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Introduction: What can we learn from high-p; tails about the flavor of NP?

HighPT

- A tool to constrain NP scenarios with generic flavor structure
from high-p Drell-Yan tails

e (Constraints on NP from Drell-Yan tails

- for SMEFT and leptoquark models

https://highpt.github.io/

High-p constraints from pp — 77~ and interplay
with b — ctv transition at low-energies — R+ anomalies
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The flavor pattern of NP - Zonee

 Model independent NP analysis using EFTs — in particular the SMEFT

* The SMEFT has a very rich flavor structure

- d=6: 59 electroweak structures < 2499 parameters
- How to constrain all these parameters?

* Focus only on subset of operators
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The flavor pattern of NP L) D

 Model independent NP analysis using EFTs — in particular the SMEFT

The SMEFT has a very rich flavor structure

- d=6: 59 electroweak structures < 2499 parameters
- How to constrain all these parameters?

* Focus only on subset of operators

* Hints for NP: indication of LFUV in semileptonic B decays

: see e.g.:
- Preferred explanations: leptoquark | Medel | Bxo | Bpe || Bxkw & Epe | Grivelin, Muller, Ota
[1703.09226]
Sh X v X
Butazzo et al
R, X v X [1706.07808]
ﬁ; X X X Marzocca
[1803.10972]
53 v X X Becirevic et al
U v v v [1808.08179]
1
Angelescu, Becirevic,
Us v X X Faroughy, Sumensari

[1808.08179]
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The flavor pattern of NP L) D

 Model independent NP analysis using EFTs — in particular the SMEFT

The SMEFT has a very rich flavor structure

- d=6: 59 electroweak structures < 2499 parameters
- How to constrain all these parameters?

* Focus only on subset of operators

* Hints for NP: indication of LFUV in semileptonic B decays

: see e.g.:
- Preferred explanations: leptoquark | Medel | Bxo | Bpe || Bxew & Bpe | Grivelin, Muller, Ota

[1703.09226]

S X v X
Butazzo et al

Ry X 7 X [1706.07808]

ﬁ; X X X Marzocca
[1803.10972]

Ss v X X Becirevic et al

U v v v [1808.08179]

1

Angelescu, Becirevic,

Us v X X Faroughy, Sumensari

[1808.08179]
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Probing semileptonic operators at different scales:

q; 4

a
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Probing semileptonic operators at different scales:
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* Hadronic cross-section: Ohad(PP = €l p) = L; & [8]2‘#

- Ll-j parton luminosities / PDFs — all quark flavors contribute (except for top)

A

Li;(8) = /;1 dz [f(ji (z, 1) £y (é,u) + (g < qj)]

X

» |®

10

\/E =13 TeV
1 ks
0.1t
3
1072}
—_ uu
— dd
1073} | — s3
— cC
bb
1o : . : ' -
02 03 04 05 1 2 3 4

V3 [TeV]

Angelescu, Faroughy, Sumensari [2002.05684]

NP Drell-Yan tails analyses:

Greljo, Marzocca
[1704.09015]

Fuentes-Martin, Greljo, Camalich,
Ruiz-Alvarez [2003.12421]

de Blas, Chala, Santiago
[1307.5068]

Angelescu, Faroughy, Sumensari
[2002.05684]

Dawson, Giardino, Ismail
[1811.12260]

Marzocca, Min, Son
[2008.07541]

... Many more ...
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Flavor in Drell-Yan A Univers

* Hadronic cross-section: Ohad(PP = €l p) = L; & [8]3.ﬂ

- Ll-j parton luminosities / PDFs — all quark flavors contribute (except for top)

A

Li;(8) = /:1 do [f(ji (z, 1) £y (é,u) + (g < qj)]

X

» |®

A

- (619 - - i 19 o« — | C|”
[a]ij partonic cross section — energy enhanced in EFT [a]l.j X ~ C

o t7-tails particularly relevant for models with large 3rd generation couplings Faroughy, Greljo, Kamenik [1609.07138]

10 —
ot | |32 pb b . T NP Drell-Yan tails analyses:
dmge Greljo, Marzocca
I Uy [1704.09015]
1 —
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_2_ \
10 7 1,001 [1307.5068]
_ ZZ 1074 \\ SM Angelescu, Faroughy, Sumensari
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0203 0405 1 2 3 4 rm%[ ]
V3 [TeV] 100 200 300 400 500 600 Marzocca, Min, Son
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Angelescu, Faroughy, Sumensari [2002.05684]
... many more ...
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L. Allwicher, D.A. Faroughy, F. Jaffredo,

I I i I pT O. Sumensari, FW [2207.10756]

A Tool for high-p; Drell-Yan tails Beyond the Standard Model
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Form factor decomposition L) et

. ) af _ — 7 g
« Form factor decomposition A = A (a9 — Lath)

of the amplitude - v%;{ (2aPxty) (@Pyds) (737 (5,8)] "

» Most general parametrization of + (Eaxty) (a0 ve) [ (5,8)] 7 Vector
tree-level effects invariant under + (faowPxth) (s Pya)) " [F797(5,)] " | Tensor
SU@3). x U(1), + (LamuPxts) (70" Py ) % [ng’/’qq'(§,f)]z.[3 Dipole

+ (ZaaWIPXE’ﬂ) (qﬂﬂpng) ”“TV [fgeY’QQ'(g,f)]ijB } Dipole
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. ) af _ — 7 g
« Form factor decomposition A = A (a9 — Lath)

of the amplitude - v%;{ (2aPxty) (@Pyds) (737 (5,8)] "

» Most general parametrization of + (Eaxty) (a0 ve) [ (5,8)] 7 Vector
tree-level effects invariant under + (faowPxth) (s Pya)) " [F797(5,)] " | Tensor
SUB3),. x U(1), b (EanPxts) (0™ Pras) % [799(5,0)]” | Dipole

