochner, Ligeti, Papucci, Robinson, 1703.05330

R(DW) =

I'(B — D®7rp)

I'(B — D®Ip)

Bigi, Gambino, Schacht, 1707.09509

[ =, e

I
[] HFLAV average

Experiment

30
LHCb18

Ax* = 1.0 contours

III|IIII|IIII|IIII|III

III|IIII|IIII|IIII|IIIIIIII

%)Bellels
Bellel7 ) 7]
S M #" 4 Average of SM predictions m
R(D) =0.299 +0.003 Spring 2019 |
R(D*)=0.258 £0.005 P(XZ) =27% :
l 1 l 1 I 1 1 l 1 1 1
0.2 0.3 4 0.5

0.
~ 1.5¢

R(D)

S ST I IIIITTITSS
I AV s VI S S VS A A A v s VY

Submission date
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MODELS WITH SM NEUTRINO

Freytsis, Ligeti, Ruderman, 1506.08896
Faroughy, Greljo, Kamenik, 1609.07138

* big etfect, needs to be tree level

e two types of exchanges

® color singlet (W', H*) —

v,

® color octet (leptoquarks)
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NEW PHYSICS
INTERPRETATIONS

e the most obvious candidates
ruled out

o charged Higgs: total B, lifetime, H+ W, . <

b—ctv g? distributions,

searches in pp—171

o W' related Z’ ruled out from
pp—>TT |
e left with leptoquarks, some also LQ » <C

/7
/ \

ruled out
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MODELS WITH RIGHT
HANDED NEUTRINO

Robinson, Shakya, JZ, 1807.04753

e experimentally Rp, Rp» above SM

T I T T T T I T T T T T T T T T T T T

” [I] HFLAV average sz = 1.0 contours
04—

R(D¥*)

e Nrnot part of a doublet

0.355— s N
® no interf. between NP and SM BT @
E " Belle19 Bellel5

|IIII|IIII|I1I1|I1I

® avoids some constraints from 025 :
charged leptons b T e IO
B o IR D*l‘ =0I.2581i0.0105 L | |P(X2|):2|7%| ]
Py Scale lower 0.2 0.3 0.4 0.5 R(D)
Cr, 1 C
br b /
> > { 7_
T S
|14 |
Np
U R
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HIGH D CONSTRAINTS

e since mediator scale O(TeV), can be searched for at the
LHC

e model independent constraints from pp — 7+ MET

e rules out most of the solutions with RH neutrino
Greljo, Martin Camalich, Ruiz-Alvarez, 1811.07920

Crossing symmetry

&

1D p
B p_c

v p
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HIGH D CONSTRAINTS

e since mediator scale O(TeV), can be searched for at the
LHC

e model independent constraints from pp — 7+ MET

e rules out most of the solutions with RH neutrino
Greljo, Martin Camalich, Ruiz-Alvarez, 1811.07920

Crossing Uz Leptciqua.rk ;
LHC exclusion @ 20
& RH

-
-
o
-
-
-
-
-
-
-
-
-
-
-
-
- -
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
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COMBINED NP
EXPLANATIONS

all anomalies or a subset?
R and Ry
e vector leptoquark U; ~ (3,1,2/3) Cornella et al., 2103.16558 + many refs.
® UV realization: 4321 model?
e 2 scalar leptoquarks S5 ~ (3,3,1/3), S| ~ (3,1,1/3)
® UV realization: composite Higgs? crivellin, Muller, Ota, 1703.09226 +many refs.
Ry and (g — 2),
e 2 scalar leptoquarks S; ~ (3,3,1/3), S; ~ (3,1,1/3)  Greljo et al, 2103.13991

e from simplified DM models in the loop Arcadi, Calibbi, Fedele, Mescia, 2104.03228

RK(*) and RD(*) and (g = Z)ﬂ
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What LQ scenario?

Rpe) & Rye

X
X

from a talk by D. Becirevic at EW Moriond 2021




figure credits, talk by Fuentes Moriond 2021

VECTOR LEPTOQUARK U, FOR
RK(*) AND RD(*)

e effective Lagrangian for U; ~ (3,1,2/3) vector leptoquark

Cornella et al., 2103.16558+many refs

Z> 7 Ut (B @) + B e + 1.

" e — q U 1 q
f £ 4 £

e U(2)’ MFV flavor structure asstimed ——

Barbieri et al., 1105.2296
Kagan, Perez, Volansky, JZ, 0903.1794

e agrees well with data for U, as well

U(Q2), UQ2),
A X V A xV
v o ud) i) q) Y, = T( e Yo f)
u(d) yt(b)( 0 " y 0 1
);M —w
IR o T———————

J. Zupan On flavor anomalies 54 LFC21, ECT-Trento (virtual), Sept 10 2021



figure credits, talk by Fuentes Moriond 2021

VECTOR LEPTOQUARK U, FOR
RK(*) AND RD(*)

e effective Lagrangian for U, ~ (3,1,2/3) vector leptoquark

0.2 ——m™@Mm———v——F7—————T7+——— Cornella et al., 2103.16558+many refs
s ] o a
. ipe)| +h.c.
0.200 | ]
' D — SO —
bt : —
I D = — 1 &
015 3 7 A 4 4
B’ ] | e ———
_ 1 ture assumed
0.10 . Barbieri et al., 1105.2296
[ ] Kagan, Perez, Volansky, JZ, 0903.1794
L a for U, as well
0.051 / o) %T =0 ]
AL { UQ2),
s Cornella et al., 2103.16558 | Y — Ae g Vt’
000 L v L e = YV
0.00 0.20 0.40 0.60 0.80 () 1
|Vie/ Vi BT
W e
L ———— T
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figure credits, talk by Fuentes Moriond 2021

VECTOR LEPTOQUARK U, FOR
RK(*) AND RD(*)

e effective Lagrangian for U; ~ (3.1.2/3) vector leptoauark

0.25 Ry | YA s 4‘0_'"'I'"'I""I""I""I""I""I""
‘ 1 o0 Q 7 2
4 i d e [ o o L
_ <~ I (Rt 35k 5 G & P
0.20} - X % z o> br __ 0
' ‘ 3o £ 5« Br = J
bt _ 1 § . SR ]
- R — . L - — -
0.15 o 2.5 o = >
-
L P - 3 I 4
Bs7 [ A ]
_ ture a: 9v 20¢ ) .
0.10} - [ KL ]
L [ PR )
f 1.5 St —
- / a. Or L [ P ’
. bt __ : i ]
0.05F / B =0 - 1.0 4
N 1 | 0.5 ]
== (ornella et al., 2103.16558 - - .
000 Y T P Y, - ; Cornella et al., 2103.16558
0.00 0.20 0.40 0.60 0.80 N T
Ve Vi BET 10 1.5 20 25 30 35 40 45 5.0
SR Rt e SRS MU [T@V]
;’M ‘W
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figure credits, talk by Fuentes Moriond 2021

4321 MODEL

Pati, Salam, Phys. Rev. D10 (1974) 275

e U, gauge boson arises in Pati-Salam unification

PS D SU@) x SUQ2), X SUQ2), 0!
(( N \IJL,R — Q%,R
G* U* Q1 R
SUG) ~[C f............. Lr.r
ayk i oz
\(U )* Z / “Leptons as the fourth color”
e 4321 model
Di Luzio et al, 1708.08450 U(l)y
| Q ~ O(TeV)
Bordone et al, 1712.01368, 1805.09328  §1/(4), x SU(3),,, X SU(2), X U(1)y 15,150 ~ O(Te > SUM), x SUQ); x U(L)y
Greljo, Stefanek, 1802.04274; | | v
Cornella et al, 1903.11517 +UL G2
SUB), ¥ =9
B ‘W‘

e cannot be flavor universal: K; = pe would bound M;; > 100 TeV
® 3rd generation gauged under SU(4)
® additional states: G, Z°’
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B s, talk by Fuentes Moriond 2021
Cornella et al., 2103.16558

0.5 T | | |
salam, Phys. Rev. D10 (1974) 275
e U, gaugeb
h color”
e 4321 mode -
Di Luzio et al, 1708.08450 =0
M v TCV :V)
Bordone et al, 1712.01368, 1805. ¢ [TeV] 2 s SUG). X SUR), x U,
Greljo, Stefanek, 1802.04274: | | o
Cornella et al, 1903.1 B +U,, G2
q t,b b T
G’ A ——————
® Cc IU > 100 Te
® 3 q t.b b Tt
—W

S =
® additional states: G, Z°’
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SINGLE MEDIATOR?

