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'B" DOI"]

| =y, e.

[D") = T©qis a scalar (vector) meson]

Semileptonidd ! c#" processes are theoretically clean test:
lepton [3avor universality

¥ Dominantly tree-leveW exchange in the SM

¥ Lepton universal = e, Y, ", up to mass eects: PS & hadronic FFs

O.



For the past 5 years, persistent, signiPcant signalspdbn 3avor
universality violation

BaBar, PRILIOQ,I{JIS{IZ{Z{HZ} | , |

Belle, PRD92,072014(2015) Ay~ = 1.0 contours

—— LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017) R(D) = 0.299 % 0.003
LHCb, PRL120,171802(2018) R(D*) = 0.258 +0.005

= Average of SM predictions

Experimental mea- 03
surements disagree af o.2s = -
almost 4 level with 02 " e Summer 2076

P(f)=?|
SM predictions! 2 03 04 05 06
R(D)

—
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R(D™) ANOMALY

requiresnew physics

that couples bd" at a level comparable to SM

several constraints:
¥ enhanced B! "# decay rate
!

¥ additional interactions due to SU(2) nature#of

(in particular, very strong constraints from pp " " from colliders )
[Faroughy,Greljo, Kamenik, 1609.07138]
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R(D™) ANOMALY

THIS TALK

consider the possibility that the R(D) signal arises due t

NP coupling to right-handed (sterile) neutrinos M

Instead of the SM neutrinos

will consider right handed neutrinos to be separate Majorana particle

(easier to avoid constraints, richer phenomenology)

[ aside: there are other flavor anomalies (R{K

which do not directly involve neutrinos |
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FLAVOR CONSTRAINTS

---“‘
)}
3

NP FOR R(D®™) WITH NR

WoN

> NEUTRINO

PHENOMENOLOGY

COLLIDER
SIGNALS
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THE PLAN

y NEW PHYSICS FITS TO R(D)

¥ can do this with specific Models or a general EFT language
¥  take the EFT approach and talk about all possible operators
(will come back to a spelcific UV complete model later)

¥ flavor constraints/considerations
|

y STERILE NEUTRINO PHENOMENOLOGY

¥ contributions tp neutrino masses
¥ sterile neutllrino cosmology
¥ direct search prospects

y COLLIDER PROBES OF HEAVY MEDIATORS

12



Nz OPERATORS FOR R(DM)

Dim-6 operators involving N

N #" #
Qsk = #p @dr BPNR
T S

Qr = #p @$H dr BPS$,"Ng ,

QsL
Qvr

) #" #
0:Q! EINg
WRO/HdR QQO/QNR

After electroweak symmetry breaking

H H
Osr = @ by %"NR g OsL =
Ovr = &k#'br Ww#NR , Ot =
parametrize as
! " $_ #
La =L+ 5 6O la = 2 26pVy

13

+H +
erb Q_#NR ,

' #H
g $H br bf_$|1! NR

$

0/92
40# 10%3 Y/
12 o4 087 20 o

Vcb
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Nz OPERATORS FOR R(DM)

Dim- :
we will assume that these operators are
( completely aligned with the b, ¢, mass
eilgenstates, and no other corresponding
couplings with other generations exist
After
[ built-in assumption for us, but can be accomplished in
(
c flavor-locked models
(S. Knapen and D. J. Robinson, 1507.00009)
parame
Le have to be careful about running effects when

comparing physics at different scales
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UV COMPLETIONS

# H
Osr = @ br %"NR g OsL = ﬂi—'eb_ ELNR : ,
Ovr = @&R#'br RH#NR , Or = g $" bR B S NR
mediator irrep L int WCs
| .
vector W} (1,1) g cqarW 'dr + oy BRW Ng CVR
# o+ yqdkQL! +
scalar | 1,2 Yulr QL CsL, C
(1,2)12 v L, 4 s, CsR
2 $LQ @LO/QQIF + $'deQ9/QdR UH +
X Uk 3,1 Csl, C
S 1 (3:1)23 $u|\| 09N U1 sL.  CvR
S
Scr R> (3:2)16 $Ld @LdR #R, + $on @LNR Rz Csr = 4Ct
;3 zu(95"R)S1 + Zg(8kNR)S1 + CVR ,
S1 (g1 1)1/3 C —
Zo(Gr#L)Sy Csr = ! 4cr
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R(D™) CONTRIBUTIONS

1 I 1 4 1 1 I 1 1 1 1

y X8

y XK y X]| y X9 y X8 y X
R(D)

NP contributions add INCOHERENTLY to the SM effect.