+<Zaa,wlPX£'5) (qﬂM[PYqJ) ”Z [FXqu(s,t)]ZB } Dipole

Hadronic cross- section (at tree- Ievel

ma ds af aﬂ*]

+ ! , XY,qq
oB(pp — £, 45) 487rv2 > / / | o
XY, IJ zg meeo
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. ) af _ — 7 g
« Form factor decomposition A = A (a9 — Lath)

of the amplitude - v%;{ (2aPxty) (@Pyds) (737 (5,8)] "

» Most general parametrization of + (Eaxty) (a0 ve) [ (5,8)] 7 Vector
tree-level effects invariant under + (faowPxth) (s Pya)) " [F797(5,)] " | Tensor
SUB3),. x U(1), b (EanPxts) (0™ Pras) % [799(5,0)]” | Dipole

+ (Zaawpx%) (qify“leqj) ”Z []—“XY‘” (S,t)]jjﬂ } Dipole

Hadronic cross- section (at tree- Ievel

m££ ds af aﬂ*]

+ 1 ) XY,qq
oB(pp — £, 45) 487w2 > / / | o
XY, IJ 'L] meeo

* Captures local and non-local effects
fl(é\ai\) — FI,Reg(gyf) + ]:‘I,Poles(g,i)|

SMEFT contact interactions (B)SM mediators |

» Incorporates EFT and explicit BSM mediators

ol )
2 1 1 2
. 1 ©) R ANG ®) 6
SMEFT: & ~ |Agy| + —2Re (A A§‘<M> + <‘A ‘ +2Re (A A§’<M>> + OA)
. )
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A Mathematica package for high-p+ Drell-Yan Tails Beyond the Standard Model
(and more tO Come) L. Allwicher, D.A. Faroughy, F. Jaffredo, O. Sumensari, FW [2207.10756]

HighPT

Computation of:

« Drell-Yan cross sections CMS
* Experimental observables ~  TTTLLANL
e Likelihoods https://highpt.github.io/ AT LAS
EXPERIMENT
Impl emented BSM models: Process  Experiment Luminosity
pp — TT ATLAS 139fb~! [2002.12223]
« SMEFT (d=6andd = 8§) pp — pi CMS 140fb~! [2103.02708]
pp — ee CMS 137fb~! [2103.02708]
* BSM mediators (leptoquarks) pp—Tv  ATLAS 139fb~" | [ATLAS-CONF-2021-025]
pp — pv  ATLAS 139fb~! [1906.05609]
Recasted searches available: pp—ev  ATLAS 139 fb~! [1906.05609)]
pp — Th CMS 138 fb~1 [2205.06709]
* Full LHC run-Il datasets oo 1e  CMS 138 fb=1 12205.06700]
pp — pe CMS 138fb~! [2205.06709]

( See also: Greljo, Salko, Smolkovi¢, Stangl [2212.10497] )
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Observables and likelihoods 4 ) pniversitat

« High-p tail distributions:

. . d . .
- Particle-level distribution d—a computed from final state particles e, u, 7, v
X

- Detector-level distribution measured by experiments from

Xobs

reconstructed objects (isolated leptons, tagged jets, missing energy, ...)

d d . . .
. Relate — to — using MC simulations (MadGraph+Pythia+Delphes)
dx  dxg,
M
measured |—H 0¢(Zobs) Z Kpq 0p(Z) &——|computed
p=1 4

|

object reconstruction efficiencies, detector response, phase-space mismatch
* Recasts of available experimental searches:

2
> (NVyp + Nomt — Nyara)
(Combination of bins required] 4 2
t

o ensure validity of )(2

Felix Wilsch HighPT | Beyond the Flavour Anomalies IV — Barcelona



Observables and likelihoods (1) yriversat

« High-p tail distributions:

. . d . .
- Particle-level distribution d—a computed from final state particles e, u, 7, v
X

- Detector-level distribution measured by experiments from

Xobs

reconstructed objects (isolated leptons, tagged jets, missing energy, ...)

d d . . .
. Relate — to — using MC simulations (MadGraph+Pythia+Delphes)
dx  dxg,
M
measured |—H 0¢(Zobs) Z Kpq 0p(Z) &——|computed
p=1 4

|

object reconstruction efficiencies, detector response, phase-space mismatch
* Recasts of available experimental searches:

' — 2
HIghPT—— — (Ve + Nsm — Naara)
(Combination of bins required] £ o2 provided by experiment
t

o ensure validity of )(2
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Observables and likelihoods 4 ) pniversitat

« High-p tail distributions:

. . d . .
- Particle-level distribution d—a computed from final state particles e, u, 7, v
X

- Detector-level distribution measured by experiments from

Xobs

reconstructed objects (isolated leptons, tagged jets, missing energy, ...)

d d . . .
. Relate — to — using MC simulations (MadGraph+Pythia+Delphes)
dx  dxg,
M
measured |—H 0¢(Zobs) Z Kpq 0p(Z) &——|computed
p=1 4

|

object reconstruction efficiencies, detector response, phase-space mismatch

« Recasts of available experimental searches: Ga” be exported to python |

' — 2
HIghPT—— — (Ve + Nsm — Naara)
(Combination of bins required] £ o2 provided by experiment
t

o ensure validity of )(2
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Efficiency matrices K, W) Universist