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

e can a single mediator explain both (g — 2) , and

b — suu anomalies?

o each separately possible with neutral spin-1 boson X,
o for (g —2), required to be light, my < O(few GeV)

e for b — suu can be light ~GeV or very heavy ~10s
TeV

e however, not possible to explain both at the same time

e = combined explanation requires at least two new
states
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SINGLE MEDIATOR?

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

e can a single mediator explain both(g — 2) yand b — spu

anomalies?

¢ the relevant effective interactions

Leg O+ gx (qv +QA)VM—LX vuL +9x X (qv — qays)
[bX(g P+ g% Pr)s + He. ] ]

o for(g—2), need gy > g,y

ax — ( Aay, )1/2 4.5 x 104 [qV—QqA u] 1/2, mx < my,
251 x 10— 5.5 % 1074, ?[q2 =53] 7% mx >m,.

e = X, necessarily couples to neutrinos*

* as long as EFT applies, i.e. dim 6 ops not cancelled by dim 8
J. Zupan On flavor anomalies 58 LFC21, ECT-Trento (virtual), Sept 10 2021



SINGLE MEDIATOR?

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

e because of X, couplings to neutrinos

competing requirements

e B — Kvv bound implies small gL

® neutrino trident bound implies small
8x(qy + q4)
e B — Kuu requires large enough g7 "gxqy A

o (g —2), requires large enough gxgqy

J. Zupan On flavor anomalies 59 LFC21, ECT-Trento (virtual), Sept 10 2021
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SINGLE MEDIATOR?

- qa/qv =0

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

— (9—2)u 20

2 _ 2
mx = qmin,max

CCFR excl. 95% CL

R[Il{'l’G] lo
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gx

107" k|

1072 k¢

SINGLE MEDIATOR?

C I
E ga/qv =—0.2

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

— (9—2)u 20

2 _ 2
mx = qmin,max

CCFR excl. 95% CL

R[Il{'l’G] lo
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gx

107" k|

107 FEE

SINGLE MEDIATOR?

ga/qv = —0.4

10t 1Y

mx [GeV]

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

— (9—2)u 20

2 _ 2
mx = qmin,max

CCFR excl. 95% CL

R[Il{'l’G] lo

LFC21, ECT-Trento (virtual), Sept 10 2021



gx

107" k|

107" FEE

SINGLE MEDIATOR?

CEEE J
FEEF ga/av =0.2

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

— (9—2)u 20

2 _ 2
mx = qmin,max

CCFR excl. 95% CL

R[Il{'l’G] lo
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gx

107" k|

107" FEE

SINGLE MEDIATOR?

| qa/qv =04

mx [GeV]

0+ 10"

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

— (9—2)u 20

2 _ 2
mx = qmin,max

CCFR excl. 95% CL

R[Il{'l’G] lo
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(g_z),u b b_)S//t//t
FROM U(l)y AND LQ

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518

* Ry from tree-level LQ exchange

e for instance from S; = (3,3, 1/3)/
e (8§ —2),from U(l)y gauge boson
e the U(1)y solves the flavor problem

e gauge charges such that S; only couples to muons, not z,
e = LQis a "muoquark”

e = no FCNC problems
e universal charges for quarks
e gauge charges such that forbid (too fast) proton decay

® no dimb ops. mediating proton decay
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(g_z),u b b_)S//t//t
FROM U(l)y AND LQ

Greljo, Soreq, Stangl, Thomsen, JZ, 2107.07518
e exploration of viable charge assignments for SM+3v, field content

e require anomaly free charge assignments
e keeping max charge ratios < 10 = 273 models (out of ~ 2 - 107)
® two categories of charge assignments

vector category : Xy = Xg, forall 1=1,2,3,

chiral category : the rest.

® in vector category 3 parameter families of solutions, with the
lepton charges given by (up to flavor permutations)

Class 1: Xe=Xn,, Xu=Xn,, X;=Xns,
Class 2 : Xe=Xn,, Xu=-X;, Xn,=-—Xny,
Class 3 : the rest.

e note: the classes may overlap, e.g., L, — L, is both Class 1 and 2
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BENCHMARKS

e several relevant constraints

® neutrino trident, light resonance searches, neutrino electron
scattering (Borexino), nonstandard neutrino interactions

e benchmark models that can explain b — suu through S;
exchange and (g — 2), through U(1)y gauge boson

$ i, | :via

vle region near my, ~ 20MeV

o L, —L,via

ble region if kinetic mixing recudes couplings to
e

electrons X 4 = X, — —¢

e chiral Zﬂ_T:

X
possible viable region near m, ~ 20MeV

e other possible benchmarks, B — 3Lﬂ, I.-38
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- KS

L, — L, p/7-loop effective mixing

1072 - T
] — (9-2), LHCb g
' Borexino BaBar -
CCFR .1 NA62 * '
10-3 - NA64 i
= - | §.rches, neutrino electron
.......................................... 1eutrino interaCtiOHS
Pl ol i through S3
" lauge boson
| NA64, -\/IeV
10—° ' ........ NA62 7
1 TR Atlas .
1n
. |18 recudes couplings to
........ M3(2)
10_6 ! ' LN B L BRI | T T LI B B |
103 102 101

mx (GeV
GV i geuns wo2ar My ~ 20MeV

-wr A LA A WAA L.JM T. _[/\/vv.-n' -

e other possible benchmarks, B — 3Lﬂ, I.-38
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L. — L,, e/p-loop effective mixing Le—L, =099 -gxe?