Can only increase R(D), as the measurements demand!

16



02 04 06 08
M?s(GeV7rc?)
1507.03233 [Belle]

¥ Migration in m2,.. can be large

¥ Existing analyses can probably tolerate,, ! O(100) MeV

L/



Introducing b — ¢! Nr operator = contribution to B, — ! Ng
decays

m 2
Br[Bc = !" sm] = Brsm [1 + |CvR + (e ) [CsL(M) — Csr(M)] ]

¥ A huge enhancement for scalar operators ~ mg_/ m,

¥ B, — !I" is not measured, but the B lifetime time and exclusive BRs to
hadrons are

18



FITS AND CONSTRAINTS

(assuming all couplings real)
Kmm—————

k, L I ] k U
: \ ) \2|\/|ii
il | F ' ’ :
“Ay — sy \ ‘ ~ Yy \ \
o L T ‘ ol '
@k @k @'k
@ k @R y R k @ k @R y R k @ k @R y R k
SR o o
10% 5 10 P
10t | ot | Orange: #
o] IV | excluded region
R' ' | | from requiring
; I Br(Bec! !')<10%
S 1007
@RX8@R @yX8y yX8 R R > @RX8@R @yX8y yX8 R R)>
CVR c(:) — 4p C(r/‘t)

# .# NP corrections and form factor bts based on#
# # Z. Ligeti, M. Papucci, and D. J. Robinson, JHEP 01, 083 (2017), 1613{02045

# # F. U. Bernlochner, Z. Ligeti, M. Papucci, and D. J. Robinson, Phys. Rev. D95, 115008 (2017), 1#03.05330
I
' 19



BEST FIT VALUES

(assuming all couplings real)

Real
Model WCs Best bt
W’ CVR +0.46
: (W) (H) on the verge of
i Cor =41 Cy £0.72 exclusion
{£ 1.50,! 0.84}
| oy excluded by#
. o Br(Bc! ")
{£ 0.84,! 1.50}
{x 0.45,!1 0.93}
Uy {CvR, C(S“L)}
{£ 0.42 + 0.24}
S {cvr, {+ 0.40,! 0.85}
1
W = v arcMy | (£ 0.27,+0.42)

Take away message: best fit couplings are ~1
New physics interactions must be comparable in strength to SM weak interactic

20



FITS AND CONSTRAINTS

(with complex parameters)

71 Mo

0

*m 2 M,

R
%’ 9% | o % %

Orange: excluded region from requiring Bg(B ") < 10% (dotted: 5%)

More parameter space for leptoquarks, scalar remains ex&luded
I

1




BEST FIT VALUES

(with complex parameters)

Real Phase-optimizec
Model WCs Best bt Best bt

W' CVR +0.46 b

R> cdn = 4rclV +0.72 >
+ | "
{ 1.50,! 0.84} {1.50," 0.84} new best bt

| {C(SMF\Z, C(S“L)} {121 +£121et'017 but remains

excluded

{£ 0.84,! 1.50} {0.84," 1.50}
{£ 0.45,! 0.93} {0.45," 0.93

Uz {Cvr, C(Slf_)}
{x 042 £0.24} {0.42,0.24}

= {cvr, {+ 0.40,! 0.85} {0.40," 0.85}

1
¢ = arcMy | {+ 0.27,2042 {0.27,0.42)

New best fit point for scalar mediator, still excluded.

For other mediators, best fit points do not change.

P2



BEST FIT VALUES

(with complex parameters)

Real Phase-optimizec
Model WCs Best bt Best bt
W' CVR + 0.46 b
R o) = A +£0.72 D
{+ 1.50,! 0.84) {1.50," 0.84} R
I G N @RCE F: R O M I‘I{ElRE’*'N but remains
{+ 0.84,! 1.50} {0.84," 1.50} excluded
U (o, ) {+ 0.45,! 0.93 {0.45," 0.93
{x 042 £0.24} {0.42,0.24}
S, {cowR, {+ 0.40,! 0.85 {0.40," 0.85}
¢ = arcMy | {+ 0.27,2042 {0.27,0.42)

New best fit point for scalar mediator, still excluded.