Bins of experimental search

1 16 32 48 64 8 96 18 16 24 32 40 48 2 4 6 8§ 10 12 14
1_I I T T T T T I_ 1_| T T T T T I_ T T T T T T T
3k I I - 3k ! B -
0 " pp — ee PP = pi
ok o " . 6 -
© 0 I
oL 9 l[ i 9t .
+ (N )
- = 1
o T w2t I - 12+ .
€ c "
O™ 15t 1 . 15} .
&) II
18} I : 18} -
|
Kij (Mee| Mee) K (muu‘ muu)
1 10 20 30 40 50 60 1 10 20 30 40 50
1_I T T T T T T _ 1_| -I T T T ]
o pp—evy| pp = pv-
6} I|I - 6 -
9t I| - 9t -
1
12F I||I - 12} - T |
15| . 15+ . 12 3
18 F - 18 ] 15 |
|
21 _I | | | | | |l ] 21 _I | | | | | | | | | | | |
Kij (mr | pr) Kij (mr | pr) Kij (mr | pr)
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LHC constraints on
b — c tv transitions

Tracking down the origin of the B-anomalies with high-p



U, leptoquark (3,1, 2/3) AP Universitat

_ [C(3)]

Ly = 1 U@y L) + 61U dy,e,) +h.c. — [C(l)]

1 afij — E[Xf]zﬂ[xf]*

apij —

« Consider couplings to left-handed fields only q3Lz and L”3L — [Clql’3 l3333(3323)

« Relevant processes: bb — ttt~, bs - t7t7,bc =- 77 D... (+ c.c)
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U, leptoquark (3,1, 2/3)

Ly, = UGy L) + 1, Ul dy,e,) +h.c.

—

¢ (1)]

_ [C(3)]

apij —

apij —

« Consider couplings to left-handed fields only 613L2 and L”3L — [Clql’3 l3333(3323)

* Relevant processes:

EW: W —> v

Flavor: Ry and Ry«

L. Aliwicher, D.A. Faroughy,
F. Jaffredo, O. Sumensari,
FW [2207.10714]

Felix Wilsch

bb -ttt bs >ttt ,bc > 17D ...
SMEFT fit
. — — —_—
f HighPT SMEFT mode
—
= """""A':'Q'T'e\'/"
S 3 -
o
~ L
o 2 - EW —
R i
| < | \\;'.".';;-' |
| 0 .
3 Combined -
H st AW i
= !
SO, ol |
Flavor LHC 77 + v
3L |
Ll | | | | | | ! | | | ! | | ! | | ! | | | ]
1: —1. —0.5 0. 0.5 1. h
(1)
[Cq }3323 [ lq ]3323 (TTSb )
L R . . —

(+ c.c.)
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U, leptoquark (3,1, 2/3) ) Universitat

1
Ly, = 61 Uf @t + 41Ul e +hoe. = [C s = 16 g = —E[xf]lﬂ[ xi T

« Consider couplings to left-handed fields only 613L2 and L”3L — [Clql’3 l3333(3323)

« Relevant processes: bb — ttt~, bs - t7t7,bc =- 77 D... (+ c.c)

SMEFT fit LQ mediator fit
— — _— — —
u HighPT SMEFT mode inghF'T {nediator mode h
—
S | BR v | | RSN
s 3t - _
e ]
— :
o 2f EW i Combined :
?oi 1+ M = e \ _
EW: W — v S) _ \;-_- T | _ K :
Flavor: Rpand Ry | Il 0F . h : -
% Combined ]
“ Q{ -1 -\ N\ : “
O, L _
Flavor LHC 77+ 1v
_3L ]
1. —1.I - I—O.5I T 0. IO.5I o 1. W
. (1) ) L7123
F Jafiredo, O. Sumonsag, Cla L3323 = (Cig L3325 (7T8D) z7 ™ (s7)
FW [2207.10714] ¢ R — — -7\ -
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H=H oo o UZH
s Zurich

1
Zs, = DldSi@et ) + D1aSi@@e) +hec. = (G Ly = = 4G Ly = ST s

lequ lequ
SMEFT fit
o HighPT SMEFT mode )
2 | ANV AL I B
i A = 2 TeV
o I l
2 °r ': ;
oo 4L : ]
<, ! :
| . Combined : i
! 0oL B EW ]
2 1 : :
R —1p : ]
S %
&'_2:_ ,'::LHCTT—l—TV_-h
i Flavor ;o
—3r .' -
L T R B b
-3 —2 0 1 2 3 h
(1) . (3)
[Clequ] 3332 4[Clequ] 3332
\\_
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U, leptoquark current: — see Ben’s talk
8 BU | = Constraints on right-handed coupling scenarios
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J. Aebischer, G. Isidori,
M. Pesut, B.A. Stefanek,
FW [2210.13422]
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U, leptoquark current: — see Ben’s talk
8 BU | = Constraints on right-handed coupling scenarios
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. . . . . J. Aebischer, G. Isidori,
 Rescaled HighPT likelihood using NLO corrections computed M. Pesut, B.A. Stefanek,

In U. Haisch, L. Schnell, S. Schulte [2209.12780] FW [2210.13422]
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— see talk by Aurelio
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See e.g.:
[hep-ph/9406235]
[hep-ph/9709319]
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« Constraints on the U, leptoquark in the coupling g;; vs. mass M, plane

- Preferred regions from Iow—energy fit [only left-handed couplings] [equal size left- & right-handed couplings]

- Excluded from high-p; Drell-Yan tails
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« Constraints on the U, leptoquark in the coupling g;; vs. mass M, plane

- Preferred regions from Iow—energy fit [only left-handed couplings] [equal size left- & right-handed couplings]

- Excluded from high-p; Drell-Yan tails
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« Effective Lagrangian for b — c transitions:
4G
Lpse =— —= ch [(1 + ngL> (Crybp)@ryvy) — 2%ZR(5L[9R)(%RVL)]

O.].O""I""I""I""Illll|l|||

— see Ben’s talk

* Match €7 ;r, to the U; model
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J. Aebischer, G. Isidori, M. Pesut, B.A. Stefanek, FW [2210.13422]
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« Effective Lagrangian for b — c transitions:

4Gy N ~ . )
Lpse ===V [(1 + chL> (CL}/,ubL)(TLyﬂ V) — Z%LR(CLbR)(TRDL)]

