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* Complementarity of:

- Low-energy data (precision frontier)

https://highpt.github.io/

- High-p; data (energy frontier)

* Construction of full flavor likelihood for NP in Drell-Yan
- Implemented in Mathematica code: HIghPT

- Constraints on SMEFT and leptoquark models

« Constraining the charged-current B-anomalies with high-p; data
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The flavor pattern of NP

* Most SMEFT parameters are due to flavor:

- d=6: 59 electroweak structures < 2499 parameters

- How to constrain all these parameters?
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The flavor pattern of NP

* Most SMEFT parameters are due to flavor:

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

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

Ry = # (B = Dw) b s Ry, = B(B—Ku) — "
" B (B D) S Y B (B KOee) <

— e e I N

see e.g.: Crivellin, Muller, Ota [1703.09226], Buttazzo et al [1706.07808], Marzocca [1803.10972], Becirevic et al [1808.08179], ...
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* Probing semileptonic operators at different scales:
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The flavor pattern of NP

* Most SMEFT parameters are due to flavor:

- d=6: 59 electroweak structures < 2499 parameters
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* Probing semileptonic operators at different scales:
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The flavor pattern of NP

* Most SMEFT parameters are due to flavor:

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

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

R e S S e N

R AB (B —> D(*)Tl/) b _/T ““““ ) . - B (B N K(*)ﬂ,u) b ) R
D — RB (B N D(*)fy) “K Kty = — ‘<9

— e e I N

see e.g.: Crivellin, Muller, Ota [1703.09226], Buttazzo et al [1706.07808], Marzocca [1803.10972], Becirevic et al [1808.08179], ...

NP?
* Probing semileptonic operators at different scales: L

TeV=- pp — 505@

"y, Mefafﬂ
M—MZ¢.¢,
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Flavor in Drell-Yan

. Hadronic cross-section: Ohad(PP = o) = L; ® [6']2‘?

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

A

1 dz S

Ez](g) :/ﬁ ? [f@ (x7ﬂ') fQj (57“) + (@L — qj)]
- [8];.ﬂ partonic cross section — energy enhanced in EFT [6]3? x % \C\z

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

10 —
d b T
Vs =13 TeV il [pb] > b <
dmge
1 gy Uy
10 b gt
0.1} 0.100L - <
o 0.010 NP
1072+ 0.001 \
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— dd 10 N
SBL|— s5 \
= 10°? T~
. bb \ 10_6
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02 03 0405 1 2 3 4 100 200 300 400 500 600 X
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Angelescu, Faroughy, Sumensari [2002.05684]
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Drell-Yan talls

Computing NP contributions to Drell-Yan tails



Cross section

. ) 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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Cross section

. ) 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

* Captures local and non-local effects

f1(§,£) — FI,Reg(gaf) + fI,Poles(gaﬂ’

SMEFT contact interactions (B)SM mediators |

» Incorporates EFT and explicit BSM mediators
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Cross section

. ) 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 ) % [ngy’qq'('?,f)];ﬂ Dipole

+ (Zaawpx%) (qﬂﬂpng) ”%V [fgeY’QQ'(g,f)]ZB } Dipole

* Captures local and non-local effects
f1(§,£) — »FI,Reg(gaf) + -FI,Poles(gaﬂ’

SMEFT contact interactions (B)SM mediators |

» Incorporates EFT and explicit BSM mediators

SMEFT: N‘A \2+L2R A© A +L ‘A(6)‘2+2Re A®) A + O(A79)
. O SM 2 € SM Y SM

Hadronic cross-section (at tree-level)
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Experimental observables

« 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:

HIgPT = Nxp + Nsm — Nara)’
£ G2 provided by experiment
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HighPT

* Observable computation automated in Mathematica code HIighPT

L. Allwicher, D.A. Faroughy, F. Jaffredo, O. Sumensari, FW [2207.10756]

- Derive exclusion bounds on BSM models with generic flavor structure

* Implemented models:

- SMEFT (up to d = 8)

- UV mediators (leptoquarks)

* Available searches (full LHC run-Il data sets):