(9—2), -~ LHCb
Borexino | BaBar
CCFR 0 NA62
NA64

Iy

4 1073

ax

10~
mx [GGV]

10-3 10-2 10-1
my |GeV
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SIMPLIFIED DM MODELS

e b > sy and (g —2), both

from loops

e finite number of

simplified models, it DM

candidate required

Label D,/T, Do/ Ty /P o, /T, o'/
Fi./St | (3,2,1/6) (1,2,-1/2) (1,1,0) (1,1,-1) -
Fin/Sw | (3,2,1/6) (1,2,-1/2) (1,1,0) - (1,2,-1/2)
Fie/S1 (3,2,7/6) (1,2,1/2) (1,1,-1) (1,1,0) -
Flia/S1a | (3,1,2/3) (1,1,0)  (1,2,-1/2) (1,2,-1/2) -

Fib/Smp | (3,1,2/3) (1,1,0)  (1,2,-1/2) - (1,1,-1)
Fue/Sue | (3,1,-1/3) (1,1,-1)  (1,2,1/2) = (1,1,0)
Fva/Sva | (3,8,2/3) (1,1,0) (1,2,-1/2) (1,2,-1/2) -
Fun/Swvi, | (3,3,2/3) (1,1,0)  (1,2,-1/2) (1,1,-1)
Fve/Sve | (3,3,-1/3) (1,1,-1)  (1,2,1/2) = (1,1,0)

Arcadi, Calibbi, Fedele, Mescia, 2104.03228

br \/J 755
> , > , >
| |
| |
CI)(] * * (I)é’
| |
| |
< 1 < 1 <
SL Y 1759
(I) \\&g\
e T ~
/ N\
/ \
ML ‘ <]\L[/ ) | MR
Vv, Y
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SIMPLIFIED DM MODELS

Arcadi, Calibbi, Fedele, Mescia, 2104.03228

A=0.2, tan6=2,I";=2, I';=-0.5, Mo,=1.4 TeV,me, =0.7 TeV -

KL
from loops 10000 o
p oL ANCK for # |, model - |
” |
AT 5000 } A D,
e finite numbe ‘ i
|
simplified m 2000} h
Aa
. = -~
candidate re 3 ..l
2 ENON1T(SI)
Label B,/V, g/ T, v /0 <00 _Hﬁin\//”é\

fla./SIa (3v2=1/6) (]-’2: _1/2) (1,1,0) /

}-Ib/SIb (37 2: 1/6) (la 2: _1/2) (la 13 O)

Fu/Se | 3.27/6) (1,2,1/2)  (1,1,-1) 200 i e .
I"lla./slla (3,1:2/3) (1,1,0) (1’2: _1/2) 100 ‘\ I - - X s N L \
Fin/Sm | (3,1,2/3) (1,1,0) (1,2,—1/2) 10 20 50 100 200 500 1000 2000 500010000 | MR
Fuo/Sue | (3,1,-1/3)  (L,1,-1)  (L2,1/2) e My[GeV] —— y
-FVa/SVa (3v3= 2/3) (1,1,0) (1a2: _1/2) (]-:2) _1/2) -
f\rl)/SV}, (3,3, 2/3) (1,1,0) (1,2,—1/2) — (1,1,—1)
fvu/Sv«: (3’ 3, _]_/3) (1, 1, _1) (1, 2, 1/2) — (1= 1, O) LFCZL ECT-Trento (Virtual), Sept 102021
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S AND §; LEPTOQUARKS FOR
RK(*) AND RD(*) AND (g o 2)/4

Greljo et al, 2103.13991
* Ry from tree-level S; exchange

e (g —2), from muon-philic §; at 1 loop
* Rj« from tau-philic S, at tree-level
o symmetry structure realizable in gauged L, — L, (1 charges for
Si's)
e U(2)’ MFV in quark sector

0.200 - 0.00
My =Mz = py = 3 TeV
0.175 - EEg 0.25 1 -
/AT PP
0.150 - Y 7 1\ \ —0.50 - \
/r // ,/,,' N \\ | / pa /
f / \\ \ \ H'\‘ ,J P /
0.125 | | —0.75 1 / v
= L /i
| / rs
= \ \ \\ / / / [aef N / /’/ /
I 0.100 A |\ N/ /| & —1.00 [ [ . 7 /
) \ \ ~_ / ’ | / / / ,// / /, - -
— g \ // / / [ i M; =15 TeV
\ O\ /| . [/ )/ My =3 TeV
0.075 - VoA /| —1.25 1 [ oL Y/ / > 98 TeV
N\ / / A par = 2.25 TeV
: \‘ ‘ [/ Rp & R;, 1o
0.030 - B v pp 1o \ / —1.50 1 \ \C b &t
— Rrg &R lo \ / \ A global, 10.20,30
b— sup lo \ / - \ N /,f»f/ /2 95% CL excl. EWIPO
0.025 - e2 1o \| |/ - o EE] 95% CLexcl. 7 — fvv
2 / SN 1 Q=0 o
—— global, 1¢,20,30 \/ | 95% CL excl. pp — 77
0.000 . I I l . . —2.00 ' T T T T T '
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S AND CHARGED SINGLET FOR
RK(*) AND RD(*) AND (g 7 2)’“

e two new fields Marzocca, Trifinopoulos, 2104.05730

S1 ~ (37 1)1/3 ) §b+ ~ (17 1)1
e in addition to resolving Ry, (§ —2), also
possible to resolve the Cabibbo angle anomaly

br CL(R)
> Sl <
Ve ML

TL(R)

Hr Hr

e 3.60 (or 5.10) discrepancy in V. from K — nfv
vs. V_, (+CKM unitarity) from super- allowed

0 N 0
nuclear 5 decays |
see also Crivellin et al, 2012.09845: Belfatto et al, 1906.02714 _a s b y
67 . £102021
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S AND CHARGED SINGLET FOR
RK(*) AND RD(*) AND (g 7 2)'”

low energy discovery modes

P tWO n 4-_ """"""""""""" ycca, Trifinopoulos, 2104.05730
95%CL
[ ) 3 i
e in adc - O
possilt g >maly
b h 51
’ S /
I+
o Belle—II (50ab~!) 1 v,
v, ~ LHCb (9fb~1) ~ ’";b"-\
Ob . . . Uur

0 5.x10710 lxlO9 15><10‘92x10‘9
e 3.6 B(B-Kye) K — ntv

vs. V_, (+CKM unitarity) from super- allowed

& ¢ ¢,
nuclear 5 decays |
see also Crivellin et al, 2012.09845; Belfatto et al, 1906.02714 _a sli ) v
' 67 ve ve v v £102021
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THE FUTURE

many related modes/observables in b—ctv and b—suu

o Ny—Actv, Bc—]/Ytv, Bs—~Dstv, Bs—ll, b—>sll
inclusive, LFU in angular obs., ...

a rule of thumb: Belle 2 50x statistics of Belle

® corresponds to ~reach in Anp of ¥V50=2.7x

e like going from 13TeV LHC to 35TeV LHC
similar for LHCDb (Phase 2 Upgrade 100x stat.)
Muon g-2 /EDM experiment at ]-PARC

many of the heavier states could be produced at high p;
e ATLAS, CMS, 100 TeV pp, muon collider,
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THE FUTURE - BELLE 11

talk by Carsten Niebuhr at EPS-HEP 2021

= 0.3

D

SR

N Bellell2019 <o

0.25

N ..... - e 0140)Gev2 ....... .
' \‘;e-.i o q2 40812)Gev2
"GP €(1.060) GeV?