— see Ben’s talk

2
0.10
[ J C [
Match €7 ; ; ) to the U; model
* Details of the fit: 0-051 ]
C s
- €7; — Ocorresponds to | fp| = o0 0.00
5
- More model dependence )
| -0.05 -
> Depends on 2nd gen. coupling €, | M (6 = 2|Vid])
LT OMS (e =3Visl) |
> Small ¢, requires lower scale A, 0101 O
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* Currently good compatibility of constraints Y0 15 11 AP S S S e meomrosresr e
~0.10 -0.05 0.00 0.05 0.10 0.15 0.20
* |Improvements expected by HL-LHC s,

J. Aebischer, G. Isidori, M. Pesut, B.A. Stefanek, FW [2210.13422]

CMS excess would indicate scenario with large fp

Felix Wilsch HighPT | Beyond the Flavour Anomalies IV — Barcelona


https://arxiv.org/abs/2210.13422

Conclusions 1) et

- For the SMEFT explicit leptoquark models

https://highpt.github.io/
« High-ptails provide information complementary to low-energy experiments

- Improvements expected with upcoming Run-3 and HL-LHC

- Will help to scrutinize the origin of the B-anomalies & other NP scenarios

* A specific NP model would have many more collider signatures
see e.g. Baker, Fuentes-Martin, Isidori, Konig [1901.10480]

Thank you for your attention !!!
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Single coupling constraints

e SMEFT Wilson coefficient

« Example: Ql(;) = (LZ a}/”TIf ﬂ)(gi}’ﬂ]%’)

- Cross section to O(A™") with A = 1 TeV
- Contributions from pp — ¢ and pp — (v

Felix Wilsch

HighPT | Beyond the Flavour Anomalies IV — Barcelona
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Single coupling constraints L) D

e SMEFT Wilson coefficient

« BSM mediator

: 3) _ (/ I = 1
* Example: Ql(q) = (C "t qy,7 ) « Example: U, leptoquark

- Cross section to O(A™") with A = 1 TeV

- Mass my o = 2'TeV
- Contributions from pp — ¢ and pp — (v
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x* likelihood vs CL, 1) dnivesita

. )(2 likelihood: combine experimental bins with low event count in the tails to
validate the Gaussian approximation

(lo, 2o, 30 contours)
Ds

Compare to CL, = 1 method (1o, 20, 30 dashed contours)
— Po

« CL, tends to be more conservative, but overall good agreement with ;(2

: i T T T T I T T T T I T T T T I T T T T : ] 7 I_I I rrri I L I LI I LI I rrri I T I I_l

T 010} pp—ete- N=2TeV ] N 0.0 5: ppo MU U N=2TeV
°g T 53 - )
O O 0.050 - -
0.05 - 5 0.025 |- -
I 0.000 [ -
0.00 | - : :
-0.025 [ -
0.05 | ] 0.050 -
[ i ] o075 ik ;
010 - : | Iy ]
o SM ] -0.100 s SM 7]
_O 15 [ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 i I-l 1 l L1 1 1 l L1 11 l L1 11 l L1 11 l L1 1 1 l L1 1 1 l 1 l-l
0.2 -0.1 0.0 0.1 0.2 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

1 1

[Cealttni [CleJez11

Felix Wilsch HighPT | Beyond the Flavour Anomalies IV — Barcelona



U, searches by CMS 7 universia

CMS di-tau search CMS exclusion limits on the U, LQ
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o 1 | 1 | 11 I 1 1 1 | 1 | 11 | 1 1 1 ] 0 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 1 1 1
CMS [CMS-PAS-HIG-21-001] mtT°t (GeV) CMS [CMS-PAS-HIG-21-001] my (TeV)
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Comparison to ATLAS

Universitat

Zurich™

CMS exclusion limits on the U, LQ

138 fb" (13 TeV)
CMS 95% CL Excluded:
.. [_]Observed 68% expected
Preliminar )4 ---- Expected 95% expected
o [ VLQBM1 .

95% CL preferred region

I3[III4

CMS [CMS-PAS-HIG-21-001]

5
m, (TeV)

Felix Wilsch

IIII|IIII|IIII

| I | ] I
ATLAS Preliminary
s=13 TeV, 139 fb
95% CL
U™ model, Low + High b-jet P,
Interference with SM neglected

| ! I ' I
I-HH-HH Single + Non-res. (Obs.limit + 1o)

Single + Non-res. (Exp.limit * 15)

%/ Total (Obs.limit £ 15)
Total (Exp.limit £ 1o)

Preferred by B anomalies

Excluded region

IIII|IIII|IIII|IIII|IIII

1
A
1
1

1 1 % 1

I
1000 1500

|
3000
mUYM [GeV]

I I
2000 2500

[https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/]
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NP models for R, ) universit

o ™

Ls, = [yF]™® S15€l + [yF]*® S1uaseq + [ S1dSv,, + h.c.
Example: Lr, = —[y>|"* @;Raely, + [yF]** Gieq R2 + h.c.
Leptoquark models for Ry i = [2{]"* @ll1la + [21]"* dillieq + [2]]* @,/ v0 + hec. )
« Consider flavor indices: SMEFT matching @ tree-level
apfij € {3333, 3323} Field S1 R Uy
_ Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)
* Relevant experimental L
. [Cled‘I]aBij B - 20" [21)7F
searches: 1 *
o] . w1 wil? | —3lua 1 e -
- ppP — 11T [cl(fgu]amj o1l I 7 -
- pp — TL [Ceu]aﬁij [y ]jﬁ[y ]m - -
_ [Ced]aﬁij - - — [P [zt
* Perform fits for: Codup ) LA e )
- Wilson coefficients [Caclijus - — 3l 1Py P -
- NP couplings <], k)i [yFe - e o
[ I e - ~ 3l Pl
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LFV in the U; model et

