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Outline:

- Motivations [Flavor at High-p+ colliders]

- General framework for describing Drell-Yan Tails BSM

- Some results for SMEFT / Leptoquarks

- Based on papers [2207.10714] [2207.10756]

In collaboration with L. Allwicher, F. Jaffredo, O. Sumensari and F. Wilsch
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Motivations
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LHC complements low-energy flavor

Complementarity:  High-pr LHC <= Low-pr Flavor

« Example: RD(*) anomalies b — cTv
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Flavor at High-p~ colliders?

High-pr LHC can probe generic semi-leptonic operators

[1609.07138] [1704.09015] [1811.12260] [1807.04753] ... . _
[1912.00425] [2003.12421] [2008.07541] [2212.10497]... Ultimate goal:

Extract combined limits on BSM
Physics for arbitrary flavor structures
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Drell-Yan Tails: Framework



Drell-Yan Tails

« Neutral Drell-Yan process: pp — E;’EE

P Lo £y
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Uiﬂj — EQZB dld_j — EQEB

llatin] Quark-flavor: 4,5 =12(3)
[greek] Lepton-flavor: a, 5 =12 3

- Charged Drell-Yan process: pp — ﬁf;Vg

invariant-mass tails
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Flavor at the LHC

* In Drell-Yan there are two sources of flavor (factorization theorem):

o(pp — ﬁaﬁﬁ) =L ® Giies
Non-perturbative: parton-parton Luminosity functions

Loy @) =7 [ [ g (75, 1) + i 62 )]

X

T = .§/s 1072
- 5 active flavors in proton —
— dd
- PDFs are very hierarchical 107 — ol
- Heavy flavor are quite supressed! y b \
100203 0405 1 2 3 4
V3 [TV
Hard partonic scattering cross-section:
~ Example: 4-fermion contact interaction
Gijap = 0(¢iq; — Lalp) 5
Gijap X —|Cijasl?
ijaf A4 ijaf
Aijas = [Cllijas (@I q;) (€aT 14
ijap = [Cilijap (G174;)(al'1ls) Energy-growth can overcome
heavy flavor PDF suppression
Underlying flavor structure
* Drell-Yan are flavor semi-inclusive. - inclusive in quark-flavor
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Vs =13 TeV

- exclusive in lepton-flavor (LHC can resolve leptons)



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

Drell-Yan Form Factors

We introduce dimensionless Form Factors for 2—2 semi-leptonic scattering: A = A(F)
‘ V4 = . XY uu,n 7
i o Uy — Lols - []—" S, t .
Vil o op I (5, ) aBij t = (pi — pa)’
_ _ [ ~XY,dd;~ 7\
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Vs T _ XY.ud,~ ¢ I e {S,V,T,Dg,Dq}
q‘ . . 7) : .; ’ S t
J gﬁ, Vg uzd] — fal/g ) I ( ) )_ B
tjaf flavor 4-tensors

These Form Factors parametrize both local and non-local semi-leptonic interactions

Most general Lorentz/Gauge invariant amplitude for ¢iq; — gojﬁ :

Aijos = — Z [ (CaPxls) (@Pyq) [FXV 96 Dap; e Scalar
+ (La"Pxls) (GvuPy ;) [F Y’qq(é,f)]a,gw ..................... Vector
+ (Cao™Pxtls) (Go,wPyas) [Fr 05 D)apiy e Tensor
+ (8t Pxts) (@owPras) o (PR Dlasy
n (Eaa“ "DX%) (G9ePy ;) 1k, [szf,qq(éﬂg)]”ﬂu } .......... Dipoles

Mandelstams
variables

lepton/quark chiralities

5 Lorentz structures



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

Drell-Yan Form Factors

- We introduce dimensionless Form Factors for 2—2 semi-leptonic scattering: A = A(F)
P 7 ‘ §=(pa +pg)”* =k
‘ I . . XY, uu s 7 @ Mandelstams
sl qi o UiUy — EO&EB . f[ (87 t)_ oBij { = (pz. _ pa)2 variables
_ _ XY, dd ~ }
didj - éafg : FI (8’ t)_ aBij X,Y €e{L,R} lepton/quark chiralities
Nk _ XY,ud,~ ¢ I€{S,V,T,Dy,D,} 5Lorentzstructures
q; widy = oig = |Fr (B )| '
857 Va J £ lapig
p ijaf  flavor 4-tensors

* These Form Factors parametrize both local and non-local semi-leptonic interactions.

