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RD(*) Solutions

The Most General EFT

e SM contribution :

@ T

(DO ey PLb|B) N
(Tv|7v" PLv|0)

e The most general dim-6 effective Hamiltonian:

4GF Vcb X X
Het = CunOmins

Oun = (EPub)(FPnv),
O (e Pmb)(TyuPnv),
(’),\T/,N (Ca Pmb)(Touw Pny),

for M,N=Ror L (SM: CY =1).
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b(*) Solutions

Minimal Models

Mediator Operator Combination Viability
Colorless Scalars 0%, X (Br(B. - v))
W (LH fermions) oy, X (collider bounds)
S1 LQ (3,1,1/3) (LH fermions) 0F, —z0%,, 4
U LQ (3,1,2/3) (LH fermions) oOf. 0, v
Ry LQ 0f,, +207, v
S3LQ (3,3,1/3) oy, [ X (b— swv)
U4 LQ (3,3,2/3) oy, X (b— svv)
V4 LQ (3,2,5/6) 05 X (Rp value)
Colorless Scalars O%r X (Br (B, - v))
W' (RH fermions) [ v
Ry LQ (3,2,1/6) Ofip +20h, X (b— svv)
S1LQ (3,1,1/3) (RH fermions) | Ofp, O; zO%, v
U} LQ (3,1,2/3) (RH fermions) O, Ok v
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Different models generate effective operators with different Lorentz
structures. Hence, some asymmetry observables can help.

r(*z _ r(*z 1 0=m/2 O=m dr)
(#) _ _+e& " -& (*) _ — do
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Some Asymmetry Observables

Different models generate effective operators with different Lorentz
structures. Hence, some asymmetry observables can help.

(*) (*)
pH) _ eI drt)
é (*) | ()’ do
e+l
Observable Ars o P P P Pt Pr &
SM value —0.360 | 0.063 | 0.325 | —0.497 | —0.842 | —0.499 | O 0

Projected Precision | 10% - 3% - 10% = = | =
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Some Asymmetry Observables

e Let us assume we measure Ry in Belle Il and discover NP.
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e Let us assume we measure Ry in Belle Il and discover NP.

e In each model, the range of the Wilson coefficients explaining
the Ry has a different imprint on other observables. Can we
leverage that to distinguish models from one another?

7/37



R[w y Solutions Some Asymmetry Observables More On F[/, Summary Back Up

e Let us assume we measure Ry in Belle Il and discover NP.

e In each model, the range of the Wilson coefficients explaining
the Ry has a different imprint on other observables. Can we
leverage that to distinguish models from one another?

e It highly depends on the measured Rp(.) value.

~
w
~



R_(

D

y Solutions

Ro

Some Asymmetry Observables

Models with LH neutrinos

More On Fg,

Summary

Models with RH neutrinos
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Some Asymmetry Observables

e We develop a simple x? test to see how well each pair of
models can be distinguished.
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e We develop a simple x? test to see how well each pair of
models can be distinguished.

e Can tell all the models apart; we may need to resort the
CP-odd observable P(T*) in the second scenario.
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More On Fé*

F(B — Df7v)

FL. = — _ .
b (B — Dftv) + (B — Dy7v)
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. F(B — Df7v)
N r(é — Dftv) + r(é — D*TTV)'

Fp-

(Fb-) gy = 0457 £0.01, (Fp-),,. = 0.60+ 0.08 + 0.04.

e None of the existing minimal models can accommodate this new
observation.
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L
Fp-

(Fb-) gy = 0457 £0.01, (Fp-),,. = 0.60+ 0.08 + 0.04.

e None of the existing minimal models can accommodate this new
observation.

e The observed value of Ry and Br(B. — Tv) are constraining.
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D\

. rB — D Tv)
- [(B— Dftv)+T (B — D3rv)’

L
Fp-

(Fb-) gy = 0457 £0.01, (Fp-),,. = 0.60+ 0.08 + 0.04.

e None of the existing minimal models can accommodate this new
observation.

e The observed value of Ry and Br(B. — Tv) are constraining.