- U, ~ (3, 1,2/3) leptoquark model:

 LFV requires 2 couplings turned on

- LFV can be constrained by pp — £¢ and pp — £¢’

 Example: consider only 3rd generation quarks

= LFV searches pp — ¢ £’ can yield additional information
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CKM rotations L) ot

» Effects of up- / down-alignment assumption for NP constraints

mL BN AL LR R BN RLELEL L B ML B AL S AL B "
o.oogf—AZITeV (9191) 19nET 0.03;—A:1TeV (q19;)  HieheT 0.04-

-

0.002 — - E 0.02F  _LemmTTTTTTTTEAL -

0.02F

—0.002 _ B down-aligned —
up-aligned E
~0.003F praie 3
-+ SM B Vokn = l3xs ]
C | 'R B | TR B |

-0.01 0 0.01 0.02 0.03

o Toont

—0.04f

-lIlllllllllllllllllllll-
-0.10  -0.05 0 0.05 0.10

—0.04:

015 -0.10 —0.05 0  0.05 0.10 0.15 R e e e
(1) 1
€y, 12223 CM 2033

(P
lq

= Mass basis alignment especially relevant for 2nd generation quarks
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Low-energy constraints
on b — ¢ Tv transitions

An EFT analysis under the U, hypothesis



EFT for the U, leptoquark o) Zone

 Working hypothesis: vector leptoquark field U; ~ (3,1),,; with current:

EU [~ .1 _
=~ T+ B+ Y, €, @it
k=1,2

- Coupled only to 3rd generation leptons

)
- Variable coupling 3 to right-handed fields O/ = (g, v q))
- Suppressed coupling €, to light quarks 0V = (q,y, L@y d))
e Corresponding EFT Lagrangian: i)ggﬁ = (diy,ef)@y"d]) )
719, = = [Clrois + o + (Cipoi +h.c )|
L2
« Introduce effective scale A, = \/EMU/gU => C};7 = K%]
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Quark flavor structure

. Approximate flavor symmetry: U(2)> = U2)p X UR)y X U(2), for light generations

« Symmetry breaking spurions: e, = (¢, . €,

Universitat

- a
€, V,,V, ~ 2Q heavy — light mixing Yf =y, (Af Vf>
A, A, ~ 2ypX2q  light Yukawas L N0 1 ]

» Diagonalization of Y, by rotation L;: LfoY;L; = d1ag(ys, V5. V)

0! 0 1 -V Cr S | |
Ly~ < / > : d where O, = (_f f> diagonalizes Af
0 1/\V; 1 5

 Down-alignment of heavy — light mixing

2
- Closure of the algebra requires an operator (@(1)/1\%]) (672}’,4612)

- By, — By mixing requires setting V4 = 0

Baker, Fuentes-Martin, Isidori, Konig [1901.10480]

ol T T T - T
«» Minimal breaking scenario: €, and V , aligned in the U(2)Q space

< Up alignment for light quarks: s, ~ 0 required by K — K and D — D mixing

.

1
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 Working hypothesis: vector leptoquark field U; ~ (3,1),,; with current:

Su [~
Jy, = [ 3;/ f3 +,6Rd3y eR + Z eqquy”f3]
\/_ k=1,2 J. Aebischer, G. Isidori, M. Pesut, B.A. Stefanek, FW [2210.13422]
- Coupled only to 3rd generation leptons 010
- Variable coupling [ to right-handed fields 053_ _
- Suppressed coupling €, to light quarks _
0.00
 EFT Lagrangian for b — ctv e '
Gr _ _ ~0.05} ]
Lo =— ﬁ cb[(l + %EL) (CLyﬂbL)(TL}/M 79
. B ~0.10F :
—2%LR(cLbR)(TRyL)]
where €, = 06}, " 00072005 000 005 000 005 020

c
CLL

- Left-handed couplings only: €;, = 0

- Equal magnitude: €7, = — 67,

see also: Cornella, Faroughy, Fuentes-Martin, Isidori, Neubert [2103.16558], Iguro, Kitahara, Watanabe [2210.10751], ...
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 Working hypothesis: vector leptoquark field U; ~ (3,1),,; with current:

Su [~
Jy, = [ 37/ f3 +,8Rd y# eR + Z eqquy”f3]
\/_ k=1,2 J. Aebischer, G. Isidori, M. Pesut, B.A. Stefanek, FW [2210.13422]
- Coupled only to 3rd generation leptons 010
- Variable coupling [ to right-handed fields 005k _
- Suppressed coupling €y, to light quarks _
0.00
 EFT Lagrangian for b — ctv e '
G _ _ ~0.05} ]
Lo =— ﬁ cb[(l + %EL) (CLyﬂbL)(TL}/M 79
. B ~0.10} ]
—2%LR(cLbR)(TRyL)]
where €, = 06}, " 00072005 000 005 000 005 020

c
CLL

- Left-handed couplings only: €;, = 0

— — —

- Equal magnitude: €%, = — G, Eelevirlt high-p, process: bb — T:t]

see also: Cornella, Faroughy, Fuentes-Martin, Isidori, Neubert [2103.16558], Iguro, Kitahara, Watanabe [2210.10751], ...
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Low-energy constraints 1) Yniverseat

« EFT Lagrangian for b — ctv

J. Aebischer, G. Isidori, M. Pesut, B.A. Stefanek, FW [2210.13422]

Gy _ _
Lo =— % cb[(l + ngL) (CLy,ubL)(TLyMVL) 0.10 | | | |
~ 26 (@b Ty o :
_ b _
where CgZL(LR) = lC,LEZR) Ve s R =Pr€; 0.00l
i} |
- Left-handed couplings only: €;r = 0 & i
~0.05¢ i
- Equal magnitude: €, = — €7,
« Observables relevant to low-energy fit: -0-10r ]
- Ry, Rpe, Ry, BB — 1D P SUUURIE S DL S N
b b Ay By ) ~0.10 -0.05 0.00 0.05 0.10 0.5 0.20

* Combined fit shows 3 o discrepancy with SM CLe

* Compatible with both S = 0and ffp = — 1
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* Predicted range for
BB, — t777)

as function of

« U, leptoquark scenario with:

- | Arl =1

Universitat

1.