For other mediators, best fit points do not change.
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effects on kinematic

distributions

(here: WO mediator,

massless N)
|

blue: SM only.

grey: 95% CL region

left: D*; right: D
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effects on kinematic
distributions

(here: U mediator,
massless N)
!

blue: SM only.
grey: 95% CL region
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generatingb ! s!!

¥ C§R,T ! CSR,T
l " #

d!B! KIT ' dIBI KITn 2 3$ %fo %fz |

T 2
a7 de ., 1+5# 10" 5 CSR (1$c1)cT @

¥ Current bound BrB* | K*I1) < 1.6# 10 ° vs SM prediction,
Br(B* ! K*!M)|sw" 4# 10 °: csr1 highly constrainedor a tuning is

required]

¥ Requires' 14" on % 1 for Ry, and zgzo % 1 for S;.




STERILE NEUTRINO
PHENOMENOLOGY



NEUTRINO MASSES

(Dirac) neutrino mass contribution at two loops

[ Note 1: NO free parameters once R?D contribution is fixed.
Note 2: only gives a mass contribution with tau neutrino]

P38



NEUTRINO MASSES

NDA estimate#

8
NR !L
(ignore O(1) prefactors, loop integral factors) \w W
2
| Cvk 05 Veb "3
W:: mp | !él 2 (161 2)Zmbmcm! l cyr 10 “eV,
R mp | CSRmbg2 Ve ' CSR102 eV,
SR 161920 R,
- 2
CVR 9% Voo . 3
| |
Ur:  mp |CSLmC+ 2 MoMeM: 5 g 292 (csL10° + cyr 10 °) eV
S, mp ! CspMmp+ VR MMM % Voo | (csr10? + oyr 10 ) eV
| (29! 2 (16! 2)2

most important factor: number of mass insertions in the loops

29



NEUTRINO MASSES

T CVRQ% Veb
° 12 2 (16 2)2

el

2
mp ! CSRrT]bg2 Veb ! CSR]_OZGV, OK W|th N R Mass > 100 keV

MpMmcm; ! CVRlOHBEV, OK

2 (16! 2)2
, CVR 9% Ve , 7 . 3
Mp ! CgM¢+ 72 MpMcM; 5 (161 2)2 - (CSL]- + cyr 10 )eV
I " el n ( : )
] 2
C V, ’
Mp ! CsrMp+ |V—2Rmbmcm! 922(16;:2)2 ! (CSR102+ cyr 10 3) eV
b el !

OK with Nr mass > 100 keV

or small csL Ccsr

80



OTHER MASS CONTRIBUTIONS

from SU(2) counterparts
adding other operators might result in

(unacceptably) large contributions to
neutrino masses. e.g. operators that lead

to diagrams with mass insertion on a

Ng 1 top quark line, or one loop diagrams for
neutrino masses. Need to be careful
(same size as previous from NDA, while adding operators!

GIM suppressed)

81



STERILE NEUTRINO DECAY

the above loop diagrams also give rise to the degaly N$

82



STERILE NEUTRINO DECAY

M
NDA estimate of decay width and lifetime, Q_!L

C W

Model NPT lifetime (s)
w' YR s VG G2 mEmEmZms /2 107 (my, / keV)*
R Cir3aes V5, GE mZm3 ct210' (my,/ keVv)™?
U, C3| a5 VS GE mZm3 ct210" (my,/ keV)”?
S1 CSr3z57 Vb OF Mp MY, Cor 10" (M /keV)™
Tends to dominate over standard channels such as : - w oo

as long as mixing remains below seesaw requiremen

83



STERILE NEUTRINO DECAY

M
NDA estimate of decay width and lifetime, Q_!L

. W

Model NPT lifetime (s)
W' N £V GE mEmZmZmy 2 1074 (my, / keV)* 3
R> Cirmge Vp GE momy ct210' (my,/ keVv)™?
Uy C§, zags V5 GE mamy ct210" (my,/ keV)”?
Sy Cirgmes V2 G2 mZmy ct210' (my,/ keVv)™?