* Drell-Yan differential partonic cross-sections:

Ny — dt XY (74 XY/ } XY*/r 7
XY, 1J
MY (z) = (1 + 22)6%Y + 22
Mg (x) = 1/4
interference between \ XYy _ XY
scalar and tensor FF Mgy (x) = —(1+22)9 Ie€{S,V,T,D; Dy}
MY (z) = 4(1 4 22)%6%Y
S
Mgg(x) = U—2x(1 + )



Analytic function

Singular function with isolated simple poles ), € C
in complex Mandelstam planes



Analytic function Singular function with isolated simple poles (), € C
in complex Mandelstam planes

00 S\" /N : Mandelstam power expansion:
A7 5 2 I o 9
FReg(5,t) = Z ) (vz) (v2) within convergence radius 5,¢t < A
0= [ unresolved d.o.f] local interactions
2 2 2
~ () S(a) (% 72()) (% U(c)
Fpoles(S,t) = o — = =F ———— e resolved d.o.f] massive tree-level mediators
w6 = L= + D+ TS | |
Qk = mi — z’mka
s-channel t-channel u-channel



Analytic function Singular function with isolated simple poles (), € C
in complex Mandelstam planes

0o S\" /N : Mandelstam power expansion:
A g S 2 L o 5
.FReg(s,t) = Z ) (v2) (v2) ............ within convergence radius 5,¢{ < A
Difit=U [ unresolved d.o.f] local interactions
2 2 2
A v S(a) v 72()) v U(C)
Fpoles(S,t) = o — = =F ———— e resolved d.o.f] massive tree-level mediators
Qk = mi — imka
s-channel t-channel u-channel
G=—-5—1

« Example: SM  Freg(8,t) =0 only s-channel vector poles via guage boson exchange Q, a € {v, Z, W*}

i * +p— XY7 —
q £ ( qiq; -y = Ea Eﬁ |: (,Y)qq] Bij = —4ra Qq 501[‘3 52]
V¥ deY
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Analytic fgncﬁon Singular function with isolated simple poles ), € C
in complex Mandelstam planes

noEN™ Mandelstam power expansion:
FReg (5, f Z ) ( ) (—) ............ within convergence radius 3, < A?

rf0=0 [ unresolved d.o.f] local interactions

. v’ S(a) v? T v U | |
Froles(8,t) = ; m =+ ; m + ; m ------------- [ resolved d.o.f] massive tree-level mediators
Qk = mi — z'mka
s-channel t-channel u-channel
a=-§—1

* In practice, pole residues are analytic functions of the Mandelstam variables

S(a) (§)

. Remove Mandelstam dependence f(2)  f(Q) . Q)
T(b)( ) with partial fraction decomposition -0 -0 T g"‘(z )
Uiey (1)

" reabsorb into FReg (8, t) redefintion

- Parametrization captures all tree-level effects into regular coefficients and pole residues:  F(n,m) Sw) Ty Uie)

« All energy-growing interactions (local and non-local) are systematicaly organized in the analytic part Fr.,(3,1)



Form factors give a unified description of BSM models:

a

o = s\"/t\" ’U2S(a)
60 = 3 Fom () () + Sig

« SMEFT d> 6 * SMEFT ¢ =4

(energy-growth) * new colorless

mediators

v T 3 U2

C

&F = W

* leptoquarks

QeC



SMEFT

- SM effective Lagrangian: Lsverr = Lsm + Z 06 + ZMOS

Consistent truncation at O(A_4) requires d=6 and d=8 operators

1
do ~ |Asm|® + — ZCGAGASM+A4 (

« Operator classes for Drell-Yan at d=6 in Warsaw basis:

¢4

¢2XH2

Vv2?H?D

ij

o ~ const

G~ 1/3

> ciesr ASAY + Z C3 AB ALy

J+ols).

Grzadkowski et al. [2010]

Buchmuller et al. [1985]

O(500) semi-leptonic energy-growing operators!

4=06 Pt pp — £L pp — fuv
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- d=8 semi-leptonic operators: Murphy [2005.00059]

»2H*D

i(Lay"Lg)(H''D H)(H'H)
= Lo —
i(Lay"r'Lg)[(H' D | H)(H'H) + (H' D ,H)(H'r"' H)]
ielTK Loyt r! Ly)(HT D H)(H' 5 H)
'K (Loy"r' Lg)(H 1+’ H) (D, H) ¥ H

i(Qiv"Q;)(H' D ,H)(H'H)
i(Qivh Q) |(H DLH)(HH) + (H'D . H)(H' ' H)]
i€l 'K Q71 Q,) (HT D LH)(H +X H)
K (Qiyhr1Q;) (H +/ H) (D, H) T8 H

i(Ear"es)(H' D . H)(H'H)
i@y u;)(H' D, H)(H'H)
i(din"d;)(H' D, H)(H'H)

i(an*d;)(H D H)(H' H)

¢2H2D3

i(Lav*D"Lg) (DD, H) H
i(f_ﬂ’}'pD”{g) HT(D{FDD)H)
i(lay*7' D"1g) (DD, H)'T"H)
i(l_ﬂ’}# Tnyfg) HTTI (D[FD,‘,)H)

energy-growing

¢4D2

i(Eqy* D" e3) (D(p DU}H)tﬂ)
i(€ay*D"ep) HI(D(, D, H)

operators at d=8

i(Qiv*D"Q;) (DD, H)'H
Prps  i(Qy*D"Q;) HY(D(,D,)H)
i(Qiv'7'D"Q;) (DD, H) 17 H
i(@,-'}-PTID"Qj) HTTI(D(HD,,}H)

~ 300 parameters d=8
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ﬂ,"'}"“D”ﬂj) HT (D{pDu]H)