Process | Experiment Luminosity Tobs T
pp — 77 | ATLAS 139fb~! m(rh, 72, Br)  mo,
PP — [l CMS 140 fb~1 My Myup
pp — ee CMS 137fb~! Mee Mee
pp — TV ATLAS 139 fb 1 mr(th, E1) pr(T)
pp —> UV ATLAS 139fb~! mr(u,, Br) pr(w)
pp — ev ATLAS 139 fb~1 mr(e, Er) pr(e)
PP — Tl CMS 137.1fb~1 mﬁzlu Moy,
pp — Te CMS 137.1fb1 mf’,‘;le More
pp — e CMS 137.1fb~ ! Mye Mpye

Felix Wilsch

https://highpt.github.io/

[2002.12223]
[2103.02708]
[2103.02708]

[ATLAS-CONF-2021-025]

[1906.05609]
[1906.05609]
[2205.06709]
[2205.06709]
[2205.06709]
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High-p, constraints

Exclusion limits for several NP scenarios



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

I I I ' I ' ' I
33 [~0.80,0.53] 33 * [-0.35,0.22]
23 [-0.13,0.15] 23 [-0.082,0.11]
13 [—0.047,0.043] 13 [—0.033,0.029]
22 [-0.13,0.040] 22 [-0.029,0.014]
12 [-0.011,0.041] 12 [~0.0056,0.0063]
ci]
11 lg 133ij 11
Ly [~0.0099, 0.0040) [-0.0015,0.0017]
—0.8-0.6—-0.4-0.2 0 0.2 04 0.6 0.8
L] l L] l L] l L] L] l L] l L] l L] l L] L] l
33 [-0.65,0.41] 33 * [~0.19,0.19]
23 [-0.057,0.064] 23 [~0.096,0.096)
13 [~0.019,0.017] 13 [-0.031,0.031)
22 [~0.023,0.015] 22 [~0.050,0.050]
12 [~0.0031,0.0096] 12 [~0.019,0.019]
[C(?’)] [6(3)]
11 1 1 1 1 ql 11”' [~0.0025,0.00097] 1 1 | lq 232‘7 [-0.011,0.011]
—-0.6 —04 —-0.2 0 02 04 06 —-04 0.2 0 0.2 0.4

L. Allwicher, D.A. Faroughy, F. Jaffredo, O. Sumensari, FW [2207.10714]
Felix Wilsch
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SMEFT Wilson coefficient
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« BSM mediator

« Example: U, leptoquark

- Mass my o = 2'TeV

— T e e
33 [-1.7,1.7]
31 [-1.7,1.7]
23 I [~1.1,1.1]
22 [~0.45,0.45]
21 [-0.41,0.41]
13 | I [~0.30,0.30]
12 [xl ] i [-0.11,0.11]
11 7 L . .mU.1: 2. TelV [~0.13,0.13]
—-2.0 —-1.0 0 1.0 2.0
— T —T—
33 [~1.6,1.6]
31 [-1.7,1.7]
23 I R [-1.1,1.1]
22 [~0.80,0.80]
21 [-1.1,1.1]
13 R R [-0.71,0.71]
12 [:Cl ]za [~0.46,0.46]
11 7 L : lmUllz 21 TelV [~0.59,0.59)
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U1 Leptoquark model

. . SMEFT 1
[5131 ]m %wl + [xﬂza diwlea + [jﬁm aiwll/oz + h.c. = —» [C(l)]a Bij [CZS)]aﬂij - E[xl iﬂ[xl ];x;

« U, model is a possible explanation of B-anomalies — dominant 3rd generation couplings

« Consider couplings to q3L2 and f3L: bb — ttt~, b5 —» 717, b¢ - 77U ... (+ c.C.)
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U1 Leptoguark model

N . SMEFT
[5131 ]m %wl + [xfz]m diwlea T [Eﬁm aiwll/a + h.c. = —» [C(l)]a pij [CZS)]aﬁij == _[xl ]zﬂ[ L]*

U, model is a possible explanation of B-anomalies — dominant 3rd generation couplings

« Consider couplings to q3L2 and f3L: bb — ttt~, b5 —» 717, b¢ - 77U ... (+ c.C.)