Lifetimes over a large range possible: < 1s (for heagytbl~13°s (light NRr) #

Cosmologically interesting? #

B84



STERILE NEUTRINO COSMOLOGY

produced in the early Universe via the same four-Fermi
interaction that gives R(D)
|
kept in equilibrium while the involved SM fermions are in

the thermal bath (ie down to GeV scale temperatures)
|

85



DARK MATTER?

RELIC ABUNDANCE: |

¥ relativistic freezeout: relic density not Boltzmann suppressed
¥ overcloses the Universe for masses > keV
¥y need to dilute relic density: e.g. entropy dilution from additional
(heavier) sterile neutrinos (~GeV) that decay late (before BBN)
can do this

86



DARK MATTER?

RELIC ABUNDANCE: |

¥ relativistic freezeout: relic density not Boltzmann suppressed

¥ overcloses the Universe for masses > keV

¥y need to dilute relic density: e.g. entropy dilution from additional
(heavier) sterile neutrinos (~GeV) that decay late (before BBN)

can do this
LIFETIME: —
¥ In WO, U1, S1 mediator models, can get lifetime /Q_
Nr L
2 107 (my, / kev)*3 e/

¥ gamma ray constraint on DM lifetimeQ(10°® %8s in the keV-MeV window.

B7



DARK MATTER?

RELIC ABUNDANCE: |

¥ relativistic freezeout: relic density not Boltzmann suppressed

y O U g |

2 1024 (my, [ keV)* 3 e/

¥y gamma ray constraint on DM lifetime® (102 28)s in the keV-MeV window.
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DARK RADIATION

If light (~ eV), Nr is relativistic at BBN/CMB decoupling,

and can contribute

" Ng " 0O(0.1)

y detectable e.g. with CMB-S4

89




DISPLACED DECAYS AT DIRECT SEARCHES

The other end of lifetime possibility:Cgf 104 (mNR/keV)#3

For masses close to 100 MeV, lifetime < 1s. Decay before BBN.

No cosmological signhatures.
|

Can look for displaced decays from direct production:
challenging final state (R! #% ), but might still be possible?

40



ADDITIONAL STERILE NEUTRINOS

The underlying theory could contain additional light

(multiple generations, entropy dilution, low scale seesawE),

with new physics couplings similar topN
!

do not contribute to R(D) due to reduced couplings / too
heavy to be produced
|
but could be produced via other processes at colliders /
neutrino experiments
|
similar displaced decay signals
|
If sufficiently heavy (GeV scale or above), could even have
tree level decay channels from NP couplings: instantaneous
decays to exotic final states!

41



COLLIDER
CONSTRAINTS ON
HEAVY MEDIATORS



[ charged vector bosonw,, ]

2 233
Qv Voo R _ . WX
L = %Cﬁfﬂ’%w dp + %Cﬁvg}zw Neg+h.c AZ T 2m2,
e o] 40% 10'37Y2
my! # 54dc§30§| e oy > GeV

0.6

From searches for #
WC") !II #

Reach from dijet
search I1s weaker
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[ Vector leptoquark Uy

)

L# g (BL7uQ U + (B udk)UE + 1y (87 uNR)UE

331 2
e _ 5 LQ' N OR _ o' ia! un
YeL! g! mlle | ! g! mlle
P 74/ 2
# 408& 1073
: /2
Best bt: my, %324 73! &\ b Y TeV o3 % $5.8 033
cb
I"# $%&'() Y%or+, -. )1, H#. i, it
””” E | 1]
“||$ p H I 2 2
,,,,,, [ = _uN
———— Ui | 33
’,a’ . LQ
0/0"‘,
% $%&'(0) $/+, - )1, gt |

2.4




[ Scalar leptoquark

- 23! 53
20(G5#)S + 2a(@NR)S1+ PP -1 B
- 1
Zo(@F L )S:
03 3%2&40& 10'3 Y2
Best bt: Ms, %1.2/§u Zy v TeV
cb
\\\ \_\_"$ -
= 0/0“\ —
””” \_"?‘:LI—