O(A™%) effects
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Oe2y2p92 (ea"eg) (@i, ui)(HH) Oudnsp + hec.
O2q2 52 (Euﬁﬂeﬁ){dﬂpdj)(H*H}

d= ¥ D? d=
ng)Qz D2 Du(EfﬂﬂLﬁ)Du(Qi'hl Qj) OE.I‘J)HZDJ
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* The SMEFT for scattering is a double expansion in two small parameters %7 %
"N\ Th lar form fact fficient
oA € reguiar rorm ractor coeftiicients
]'—Reg 8,1) Z Fn, m) ( ) (v_2> and the pole residues are infinite series in %
n,m=0
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- The SMEFT for scattering is a double expansion in two small parameters %7 %
"N\ Th lar form fact fficient

oA € reguiar rorm ractor coeftiicients
'FReg 8,1) Z ]:(n m) ( ) (v_2> and the pole residues are infinite series in v
n,m=0 A

s d—4
d (v
Fomy = D, Chm (K)
d > 2(n+m-+3)

Linear combination of d-dimensional SMEFT Wilson coefficients

« SMEFT Matching structure to egular Form Factors:

2 4 U6

nem=0 — d=6,810 -  Foon=Cho 5z +Cho gz +Cl0 55

Fao = Cluo A4+C(10) AG +C<10> AS

n+m=1 <+— d=8, 10, ---
00

8
v
ntm=2 «— d=10, - f<n>—C<n>Ae+C<11>A8
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- The SMEFT for scattering is a double expansion in two small parameters %7 %
"o\ Th lar form fact fficient

N € reguiar torm ractor coeftrcients
]:Reg 8y t Z ‘7:(71 m) ( > (ﬁ) and the pole residues are infinite series in v
n,m=0 A

s d—4
d v
Fom = D, Com (K)

d>2(n+m+3)

Linear combination of d-dimensional SMEFT Wilson coefficients

« SMEFT Matching structure to egular Form Factors:

v vt VS . truncate Mandelstam
n+m=0 <«— d=6, 8,10, --- F(0,0) = C(o 0) A2 JrC(o 0) A4 *C(o 0) A6 d<8 expantion at linear
. ;...‘ order

Fao =Cho) A4+C(10) AG +C<10> As

S = — -
f(O,l) = C(SO,I) Al —t C(O G AG + .- Reg\°» (0,0) (1,0) ’U2 (07]_) ,02
10 v° : g 08
ntm=2 — d=@f - ]:(LUZC(LI)FJFC(M)M
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Matching for Vector Form Factors are more invoved

-12-



Matching for Vector Form Factors are more invoved

51 i t v? [Ssu (@) + 0Sv ()]
Fr&h = Froo + Frang + Frong + 2 §—m2 —imel,
ac{y,Z,W}
2

[ Fv (0,0 ECWL
< Fva,0 =

Fv(0,1) =
\ 68y (o) =

q ¢
d=6 * “current-current” operators @é? Oéz) O
Ova Opy Oeyy Ocq » .
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Matching for Vector Form Factors are more invoved

. 8 t v? [Ssu () + Sy ()]
Fv(s.t)= Fvoo + Fvao 3 + Fron s + s —m2 —im,T,
ae{~,Z,W}
2
v
( Fvoo = 33C
Fv (1,0 =
Fvo,1) =
m?2 vim? 2
\ 68{/ (a) - A2 C¢2H2D + — A4 [C£2H2D:|
1] . , e ‘ d
d=6 Y current-current” operators O, qu o
Orq Oeq Ocu Ocqd q' tv
d=6 W?H?D | “Higgs-current” operators ng)/; = (&vuw)HTDMH D v? Z, () e.g. modified Z vertex

APl

(1) (1)



Matching for Vector Form Factors are more invoved

o § f SSM + 58‘/ a
fv(S,t) fV(OO) + FV(lO)_Q + ‘FV(Ol)_Q + Z 3[—m(2)—zm F( ):|
ae{r,2,W} ¢
’U2 6 (% 8
([ Fvoo = 2l + 7l
< Fv (1,0 =
Fv0,1) =
\ mg 02m2

0Sv (@) = 12 Clapap + 1q" ([c£2H2D]2 +c§2H4D)

d=8 |¢Y*H?| [¢*H*D| operators that shift the leading d=6 effects by O(UQ/AZ)

subleading effects
Negligeable...
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Matching for Vector Form Factors are more invoved

l\')‘ »>

t v? [SsM (a) + SV (a) ]
15+ Z :

fv(§,f) Fv,0 + Fva, 0) 7, §—m2 —imaly,

ac{y,Z,W}

2 4 ,02m2

v v a
f fv(g’g): p6£4 —|‘ FCQSALH? ‘|‘ 7A4 C£2H2D3

m?2 vim?2 mi

6 2 8
\ 58\/ (a) — A2 C'L/)2H2D + T ([C¢2H2D] +C¢2H4D> + A4 C¢2H2D3

subleading effects

d=8 |¢Y*H?| [¢*H*D| operators that shift the leading d=6 effects by O(UQ/AZ) Negligeable in tails...

d=8 W2 H?D3 Energy-enhanced Gauge boson vertex modfication

(’)g)Hng = (Zafy“DVEB)D(MDV)HTH D wvmgsZ, % Hlg)

~ = + subleading effects

5 2 . .
5 —m7 s—m7 z z Negligeable in tails...

partial frac. decomp. Fv (0,0) 55V,(Z)