® |s there any combination of the dim-6 operators that can explain
the observed value?



More On Fé*

e We look for the maximum of FB* under certain constraints.
We show it can be achieved with all real WCs.
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e We look for the maximum of FB* under certain constraints.
We show it can be achieved with all real WCs.
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More On Fé*

e We look for the maximum of FB* under certain constraints.
We show it can be achieved with all real WCs.

GBI 2R — Rp=0.3, BR(B™)=23% — Ro=03, BR(BT)=23%
07 Ry=0.3, BR(BH1)=10% 07| Ry=0.3, BR(B~1)=10% 07| Rp=0.3, BR(B~1)=10%
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e We look for the maximum of F,S* under certain constraints.
We show it can be achieved with all real WCs.

GBI 2R — Ro=03,BR(B™)=23% — Ro=03, BR(BT)=23%
07 Ry=0.3, BR(BH1)=10% 07| Ro=03, BR(B.51)=10% 07| Rp=0.3, BR(B~1)=10%
06| 0| 0|
w© w© w©
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o Relatively large C%/L, CLTL, and CLVL are required to explain the
observed FE,.
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e We look for the maximum of F,S* under certain constraints.
We show it can be achieved with all real WCs.

GBI 2R — Rp=0.3, BR(B™)=23% — Ro=03, BR(BT)=23%
07 Ry=0.3, BR(BH1)=10% 07| Ry=0.3, BR(B~1)=10% 07| Rp=0.3, BR(B~1)=10%
06| 0| 0|
w© w© w©
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o Relatively large CA,/L, CLTL, and CLVL are required to explain the
observed FL..

e Not sensitive to individual operators. Need a combination of
all.
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(*)’ A(*)

e We can resort to some asymmetry observables (7)7 FB'

P(f)) to distinguish various models from one another.
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. FEL)A, measurement sees ~ 1.5 — 20 discrepancy with the SM.
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. FB, measurement sees ~ 1.5 — 20 discrepancy with the SM.

e None of the existing models can explain the observed Fb.
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D

o FB, measurement sees ~ 1.5 — 2¢ discrepancy with the SM.
e None of the existing models can explain the observed FB(.

e NP with Wilson coefficients C,\?/L, CLTLv and CLVL (or their
counterparts with right-handed neutrinos) are required to
explain F&,.
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D

o FB, measurement sees ~ 1.5 — 2¢ discrepancy with the SM.
e None of the existing models can explain the observed FB(.

e NP with Wilson coefficients C,\?/L, CLTLv and CLVL (or their
counterparts with right-handed neutrinos) are required to
explain F&,.

THANK YOU!
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D

h[—)l'p T T
B-Ke*e /B-Kutu~

DO pu CP asym
B->D v

B-K*utu angular
| Vol incl/excl
| V| incl/excl

B
g-2

f (theoretical cleanliness)

€le

significance (o)
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BaBar@Hadronic(t—1)

Some Asymmetry Observables

More On FD‘

Summary

Belle@Semileptonic(t—1)

Belle@Hadronic(t—h)

Back Up

(%) R(D") (%]
Source R(D* P,
Source of uncertainty R(D) R(D") Sources Py ource (D)
Additive uncertainties C MC size Tor each PDF shape 22 (Gadronic B composition D |
Fﬁgs — — (PDF shape of the normalization in cos fzpo- (M statitics or cach PDF shape T =5
statistics Y C___ PDFshpeol B Dt | 10
CBo D [T s 72) PDF shape of B Dby, __ = Fake D* PDF shape 30% 0010
= C PDE shape and yields of fake DU
BB — D™ ( PDF shape and vields of B — X D" Fake D* yield 1.7% 0.016
(B~ Dt 7r) (Reconstruction efficiency ratio €porm/cag ——— >
B(B - D**r"7,) AT A - B D" 21% 0051
D** = DWgr - 7,
R (1~ = 0 pys) 0.2 B Do, 11% 0.003
ross-tees Total systematic uncertainty i _
MC statistics 24 15 - Dy 24% 0008
o and - offic 219
Food-up e dowm 4 7 daughter and £~ efficiency 21% 0.018
Isospin constraints 03 MC statistics for efficiency calculation | 1.0% 0018