-
”
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( Scalar leptoquark R» ]

) ! " . ) ! L . C(“)
L$"1g Bdr #R,+ "on GLNR R2+h.Cc $SRS!R§! :4$T!§! -
$ %2
) #oas.o M2 40%10 3
mR'2 0.9 Eg (ZQN ﬁ Vcb TeV

I"# $%&'()
$/+, -. ! !) ! [

't $%8&() Yor+, -.
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FROM EFT TO COMPLETE MODELS

the detalls can be important:
additional particles / constraints / opportunities

case study: a UV complete model for the WO mediator

Asadi, Buckley, Shih 1804.04135 ;  Greljo, Robinson, Shakya, Zupan 1804.04642
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THE WO (3221) MODEL

gauge groupG = SU(3):" SU(@2). " SU2)y " U(1) SU(2)y U(l)f # U(l)y

Field SU@B). SU(). SU@)y U@
SM-like chiral fermions

WO talks to SM fermions only

g 3 2 1 1/6 _ - i T

i . . . Py via mixing with vector-like
up 3 1 1 2/3 fermions. Can appropriately
di 3 1 1 -1/3 engineer this mixing so that

!i = (= . . -

,E,)ﬁ 1 i 1 ; WO talks significantly only to

R _ |

Extra vector-like fermions (right-handed) b,C,
'R 3 1 2 1/6
L'z 1 1 2 -1/2
Scalars
H 1 2 1 1/2
Hy 1 1 2 1/2
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GAUGE BOSON (WO,ZO) CONSTRAINTS

"4 $%&'()*+,)- ! 1/01 2 3! 456*7 "4 $%&'()*+,)- . 1 /01 / 2! 345%*$)
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dashed blue (red): contours of ZO(WO) masses

additional content can reduce relevant branching ratios, alleviate collider constraint:
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THE NEUTRINO SECTOR

basis ("] ,"&5, N[, NX)

| $
) 0 Y EW 0 00
R A o?
M= 0 mw Mé
# > L
0O 0 M, O

fan!y = (#"V\/)/(WQM |_)

) I )2 M|, #V
responsible for anomaly Mg ! HIMLM N1) (K ML #w )

vectorlike states give pseudo-Dirac state of mdss & M| 1+tan?!y split by O()

The Yukawa couplings can be appropriately chosen such thatgw << u and the

SM neutrinos get the right masses via a low scale type-l seesaw

50



MEDIATORS RECAP

mediator irrep L int WCs
| .
vector W, (1,1); g cqufRW!dR + oy '%LW NR CVR
YuBrQL# + yqdkQL! +
lar ! : "
sca (1,2)1/2 yn ML, # CsL, OsR excluded by Br(B! ")
I 1
$108.%Q, + $1¢%R%dr UM +
v H 1 QFL 9 II- 'd 9 R 1
%f Uj (3,1)x3 $un Br%Ng UM CsL, Cvr
= ! o ! : .
5 R (3:2)y6 $a BLdr #R,+ Son @LNR Rz csp=4cr borderline consistent w/ Br@@ )
Q 1]
2 S (@ 1) 2,(B5"r)S1 + Zg(#ENR)S, + CVR ,
! S 20(@CH)S; csr=!4cr b! s"™requires cSR to be small
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LHC boundgp! !"

Including recenw'! 1" CMS search, model can only surviv
W' is broad

T  ATLAS 36 1 + CMS 36 1

1 [AG, Martin Camalich,
g Ruiz-Alvarez] 1811.XXXXX

- Y

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

M, W' (TGV)
y = proiminary =

Prepared by Admir Greljo




SUMMARY

persistent anomalies in measurements of R(D ) ) at several experiments

could arise from couplings to sterile neutrinos . many UV completions possible

measurable deviations in kinematic distributions of events possible

predicts heavier mediator particles - LHC can look for them!

exotic sterile neutrino phenomenology

relic sterile neutrinos can give measurable dark radiation or small fraction of
dark matter that can possibly give gamma ray signals

short lifetimes / additional sterile neutrinos: displaced decays at direct searches
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