13-



Matching for Vector Form Factors are more invoved

L 5, f ’02 SSMa+5SVa
Fv(s,t)= Fvoo + Fvao 3 + Fron 3 + A[—m(Q)—z'm F( -
ac{vy,Z,W} * o
v? v v2m2
r -FV(O,O) — FC& + PC£4H2 + AT C$2H2D3
'U4 8
Fv (1,0 = Pcw‘lD?
4
v
Fv(0,1) = FCS‘LDQ
m2 212 4

(Y 2
\ 6SV (a) - A2 C'I/J2H2D + — A <[Cz/612H2D] +C1S2H4D> + A4 Cw2H2D3

d=8 ¢4D2 operators that give rise to new effects ~ Boughezal et al. [2106.05337]
Allwicher et al. [2207.10714 ]

q £

02;212192 = D“(f_’yuf)Du(Q_’mq) 5 Energy-enhanced effects .

can be relevant for Drell-Yan tails
q' Ll
q £
(2) — () /L<_>I/ _ 2

062 2p2 = ((9" D)@ D v4) t New d=8 angular effects Alioli et al. [2003.11615]

q' Ll 3

t= —g(l — cosf,)
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UV mediators

* Tree-level bosonic mediators can be classified by color, spin and fermion number (F)

Colorless

10 Leptoquarks

mediators

SMrep. Spin<1 Lint

B (11,0 1 Lz=Yylo0les%a?' Vs , ¥ € {u,d,e,q,i}

7 (1,1,1) 1 Lz =gl uiZd; + [§8)as 8aZNs
b2 (1L21/2) 0 Lo= Y {Oyaulle+ b5l GdiHa+ W leplacsHa ) +

a=1.2

W (1,30 1 Lw = lglly @ W)+ lohlas (e W)l

S (3,1,1/3) 0 Ls = [y1)ia S18fela + [¥F)ia S155e0 + [§7ia S1dEN, + hec.

Si (3,1,4/3) 0 Lg =[ifiaSidiea+he.

U, (3,1,2/3) 1 Ly, = [t1ia Glla + [EFia dillieq + [EF]ia @1 Ny + hec.

U, (3,1,5/3) 1 = [#8)iq 2l eq + hec.

Ry (3,2,7/6) 0 Lp, = —[yfia Gilzela + [y5)ia GieaR2 + hoc.

Ry, (3,2,1/6) 0 Lp, = —[#iadiRacla + [(¥)ia GiNaR2 + hec.

Vs (3, 2, 5/6) 1 Ly =[rL]ia d Vaelo + [28]in G s CeVaen + h.c.

Va (3,2,-1/6) 1 Ly =thliaiVaela + [7fia GeVaNa + hec.

Sy (3,3,1/3) 0 Lg, =[yiliade(r’ S3)la+hec.

Us (3,3,2/3) 1 Ly =t i U3)la+he

A f v? [galijl9alas v? [g3)ip gb]
[\FPoles(Sat)]ijaB Z D) + Z
5 —ms 3 t —m?2 b

a

ac {77Z;WZ/7W/727¢1,2}

ZU

C

be {Ul, 617R27§27U3}

° [92)ialg)in

8+t + m?2

cE {Slaglav27%7‘5’3}
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Infe]:= <<HighPT"

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

References: arXiv:2207.10756, arXiv:2267.10714

Website: https://highpt.github.io

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

Version: 1.08.1

* We provide the complete Drell-Yan Likelihoods for non-resonant New Physics in tails —2log L

* Current functionalities:

- All SMEFT operators dim = 6,8

- Any leptoquark mediator (multiple non-interfering)
- Arbitrary flavor structures and CKM alignment

- Analytic cross-sections and per-bin event yields

- Includes detector effects! (fast simulations)

O(A™%)

- Likelihoods for different data binnings

Process HighPT label Experiment Lumi. Tobs

pp =TT "di-tau-ATLAS" ATLAS 139fb™"  mit(rl, 72, Er)
pp — utp~ "di-muon-CMS" CMS 140! My

pp —ete "di-electron-CMS" CMS 1837 Mee

pp = TV "mono-tau-ATLAS" ATLAS 139! mr(th, E7)
pp — prv "mono-muon-ATLAS" ATLAS 139/ " mr(p, Er)
pp — e*v "mono-electron-ATLAS" ATLAS 139fb ! mr(e, E)
pp = 7EuF "muon-tau-CMS" CMS 138! mf.:lM

pp — 7T "electron-tau-CMS" CMS 138fbh ! m‘;zle

pp = pteF "electron-muon-CMS" CMS 138! Mg

Recasted heavy resonance searches

[arXiv:1906.05609]

CMS/! [arXiv:2002.12223]
Z CMS-PAS-EXO-19-019
EXPERIMENT CMS_PAS_EXO_19_O14

ATLAS-CONF-2021-025
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HighPT : under the hood

* Hard-coded analytical expressions for all Drell-Yan tails in terms of  {F.0). F1.0): F0.1), Sta)s Tiv)> Uie)s }

+ We use ‘folding functions’ to make contact with LHC experiments:

* Binned distributions: kernel matrices

1

8

e.g.

