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Lepton Flavor Violation at high-pr?
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® | HC Limits on Quark flavor-conserving transitions beats Quarkonia limits

*® Possibility of probing charm transitions much better than low-energy experiments.

Angelescu, DAF,
Sumensari [2020]

Descotes-Genon
et al [2303.07521]



Flavor at High-pT colliders?

High-pr LHC can probe generic semi-leptonic operators

[1609.07138] [1704.09015] [1811.12260]...
[1807.04753] [1912.00425] [2003.12421] [2212.10497]...

Plethora of low-energy semi-leptonic measurements
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Drell-Yan Meson Decays
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Ultimate goal:
Extract combined limits on BSM
Physics for generic flavor structures

We need the full Drell-Yan tails likelihood

Allwicher, DAF, Jaffredo, Sumensari, Wilsch [2207.10714]




Semi-leptonic transitions at High-Pr

- Charged and Neutral Drell-Yan processes: ¢;q; — E;tfg: q:q; — Ei V3

Quark-flavor: 4,7 =12(3) [latin]

Lepton-flavor: «, 8 =12 3 [greek]

d d
- Data from the Hight-Pr tails of 2 _ measured at the LHC
dmee  dpry
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. Two sources of flavor: apBy _ o ~ijaf Inclusive in quark-flavor
o(pp = L30°) = Li; ®6 Exclusive in lepton-flavor

Hierarchical parton-parton Luminosities Hard scattering (flavor symmetry?)
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Allwicher, DAF, Jaffredo, Sumensari, Wilsch [2207.10714]

Drell-Yan Tails Beyond the SM

General amplitude decomposition of 2—2 semi-leptonic scattering in terms of Form Factors
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Drell-Yan and SMEFT
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- SM effective Lagrangian: Lsmerr = Lsm + ZA—gOf + ZA—’40§+

Consistent truncation at O(A™%)
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Drell-Yan and SMEFT
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Tree-level mediators
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Website: https://highpt.github.io

Version: 1.8.1

+ We provide the complete Drell-Yan tail Likelihoods for New Physics.

« Current functionalites:

- All SMEFT operators dim = 6,8
- Any leptoquark mediator
mLq € {1,2,3,4,5} TeV

- Arbitrary flavor structures and CKM alignment

- Analytic cross-sections and per-bin event yields

- Likelihoods exportable in wexf format

- Includes detector effects! (fast simulations)

References: arXiv:22087.10756, arXiv:2287.10714

HighPT is free software released under the terms of the MIT License.

Authors: Lukas Allwicher, Darius A. Faroughy, Florentin Jaffredo, Olcyr Sumensari, and Felix Wilsch
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Limits on Flavored SMEFT

- Single-parameter limits for dim=6 SMEFT with HighPT qiq; — K(fﬁg qiq; — f;t Vg
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, ts with HighPT:  0:ds — ut = wds — ut
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SMEFT truncation
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Boughezal et al. [2106.05337]

O(A‘4) effects are very important in the tails! Should not be neglected Allwicher et al. [2207.10714]

Contino et al.[1604.06444] Brivio et al. [2201.04974]

« “Clipped limits”: extract limits as a function of an upper-cut Mg

1st gen. (valence) quarks 2" gen. quarks bottom quarks
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Clipped limits and dim=8 corrections can be easily extracted with HighPT
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Combined fit: Drell-Yan + RD(*) + EWPT

- We focus on SMEFT ops: Oég’), O

with correlated
Wilson coefficients
from the UV

+ We fit to:
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Complementarity: High-pr LHC <= Low-prFlavor <> EWPT



Outlook

- We showed that Drell-Yan tails at the LHC are powerful probes of
BSM in semi-leptonic interactions with arbitrary flavor.

- High-pr tails provides information complementary to low-energy experiments.