Crr =10
HCir=—CiL

1076
0.05 010 0.5

0 R p-

0.20

0.25

Felix Wilsch
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EFT validity at LHC

Effect of d = 8 operators



E FT val id ity ﬁ,.ﬁ Universitat

 High-p; tails: events with highest invariant mass are around \/§ < 4TeV
= Validity of EFT approach for relatively light NP mediators (~few TeV) ?7??
- Option 1: drop highest bins of all searches

- Option 2: include higher dimensional operators

» How sizable is the effect of d = 8 operators comparedtod = 6 ?

- Option 3: simulate with explicit NP mediator rather than EFT

» How does the explicit model compare to d = 6, 8 EFT operators?

* Analyse these effects with HIQhPT for some specific models [w.i.p.]

see e.g.:
Dawson, Fontes, Homiller, Sullivan [2205.01561]
Boughezal, Mereghetti, Petriello [2106.05337]

Alioli, Boughezal, Mereghetti, Petriello [2003.11615]
Kim, Martin [2203.11976]
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Jack-knife plots

Universitat
Zurich™

constraint holding out a single bin from y?

Jack constraint from full y?2

 Measure of sensitivity of search to individual bins
1.4 . . . — T 1.4 . . . .

_ [Cl(ql)]ggu pp — pph _ _ [Cl(;)]gggg pp — pph _
1.3F E 1.3F -
L - O(1/A?) ] ' ]
L [ —owm 1. E
£ L2F qst {1 & 128 And ]
~ | 1° gen quarks ~ "t 2" gen quarks 1
1.0E : | = 1.0E . . T .E
200 500 1000 2000 7000 200 500 1000 2000 7000
My [GeV] My [GeV]
1.Uo i T — ] T T T 1 1.Uo [ T — T T T T 1
[Caw]11 pp = ppt  [Caw]az op = ]
1.04F . 1.04f .
.t 15t gen quarks 1 . p 2" gen quarks
-~ 1.02F 15 102 ]
1.01F 4 1.01 _"_'/I"JII_JJ_'JILLLLLLU_I—_
1.0: ' ' — 1.0: ' ' A
200 500 1000 2000 200 500 1000 2000
My [GeV] My [GeV]

Felix Wilsch

(for expected limits)

RJ ack

147

1.3}

1.2}

[Cl(;)]gggg pp — pp -

3™ gen quarks

200 500 1000 2000 7000

My, |GeV]

1.U0 — T T T T T

[CdW]33 PP > [uft ]

1.04f .

b 3™ gen quarks -

1.025— ]

1.0: | ' ' !
200 500 1000 2000
My, |GeV]
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L. Allwicher, D.A. Faroughy,
F. Jaffredo, O. Sumensari,

FW [2207.10714]


https://arxiv.org/abs/2207.10714

Universitat

Clipped Iimits Zurich™

 Constraints obtained with sliding upper cut M, for experimental observables

« Allows assessment of EFT validity range (example pp — uu)

0-3_"'|""I""I""I""I""I""I""I_ 3 I“ | | | | | | 1] 3 | | | | | | 1]
3 pp — it ] \ pp — pp -
S 0.2 --- O(A™?) = 21 \‘\ --= O(A™?) -+ &
: — O(A™) ] \ — O(A™Y)
% 0.1F 3 % 1E \\ i %
H I = S =
o o \ _____________________ ] ~
< 0 < 0 < 0
—~ ~— /’ __________________ - ~
— [a\] ’a” (ap) i
™ N e 2 T _
8 —0.1F 1 a4 y 1 8 L e ]
s i = / Paa
— > I - > / ] /& =
S . st < © ~nd 1 X5 _
S oo} 1> gen quarks § & 7 2" gen quarks] = ]
. 4 ] ]
j . ]
. ] ; ]
Y] P I IS PPN WP I I B | _3...|..’...|....|....|....|....|....|....|' o3 PP PP U PP I PP PP U
05 07 1 125 15 1.75 2 2.25 05 075 1 1.25 15 1.75 2 225 1.25 1.5 1.75 2 2.25
9"'I """" IR R R R 9"'I """" IR R D R D N R D D
Pp — i pp — K ]
6F — O(A™Y) 1 6F — oA™Y 1 ]
T LT T
< 8 1% 8 13 :
B | B T h— e,
A\l 1 o~ [\
= 0 = 0 <
~— s ~— ~—
= 3: & 3/ %
= ; = = -
] ] ]
S} IS} )
_6_ __ _6_ ] .
e ) I I P T P P P P | _9...I....I....I....I....I....I....I....I' _9'...I....I....I....I....I....I....I....I'
05 0.75 1 125 15 1.75 2 225 05 0.75 1 125 15 1.75 2 225 05 075 1 125 15 1.75 2 225
My [TeV] M.y [TeV] M.y [TeV]
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{]:V (0,0) }33@7‘

Constraints on form factors:

LL V2 (1-3)
U . —
F V(0,0 A2 Clq

LLdd _ ¥
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dd
SS
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CcC

b

PR RN S TN TN T AN ST T T NS ST S T TN TR SN SO SO S |
—0.06 —0.04 —-0.02 0. 0.02 0.04 0.06

LL,qq’
[]:V (0,0) } 334
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]
A c\l<
= ~
(@\|
N
E—— R
ﬂ-
R A
o 5
I R
Y S SO AN TN T TR (N TR T T NN SN SR SN N ST ST S N TR S T |
6 —0.04 —0.02 0. 0.02 0.04 0.06

LL,qq’
{]:V (0,0) } 334

Single parameter limits ~d = 6

Marginalizing over d = 8 operators ~

k
.
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d = 8 effects for the U, leptoquark L e

doy /doy, doy /dog

dunf/ du, Ay dmz 7' for comparison
12} e 12}
11 / p
10 g e 10

09+ 0.9

08 0.8+

1 1 1 N n 2 1 \ 1 1 0 2
o 500 1000 1500 Myp [GGV] 0.7 500 1000 1500 Myp [GGV]
— d =6 int. (d=6)? — d=8 — d =6 int. (d=6)? — d=8 — (d=8)?