Fixed backgrounds

MC statistics 31 15

[ Scales with MC statistics )

((BvtGen decay model oo 5000

Efficiency corrections (Fit bias 0.3% 0.008)
. L. B(r~ — 7v;) and B(r~ — p~v;) 0.3% 0.002
( Scales with DATA statistics ) C D)
(P, correction function 0.1% 0.018)
Common sources
°/r* from D" — D Theory/External
Detection/Reconstruction (agging efficiency correction T4% 0.01.
B(r~ - £ uw) - . . .
s Irreducible 13% 0007
Total syst. uncertainty 96 55 Req uires additional studies (D sub-decay branching fractions 0.7% 0.005 )
Total stat. uncertainty 131 71 (Numbcr of BB 0.4% 0,005 )
Total uncertainty 162 9.0 Total systematic uncertainty ey
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= (EPyb)(FPyv),

(& Pyb)(FvpuPhv),

(Eg“” Py b)(‘l_'a'“y Pyv),

~
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4GEVyyp X X
Hetf = —% Cun O
X=S,V,T
M,N=L,R
Opn = (ePub)(FP
v = (EPmb)(TPyv),
1% _ = -
OM/\/ = (C’YMPMb)(T’Y;LPNV)y
OI\EN = (Ecr“VPMb)(T'cr“yP/\/l/)7
Single Operator Contributions
0.40 L /
0.35
0.30
a
<
0.25 N
0.20
0.1 0.2 0.3 0.4 0.5 0.6 0.7



RD ) Solutions Some Asymmetry Observables More On FE Summary Back Up

Operator Fierz identity |Allowed Current 6 Ling

Ov, | (@yuPLb) (74" PLv) (1,3)0 (9q@rTy"qr + gZZLT’Y“ZL)VV,,I,
Ovg| (€yuPrb) (T7*PLv)
Os, (cPrb) (TPLv) B _ L _
Osj (ePLb) (7Pey) >(1, 2)12 (MaGrdré + Mdruritad’ + AlLend)
Or | (eo"” Ppb) (Tou PLv)

q “

b | FruPb) @y Puy) OVL< (33272 AnTnbU
Oly| (FYuPrb) (Ey"PLv) +—  —20s, >(31 L)z/3 (Aqryube + Adryuer)U"
O%, (7Pgb) (cPLv) — —10v, .
Of, (7PLb) (ePLv) +— —30s, — $Or (3,2)7/6 (AarflL + AqriT2er)R
O | (70" Pyb) (o PLv) «— —60s, + 301

Ve | (FuPrc®) (0°y*Prv) <— —Ov, }

V| (FAuPrCS) (0" PLv) «—  —20s, (3,2)s/3 (A d5vule + XG5 yuer)V*
0%, (7Prc®) (b°PLv) > %OVL< 3,313 AgpimrlnS
ol (7Puc®) (5 Poy) s ~10s, + 10r >(3, 1)1/ (A ggimalr + AUher)S

Of | (7o Pyc) (b0, PLv) «— —60s, — LOr

Figure: [1506.08896]
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e Other processes can limit these large coefficients; in particular
Br(Bc — 7v). In SM : Br(B: — 1v) = 2.3%
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e Other processes can limit these large coefficients; in particular
Br(Bc — 7v). In SM : Br(B: — 1v) = 2.3%
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e Other processes can limit these large coefficients; in particular
Br(Bc — 7v). In SM : Br(B: — 1v) = 2.3%

> 2

Br(B. — Tv) mg

BI‘(BC — TI/)|SM

1+ (Gl — Cro) + (Ch - C&)

m;(mp + m¢)

5 2

m
(CRe — ClR) + mT(TB;mC) (Cir — Cir)

e Enhanced contribution from the scalar operators (same
combination appearing in Rp+).