NN q2> 1418 G.ev2

0.2

0.15

0.1

0.05

lllllllll[llll[lllllllll]llll
»
# 4
B

10
Integrated Luminosity (ab™)
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THE FUTURE - LHCB

WG4 Yellow Report, 1812.07638

LHCb Upgrade II
Scenario I

"R, [16] !
—  R[16]
—— R, [16]

LHCb Upgrade II
Scenario 11

LHCDb Upgrade 11
Scenario 111

LHCb Upgrade II
Scenario IV

LHCb Run 1

04 0.6

J. Zupan On flavor anomalies 71
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AReC,,
N

1.5

0.5

-0.5

-1.5

THE FUTURE - LHCB

B 1 I 1 I I 1 I 1 I I 1 I 1 1 ! 1 I 1 1 i
- — s = 5
o scenario |l -
n scenario | ]
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 i 1 1 1 1 :
3 -2 -1 0 1
AReC,
04 0.6
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WG4 Yellow Report, 1812.07638

T | T RKI [1,6] |
w  R[16]
—— R, [16]

N 1 | 1 ] 1 | 1 1 1
0.8 1 12
RX
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CONCLUSIONS

e FCNCs very sensitive probes of new

physics
e growing tensionsin (g —2),, Rge

® evidence of new physics?
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EXPERIMENTAL PROGRESS

e example: mini-split SUSY

® O(1-10TeV) gauginos at LHC or future collider;
PeV stermions from low energy precision probes

mgl=myl=3TeV, [mz =10 TeV

w ]
/ neutron
EDM :

30F :

B mixing

I~
e
-
-
“
e
-
e
B
=
e

charm

B, mixing

mixing

10 102 103 10* 105

L Altmannshofer,Harnik, JZ, 1308.3653




EXPERIMENTAL PROGRESS

e and will improve dramatically in the future

-1
L 20fb” + Bele ! 10x ACME _100x ILL
"t 5 A 7 3 = el e
[ imzl=kn;1=BTeV, Imf=10Tev
30~ : 2 of . A . -
A B mid-term
¥/ S 5 _
O I~ |
< | future
10~ 2
Q K
= - |
S
3 B; mixing
1 1 mixing [ 1 | =
102 10° 104 103
MEG II M,.Eie Mgie ms=mj= | (TeV)

oy
L Altmannshofer,Harnik, JZ, 1308.3653




EXPERIMENTAL PROGRESS

Physics Briefing Book, 1910.11775

e further orders of magnitude experimental
progress expected in CLFV transitions

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

h PIP-1I

COMET Phase-l
Sensitivity: 10"
Sensitivity: 10" \

o-ll

10*

10-19

-17
10" or smaller

Sensitivity: 10¢° or smaller

200

2030 2950

Data Taking ,
(Approved Experimenys)

Proposed Future Running

assumed sensitivies in

the previous slide
J. Zupan Flavor & CPV in dark sectors 76 ESPP, Granada, May 14 2019




Peccei, Quinn, PRL 38, 1440 (1977)
Weinberg, PRL 40, 223, (1978)
Wilczek, PRL 46, 279 (1978)

AX l O N Vafa, Witteni PRL 53’, 535 (1984)
e if 6(x) a dynamical field and couples only to
0GG = potential min. at 9(x) = 0 A _ 2fa
fafy = VA
® new ultra-light particle - axion ——
aS E CVern a ~ a a
off = — — FF A i
Lot 87rfa,GG N 8t T, zfafW (szf3+0fzf375>f
® obtains mass from QCD anomaly
12
Mg = 5.70(7) peV (10 fGeV>

® viable cold dark matter candidate for

107%eV <m, <107°%eV

PIKIMO-10, Northwestern U., Apr 10 2021

J. Zupan Flavored axions - searches and constraints 77



SUSY?

a, via chargino-sneutrino and neutralino-smuon loops

bino-like neutr alino 1s DM tan 3 = 15; my = 1000 GeV; My = |M;|+ 80 GeV

5 5 3 4004 e
requires cancellations in | f
. : 3007
DM direct detection xsec | _
2001 g g, \eotens
® "blind spot™: h and H | e
100 7" .
exch. with opposite signs = pretericd regions
O 0-
can evade LHC constraints = _ |
in the soft region |
—200 -
—300-3
__400: .............. »

100 200 300 400 200 600 700

[GeV
J. Zupan On flavor anomalies 7 baum, Carelﬂa,b§b,ah,\’\/l\/_al Qﬁfoéilv(}i*cﬁé‘f’%cw LU zuLL



300

. . R
a, via chargino-sneutrino &
bino-like neutralino is DV % 150
: : preferred
requires cancellations in [ ; region

. s 100 .,.}.,,./.'..;..’.
DM direct detection xsec ,

® "blind spot™: h and H 5.

g : ) 100 150 200 250 300 350
exch. with opposite sig1 m(iy) [GeV]
Endo, Hamaguchi, Iwamoto, Kitahara, 2104.03217
§ N R g

can evade LHC constraints i

—100
in the soft region |

—200 1

—300 1

—400 - )
100 200 300 400 500 600 700

: Baum, Carena, Shah, Wagner, 51[04 03302 :
J. Zupan On flavor anomalies 78 I SR Ry gCL WU \viLilual), OCPL LU Lusl L‘.“.}j;.' :
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Ry [0.045,1.1

1.1,6
0.1,6
2.5,4
P} [4,6
BB optu) 1,6

B(B! — pp”)
B(B" — pfp) -
Muon g — 2 —
R(D) —

R(D")—

R(J/¥) — °

2 3 4 5)
Pull in a patrick.koppenburg@cern.ch




a,(SM) = 0.00116591810(43) -> 368 ppb

* |ndividual tension
BNL g-2 = o— } "
FNAL g-2 +——e—— — BNL:3.7c
7330 — FNAL: 3.3
< 4.20 >
- - 4 L
Standard Experiment
Model average

175 18.0 185 19.0 19.5 20.0 20.5 21.0 21.5
au-10% — 1165900

a,(Exp) - a,(SM) = 0.00000000251(59) -2 4.20
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e "LHC safe" models

THE /' MODELS

* bounds from ATLAS, CMS from pp—Z'—uu

Greljo, Marzocca, 1704.09015 14

® e.g, for MFV ansatz

0(371)
Qiily

L

(Liy"Ly)

~ (1+aryf +Bray;)

Ju = g(Ql)’ij(Q_iYqu) + gy

Altmannshofer et al, 1403.1269
® U(1),. models with vector-like quarks

e models with more than one mediator

1.2f
1.0f

0.8f
o |
0.6}
0.4f

0.2f

95% CL limits on MFV Z' frompp - u* u~

vvvvvvvvvvvvvvv

L ATLAS 13 TeV, 36.1 fb!

............

......

2000

4000 6000 8000 10000

M. A [GeV]

(mixing suppression), e.g. U(1)s xU(1)
® composite p exchanges

e fully horizontal Z" models with third-family
charges only, e.g., U(1)p3.c ,U(1)B3-34

® interesting textures in the neutrino mass matrix

Crivellin, Fuentes, Greljo, Isidori, 1611.02703

Carmona, Goertz, 1510.07658; Megfas et al, 1608.02362 , 1705.04822;

Alonso, Cox, Han, Yanagida, 1705.03858;

Bonilla, Modak, Srivastava, Valle, 1705.00915

Bhatia, Chakraborty, Dighe, 1701.05825
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1 1 1 1 I | 1 1

LHCDb B SM prediction
—s— ¢lectrons 9fb™’
—e— muons  3fb™!

dB/dg? [10® x ¢*/GeV?]
IIIIIIIIIIIIIIL’IJIIIIIIIIIIII

¢
2
]
1 L
larXiv:2 /
O 2 2 | A A 2 2 | 2 2 3 3 | L L A 2 | 2 2
0 5 10 15 20

g* [GeV?/c4]
B(BT - K u p™)
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HADRONIC VACUUM

lattice —H—
R-ratio —&—
BMWc20 | | -
® C  Mainz19 | =
FHM19 | = = -«
* B ermiof 2
RBC'18 =
BMWc’17 | =
DHMZ'19 —O—
KNT'19 | =S .
CHHKS'19 - =6~ nonewphysics
660 680 700 720 740
BMW collaboration, 2002.12347 10'% x atO-HVP

680 700 720 740 760 Gerardin, 2012.03931
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SENSITIVITY TO NEW

PHYSICS
e SM@tree level: no Flavor Changing Neutral Currents

e all FCNC processes loop suppressed
® e.g., meson mixing b , b\ 7 /
e can be modified by NP XK " “
e NP contribs.

scale as

r : : N

SONP . SiD 0; sin 0;
M?2

\_ NP )

* depends on
mix. angles
and NP masses
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LOW ENERGY PRECISION
BOUNDS

UTFit 0707.0636, 1411.7233
for latest charm see also Bazavov et al, 1706.04622

= X 107 .Re C UTFit 0707.0636, 1411.7233
® an iMmupressive K
P mimC, 2007—>~nowW
progress on Im €, .