—_ 95%CL

Matching the U; LQ ™
to the SMEFT at

(A
d=3 T :l

Compare effects of: ,ﬁ
d=06,d=28, il

model
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Zurich™

« EFT validity of the U, explanation of the Ry anomalies in high-p; Drell-Yan tails

Full model at high-p; Full model vs. d = 6 EFT
at high-pr
-
2_ D ]
1F .
i 2 ]
— X, ] DEFT
_15_ _ U; model
_2;_ ——— _
_3f _

[X1"123
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Form-factors



Local and non-local contributions (: ze

Split form-factors into a regular and a singular piece
F1(3,t) = Frreg(8,t) + FI Poles(3,t)
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Local and non-local contributions (: ze

Split form-factors into a regular and a singular piece

Fr(3,) = Fr.reg(8,t) + FI pPoles(3,1)

"4

- Analytic function of §, ¢

- Describes EFT contact
Interactions

> (Can be matched to the
SMEFT

- Formal expansion in validity
range of the EFT:

vi 181,17 < A2

FI,Reg(S:a t) — 2 FI,(n,m) <E> <ﬁ>

n,m=0
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Local and non-local contributions ()zia"

Split form-factors into a regular and a singular piece
fI(§,E) — fI,Reg(gai\) FI,Poles(gai)

4 pV

- Analytic function of §, ¢ - Isolated simple poles in §, t
(no branch-cuts at tree-level)

- Describes EFT contact

interactions - Describes non-local effects due to
» Can be matched to the exchange of mediators (SM & NP)
SMEFT

2 2 2
v oS’,(a) v 971(19) % CZZ,(C)

FIPoles(S\’ ?) — A + ~ R ~
- Formal expansion in validity za: §— 8 zb: r =L, z;‘ S+ 1+Q,

range of the EFT: ? “ \7/

2 12 2 2
vao |s|L ] <A SM@=v) NP
N < S\ [T\ . L
FI,Reg(S’ t) — 2 FI,(n,m) <E> <;> Qn = ml’% — lmnrn U=-—-5-1
n,m=0
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Local and non-local contributions

Universitat

Split form-factors into a regular and a singular piece

F1(3,%1) = Fr.Reg(3,1)

FI,Poles(éai)

"4

M

Analytic function of §, ¢

Describes EFT contact
Interactions

>

Can be matched to the
SMEFT

Formal expansion in validity

range of the EFT:
V28], 7] < A2

A

00
~ A A
FI,Reg(Sa [) = Z FI,(n,m) E

n,m=0

A

4

2

v

- Isolated simple poles in §, t
(no branch-cuts at tree-level)

Describes non-local effects due to
exchange of mediators (SM & NP)

A V28, V2T
FI,Poles(ﬁ’t)zzalﬁ_lg(z:+zb: i‘_g]:_zc‘d
SM (=V) NP
Q =m?—im]I, H=-—3

2
% CZZ,(C)

S+1+Q.

= Form-factor framework can incorporate both EFT and explicit NP models

Felix Wilsch
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« Regular form-factors: analytic functions of §, t

Describe unresolved d.o.f. — EFT

Formal expansion in validity range of the EFT |§], || < A*:

fc o0 A n A m j
- | Derivati nsion: F;,, (§,1) = Z F = L
erivative expa b FReo(S, 1) = Lo \ 23 .
n,m=0
P _ 2 1 A2Vk
- | EFT expansion: Fiom = Z O ((v /\7) )
. k=n+m+1 )

« Terms to consider at mass dimension d
-d=6: (n,m)=(0,0)
- d=8: (n,m) = (0,0),(1,0),(0,1)
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Singular form-factors F; p,,..($, ?)

Universitat

* Pole form-factors: non-analytic functions with finite number of simple poles

e ——
[ V2S VT VU
~ A I(a) 1(b) I(c)
Fipotes(S, 1) = Z " + Z x - Z 7
S—Qa ’ t—Qb S+t+QC
. Tla o 7 o C L TJ
> a . sum over all s-channel (colorless) mediators J=—9—1

» b : sum over all --channel (colorful) mediators

2 _ o
Eln =m, — zmnl“nJ

> ¢ : sum over all u-channel (colorful) mediators

- SM contribution — CS)V(a) a e {y,Z,W})

- NP contribution — 51(61), 5/71(19)9 CZll(c)

« Residues can be made independent of §, f by partial fraction decomposition:

P )
) fL) Sl(a)({) ~ S
7-Q 7-Q T 161 = T 1)
Upo\tt) = Uy |

+8(z, )
L—b redefines Fi .,

Felix Wilsch
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EFT contributions ) g

. Feynman diagrams for Drell-Yan in the SMEFT to O(A™%)

r:
q l rtq ¢ q l q ¢ F': ¢
ql el’VJ q/ 6/,1/ q/ f',y C_]l gl)u q/ 6/,1/
SM W4’ W4H2, l//4D2 l[/szD