SMEFT fit
HighF'T SMEFT mode )
) R | Y /I\ : 2 TeV I
3h 11
| = 2f EW -
(ap]
EW: W — v —
ORI g
: © i - '.'.'" ]
Flavor: RD and RD* A T ; \ ~.
H R Combmedk - H
_Far A\ T :
e |
'I S, — 2L - h
o LHC 77 + tv
- avor
| sl |
oy ey 1
—1. —0.5 0. 0.5 1.
L. Allwicher, D.A. Faroughy, h
F. Jaffredo, O. Sumensari, [C(l)} _ [0(3)]
FW [2207.10714] lg 13323  LYlg 13323 J

Felix Wilsch Flavor physics at high-p; | GDR-InF annual workshop


https://arxiv.org/abs/2207.10714

U1 Leptoquark model

. . SMEFT 1
= — 1
U, model is a possible explanation of B-anomalies — dominant 3rd generation couplings
. Consider couplings to g-, and #%: bb = t™1~, b§ = t717,bé = 77 ... (+ c.C))
3,2 3
SMEFT fit LQ mediator fit
HighF'TLSMEFATLmodeLj " HighPT, mediator mode 7
5l A:2TeV_h 3:_ —2TeV
P o 2 W | 2_ Combined
EW: W — v A ” 1| i s K‘\ _
Flavor: R, and Ry | =, \\i"';? 11l | | -
I 0F 1132 oL E : — 1
H 3 Combmedx : H — [ '
ﬁ -1+ NN . —1F B
.g. 2L a h 2L ]
Flavor LHC 77+ v |
3L ] _3L ]
] —1.I - I—O 5I o 0. o IO.5I o 1. h —15 N 1._5
L. Allwicher, D.A. Faroughy,
F. Jaffredo, O. Sumensari, [C(l)} _ [6(3)]
FW [2207.10714] lg 13323  LYlg 13323 J J
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Low-energy constraintson b — ¢

 Recent update of LFU ratios Ry by LHCb:

% 0.4 L L DL L L DL L L B L
e B m Ax* =10 contours - o
R | L Prelim. 2022 BaBarl? ] HFLAV (prellm/nary)
0351~ Bellel5 -
L i World average:
_ LHCb18  30.--- B ) i =
03[ ; 31« R,=0358£0.025+0.012
| SO 1« R, =0285+0.010+0.008
025 e —
L Z SM prediction:
_ Bellel7 PRD 94 (2016) 094008 Average 358 ’5 5 i
B PRD 95 (2017) 115008 R(D)=0.358 £0.025 001 7
02 +HFLAV SM Prediction  JHEP 17(12(2(;17)060 REDZ‘)=0.285 +0.010 £0.008 = L] RD — 0,298 i 0,004
B R(D) =0.298 = 0.004 PLB 795 (2019) 386 p=-0.29 =
- R(D¥)=0254£0005  pplot 600 70! P(2) = 32% 7
O L . [ PRDI0S(022)034503 o RD* — 0'254 i 0.005
0.2 03 04 0.5

z
>

https://indico.cern.ch/event/1187939/
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Low-energy constraintson b — ¢

« Recent update of LFU ratios RD(*) by LHCD:

o 04— — T 1 1 ]
9 -m Ax* = 1.0 contours - o
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02 +HFLAV SM Prediction ~ 1HEP 17(12(2(;17)060 RED1)=0.285 +0.010 £+0.008 = o RD m— 0.298 i 0.004
B R(D) =0.298 = 0.004 PLB 795 (2019) 386 p=-0.29 =
B R(D¥)=0254£0005  pplot 600 70! P(2) = 32% -
- PRDI0S(022)034503 ] . e = O 254 _|_ O 005
0.2 0.3 04 0.5

R(D)

https://indico.cern.ch/event/1187939/

« Hypothesis: U, LQ field dominantly coupled to 3rd generation

8U

Jﬂ

S V2

[qu f3

+,BRd13Qy eR+€q 7Y f3]

 Effective Lagrangian for b — c transitions:

Felix Wilsch

| (14 Ci) @b Gurtv) = 2CE@ b))
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Low-energy constraintson b — ¢