—
o
)]

I TTTTI I T TTTTI I llIIIlIl I IIIIlIIl I IIIIIIII I TTTTIT

flavor bounds
in last 10 years

NP scale A (TeV)

10* -
* In D, Bsmixing ¢
\
* also from ek 107

cC € C

3 q 5
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LOW ENERGY PRECISION
BOUNDS

UTFit 0707.0636, 1411.7233

S
. . o
®* an impressive £ 2007
<
progress on 9 _
S ) _
flavor bounds 2 N
. <
in last 10 years :
* in D, Bsmixing  10°¢
e also from ek 10°F I |
¢ ¢ ¢ q
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LOW ENERGY PRECISION
BOUNDS

UTFit 0707.0636, 1411.7233

—
O
~

" MR C,
- mm C. 2014

ImC,

® an impressive
progress on
flavor bounds

\

—
o

)]
m

NP scale A (TeV)

in last 10 years 104 f
* iIn D, Bs mixing 103; |
e also from ek 102
L3 7 “c ¢ C C C
F(bL/VMdL)(bL’YudL)M 7 2 3 4 5
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LEPTOQUARKS UPSHOT

L. di Luzio, 1706.01868

Simplified Model | Spin | SM irrep | ¢1/c3 | Rpe | Rxe | No d; — d;vv

7' 1 (1,1,0) 0 X v X

% 1 (1,3,0) 00 v v X

S1 0 (3,1,1/3) | —1 v X X

Ss 0 (3,3,1/3) 3 v v X

Ui 1 (3,1,2/3) 1 v v v

Us 1 (3,3,2/3) | —3 v v X
Anomaly O FSq FSg A4[TeV] | |Ao| [TeV] | Ay[TeV] | M,[TeV]
b— ctU | (Qo3Lls3 1 1 3.4 3.4 9.2 43
b— cr7 | Quslas | |V 1 3.4 0.7 1.9 8.7
b= spfi | Quslag | 1 1 31 31 84 390
b — S Q33L22 ‘/ts 1 31 0.2 17 78
b— supi | Qs3Llss | |Vis imﬂ/mT 31 1.5 4.1 19
b— suii | QssLas | |Vis| | *(my/m,)? 31 0.4 1.0 4.7
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LOW ¢- BIN

D'Amico et al., 1704.05438

1.1
1.0

= 0.9

S

‘o'. 0.8}

=R

: /.

Qé<07/j,/ o —_————- ERSSf ]
0.6 - Gu

05—
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SENSITIVITY TO NEW
PHYSICS

e sensitivity to NP from virtual corrections

oo sl

e NP contribs.
scale as

.
0CNF

: : ~N
Sin 0; sin 6

2
g Mgp

e depends on
mix. angles
and NP masses

J. Zupan On flavor anomalies
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s D
b w.e:t A
S : !
1 I
w . W
1 I
I I
1 I
1 I
l 4 4
W= Y d,3 b
, \\‘ "’ \\\ "’ \\‘
. \ ! \l ' \
b u,c, t S b X S b (~] S
- v,
fig. from talk by G. Hiller at The First Three years of LHC,
Mainz, Mar 2013
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BOUNDS ON MODELS

 B,—uu important discriminator of models

» 1: LQ models

0.00 : ~ Ch, ,
109 BR(Bs — ptu~) | 3 o= special
- 9
—0.25 | I cases
e I (|
I I
—0:50- ,>\ 1 » 0: models
& involving L,
11
I
I
I
I

SN ORI

I I
I I
—2.00 . . T — —
-1.50 -1.25 -1.00 -0.7% -0.50 -0.25 0.00 0.25 0.50

TP
C10/Cq  D. Straub @ Instant workshop on B anomalies, 2017

! > 17 0T 3
~1.25 - > g
I > _1 o]
—1.50 - \I\\/ II —3z Ol 5
~—_1 !I
~1.75 | \J/Ei >
I
]
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OTHER CONSTRAINTS

e nontrivial constraint from Z—4I

e especially for light Z’ also
important constraint from

up prspectrum at the LHC
q -

Z/a‘* .m/\/\/\/\/\ V
. L

J. Zupan On flavor anomalies

D2

do /dm,,, [pb/GeV]

= %)

(do/dm,,,.)
(do/dmy,,)

10!

101

103

Bishara, Haisch, Monni, 1705.03465




b—ctv

e numerical values

R(D) R(D*)
BaBar 0.440 + 0.058 + 0.042 0.332 + 0.024 + 0.018 -
Belle 0.3757 0 0es £ 0.026  0.29370057 + 0.015
LHCb 0.336 + 0.027 + 0.030
Exp. average 0.388 + 0.047 0.321 + 0.021
SM expectation 0.300 + 0.010 0.252 4+ 0.005
Belle II, 50 ab™* +0.010 +0.005
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MODELS WITH RIGHT
HANDED NEUTRINO

Robinson, Shakya, JZ, 1807.04753

2.3 ——-——r—r—mr—-s-+—-+-—-—r————————r
e experimentally Rp, Rp* above SM | e 7 =33
® no interf. between NP and SM i R
 Nrnot part of a doublet 5 T
m -
® the constr aintS fl‘ om 0.25 [ @f - I;\ZAS“(@S:)G)
—J1 SM Ly=1+SR
charged leptons are absent NSk
) SM Ly>1+SR
C s 0.2 0.3 0.4 0.5
y C pelocineret s, 17022
t al, .
b T h ernlochner et a
> > { ,7_ |
7‘ ~ g ‘
%% |
Ur IVR
J. Zupan On flavor anomalies 94
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SBOTTOM SOLUTION

41 B-Kwy 1 Boawy ™ R,+Rp

B B B direct searches

Altmannshofer, Dev, Soni, 1704.06659:"‘-1_

A313=23p3=0

0.06

-0.02

A333=09, A3;3 = -0.05

.....