detector-level
distributions

do(pp — 77)
dmie®
do(pp — Tv)

me

‘folding’ or ‘efficiency’ kernels

Kk(mry

tot

|mer) w(mr|pT)

) P particle-level do do

dx ......................... 7

distributions dm,r = dp}

- Object reconstruction

- Detector response

- Phase space mismatch

- Parton showers (Recoil from ISR)

K(Zobs | ) — Kij = Prob(xons € bin; | x € bin;)

Painfully extracted using MC simulations (Madgraph5 + Pythia + Delphes)

16
T

24
T

32 40 48
T

pp = |

K (] my,)

10
T

20 30 40
T

50

pp — |

Kij (mr | pr)

Ky (mr | pr)

Kij (m%*|m.,)
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Drell-Yan tails Likelihoods

* Likelihood function of §'= {Fio0). Fa. Fie: S T, Urerr) Also for SMEFT and leptoquark mediators:
7 7\ ) 21 7 _ {06 o8
—210g L(0) = x*(0) = Y (Mhel0) + Mg = N ) = §={ct.ct)
kebin ;

0 = {[2]ia, [y)ia} mrq = {1,2,3,4,5} TeV

HighPT

* Minimization with native Nminimize []or... export Liklihood in format WCxF format to external tools like Flavio!

* Quick “SMEFT mode” likelihoods: ChiSquareLHC ]

ChiSquareLHC["di-muon-CMS", EFTorder - 4, OperatorDimension - 6,
Coefficients » {(WC["lql", {2, 2, 1, 1}]}] // Total [@g)]wl = (L") (G170 a1)

ou3= 13.37 - 57.6784WC[1ql, {2, 2, 1, 1}] + 1453.54WC[1q1, {2, 2, 1, 1}]%-
22476.1WC[lql, {2, 2, 1, 1}]°+133553. WC[1ql, {2, 2, 1, 1}]1*

ChiSquareLHC["di-muon-CMS", EFTorder - 4, OperatorDimension - 8,

Coefficients » {WC["1lq1", {2, 2, 1, 1}], WC["12q2D21", {2, 2, 1, 1}]3}] // Total (1) P _
[0y 12211 = (Lo L) (@171
outis- 13.37 + 1289.88 WC[12q2D21, {2, 2, 1, 1}]%-57.6784 WC[1lql, {2, 2, 1, 1}] + ) ~

1453.54WC[lql, (2, 2, 1, 1}]%-22476.1WC[1ql, {2, 2, 1, 1}]3 + 133553. WC[1lql, {2, 2, 1, 1}]%+ [OengDz]lel = D" (Lo l2) D, (q17uq1)

WC[12q2D21, {2, 2, 1, 1}] (-6.29833 + 2058.28 WC[1ql, {2, 2, 1, 1}] - 26006.8WC[1lql, {2, 2, 1, 1}]?)

18-



Quark flavors

« Single-parameter fits:

33

23

13

22

12

11

33

23

13

22

12

11

SMEFT limits

(O] apis

Lq

[ (1)

lg ]11@‘

[—0.66,0.42|

[~0.27,0.25)

[~0.10,0.11]

[-0.13,0.17]

[~0.051,0.027|

[~0.022, 0.040]

=06 =04 =02 0 02 04

[(3(1)

lg ]121:;‘

[~0.17,0.17]

[~0.11,0.11]

[~0.042, 0.042]

[~0.044,0.044]

(~0.017,0.017]

[~0.0093.0.0093]

—-04

—0.2 0 0.2

pp— et

33

23

13

22

12

11

33

23

13

22

12

11

— o) = )
= (La¥"Ls) (@i Vud;)
+ -
pp — pp
1 T T T T T T T
* [-0.35,0.22]
[-0.14,0.12]
[-0.049,0.058]
B [-0.059,0.10)
~0.037,0.0070
|
lg 122ij
| R R [~0.0060.0.030]
—0.4 —0.2 0 0.2 0.4
———T— —
* [~0.31,0.31]
[-0.19,0.19]
[-0.075,0.075)
- [-0.079,0.079)
[-0.030,0.030]
]
lg 113ij
MR PR B 1 [-0.016,0.016]
-04 02 0 02 04
pp — et 1~

Allwicher et al. [2207.10714 ]

33

23

13

22

12

11

33

23

13

22

12

11

pp — T
rTrTrvrTpyTrrTrrrTrirri
* [~0.81,0.55]

[-0.31,0.27)
[~0.13,0.15]
[ — [~0.15,0.20]
[~0.094,0.015)
c]
lg 133i5
[~0.014,0.077]
Lo 1 3 1 5 1 M I A B |
—0.8-0.6—-04-02 0 02 04 06 0.8
—T —
* [~0.20,0.20|
[-0.12,0.12]
[~0.052,0.052]
] [~0.053,0.053)
—0.022,0.022
[c(”} [ ]
lg 123ij
[~0.012,0.012]

—0.4

-0.2 0 0.2 0.4

pp — T
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Limits on Leptoquark mediators

» Two-parameter fits:

U" ~(3,1,2/3) Ry~ (3,2,7/6) S5~ (3,3,1/3)
L I(=c _I
Lint = [xf]ia (q‘iwlﬁa) — [yQL]m (’U@RQGEQ) + h.c ‘CSs = [y3 ]ia S3 (quET ga) +h.c
0 0 x uu =TT 0 0 0 bb — 7T
aF=yk=10 0 0 dd — 77 yr=10 0 o0 bb —
0 0 O ud — Tv 0 x X b5—>,u7'
S B S LA B LR BRI~
F my, = 2TeV, mg, = 3TV HighPT ]
LOF .
0.5F -
Fﬁ oF . E
=) [ ]
~0.5F .
-1.0F -
- 95% CL 1]
Eoyooa by s byov oy s by vy by by gy

-1.0 -0.5 0 0.5 1.0

[z{]13 Y352

In[17:= InitializeModel["Mediators",

Mediators -> {"U1" -> {2000, 0}, "R2" -> {3000, 0}}]1; In[23:= InitializeModel["Mediators", Mediators -> {"S3" -> {2000, 0}}];
LpT = ChiSquareLHC["muon-tau-CMS"] // Total;
In[18]:= xSqLQT‘T = Total [ChiSquareLHC["di—tau—ATLAS"]]; LTT = ChiSquareLHC[“di-tau-ATLAS“] // Total;

xSqLQTv = Total[ChiSquareLHC["mono-tau-ATLAS"]]; Lpp = ChiSquareLHC["di-muon-CMS"] // Total;
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SMEFT truncation

?

7

: 1 1
 Where do we truncate the EFT expansion?  do ~ |Asu|> + e Y C AT A%y + e (E CoCs ASAS + P A?AgM)
% %] %

O(A—

- “*Jacksaw analysis”: which is the most sensitive LHC bin?  Rj,. =
1 - _
[Oéq)]mu‘ = (@’Y“@)(%"Yuqz')
15t gen. (valence) quarks 2" gen. quarks
1‘1' T T T T T T 1'1_ T T T T T T 1]
1 [ 1 ]
[Cg(q)}ﬂll pp — pp g _ [Cl(q )}2222 Pp — [t _;
1.3 . 1.3F =
-== O(1/A%
e — O(1/AY) i s 3 _E Y
2 1.2 1 E 12F i1 B
= 1 = 3 1 K
1.1 k 11E 3
<] ; 3 ;
10 1 1 1 1 1 117 J-D: rhl_-.‘ | Iq__l___l__\_l__-
200 500 1000 2000 7000 200 500 1000 2000 7000

My, (GeV]

My [GeV]

- At around O(1) TeV NP? terms becomes relevant

) effects are very important in the tails! Should not be neglected at the LHC

Limits without one bin.

1.4

1.3

1.2

1.1

1.0

Limits with all bins -

bottom quarks

[Cl(;)]gggg pp — pp ]

T T T T T

200 500

1000 2000 7000
My, [GeV]

- Last bin is always the most sensitive “single bin” because of energy-growth

Boughezal et al. [2106.05337]
Allwicher et al. [2207.10714 ]

Allwicher et al.
[2207.10714 ]
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Dim=8 corrections

?
1 1
do ~ |Asu|>+ 2 > CP AT Az + X D ocielr ASAS +3 B A ARy
7 1] 7

« We focus on LL vector form factors to analyse dim=8 effects

d = 'l,b4D2
) o{ihm D" (la15) Dy (@7u1)
~ P) - v _
Fikes = TV (0.0) T TV (10 iz +F o) i2 O%Z o (o D16) (@i D vqy)
v v Op 2 pe D”(lﬂ?”g)[),,(@u'rjqj)
01(24q2D2 (EQ’Y” D Iyzﬁ)(‘fz”}’,u D :{gj)
(1) (2) _ 3 _ @
At leading order SMEFT matching: ) Cizg2pz + Czg2p2 ~ Cagepr ~ Craga
i UV assumptions:
2 4 4

LL,uu ., Y (1-3) LL,uu ., U~ ,(1+2-3-4) LL,uu ., oV »(2—4)

Fv 60 = 32 Cu Fvao = p1Cepo: Fvon = 2xa G Firlo.o)| < 920 /A2
2 4

LL,dd _ YV~ ,(143) vt LL,dd _ oV »(2+4) LL 2 424

Fv .0y = 3z Crq FGioy = 32 Coaginr Fv o) = 237 Ceqe 2 v (ol = givt/A
2

LL,ud _, 5V ~(3) LL,ud vt (3+4) LL,ud v (4) ]—"LL < g2t /A?

fV (0,0) — 2A2 Cﬁq ’FV (1,0) = QF C€2q2D2 ‘FV (0,1) = 2F C€2q@D2 ‘ |4 (071)| - g* /
d=6 d=8 d=8 g« = Vam
Sub-leading corrections from other d=8 operators are negligible v*H?| |W2H*D| |v?*H?*D?

29,



. LL . .
- We set limits on v (0,00 assuming 3 scenarios:

u
ud
dd
58
cs
cc

bb

—-0.06 -0.04 =0.02 0 0.02

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

Maximal correlation between dim=6 and dim=8 form factors:

pp = pft, pv

T T N |
A=2TeV

P IR R
0.04 0.06

| IR |

fLL,qq:}
{ V(0.0) |99

uu
ud
dd
58
s
cc

bb

PP = [ift, p
1 B I B B
(x5)
(x5)
(x5)
| R P REETI I ST R
—0.06 —0.04 —0.02 0 0.02 004 0.06

]_—LL,qqf]
[ VA0.0) J 994

We find that d=8 corrections are not large except for
scenario (3) and only for valence quarks.