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

. RecentupdateofLFUratlosRD(*)byLHCb L \UARARRREREREE " ARSI
Q O 4 B 1 I | 1 L} I | ] | 1 I ] L] L} I i |
Q -m AX = 1.0 contours - 0.05F
as B Prelim. 2022 ] i
035 - BaBarl2 ]
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B LHCb18  30.--7/°"""~" - N | 0.00
C ' crag i :
031 \ LHCb22 J RY
C \ h —0.05F
025 — -{- - Belle19 g n
[ el e e comseoon ] —010f
02— $HFLAV SM Prediction JHEP 1712.(2017) 060 R(D*) = 0.285 +0.010 £0.008 = R
- R(D)=0298 0004  PLB795(2019) 3% p=-0.29 . Ap[90%]
- R(D¥)=0254£0005  pplot 600 70! P2 = 32% - [
_l|||||lPRDIIOS(ZQZZ)Oa:lSO}l|||||||||_ _15....I....I....I....I.... PR R T
0.2 03 0.4 0.5 RD) ~0.10 -0.05 0.00 0.05 0.10 0.15 0.20
https://indico.cern.ch/event/1187939/ Cir

« Hypothesis: U, LQ field dominantly coupled to 3rd generation
Su [_

JV g;7"E; + Prd; yeR+€ gzy f3]

S V2

 Effective Lagrangian for b — c transitions:

AG, o ) o
Lpse = = — Vi | (14 CE1) @) Ervy) = 2CiE b))
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Low-energy constraintson b — ¢

J. Aebischer, G. Isidori, M. Pesut, B.A. Stefanek, FW [2210.13422]
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« Hypothesis: U, LQ field dominantly coupled to 3rd generation
Su [_

JV g;7"E; + Prd; yeR+€ gzy f3]

S V2

 Effective Lagrangian for b — c transitions:

AG, o ) o
Lpse = = — Vi | (14 CE1) @) Ervy) = 2CiE b))
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High-p, constraints

- Particularly relevant for bb — 771

Relevant processes at high-p;:  pp — 77 in particular bb — vt~

_ Constraints on right-handed coupling scenarios

- Effectlvescale:AU:\/EMU/gU S
: || ATLAS [b-tag] ) e - :
Searches for pp — 77 | ATLAS [b-veto] Rl |
i CMS [b-tag] -
- ’7 —veto —
- ATLAS (no excess) [2002.12223] 2.0 1P “/ _
[implemented in HIQhPT] - - el -
E i ””’/ -
- CMS ( ~ 30 excess) [2208.02717] 15k i
- - i
< I ]
Exploit b-tagging: - a
+ 1.0 -

95% CL excluded

0 0.2 0.4 0.6 0.8 1.0
R

- Gluon splitting g — bb

Rescaled using NLO corrections computed
In U. Haisch, L. Schnell, S. Schulte, [2209.12780]

. _ _ J. Aebischer, G. Isidori,
A specific NP model would have many more collider signatures M. Pesut, B.A. Stefanek,

FW [2210.13422]
see e.g. Baker, Fuentes-Martin, Isidori, Konig [1901.10480]
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High-p, vs. R, and R,.

Effective Lagrangian for b — ¢ transitions:

4Gy N ) . )
ZLpoe ===V [(1 T CLL)(CLy,ubL)(TLV'M vp) = 2C (bR (Tryy)

0.10 g7+

Match C7; ; gy to the our U; model

Details of the fit: 0.05}

- C;; — Ocorresponds to | fp| =

Ll Ll Ll Ll I ;—_IIJF![J' IIJIIJ Ll Ll Ll Ll

95% C.L. Excluded

0.00}

- More model dependence gE

> Depends on 2nd gen. coupling €, 0050

LI COMS (e = 2|Vis])
L1 CMS (e = 3|Visl)

> Small €, requires lower scale Ay ~0.10F I ATLAS (¢ = 2[Vii)) |+
Rp- [ ] ATLAS (e, = 3|Vis|)
T . - ATLAS (3 ab™*
Currently good compatibility of constraints . % G Bustuded | | . ( . )
~0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Improvements expected by HL-LHC .
C7;  J.Aebischer, G.Isidori,

CMS excess would indicate scenario with large fp
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Conclusions

« High-p; provides 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

 Construction of full flavor likelihood for high-p+ Drell-Yan processes at LHC

- For the SMEFT explicit heavy BSM mediators

 Future features for the HIQhPT code:

https://highpt.github.io/

- Addition of further observables
(b-tagging, FB-asymmetries, other collider processes, low-energy, ...)