DL T
& w3

T W 2
»

W

-0.04

-0.06

VRGNS RIS T
WAL Y R R

s | ! : /
900 100




Rp, Rp PREDICTIONS

Bernlochner, Ligeti, Papucci, Robinson, 1703.05330

e without light cone sum rule estimates

03 ———————————
i Contours hold at 68% CL: Ax2 =2.3 |
LTS SN
/ \\
/ AN
l\ \
i \ Py \\ |
I
0.3 |- AN I
i S J/
e U R S <
*
S
S
0.25 + d
_ ——— HFAG (2016)
| SM Ly=1
SM NoL
] SM L-w21
! ! ! ! | : : . ) I ) . . !
0.2 0.3 0.4 0.5

R(D)
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DIRECT SEARCHES IN 77

e b—ctv also implies a 1/Vy enhanced bb—1+1-

: : Faroughy, Greljo, Kamenik, 1609.07138
Color singlet |Color triplet

Scalar 2HDM Scalar LQ
Vector W’ Vector LQ

lgsg-| x v’ M2
— |Yp Y| x V2 [ M

50_.. SNl b 00 0 0 Ve TVITE
ATLAS 13 TeV, 3.2 1 : 50 0.’|2 13 Tov. 3.2 fo |
40} 0-09 40} 0:1 '
X 0-08 SN
— 30 007 : 30} 0-08
N - :
E ol 0:06 % 20¢ 0.06
& 0-05 ~
10 _ o 105' 0.04 |
0:03 ; | 0:02]1
(| P =r—— — 12 120 2oy ) 060810121416 1.8 2.0
060810121416 1.8 2.0
would need: My (1eV)

JTouparrTort uavyz‘au(\}l?a\izo 97 YbY’T* XUZ/MIZi'—|— — (2-9::0-8) l




RADIATIVE CORRECTIONS

A 3 Feruglio, Paradisi, Pattori, 1705.00929, 1606.00524
* loop corrections important

® modifications of the W, Z couplings to leptons

® induced 7 decays

1.0

0.8 0.8

0.6 ] 0.6
=i Ny
SR > Sen
SR
04 B Ry and R} o W Ry and R}
B LFV 7 decays W LFV 7 decays
i W Z-pole observables | Z-pole observables
028 m R/ - 0.2 o
m Al
0.0 v ; ‘ 0.0 —
100 105 110 115 120 125 130 135 1.40 100 105 110 115 120 125 130 135 140
7/l T /¢
}?IN*’ I?IN-)
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NEW PHYSICS
INTERPRETATIONS

e the most obvious candidates ruled out .

e charged Higgs: total B, lifetime, b—ctv g? ;
distributions, searches in pp—11 H'+ W\’\ \ _

’ |

.

e W' related Z’ ruled out from pp—17

e left with leptoquarks, will show two

® RPV sbottom: explains b—ctv, not b=>su1i _
® vector leptoquark: explains b—ctv & b—=suu b /
® also possible if more than one scalar LO ¢
leptoquark Crivellin, Muller, Ota, 1703.09226 y
.
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RPV br.

e leptoquarks: br . with RPV interactions

zgk

* to avoid proton decay constraints:
Ist, 2nd gen. squarks taken heavy

e direct searches pp—tttt:
m(br)>650GeV

e unification still possible

e cannot explain b—>suu
Deshpande, He, 1608.04817; Becirevic et al. 1608.07583

J. Zupan On flavor anomalies

L;Q;Dj

040
035}
QEOBO?
0.25}

0.20L.

Altmannshofer, Dev, Soni, 1704.06659

RPV;
HFAG
SM

- Altmannshofer, Dev, Soni, 1704.0665.95

0.3 0.4 0.5 0.6
Rp

LTUU
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DIRECT SEARCHES IN 77

e b—ctv also implies a 1/Vy enhanced bb—1+1-

: : Faroughy, Greljo, Kamenik, 1609.07138
Color singlet |Color triplet

Scalar 2HDM Scalar LQ
Vector W’ Vector LQ

lgsg-| x v’ M2
— |Yp Y| x V2 [ M

50_.. SNl b 00 0 0 Ve TVITE
ATLAS 13 TeV, 3.2 1 : 50 0.’|2 13 Tov. 3.2 fo |
40} 0-09 40} 0:1 '
X 0-08 SN
— 30 007 : 30} 0-08
N - :
E ol 0:06 % 20¢ 0.06
& 0-05 ~
10 _ o 105' 0.04 |
0:03 ; | 0:02]1
(| P =r—— — 12 120 2oy ) 060810121416 1.8 2.0
060810121416 1.8 2.0
would need: My (1eV)

J- L.ll,llJClJ.l 1L llaV%%lS\E?XzD 101 YbYT* Xv2/Mé'+ — (2'9::0'8)|




TOP-PHILIC Z'

Kamenik, Soreq, JZ, 1704.06005
e where is the flavor structure coming from?

e why the (5b)v.4 chiral structure?

e automatic for top-philic Z' di — L /
4
® p—s due to SM 1%
W in the loop g — t p
® avoids contraints from dimuon GB.1)

G ~ O+ 0xa¥ + BYay,) ’
resonance searches

e MFEYV structure: all FV due to CKM '

cf. NA62 reach:
e there is a correlated signal in K—=mtvv 10% of the SM

1 2
B(Kt — 7Tvi) ~ (8.4+1.0) x 107 x 2 > (1 +0.11(C5N — CbeP)‘ k
. ;

.:

SM value L o see also Bordone, Buttazzo, Isidori, Monnard, 1705.10729
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MINIMAL U(l)) MODEL

' Kamenik, Soreq, JZ, 1704.06005
e new U(1) gauge symmetry

e scalar ®~(1,1,0,g°) = (¢p+70)/v2

e vectorlike fermion T'~(3, 1, 2/3, q'{f._ _SUGXSUQ KU1 )xU()

e all the SM fields singlets under U(1)'

e interactions with the SM through only three terms

Lmix = —N[®*|H|* —eB*" F,,, — (y5T'®ufr +h.c.)

e assume alignment with the SM up Yukawa

e for us the interesting limit |yrt | »A’,¢e
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SIZE OF b—suu

t—T mass matrix

MET (ytv/ﬁ 0 )

the mixing angles for the two chiralities d

Or ~ y=v/Mr

yto/v/2 My

di

® main effects due to mixing with tr

the induced b—sll
1 m2 ~2
Céi,ll\(T)P _ _q/q:L VA 2t 9_2
’ 2 A mZ/ e

t 7!
%4
&’ t
d’ -
%4
dJ r
f ! 7
L ~ Orv/Mr -
' t
I
m2
s% log (2T> +.. T
myy

e fits the anomaly for mz~O(500 GeV), gq'~O(1)

couplings to muons due to mixing with vectorlike leptons

e depending on the details could explain (g-2),

J. Zupan On flavor anomalies

104

LFC21, ECT-Trento (virtual), Sept 10 2021



Kamenik, Soreq, JZ, 1704.06005

DIRECT SEARCHES

contraints from
dimuon searches:

production channels:

e tree level pp—ttZ’,

e l-loop: pp—272',jZ’
depends on Br(Z'—uu)

® e.g. below ft threshold:

RNy

t 4

g

Rerryy,

Tt 1

o

® coupling to uyp = Br(Z'—uu)=0.5

e coupling to ur, 7. = Br(Z'—uu)=0.25

interesting possible searches at LHC

o pp—tt(Z' —uy), tH(Z' —11), tH(Z' —tt)
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Kamenik, Soreq, JZ, 1704.06005

DIRECT SEARCHES

contraints from
dimuon searches:

production channels:

e tree level pp—ttZ’,

e l-loop: pp—272',jZ’
depends on Br(Z'—uu)

® e.g. below ft threshold:

RNy

t 4

g

Rerryy,

Tt 1

o

wt

N

wt

® coupling to uyp = Br(Z'—uu)=0.5

e coupling to ur, 7. = Br(Z'—uu)=0.25

interesting possible searches at LHC

o pp—tt(Z' —uy), tH(Z' —11), tH(Z' —tt)
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Rp, Rp PREDICTIONS