‘FXI;%I,O) -

,02

A2

‘7:1];%0,1) =0

(3) Uncorrelated form factors. We marginalize over dim=8 Fi/(1 ), Fv (0.1)

Fv0.0)

Arises when integrating
out vector-triplet in UV

uu
ud
dd
58
cs
cc

bb

P |

PP = ft, P

P )
A =6 TeV

P P |

-0

LL, qq
{f‘/ (0,0)

06 —=0.04 =0.02 0 0.02

} 22ij

0.04 0.06

Allwicher et al.
[2207.10714]

_23-



« Can d=8 effects dominate over d=6 in Drell-Yan?

UV requirements:

1 - Two states with almost degenerate masses.

2 — States must interfere.

3 — Contribute to Drell-Yan in different scattering chanels. At least one leptoquark
4 — Couplings fine-tuned such that the d=6 effects cancel.

+ Two leptoquarks: one t-channel (F=0), the other u-channel (F=-2)

9% 93 2 v 1 2 oy 1 1
oy vl e Rt ve Rl v G v
2
g 1
w00 (5p)  mme
Explicit model: FRRwu _ v*D?
UF ~(3,1,5/3) S~ (3,1,-1/3) (00 2
uu 1 v/ — _
0 Fifim==% Oap = D’(Ene) Dl
Lint = 7 Ui (ey,u) + g S1(eu) + h.c.
Fis == O%ups = @nDe) @ Do)

uti — €70~ is driven by d=8 operators



Effects of different CKM-alignments

ur,
Vokw - dr,

down-alignment

VS

T
0.003F
0.002F

0.001F

— C

-

m L
L oF
— F

&

~0.000F

-0.002F

T

~0.003F

T

FA=1TeV

-------------------

L L

-
-

B down-aligned

up-aligned

B Ve = laxs ]
el ey o

0.01

0.02  0.03

(€l J2om

[ A=1TeV HighPT ]
0.04F -
0.02F |

= of | -

-0.02F

—0.04

PEPEVEN PR

LI LA B L B B A L N

sl

~0.15 ~0.10 —0.05 0
1
(g

qiq; — pp”

”UJZ'CZJ' — ,LLj:I/

L B T T —T T ]
[ A=1TeV HighPT 1
0.03F HighPT E
0.02F o R SRR RN .. 3
o 001 = ; : ~
& s C : ;]
L OF o . » -
ek - C ' ' ]
= C . -
-0.01F s Kk =
~0.02F e g 3
-0.03F .

FLo 1 . 1 1

R R
0.2 HighPT
0.1 -
o
S
&
En U ]
S 1 ]
20,1 R
_(}_2-_ _-
(i AR AR S ATA S WA A A A

-0.3 -0.2 -0.1 0 0.1 0.2
1
[C 202

1]

0.3

1
05 asii

[0 agis =

Lq

(Lav"8)(qivua;)

221

(3)
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——T
HighPT

M20a3
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g

€
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Allwicher et al.
[2207.10714 ]
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Conclusions

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

- We provided a general description of Drell-Yan based on form factors

E.g. we identified the relevant SMEFT operator class at d=8 »*D?

- We introduced HighPT, a mathematica package that provides

the full flavor likelihood for high-pT Drell-Yan. \HighPT
- SMEFT to order O(A™%) including dim=8 effects \-\
- Any Leptoquark model for TeV masses https://highpt.github.io

- We discussed the effects of different flavor alignments, SMEFT truncations
and d=8 corrections

- Currently including low-energy flavor observables and EWPO in HighPT 2.0
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Combined fit: Drell-Yan + RD(*) + EWPT

i *) . 3 1 3 ; . -
- We focus on NP in RD(*): Oéq)’ Oée;u ’ Oeedq ’ Oée()lu }/;/g[rz?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]




These new d=8 angular effects require
higher harmonics in the standard parametrization

= (1+cp) + (1 —3cg)
2 — > _ = dm? dydY 16m dm?dy { 2
Oé2)qQD2 — (£7M D VE)(quu D VQ) ! . A,
+A; S20C¢ + ?8302,35 + AgSgcqg + Aycy
+As555824 + AsSas8s + A7sesy
f].lﬂ' T T T T T T T T +B§336¢; + Bgsgs¢ + BSS%CQCQQg
: E < : B¢
0 : +B§S§Cg$2¢ = —189(565 - l)cqb
_8_ 2
|; LB (5¢2 — 1) +B°(53 3cq)
—S8 Cqp — 8 — | 9Cpyp — OC .
005 i 9 “0\9%0 ¢T 9 0
Alioli et al. [2003.11615]
0.00 @t LDy : -
— Cium : g
- G‘S.Ir 4 e
4 C’c e
~0.05H = Cscim A =2-TeV--
C:S.E.'HLE u{:_l :30[] fb_l
s C'a,;nraz
.10 Cﬁ_!urﬂ
C&,qr{d?
== SM NLL-EW
_ﬂllj (1 | | 1 | | 1 |
100 200 300 400 00 600 700 B00 900 1000

my [GeV]