- Assessment of PDF uncertainties & NLO corrections

Thank you for your attention !!!
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CMS di-tau search ATLAS di-tau search
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- ¢ I & —0—0 o thers ]

- 9o @ 3.1 1b bbo @ 1.0fb - ,
g) 2000 ~(m =12TeV) —(m =1.2TeV) 7 10 R8a] 77 Uncertainty —
L . VLQ, g =1.2 i 3 =
V 5 : o (mU = 1UTeV)I : 1 :l-l:':.:. .,.,E.Cmn‘?
10 ———+—++ ——— B [ I 2
10 & — 1 0_1 ...... 1 -
LE N - e -
10 = — 1 0_2 : ----------------- :_ I ]
-3 z U= ® - i ------- H ?:
10° - - - : 1 Rerrrrens

 — I_D 1 1 1 [ i A i 1 0_3 H o EREE
Q‘ : | | | ; ] | | | | | | ; I | | | : E 1 i 1 1 1 E =k 1L 1 ! =
Lﬁ 2 _— —gg¢ —bb¢ —VLQ __ a - : . : . . l — -
?5 | @ Observed Bkg. unc. - > 1.2 - ' ) =
_Q : P : ; 1 E‘////,//////////.///////‘/////‘////’///‘//)//////////////////(// // é
o] - ]
O 1 o ! Lo | 1 1 ! Lo ! ! [ O 0.8 :_ ! ] ] ] + ] + ! ] ] | B
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U, search by CMS

CMS di-tau b-tag

T, T, b tag 138 fb' (13 TeV)
300 i T T T T T T | T T T T T T T T | T T T ]
i C MS Tt bkg. Jet—t, ]
200 :— tt Others _:
. + Observed Bkg. unc. i
100 B ] gg¢ @ 3.1 1fb bbp @ 1.0 fb ]
- T (mp=1.2TeV) (my=1.2TeV)
: - VLQ, gU =1.2 :
1 — ih;i% (my=1TeV) A

107" o

107
107° . —
10_4 e L oo B . " ;
[ T T T T T T | T T T T T T T T | T T T ]
ol —agd —bb¢ —VLQ _
- ¢ Observed Bkg. unc. ® -
1 - * =
[ ! Lo | ! ! ! Lo | ! ! L]
10? 10°

CMS [2208.02717] mit (GeV)

ajeos Jeaul|

a|eos Ho|

CMS exclusion limits on the U; LQ

%

(o))
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CM S 95% CL Excluded:
. . [ ]Observed 68% expected
Pr el/mlnary ---- Expected 95% expected
T T T ] I N L A~
. VLQBM 1 .

95% CL preferred region

l 1 1 1 1 l 1 1 1 1

CMS [2208.02717]

3 4 5

my (TeV)
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Bounds on NP scenarios

(— . . | - )
Ls, = [yF]"® S145el, + [yF]*® Siaseq + [ S1dSv, + h.c.
Lgr, = _[yzL]z'a u; Ro€l,, + [yf]io‘ gieoR2 + h.c.
Example: Ly, = [21]* @lla + [21]" dilliea + [27]" w0/ 1va + hec.
. W,
LQ models for K SMEFT matching @ tree-level
* (Consider flavor indices: Field 51 Ry U
(xﬁlj — {3333, 3323} Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)

: [CledQ]aBij
* Relevant experimental seat o
Clegu ..
- abi
- pp— 17 e
| Vlequ aBij
- pp — TV Ceunpij
. :Ced:aﬁij
* Perform fits for: -
Coulagis
- Wilson coefficients o
~qelijaf
- NP couplings )
. lapfij
.
Cig 1 aBij

Sl [yl
el
PPl

Ty [yk)9p

— [y [yf )P

— [y P [yg )7

—sl2 1Py’

— Ly lyd1e

— 5[yt P [y

2z (21777

[ [
— 5[ 1Pl

— 5[zt e
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R, Leptoquark (3,2,7/6)

£R2 — _[yg]z’a u;Roely, + [yéz]ia Cjz'eaR2 + h.c.