37
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e Other processes can limit these large coefficients; in particular
Br(B. — 7v). In SM : Br(B. — mv) ~ 2.3%
2

2

Br(B. — 1v) Mp,

Br(BC — TI/)|SM

1+ (CY - CY) + (CR.— Ci1)

m;(mp + m¢)

5 2

m
(CRe — ClR) + mT(TB;mC) (Cir — Cir)

e Enhanced contribution from the scalar operators (same
combination appearing in Rp+).

e Br(B: — tv) < 10% from the B, — 7v at Z peak at LEP.
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Some of the mediators generating the CLVL or the C,gR + XC,;FR can
generate b — svv with the same couplings.
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Back Up

Some of the mediators generating the CLVL or the C,gR + XC,;FR can
generate b — svv with the same couplings.

Of = (&v"b)(FLvuv),
Opr = (CLbr)(TLIR),

T/v @
) ——oooooooo0os L v/t

(0)

These are neutral current constraints so will put severe bounds on
the affected models.
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BR(B — Xsvv) < 6.4x107%
BR(B — Kww) < 1.6x107°,
BR(B — K*'vv) < 27x107°.
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BR(B — Xsvv) < 6.4x107%
BR(B — Kww) < 1.6x107°,
BR(B — K*'vv) < 27x107°.
o _ —
Her = —2V2GrVipVis,— [ (57"(1 = 7°)b) (77u(1 = 7))
+ g (57"(1+°)b) (711 = P)],
- VIGPFIGE | Re(CrCk)

(O™ 7 G P +IGE
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BR(B — Xsvv) < 6.4x107%
BR(B — Kww) < 1.6x107°,
BR(B — K*'vv) < 27x107°.
(0% _ —
Heg = *2\[2GFthVtZE [C[’ (S’y“(l — 75)b) (V’yu(l —VS)V)
+ GG (3" A +7°)b) (77.(1=°))],
= VIC? + [ CEP UE_Re(CECE*).
I(coyM |CL1? + | CRI?
BR(B — Kww) = 45x107%(1 —2n)é,

BR(B — K*vv) 6.8 x 107°(1 + 1.31n)é?,
BR(B — Xwv) = 2.7 x107°(1+ 0.099)e.
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BR(B — Xsvv) < 6.4x107%
BR(B — Kww) < 1.6x107°,
BR(B — K*'vv) < 27x107°.

(0% _ —
Hog = *2\[2GFthVtZE [Ci’ (57#(1 — 75)b) (y’yu(l 775)V)
+ GG (3" A +7°)b) (77.(1=°))],

= VIGP + G2 UE_Re(CECE*)
()M |CE PP+ I CRI?

BR(B — Kvv) = 45x10~ (1 )
BR(B — K*vv) = 6.8 x107°(1 + 1.317)é,
BR(B — Xwv) = 2.7 x107°(1+ 0.099)e.

€Y, < 0.006, Cig < 0.01.
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On a W’ coupled to the LH particles : The accompanying Z’ is
severely constrained. Ruled out unless Z’ is a wide resonance.
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On a W’ coupled to the LH particles : The accompanying Z’ is
severely constrained. Ruled out unless Z’ is a wide resonance.

lgs& | x v’ M5,

ATLAS 13 TeV, 3.2 b~

Iz/Mz (%]

Tz <oy

060810121416 1820
Mz (TeV)

Figure: [1609.07138]
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RD‘ y Solutions Some Asymmetry Observables

On a W’ coupled to the LH particles : The accompanying Z’ is
severely constrained. Ruled out unless Z’ is a wide resonance.

Igsg-| x v M,

ATLAS 13 TeV, 3.2 fb™"

Iz/Mz (%]

Tz <oy

060810121416 1820
Mz (TeV)

Figure: [1609.07138]

Things are better with RH neutrinos. But still severely tight from
the LHC direct searches.

24 /37
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e For the LQs, the pair production, single production, high pT
tails and interference with DY, and the monojet searches are
relevant.

N
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e For the LQs, the pair production, single production, high pT
tails and interference with DY, and the monojet searches are
relevant.