Lepton Flavor Violation at high-p+?
- LFV are excelent probes of BSM physics U(l)e X U(l)u x U(1),

 Experimental probes targeting semi-leptonic modes: Ky —sen Kt —rtey D°—ep

(%) = (%) +
NA62, BES-II, KOTO, LHCb, Belle-Il By —ep BY = rtpe BY - Kfur

T — uUT T — U Dt — T pe

crossing

M M symmetry O\ / pp — ef
q 7
S e P er

q e pp — UT

I I I =
my VEW LHC 1 TeV

* Notice that other effects not constrained by Drell-Yan can affect meson decays, e.g. RGE effects

- Can we translate the Drell-Yan tail bounds into model-independent constraints

on low-energy flavor observables?
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Events / GeV

Data/Pred.

108

10?

102

O AN W

LFV Drell-Yan limits

O ijas = @7"a5) Parvuls) a# B

Recast: 138 o' (13 TeV)

| SO S S PO O TR W T T L L T LT T A O L T D L A A B
— —+-Data =
_CMS MisID © [ Single t ——LFVZ' 1.6 TeV _|
[ urt it Zs il e QBH16TeV |
— Diboson [ Uncertainty ----- RPV16TeV ]
o1 (ST | S P | PO v
’._'_ T T
3
E
i 1

0 500 1000 1500 2000 2500 3000
m,. [GeV]

33

231

13;

221

12

11

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

FCNC meson decays

W uN —eN
1 — eee
T decays
pp = puT ity
-
—
-

— LHC (£ =140 fb™')

— HL-LHC (£ =3 ab™!)

AN T T T T T T T T T I AR |

(€] 55,/ A2 [TV

lq

Angelescu, DAF, Descotes-Genon
Sumensari [2020] et al [2303.07521]
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LFV Drell-Yan limits

(@)%

pp — ep

33

23 ——

13+——

22—

12 1+

PRI SRS N SRS U S S RS

— LHC (£ = 140 fb™

D)
— HL-LHC (£ =3 ab~

)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

il [TeV™?]

[Cl(q1 )] 12

lijas = (@Y"*q5)avulp) o # B

pp — et

33

23
13 +——

WL+

12
1L — LHC (£ =140 fb™ 1)
_________________ — HL-LHC (£ =3 ab™")

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

/ A% [TeV™?]

€.

* For some tauonic LFV transitions LHC is quite competitive

dd—),LLT bd — ut bb—>m‘

dd—>e7‘

bd — et

FCNC meson decays

uN — eN
[ — eee
T decays
pp —> ILLT HighPT
33 —

— LHC (£ =140 fb™ 1)
— HL-LHC (L =3 ab™)

il

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

[Cl(q1 )} 23

Angelescu, DAF,
Sumensari [2020]

Wi [TeV™?]

Descotes-Genon
et al [2303.07521]
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- We further truncate the Drell-Yan cross-section to order O(A™%)

d=8 effects come from interference with SM poles | A4|? 5 2Re [ Frieg * ]:Pole]

-3 b 02 [Sexiln + 0S5
Fs= Fsoot Lsdo 7z T Fs0n 7 + §[_ m% )—'":L';nhl“(h)] ~~~~~~~~~~~~~~~~~~~~~ Scalar

-8 S —
Fr = Fro,0) + ;Z'—.T'(l,o) o2 + Z‘T-T"(O,l) o2 Tensor

8 t SsM (a) + 0SSV (a
Fv= Frog + ]:V(lo)_ + Fron s + Z 3[—m(2)—zm F( b Vector
ac{y,Z,W} “
(Y SD (a)
fDq — Z e m2 - imara ..................... Quark D|po|e
a€{v,Z,W} a

Foo= 3 v* Sp, (@
D, § _ m2 _ imal—‘a ..................... Lepton D|po|e
ac{v,Z,W} a

+ d=6 SMEFT operators match trivially to Scalar, Tensor and Dipoles form factors

* Example: neutral currents Scalar/Tensor FL (Lo’%q)‘ = [ 5(% g;‘]T _F Céi;u
FLR.dd RL,ddyt
S(O 0) — []:s (0, 0)] = p Credq
LL,uu RR,u (3)
FT (0,0) [‘F )]]L _A2 Cﬁequ
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- Validity of EFT expansion? Contino et al.[1604.06444]

Brivio et al. [2201.04974]

“Clipped limits”: extract limits as a function of an upper-cut M..: in data

15t gen. (valence) quarks 2" gen. quarks bottom quarks
03 [ I\ | | 1 I I 1 1] 3 1 '.l | | | | I I 1] 3 1 | | | | I 1 1]
[ pp = ] \ pp = ppr ] pp = ]
— [ e (A 4 al 1 e O(AY) e O(A-2) 4
,:r 0.2 O(A™%) ~ = 2 \ O(A™?) A fm O(A™?) A
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to facilitate the interpretation of the EFT limits.

- Jacksaw and clipped analysis are easy to implement in HighPT

Flexible binning: remove or combine experimental bins

Allwicher et al. [2207.10714 ]
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