SMEFT fit
o HighPT SMEFT mode )
3 ] I " LI L DL L L
. A=2TeV A

. ]
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&L Y - hP

E : ,'-‘ ‘--~\' :
| - ! 1 i
<t L : [ _
I OF : . :ELHCTT—I—TV—_

A B ‘\ " -

» 0 B )
~E ot N :

3 I
oy ol 111
HE I et ] h

i Flavor ]
_3 1 4 | L ' I | [
—3 —2 —1 0 1 2 3 h“
(1) _ (3)
t Re [Clequ} 3332 4Re [Clequ] 3332
_/
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L. Allwicher, D.A. Faroughy, F. Jaffredo, O. Sumensari, FW [2207.10714]

1
1 _ 3 _ R L
= [Cgdopis = MGy Japi = = 52Tyl 1,
LQ mediator fit
F HighPT mediator mode )
‘I""I""I"\"I""I""I""I‘
i / \ YRQ 2T
2:_ LHC 77 + 7v }
7 )OS
C‘O -
pC I Combined
P : .
.E. O_— : L] : EW ]
f
NG
-3t \ Flavor / .
N Ly 1 | Coo 1
-3 —2 —1 0 1 3
L7123
Re ([yz] )
\__ )
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S, Leptoquark (3,1, 1/3)

1
_ _ _ 7 1 _ 3 _ L R
Ls, = [yllia S135ela + [yfia S1T5ea + [G1ia S1diNa +hc. = (G Japy = = 4G Jagiy = STl

SMEFT fit LQ mediator fit
. HighPT SMEFT mode )( HighPT mediator mode a
EI T : [ A o |2I"Il‘el\/' [
3 N : ]
2 ol : _
3 - ; ]
@3 1L : - _: h“
Y : g -
| [ Combined| & 1 11l o
oL e : EW ] pCi.
| i ( L ] ~
o - ﬁ :/ : ] — 5
s x ;
SN x '
S, _ ‘- LHC 77+ v H
I Flavor : h
-3 N : ]
L | P Cl |
—3 ) 0 1 2 3 h
(1) _ (3)
[Clequ] 3332 —4 [Clequ} 3332
\__ -7 \_

L. Allwicher, D.A. Faroughy, F. Jaffredo, O. Sumensari, FW [2207.10714]
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LFV in the U; model

- U; ~ (3,1,2/3) leptoquark model: Ly, = [z]]"* ¢:;l1la + [#7]** dill1eq + [ 4,010 + hc.
* LFV requires 2 couplings turned on

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

 Example: consider only 3rd generation quarks

2 . . . . L. Allwicher, D.A. F hy, F. Jaffredo,
= LFV searches pp — ¢’ can yield additional information G. Sumensari, FW [2207.40714]
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CKM rotations

» Effects of up- / down-alignment assumption for NP constraints
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[C ]2222 (1) (1) L. A"WiCher, D.A.
“ [Clq ]2223 [Clq 2233 Faroughy, F. Jaffredo,
H H : : O. Sumensari, FW
= Mass basis alignment especially relevant for 2nd generation quarks [2207.10714]
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x* likelihood vs CL,

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

(lo, 2o, 30 contours)

p-values of signal and background Read ‘00
Py
. Compare to CL; = method (1o, 20, 30 dashed contours)
1 —po

« CL, tends to be more conservative, but overall good agreement with )(2
E oorofmoee | AceTev A OPF Tppowtum 0 A=2Tev
= ! T 0.050 F .
0.05 |- . 0.025 [ :
[ 0.000 | .
0.00 |- 5 ; ]
-0.025 [ -
0.05 | . 0.050 [ :
R ] oosE | ;
010F N ] : ]
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EFT validity

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

constraint holding out a single bin from y

2

Ry, . ~ . (for expected limits)
Jack constraint from full y?2

 Measure of sensitivity of search to individual bins
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Clipped limits

« Constraints obtained with sliding upper cut M, for experimental observables

* Allows assessment of EFT validity range
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EFT validity

Constraints on form
factors ~ Cl(ql’3):

Single parameter
limits ~d =6

Marginalizing over
d = 8 operators

Felix Wilsch
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L. Allwicher, D.A. Faroughy, F. Jaffredo, O. Sumensari, FW [2207.10714]
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Drell-Yan form-factors

* Drell-Yan processes:

i, —> £ dd; — Caly, Udi— O3y, du; = €fv,
» Amplitude form-factor decomposition: b . ‘.
VA N
A = A(ad; — Eat)
L ;{ (2P xt) (aibya) [F37(5.0)]7 a /L L
» 5. Y,
+ (LavuPxts) (@7 Pr ) |7y Y’qq’(ﬁyf)]jjﬂ Vector
+ (LaowPxts) (@Gio" Prd)) 65 | Ff qu’(&f)]zﬂ Tensor o ; p
+ (aniPxty) (0 Prd) 2 [F(5,0)]" Dipole  §=K> = (p,+p,)’
o . Ao N2
+ (BaowPxty) (arPra)) - [F57 (s f)-;} Dipole '~ P¢ TP