* EFT operator counting and energy scaling

Dimension B d=0 d=8 W

Operator classes u e Vv?H?D ?XH | ¢*D? viH?  Y?H*D ?H?’D3
Amplitude scaling LEQ /A% v?/A?2 wE/A? | E*/A* 0?E?/A* ot/At vPE?/A° g
Only contributions interfering with the SM

Felix Wilsch HighPT | Beyond the Flavour Anomalies IV — Barcelona



EFT contributions ) g

. Feynman diagrams for Drell-Yan in the SMEFT to O(A™%)

r:
q l rtq ¢ q l q ¢ F': ¢
ql el’VJ q/ 6/,1/ q/ f',y C_]l gl)u q/ 6/,1/
SM W4’ W4H2, l//4D2 l[/szD

* EFT operator counting and energy scaling

Dimension B d=0 d=8 W

Operator classes u e Vv?H?D ?XH | ¢*D? viH?  Y?H*D ?H?’D3

Amplitude scaling L£Z’2/A2 v2/A?  wE/A? | E*/A* 0?E?/A* vt/AY ’U2E2/A4J

/ Only contributions interfering with the SM

Most enhanced contributions

Felix Wilsch HighPT | Beyond the Flavour Anomalies IV — Barcelona



Form-factors to SMEFT matching (. zie

NC:a € {y,Z
* Example: vector form-factors .. Z c ?x/y}}

A i: ‘ 2
Fy=Fygo+ Fyo—e + F —+ ) d (& + 58 >
1% V0.0 T IV, VO a S M2+ iMT, (a,SM) (@)
. Schematic form-factor matching to O (A™%):
2 4 2. 2
% % vm
——C©® 4~ ~® a —(@3)
FV(O,O) — A2 Cl//4 T A4 Cy/4H2 ' A4 Cz//2H2D3 +
4
.
— ___((®)
Fya,0) = IY Cript
4
y
——C®
Fyo1 = IY Cript

2 2 2 N 1
a ~(6 a 6 8 a —(8
6S(a) — ﬁcl/(ﬂ}—]zD 4+ ~ ([C’( ) ] C®) ) + C® 4 e
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Form-factors to SMEFT matching (. zie

NC: /Z
* Example: vector form-factors 00:32 %’,}}
] N :
Fy=Fygo+ Fyo—e + F i+Z d (& + 58 >
1% V0.0 T IV, VO a S M2+ iMT, (a,SM) (@)
— 2
. Schematic form-factor matching to O (A™%): S y.smy = e, 00,
Qe x v
2 4 2.2 Szsw =5 8 &
Fyoo =—CO+-—C® Y Mam®) Wi
, 4 yap) 223
A2 w A4 wiH A4 WEH®D Cy(W,SM)ZEgzZ
- y
F _"_4C<8> .
V(1,0) — A4 w4 D?
4
y
——C®
Fyo1 = IY Cript

m2 2.2 ) m?
a ~(6 a 6 8 a —(8
505’<a>=ﬁ€l,(,2}12,)+ ~ ([C() ] C® >+ C® + -
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NC:a € {y,Z}
CC:a € {W}

Example: vector form-factors

Include BSM mediators similarly

N

x A 2
$ ! v
Fy=Fyoo+ Fyoo— + Fyon— + (S + 88 )
v="voo T fvanTy TvonT; ; S M2+ M, \O@SM (a)
— 2
. Schematic form-factor matching to O(A™%): S y.smy = 4mo, 0,0,
THom
2 V4 vzmz S (Z,SM) — 22 ng 85
Fyo0 = — CO4___c® 4 ac®) + .. W
, 4 AF2 22 D3
A2 24 A4 w H A4 w*H*D CS)(W,SM) — Egzz
e — J
——C®) ..
Fya,0) = IY Cript
4
”
— (O
Fvon=—77Cm*
2 2.2 4
m; vem m
— _4a () a (6) (8) a —(8) .
605)((1) — A2 Cl/lezD + A4 ( [ClllezD] Cl//2H4D> + A4 Cl//2H2D3 T
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; /Z : .
« Example: vector form-factors (N38 Z g %’,}} |nclude?’| mediators similarly
Fo = Fypo + Fo oo+ F ?+Z v (& + 58 >
v =00 T ITvan s V. S M2+ iMT, (@,SM) (@)
a —_— ~
. Schematic form-factor matching to O (A™%): S y.smy = e, 00,
Mo, y vy
2 4 2,2 Szsm =5 8i 8
Fyoo =—CO+-—c® | Y Ma v Wi
: 4 4p2 2H2D3
A2 w A4 wiH A4 WEH®D S w.smy = Egzz
e — J
— ¥ .
Fya,0) = IY Cript
4
.
——(C®
Fyo,1) = IY Cript
2 2.2 4
m; vm m
— _4a () a (6) (8) a —(8) ..
0S (@) — A2 Cw2H2D T A4 ([ z//2H2D] Cw2H4D> + A4 Cw2H2D3 T
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Form-factors to SMEFT matching (. zie

NC: 4 : ..
« Example: vector form-factors oo Z 2 ?‘//{/}} Include BSM mediators similarly
. R , /
Fy=Fyqo+Fyo— + F i+Z i (& + 58 >
V=00 T IV, VO.D M2+ iMT, (a,SM) (a)
a — ~
. Schematic form-factor matching to O(A™%): S y.smy = 4mo, 0,0,
e x v
2 4 2.2 S zsm) = 81 8¢
V V Vm c2 52
Fyoo) =500 +5C 0nt—5 Cops + 7 1’
; A2 v A4 y'H A4 w-H=-D CS)(W,SM) _ 5g22

v \ _ )
FV(I,O) — —C( ) _|-

4 ytD? 8 )
A ° \1 + 2 rtial fractioni
= artial fractionin
FV(O,I) = FCV/4D2 T - l <
4

2 2. 2 )
éS(a):T;Cy(j%zp-l' Ad ([C@ ] Cc® >+ 2C® 4.
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