- We introduced HighPT a mathematica package that provides ‘ -
the full flavor likelihood for high-pT Drell-Yan. \ nghpT
- SMEFT to order O(A~*)including dim=8 effects https://highpt.github.io

- Any Leptoquark model

- Future features for the HighPT code:

- Include (some) Flavor and EWPT observables for fits

- Include data from other Drell-Yan differential distributions, e.g. FB asymmetry.
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* Dimension-8 semi-leptonic operators:

Murphy [2005.00059]
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o - iel 'K (Qinr!Q;)(H D JH)(H 7K H)
OS’EH‘D e "K(Qiyr1Q;)(HIr'H)(D H)ITKH
Op2pap i(eay"es)(HT D ,H)(H H)
OuzHip i(‘ﬁ(‘;"“ﬂj)(HTHpH)(HTH)
Osznip i(di“;”dj)(fffDPH)(HTH)
Oudnsp + h.c. i(#iv*d;)(H'D ,H)(H'H)

d=8 YiH?
o?_’w (Lan*"Ls)(QiQ;) (H'H)
OLzQz i (Lay"7! Lg)(Qiv,Q;)(H T H)
o (Lo L3)(Qinu'Q;)(H'H)
oi?QZHz (fia’}‘uLﬁ){Qﬂ#TIQJ)(HtTIH)
O oz €K (Lay ' Lg)(Quvu Q) (H' T8 H
o (Lav*Lg) ;) (H H)
O s (Lay7! Lg)(wiyeus) (H' ' H)
O?a]@m (Lav*Lg)(dinud;)(H' H)
Ol (L' Lg)(diryuds) (H' 7! H)
o (Qin"Q;)(Eavues) (H'H)
O s (Q"7'Q;)(Earues)(H'T H)
Oy 22 (f’u'T‘uf’d)(u '}p"j)(HfH}
O2q2 52 (Eay" Pd){df Yud; )(HTH)
d=S8 V2H?2D3
O i(Lay*D¥Lg) (DD, H) H
0;3 1203 i(lay*D"13) HY(D(, D, H)
19, %‘1 2ps  i(lay*T' D"1g) (D, D, H) v H)
oY . . i(lay*r! D¥Ig) Hir!(D(,D, H)
O s i(€a7*D¥es) (D(uD,)H) H)
Eﬁiz s i(@ay"D"es) H'(D(, D, H)
OQLAHADJ i(Qi’ipDUQf) (D(FDP)H)TH
Opdpaps Q" D*Qs) H (D (D, H)
O(Sgﬂiim Q"' D"Qj) (D, Dy, H) 7' H
O aps  i(Qiy*r' D*Q;) Hir!(D (D, H)
O heps i@y Dw;) (D D,y H) H
0? ...  i@y"D"u;) H (DD, H)
@%ﬁ};z B i(div*D"d;) (D, D, H)'H
Ozps  ildiy*D¥d;) HY(D(,D,)H)

d= w«;Dz

5 - D*(La7*L5)Du(Qi7,Q;))
0%ip: (L DB*Ly) Qi DBo@)
O e D*(Lay"7! Lg) Do (Qinu™' Q5)
00 (e T™Ls)(Qi7. DLQ))
[ - D*(Lay*Lg) Dy (iyuu;)
0&?,,21)2 Za w“(B"L};){ﬁn,s‘ﬁpu}}
oe‘z’w D”(L%**LJ)D o(diy
OLzz)c{zDz (Lay" D" Lg) (dﬂ;:(B‘
Oisips D*(Qiy" Q;)Du(f?n'mca)
O dses (@7 B¥Q;)(@aru Dves)
Oaapn D" (e07"es) Dy (s71;)
o, , D) aons Do)
Ol D” (8av"e3) Dy (divud;)
o, , (eﬂﬂ‘f)’"cg)(dn,,g,dj)

qiq; — Lalp

~ 300 parameters (d=8)
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A decade of B-anomalies

 Lepton Flavor Universality (LFU) in the SM: masses are the only source of LFU violation