» General parametrization of tree-level effects invariant under SU(3). X U(1),

e (Captures local and non-local effects
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Local and non-local contributions

Split form-factors into a regular and a singular piece
F1(3,t) = Frreg(8,t) + FI Poles(3,t)

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

Felix Wilsch Flavor physics at high-p; | GDR-InF annual workshop



Local and non-local contributions

Split form-factors into a regular and a singular piece

F1(3,%) = Fr.Reg(3,1) FI, Poles (8, )

X

- 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

Fireg(8:1) = 2 Frnm) <§> <ﬁ>

n,m=0

= Form-factor framework can incorporate both EFT and explicit NP models
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Local and non-local contributions

Split form-factors into a regular and a singular piece
Fi(5,8) = Fr,reg(8:t) + Fi,poles(, 1)

X A

- 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 S T <

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

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

Felix Wilsch Flavor physics at high-p; | GDR-InF annual workshop



Regular form-factors F; ..(5, 7)

 Regular form-factors: analytic functions of §,

Describe unresolved d.o.f. — EFT

. Formal expansion in validity range of the EFT |§], | 7| < A?:

r.:

.

- EFT expansion:

o0 A

AN S
- Derivative expansion: [ Reg(s,t) = E Fy um (_2
K 2 K v

n,m=0

From= 2, O(WA»)

k=n+m+1

)

A

4
12

)

m

Terms to consider at mass dimension d

-d=6: (n,m)=(0,0)

- d=38: (n,m) = (0,0),(1,0),(0,1)
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Singular form-factors F; p,,.,($, ?)

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

(tl 20 2 ) b
- V'S () VT 1) VU
Fivae® )= Qoo+ 2w — LT
S—Qa t—Qb S+t+QC
a b c
S — S . . J
> a: sum over all s-channel (colorless) mediators Nn=—-8§—t

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

Eln =m? —im I

~

"

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

- SM contribution — cS’V(a) ae€ {y,Z,W})

- NP contribution — CS)I(a)’ 971(19)» %I(c)

» Residues can be made independent of §, ¢ by partial fraction decomposition:

Q)
7—Q

f(@)

Felix Wilsch

z—Q

+ 2(z, Q)

L—b redefines Fi .,

P )
CS)I(a)(S) — (S)I(a)

571(19)(?) — 5’71(19)

Upo\tt) = Uy |
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SMEFT

— Y
6
3SMEFT—33M+Z )
L J
« Cross-section in the SMEFT to @(A‘4)
— | 1 2 j
N L (6) _ (6) (8) —6
o~ | Agy] +A22Re(A A§<M>+A4 <‘A ‘ +2Re<A Ag"M)>+@(A )
. J

« Consistent description up to @(A‘4)

- |A©® |2 contribution can be
energy enhanced

- LFV only through |A© |?
(no SM interference)

= Requires inclusion of d = 8 operators
Boughezal, Mereghetti, Petriello [2106.05337]

- Only d = 8 interference with SM relevant
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https://arxiv.org/abs/2106.05337

SMEFT

(— )
0 + O(A™)
_ J
« Cross-section in the SMEFT to @(A‘4)
B 2 1 1 2
~ _ (6) A * _ (6) (8) A % —6
o~ |Asu| +—52Re (4048, ) + <‘A " +2Re (4 ASM)> + O(A™)
. J
» Consistent description up to O(A™) r J— 6 Warsaw basis
4 2172 2
- |A©® |2 contribution can be | i Dy !
energy enhanced ‘ Grzadkowski, Iskrzynski, Misiak, Rosiek H
[1008.4884] !
- LFV only through |A©]? | |
(no SM interference) I d . § ba43|sz(C. g/lu;phy) _— H
1//D,1//H,1//HD3,1//HDh
d Requires inclusion Of d — 8 operators “//4 contact interactions non-local contributions
Boughezal, Mereghetti, Petriello [2106.05337]
Murphy [2005.00059]

- Only d = 8 interference with SM relevant t see also: Li et al [2005.00008]