Bernlochner, Ligeti, Papucci, Robinson, 1703.05330

e without light cone sum rule estimates

03 ———————————
i Contours hold at 68% CL: Ax2 =2.3 |
LTS SN
/ \\
/ AN
l\ \
i \ Py \\ |
I
0.3 |- AN I
i S J/
e U R S <
*
S
S
0.25 + d
_ ——— HFAG (2016)
| SM Ly=1
SM NoL
] SM L-w21
! ! ! ! | : : . ) I ) . . !
0.2 0.3 0.4 0.5

R(D)
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MODELS WITH SM NEUTRINO

Freytsis, Ligeti, Ruderman, 1506.08896

/, =
W,

(Marle + Aquimer)R 6 leptoquark

mediators

Operator Fierz identity |Allowed Current OLint
Ov, | (ey.PLb) (77" PLv) 1 @3) ( YL
’ e —INL °

Ova| (@wPrO)(T"PLv) 9 color singlet |
Osy (¢Prb) (TPLv) ) i . o ) |
Os, (ePLb) (7 PLv) medlators (1,2)1/2 (AaGrdr® + AuqrLuriTed' + Aelperod) w}
Or ((—:O'/“’PLI)) (‘7‘0,”, PLI/)

(,,L (Tv.PLb) (cy" PLv) +—
Ov,| (FyuPrb) (cy"Prv) <+—

ng (’I_‘PRI)) ((_:PLI/) D

fgL (’I_'PLI)) ((_:PLI/) >
OII (TU'WPLI)) ((_:(7,,,, PLI/) <

(f,L (7Y PLc) (b°Y* PLv) +— )

Vi | (TyuPre?) (0" PLv) «— (AdrVule + Aqiyuer)V*

2| (FPret) (0°PLy) AGLimeTeLS

fg/L (,I—_PLC(:) (l—)CPLI/) “— (/\(]LITQFL -+ /\I_LRCR)S
04 (76" Prc®) (b°0,uw PLY) +—




¢ NP models with SM neutrino

® color singlets: W’, scalar doublet

THE MASS SCALE ——< <

® color triplets: leptoquarks

e typical mass ~500GeV for O(1) coupl. LQ

Coeflicient(s) | Best fit value(s) (A =1 TeV)

Cv, 0.18+0.04, —2.88+0.04 & W) ~

Cr 0.52 +£0.02, —0.07 % 0.02
c4. —0.46 + 0.09

(CR, CL) (1 29, —1.02),
(—0.01,0.18)

(Clps C4,) | (0.35,0.03)
(—5.74,0.03)

~»

-

6.34, —2.39)

)

2.84, 3.08)™"

(=

(0.01, —2.88)f TN TH ~ ~ (3, 1)2/3
(0.96,2.41), ferTN

(=

Freytsis, Ligeti, Ruderman, 1506.08896

| ¢ s’ (17 2)1/2

O ~ (1»3)1/3
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BOUNDS ON SIMPLIFIED
MODELS

e all the four tree level mediators couple to LH quarks
Freytsis, Ligeti, Ruderman, 1506.08896

Gy
4 “
f _C
.}

(g7}l + AURer)S
o the g; flavor struct. that roughly
minimizes constraints
(VubuL

Faroughy, Greljo, Kamenik, 1609.07138

e only coupling to 3

e then b—ctv is Vi suppressed
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DIRECT SEARCHES IN 77

; i Faroughy, Greljo, Kamenik, 1609.07138
e b—ctv implies a 1/Vg,

enhanced bb—1+1-

e severe bounds

from LHC
e for instance for scalar doublet for b—>ctv need:
2 /12
he Y, Y7 xv? /M2, = (2.9::0.8)|
allowed? Y, Y, x v2 M, \¥s Y| x v*/ M

350 Fa 03 50— VR P ' '

{/TLAS 13 TeV, 3.2 fb™ 0‘25 | z
\_40 =4 | perturbativity bound
Nt . NI ;
= 30} 9 : — 30¢ : 2
E 30| excluded RIEC excluded | VY. < (477)
< 20¢ 94 -' = 20f 0:06 ‘.

& : ~ [ :
~ [ 01 | [ ] \U,
10f : 10f 0.04 ':
O: lllllllllllllllllllllllllll 0: ........................... p.02] (N2 < 2 TeV |
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.608 101214161820
My (TeV) | My (TeV)

Jo uut/(/l.l.[ VI 11AVUL AlIVILIITALICo P v pESp g \/:-.—, S N § LL.entO (Virtual), Sept 10 2021



DIRECT SEARCHES IN 77

Faroughy, Greljo, Kamenik, 1609.07138

e vector triplet: W', Z’

® either nonperturbative or very light

$

allowed? |

and weakly coupled to quarks

\gsg -l XV /M5,

ATLAS 13 TeV, 13.2 fb" |

ATLAS 13 TeV, 3.2 |

unitarity bound | 0.09
Tmywr < 6.0TeV excluded |
o ;~, -
di Luzio, Nardecchia,
1706.01868

; G ol
02 03 04 05 0.6 0608 10121416 1820
My (TeV) My (TeV)
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e vector leptoquark: U, 3,

® bounds depend somewhat on flavor
structure assumed

Faroughy, Greljo, Kamenik, 1609.07138 ATLAS, 1709.07242
Vector LQ exclusion §_ I IATL/[lSI © [JATLAS2015 -s Observed]
—~  10E vs=13Tev.36.1 10" " Zssw -- Expected-
S = Z' - w0 95% CL limits 10 ]
i +20
t
N
ol 1
X -\,
o

-
-
-
——————
-
-

| | | 1 | 1 1 I 1 | | | | 1 | 1 ]

| 1000 2000 3000 4000
My (TeV) | M. [GeV]
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DIRECT SEARCHES IN 77

e vector leptoquark: U,

® bounds depend somewhat on flavor

structure assumed

Faroughy, Greljo, Kamenik, 1609.07138

Vector LQ exclusion

M U (TGV)

Buttazzo, Greljo, Isidori, Marzocca, 1706.07808

09.07242
3.0:- - = pp->n' 77 [1609.07138] ,/a: m
‘2 ﬁ ! ;] xpectedd
N ~ : V4 ] 1o .
> " / 1 .
= : JRe 1 20 ]
7 o I pp- T+C;'300 fb' ! .
5 %) : - 1 _
= % -
A % :
3| & |
= = | —
-2 7 ] :
> S ] ]
S T I i .«
; Q*: \V4 ) M
3 ) ector LQ -
1.0 1.5 2.0 ,
4
My (TeV) 000
i [GeV]
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MODELS WITH RIGHT-
HANDED NEUTRINO

Robinson, Shakya, JZ, 1807.04753

mediator irrep OLint WCs
. S — —_—
/ - ) I .
(1, 1)1 g (cquryudr + enlryuNR)W 2 color singlet
1.2 YulirQre® + YadrQr T + " mediators
‘ 1/2 yNNRLLE(I) e

T\—I—\f\ —

- (rQLry.QrL + cwal ryudr) Uy Csi

\\

3,1 _

( )2/3 N (UR’YILLNR> U{L CVR\

N _ - _ - 3 leptoquark

Ry (3, 2)1/6 XLd (LLdR)ERE + aQN(QLNR) It ¢ z -q >
mediators

- 2u(USlR)ST + 2a(d%NR)St + CVR., -
(37 1)1/3 _C i
— . 7 ZQ(QLCLL)SI - = —der
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MODELS WITH RIGHT-