Br(B — D™ 1)
BI‘(B — D) fﬂ) l=e,u

LFU ratios: Rpe =
b— cly

+ Evidence of LFU Violation in semi-leptonic B-decays

RK(*) —

Br(B — K™ ppu)
Br(B — K®) ee)

b — st/

charged-current anomaly

*f—' {]-4‘ -l LI | I LI B B ] LI B B ] I LIEL LI I LI B ‘ LI B I | I LI LI I LI I I T l-
a A ﬂ.f = 1.0 contours
~ 30 Excess! b— clv £ B el
s BaBarl2 —
0.35 » Bellel5 E
C : g Sl :
03 EE e
b < ~  NEW LHCh22 hid LECRALH
C . -
W 0.25 = ¥ Belle19 Ko
V-c = Ballel? - : I, I-,': World Average 7
0.2 —  $HFLAV SM Prediction  JHEP 17122017 060 R(D) = 0.362 £ 0.024 £ 0.012  —
= R(D) = 0.29% + 0.004 LB 795 (2019) 386 R(D*)=0.278 £0.009 £+0.007
= R(D*}= 0284 £0.005 Lo g o ;-;,—'-..J:-d;w =
SuggeStS non_unlversa/ PREE] B e B e I S Sl oo ) v DT DO B0 ] i e e El Mo AR vl DI
0.2 0.3 0.35 0.4 0.45 0.5 0.55

New Physics in 3rd gen.

R(D)
[LHCb-PAPER-2022-052] [2302.02886]



Drell-Yan Tails Beyond the SM

* General amplitude decomposition of 2—2 semi-leptonic scattering in terms of Form Factors:

P 1
\/E\L Amaﬁ = —2 Z f IPXKB) (qlleq]) [JT"S ( 7t):|Z]OLB ...................... Scalar
Xy
+( a’)’”[Pxfﬁ) (@7.Pyq;) [.F‘)/(Y(ﬁ,f)]ijag ...................... Vector
\/ET ‘ _|_( ot ”DXEB) on-,uu[PYQJ) []-“%(Y(gjf)]waﬁ ...................... Tensor
kY . on
p +( “[PXEB) on_,uuleqj) T [ff)(qy(&t)]ijaﬂ
ik ............ Dipo|es
—|‘( ol ”DXE,B) QZ’V/,L[PYQJ) - [Fggy(&t)]maﬁ
X, Y e {L,R}
* (Neutral) Drell-Yan differential cross-section:
dt
+ XYty XY XY
do(@iq; = Laly) = g3 D F T Nigas - MY [FFY s 1,J €{S,V,T,Dy, Dy}
XY,IJ
“1 ds [0 df XY
os(pp — 0, €+ 487rv2 Z Z / /_ 2 L [}} T]aﬁiy []:J ]aﬂij B = [m%eoam?zl]

XY, IJ ij mee

Similar expressions for Charged Drell-Yan proc.
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Dim=8 corrections

d—=8 1/)4D2

0%, o D" (1a*15) Dy (Givu95) ?

Offgg D2 Ty D" 15) (@ D vaj) do ~ |Asul? + — 38 ASAGy + L D ociel ASAS +> "B AP ARy
(’)1(23 22 Dv(l_a’Y”’TIlﬁ)Dv(‘fi"mTIQj) A ' v i J ] i

(’)E(Zlqu2 (l_a'y“{ﬁ‘rvlﬁ)(ffwu%}ﬁ%)

* More convenient to use form factors to analyse dim=8 effects

2
LL,uu ., U »(1-3)
. ; Fvio0 = 3z G
LL _ TLL LL s LL
FVRes = FV0.0) T FV(L0 2 TV 2 T
W ~ PR
Fy (0,0) — 2A2 Crq
FLL,dd U -(1+3)
At leading order SMEFT matching —— P V(0,0) = A2 T4

C(SQI()IZD2 + Cé3;2D2 - C§§;2D2 - C§§;2D2

4 4
LL,uu . U 5(142-3-4) LL,uu . oY »(2—4)
]:V(1,0) - Fcﬁ2q2D2 ]:V (0,1) — 2FC€2qQD2
4 4
LL,dd YV »(14+24+3+4) LL,dd _ oV  »(2+4)
]:v(1,0) - Fcz%ﬁm ]:V (0,1) — 2pce2q@D2
4 4
LL,ud , oV  ~(3+4) LL,ud ., oV ~(4)
J:V(L%) - QF C€2q2D2 ]:V (oﬁ) - 2@ Ce2q@D2

« It is not possible to study dim=8 effects without introducing some amount of UV bias!...