(SP-1) (SP-2)

Figure: [1810.10017]
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R y Solutions Asymmetry Observab

3.0 T T T T T 3.0 T T T
30] a5k/ Monojet ] s ]
2.5 DY P/ (13 TeV, 36 ) 5
(13 TeV, 36 fb™") onk k| onk 1
2.0} 2.0] 20F  ~
5 1.5F q 150 ]
P Ed k4
10 LOp 1 wp 2
Svp
05 R D " 0.5 - - e 05 " PP
80 1000 2000 5000 700 1000 1500 2000 3000 700 1000 1500 2000 3000
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3.0 T T T T T 3.0 T T T
a5k/ Monojet ] 3 3
DX P/ (13 TeV, 36 ) 25
(13 TeV, 36 fb™") 2.0F E| 20F _ B

Svp

[51]

0.5 . . . S 0.5 . .
700 1000 1500 2000 3000 700 1000 1500 2000 3000

0

g
600 1000 1500 2000 3000

mg, [GeV] mg, [GeV] mg, 1GeV]

Figure: [1810.10017]

e Not quite strong enough to kill any LQ yet.
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3.0, T 3.0
30 55t/ Monojet E
2.5 /(13 TeV, 36 fb™1) 25
20 (13 TeV, 36 fb 20k i 20b
1.5 15 o 15F 2
2 < & £ g
10 10f = 9 L 2
& Sve Sy
os———i. ... 0.5 v - L 0.5 v - L
%00 1000 700 1000 1500 2000 3000 700 1000 1500 2000 3000
ms, [GeV] ms, [GeV]

mg, [GeV]

Figure: [1810.10017]

e Not quite strong enough to kill any LQ yet.

e Can always introduce a new decay channel that the direct
searches are blind too. LHC is trying to close that gap.
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Numerous other bounds including :
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e Meson Mixings
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Numerous other bounds including :
e Meson Mixings

o D, — Tv

37



Back Up

Numerous other bounds including :
e Meson Mixings
o D, — Tv
e b— sy



Back Up

Numerous other bounds including :
e Meson Mixings
o D, — Tv
e b— sy
e B; — 77: very loose experimental bounds



Back Up

Numerous other bounds including :
e Meson Mixings
o D, — Tv
e b— sy
e B; — 77: very loose experimental bounds

Electroweak precision bounds : When introducing new gauge
bosons or fermion mixings.
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35.916” (13 TeV)
T T T T T T T
CMms
95% CL upper limits
—— Observed
- Expected

1 std. deviation
= 2 std. deviation
Theory (pp—3g, §— qaq)
Theory uncertainty

| | | | 1 | | | | l
200 400 600 800 1000 1200 1400 1600 1800 2000
Resonance Mass [GeV]

Oobs / OsusY pred

Summary

More On FE

Exclusion of pp -» 44, §—qqq

Back Up

2

CDF (PRL 107 042001)

CMS 7 TeV (EXO-11-060)
ATLAS 7 TeV (SUSY-2012-16)
CMS 8 TeV (EX0-12-049)
ATLAS 8 TeV (SUSY-2013-07)
ATLAS 13 TeV (SUSY-2016-22)
CMS 13 TeV (EX0-17-030)

750 1000 1250 1500 1750

Resonance Mass [GeV]

Figure: Talk by Abhijith Gandrakota

2000
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e Calculate the leptonic side matrix element.

e Use the available results (e.g. HQET or Lattice) for the
Hadronic side.

o Integrate over various final state labels to get the numerical
results.
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Ars

*
FB

%

%

+ o+ o+ + o+

1
RD{ 0.11 <|1+CLL+CRL| +}CRR+CLR|>

0.35Re [(C + CR)(C/)" + (CRr + CiR)*(Chr)]

0.24Re [(1 4 C + CR)(C/)* + (Crr + ClR)*(Cir)]

0.15Re [(1 4 CY + Cr)(CiL + Ca)* + (Crr + ClR)*(CRr + Cik)]
RLD* {~0813 (|CL” +|Chl)