0.35 — | Robinson, Shakya, JZ, 1807.04753
=% 0.3 -
Q i
E‘: - 5£int WCS
1 I —_— —
i 7l m ‘ .
0.25 - enlryuNe)W 2 color singlet
: + YadrQr®" + . mediators
[ VpLed i ——
02 03 04 05 06 | O‘ﬁngWdR)U{LT\rT\}\ =
1L SL> W‘R\
R(D) rYuNR) U ~
_ - 3 leptoquark
(392)1/6 OzLd(LLdR)ERE-I-CkQN(QLNR)RQ C | & .q >
mediators

- ZU(U}%KR)Sl -+ Zd(CZ%NR)S1 + CVR, —
(37 1)1/3 NC i
—_— Q(QLELL)SI | = —der
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MODELS WITH RIGHT-
HANDED NEUTRINO

Robinson, Shakya, JZ, 1807.04753

mediator irrep O Lint WCs
W), (1,1) J (cquryudr + cNlrY Ng) W' CVR
e s 4 6 yuuRQL€<I> + ddRQL(I)T +
DT T T e s s - v, i - excluded from B.—T1v

(anoLrv.Qr + CvedewdR)UfT +
Oy N (’L_LRV,LLNR> U{L
weetrrnr, €xcluded from B—Kvv

CSL, CVR

3 1 ZU(UEKR)S1_+ Zd(CZ%NR)Sl + CVR,
20(QGeLr)S: CcsSR = —4cr
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MODELS WITH RIGHT-
HANDED NEUTRINO

e left with three simplified models: W', U;,S;
e couplings of Uy,S; further constrained

® potentially too large contribs.
to neutrino masses

-
Np——O—%
at 2 loops w e

vy,

e net result: all three match predominantly onto
EFT operator

Ovr = (¢r"br) (TR NR),
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'3221"' GAUGE MODEL

e straightforward to UV complete W’ model
e '3221" gauge model: SU(3). x SU(2)r x SU(2)y x U(1)’
e SU(2)y x U(1)" — U(1)y breaking, e.g., via SU(2)y doublet, Hy

® extra vector-like fermions

Field SU3). SU(2), SU2)y U1

Extra vector-like fermions

Q% r 3 1 2 1/6
L} , 1 1 2 -1/2

® large mixing with bg, cr, Tr,Vr (Avv/M>1)
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RIGHT-HANDED NEUTRINO

e the NRin b—ctNgris Majorana, mostly from Lg’

e for single generation neutrino mass matrix

0 U 0 0\ (v, v Np, NE)
Y VEW H )\V’UV 0 .
M, = V2o V2
vV
0 vl 0 My
0 0 ML o /

e for vpw =0, SM neutrmo vL' decouples

e for u = 0 a massless Majorana neutrino is the state

5 =cosOnNv5—sinOy N tan—é’N = (A ,,vv)/(fML)

L ree————  e——

e for A,vy»M] the massless RH neutrino has a large

admixture of Ny’
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LHC CONSTRAINTS

e assume minimal flavor structure needed for
the anomaly

® large couplings to b,c,T

e LHC constraints from pp — W' — tNg, pp —
7' —171 searches

e if only the SM channels open Br(W— 7NR) :
Br(W— cb) = 1:3

e reduced, if vector-like fermions light enough
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LHC CONSTRAINTS

LHC exclusions: FL-23, 1 VL family

300, “° | vor structure needed for
| \n"\n\.Z'—>rr
2.5
)
. bct
20 :
mpp = W — TN, pp —
Lo W'>ty
1.5:\\ B d
ol R s | nels open Br(W— tNR):
. \\:8 —~ L
1000 1500 2000 2500 3000

Vy [GeV] : .
~ 1TUuuULCTuU, 11 vewwor-uke fermions llght enough
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LHC CONSTRAINTS

LHC exclusions: FL-23, 1 VL family LHC exclusions: FL-23, 2 VL families
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LEPTOQUARK FOR BOTH
b—ctv AND b—suu

Buttazzo, Greljo, Isidori, Marzocca, 1706.07808

e in EFT possible to explain all anomalies

1

1AL =0(Val) . AL =0(Vil) s Ay = O(Val?)|

v_QAngi [CT (QLyuo® @) (LiA 0 Ly) + Cs (Q17, Q%) (L

e with MFV-like flavor structure

® predicts Br(b—st1)~O(100)x SM

e if NP contribs.
dominated by one field

® only one option:
vector leptoquark

Ut =(3,1,2/3)
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LEPTOQUARK FOR BOTH
b—ctv AND b—suu

Buttazzo, Greljo, Isidori, Marzocca, 1706.07808
e in EFT possible to explain all anomalies

NN [Or (@i @) (Lgnto L) + Cs (Qve@3) (L “Lﬁﬂ

T2 =0(Val) s A =0(Vaul) s A =0Vt

e with MFV-like flavor  oosp— T _ ‘ ]
e predicts Br(b—stt)~C ™"}
R ¢ 0.02} ‘\
® ].f NP COIltI' le. : k \ . No radlaaveconstftgn_zs_ E'
: ; (5 0.00f--———mmm e e} - T
dominated by one field | ; |
~0.02} l ;!
® only one option: | ;
-0.04 - !
vector leptoquark | y | lttazzo et al, 1706.07808)
-006E o 4. .. R L 0N e
UM — (3 1 2/3) ~0.06 —0.04 —0.02 /o 0.04 006 000 005 0.10
— y A9 #

o
Buttazs o erarT706 07308 Cr 7=Cgs
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LEPTOQUARK FOR BOTH
b—ctv AN :

Buttazzo, Greljo, Isidori, Marzocca, 1706.07808 :
* in EFT possible to explain all an 20§

T

3.0 pp > 7'

2.5¢

—
1 _. . ., %0 1.5
AN [Cr Qi @) (Lero L)) +Cs (@ 7|
1.0 \
14 14 ' |
A =0(Val) s A, =00Vaul) s Ay = 0 —
: : s TButtazzo et al, 1706. 07808_ 1
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Scenarios

V. Gherardi, E. Venturini, D.M. [2008.09548]

In each scenario we allow only a subset of all couplings to be non-vanishing*.
No other assumptions are imposed.

Model Couplings CC | NC | (g—2),
Sl(CC) /\gz, )\1L X )4
NC
Sl( ) /\15, ,\iﬁ/ X X
S, AR AL X | X
SI(CC+a“) A;‘}lf’ )\271_?’ )\]R )\;71}’ A” X
CC+NC ’ y
SS( O /\b'r ) }\31 ) )‘2;1; ) XS{; >< X
S1+ Sg(LH) ’\bfr ; }‘ivl-la )‘br g )‘259 )‘bu ; )‘gﬁ X

Sl_l_SB(all) AIL /\1L )\lL /\lR /\1R )\IR )\SL /\BL /\BL )\SL

br ) 7T by TMT 0 Cler ) M ) TYbr ) TlsT 0 b))




CKM UNITARITY

e atest: CKM matrix is unitary in the

Standard Model .
—( - dL b Vu,b
ﬁ(uln cLs t)Y W Vekw | se | +hee., >
by -
Vud Vus Vub
VCKM — Vcd Vcs Vcb

Via  Vas Vi
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tb —
w

Voxkym =
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THE PLAYERS

e B-factories
® Belle (1999-2010): ~ 1.5 x 10° B mesons
e Babar (1999-2008): ~ 0.9 x 10° B mesons
e (super)B-factories
e LHCDb(2010-20307?): ~ up to 101 (useful) B’s
e Belle-II (2018-20247?): ~ 8 x 1019 B mesons
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THE PLAYERS

e B-factories
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