UV completions correlate operators at all orders in the SMEFT expansion
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- We set limits on F; (Oqg) assuming 3 scenarios:

(1) Neglecing all dim=8 corrections (benchmark)

‘F\%lﬁeg -F\%(oo)Jer(w) 2+f\/(01) 02

t

LL qq’ 7}2 LL qq’
FLL, FLL.

V(1,00 — p Vv (0,0)
Maximal correlation between dim=6 and dim=8 form factors:

LLqqd _
Fvion =0

(3) Uncorrelated form factors. We marginalize over dim=8 7. Lflqg), fﬁoqf)

1 i | | Vol e
: : A=4TeV
Further assumptions for fit: ; -
UL B o
LL,
|y Oqg)\ < g2v? /A2 ud| (x5) -
LL, o _
FrGi| < gt /At ge=vdx  ddl(x®) -
“Non-perturbative limit”
LL, / s
| (O(Ii]) | S gzv4/A4 S8 -
e —
ce|
We find that d=8 corrections can =
be substantial for scenario (3) bb
only for valence quarks. | | | | | | |

. , —0. 06 —U 04 —0 02 0 002 0.04
No clear UV interpretation...

0.06

Arises when integrating
out vector-triplet in UV
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Dimuon Tails

CU_“ . . l.).“ _ . cbr Cgu CO *0
2D U ) (B ) + - (e p) ST ) S G
Vv 1% 0 Cbsu Cbu

Recast dilepon resonance searches
20 observed: 36.1 fb~! (blue), 20 expected: 3000 fb~! (red)

— , ——y ;
g 107 ATLAS ¢ Data ATLAS 13 TeV pp—;ﬂ+ﬂ
Yo Vs =13 TeV, 36.1 fb" iz C. x10 —t—
Dimuon Search Selection [l Top Quarks ad — TR
107 [] Diboson
o —2z,3Tev) 4  [TTTTTTTTTToToToTooooooopmoooooomooooooooooooo o
— Z, (4 TeV) Ly ,
107 — Z,(5TeV) Caux10 f N !
o p==nmmi F==-q
o A, [T e
: c —
sp
107 IR B I -
T a2 L T N et it
o 14 : i i
& 12 Ceu
2 pmmmmh- —mpmmme
w 038
o ] ] ] e N sttt et il
D_ 14
@ & 1.2 : : i
=8 1 Cb;f ' ' '
8o s
200 300 1 L 1 1 1 L L 1
Dimuon Invariant Mass [GeV] -004 -003 -002 -001 0. 001 002 003 004

Greljo, Marzocca [2017]

A(heavy flavor) > 1.5TeV
A(valence) > 8TeV



Combined fit: Drell-Yan + RD(¥) + EWPT

i *) . 3 1 3 : . -
- We focus on NP in RD(*): Oéq)’ Oée;u ’ Oeedq ’ Oée()lu }/;/g[rr:]?ﬁ;rﬂe\llted Wilson coefficients
Ulﬂ ~(3,1,2/3) S~ (37172/3) Ry ~ (3,2,7/6)
[C (1)]3333 [@?]3333 [C(l)]3333 [6(3)]3333 [C(l)]3333 [@?]3333
1 3
[Céq)]3323 = [Céq)]3323 [Cfequ]3332 —4[Cée()1u]3332 [Cée()]u]g.g;;g _4[C£equ]3332
Ly, = [#]ia Glhla Ls, = [y1lia S1G5ela + [yi'lia S1tfea LR, = —[yFia T Raela + [yf)ia GieaRa

]
o
2 2
= K
= q—‘
C = =)
: g
_ g
I L]
_3__ — S #G
r HighPT r kR ke HighPT |
Lig ¢o elwew el ey o T ey (g cqw ey ¢ld Dl g o g o e o 5 | o ou 1]
-1.5 -1 -0.5 0. 0.5 1. 1.5 -3 —2 -1 0 1 2 3
L1723 R123
[z1] 1]
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