0.016 (|1 + C1|° + | Chel*) —0.082 (|| + |c%[”)

0.066Re [Cr (1 + CY)* + (CR)* Chr]

0.095Re [(C3, — C7)(CL)* + (Cir — Chr)* Cag)

0.395Re [(1+ G — Cr)(C/)" + (Crr — ClR)*(Chg)]

0.023Re |( [ CoL— CRL )1+ CY— Cg)* + (ClgR - CLSR)*(C,‘\?/R — CR)
0.142Re [(C/)(1 + L + Cg)* + (CRr)"(Crr +.ClR) } »
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Q

Q

+ o+ o+

— o402 (|c5 £ e | e8+ cilf)
D

2
0.013 [| /[ — | Cel’] +0.007 |1+ € + G| - |G + Cl&[*]
0.512Re [(1 + C1 + Cr)(C + CR)* — (Crr + ClR)"(CRr + CiR)]

0.099Re [(1+ C + CR)(ClL)" — (Car + ClR)*(CRR)] }
1 2 2 2
R {0227 (J1+ i + |kl - |ci[* - |Cl)
2
0.011 (|G, - Gl — |Chr — Cix[*) + 0172 (| L[ — | [%)
0.031Re [(1+ Y ~ ) (G — C)" — (G — C%)" (CBe — Cin

|: ]. + C/_/_ CLL)>k - (CA’/R)* (C.‘;’FR)}
0.481Re [(CH)(CL)* — (CLR)*(Cr)]
0.216Re [(1+ CH)(CH)* (CA/R)*(CL\??)]} :

0.350Re
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%

Q

—Re{ 0.350 {(CLL) (CLL + CRL) — (Cag)* (Cng + CER)}

0.357 [(1 + QL+ CRL) (CLL + CRL) - (CI%/R + CK?)* (Cng + CER)}
[( )

0.247 “(ClL) — (CRr + CLR)(CAR)]
0.250 [\1 Gl 6% - Cﬁ%ﬂ}

1+CY+CY

R Re{(c,gR — Cx) [0.099C; — 0.054 (C¥ — CY%)]”

(€2, — C8,)" [0.099C/, —0.054 (1 + CY — C¥)]
(Car) [0.146CY¥: — 0.478C)% — 1.855C]"
(C/.)* [0.146(1 + C)}) — 0.478C, — 1.855C/]
(C%) [-0.081CF +0.025C% — 0.075C¥:]"
(C¥)* [-0.081C/; + 0.025CY, — 0.075(1 + CY)]
(C¥r) [-0.071CA% — 0.075C% + 0.126C] "
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=T {~0.350 [(CF) (CFu + C)" = (Che)" (Cia + CFe)]

0.357 [ (1+ Clf + ) (CEL+ C&y)™ — (Gl + Cl)" (Chr + Cir)|
0.247 [(1 + 1 + Cr)"(CL) — (Crg + ClR)(CAr)']}
%Im{(CﬁR — C) [0.099C T, — 0.054 (C¥ — CY%)]”

(€2, — C8,)" [0.099C/, —0.054 (1 + CY — C¥)]

(Cir) [0.146C¥: — 0.478C %] — (CL)* [0.146(1 + C7) — 0.478CY,]
(C%) [0.081CA]" + (CX)* [0.081C/ ]

(CHe) [0.07LCE]" + (1+ €)* [0.071¢]1] }
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Summary

! gera ey = 32FP" cos?(6ha(D*)) + (1 — FP") sin?(6haa(D*))]

Entries
Mean
RMS
2/ ndf
po

1

n Liil Ll

0.5961=+ 0.0779

3
-0.5902
0.2495
1.954/2

90807
cos®

hel(

Liies e n
-0.6-0.5-0.4 -0.3-0.2-0.1 0

D%

Number of events in:

I bin: 151421

Il bin: 12519

Il bin: 554+15

- signal yields corrected
for accaptance variations

Dominant systematics:

- MC statistics (AR shape
and peaking backgroud)
= 40.03

Figure: Talk by Karol Adamczyk @ CKM 2018
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