———————— A ————————— ————————

Felix Wilsch Flavor physics at high-p; | GDR-InF annual workshop


https://arxiv.org/abs/2005.00059
https://arxiv.org/abs/2005.00008
https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/2106.05337

EFT contributions

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

r:
q l rtq ¢ q l q ¢ F': 4
—/ el’VJ —/ El VJ —/ f',y —/ gl . =/ el v
SM W4’ W4H2, l//4D2 l[/szD

* EFT operator counting and energy scaling

[ d=6 - d=8 ]
Operator classes u e Vv?H?D ?XH | ¢*D? viH?  Y?H*D ?H?’D3
Amplitude scaling LEQ /A% v?/A? vﬂ A% | E*/A* v2E%2/A* ot/AY 0PE?/A° g
Only contributions interfering with the SM

Dimension
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EFT contributions

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

r:
q l rtq ¢ q l q ¢ F': 4
—/ el’VJ —/ El VJ —/ f',y —/ gl . =/ el v
SM W4’ W4H2, l//4D2 l[/szD

* EFT operator counting and energy scaling

[ d=6 d=38 ]
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

Dimension
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Form-factors to SMEFT matching

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

. n v
Fo=F,on+F L F t+z v (& +6S8 >
V — £ V(@,0) V(1,0) V2 V(0,1) V2 - S’\ . Mg i iMaFA (a,SM) (a)

. Schematic form-factor matching to O (A™%):

2 4 2.2
Vv Vv v-m
—— (O~ B a @)
FV(O,O) — A2 Cl//4 T A4 Cy/4H2 ' A4 Cz//2H2D3 +
4
v
_ 8
FV(I,O) — FCL(ULL)I)Z + cee
4
v
_ 8
Fyo,1) = ch(f“)lﬂ T

0 2. 2 , 4
_ Mg ) v M (6) (8) Ma ~8)
581 =~5Cp+— ([C | +C8,, ) +=aC®) o+
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Form-factors to SMEFT matching

NC: /Z
* Example: vector form-factors .. Z 2 %’,}}
] N :
Fy = Fyoo + Fy ome + Fyo e + > ’
1% V(0,0) Va0 VoS a S M2+ iMT,
. 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
.
——C®
Fya,0) = IY Cript
4
.
——C®
Fyo1 = IY Cript

(S +55)

—_—
S (y,SM) — 4”aeleQq
_ Oy y
S ZSM) = 5 5 81 8¢
Cli/ Sty
1 2
S (W,SM) — 582
-

2 22 5 4
58y = —Lc© 4L ([C@ ] C® ) cMae®
a

A2 w*H?D A4
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Form-factors to SMEFT matching

: V4 : .
« Example: vector form-factors (N38 Z 2 ?‘//{/}} Include BSM mediators similarly
X N , /
Fy=Fyqo+Fyo— + F i+Z i (& + 58 )
1% V.0 T V.07, VoS S M2+ iMT, (a,SM) (@)
a —_— ~
. Schematic form-factor matching to O (A™%): S y.smy = e, 00,
THom Xy
2 4 22 S (zsM) = g 8
Fooo=Y o Y c® T~ oo Sy o
VOO A2 T T ATV T N4 D Savsw = 58
4 _ J
F — Lc(S) 4 ...
V(1,0) — A4 w4 D?
4
.
——C®
Fyo1 = IY Cript

mg ©6) mg © 17, @ m, 8)
— a a a C I ]
581 =~5Cp+— ([C ] C >+ CO) s+
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Form-factors to SMEFT matching

o Examp'e: vector form-factors gg Z 2 ?‘//{/?} Include BSM mediators similarly
. R , x
[ %
Fy=Fyqo+Fyo— + F —+ ) (& + 58 >
v="voo T Rvao Ty TAVOD T, S M2 ML, \C@SM (a)
a — ~
. Schematic form-factor matching to O(A™%): S y.smy = 4mo, 0,0,
e vy
2 4 2.2 S (zsM) = 81 8¢
V V vem 2 52
Fyvo,0) = —ZC(? T —4C(2{2 | 4a c@;}zm + - " ZW
A=V A+ ¥ A+ ¥ S w.sm) = &
4 _ J
Fooo=2 c® 4.
V(1,0) — A4 yiD?
4
.
— (O
Fyo,n = IY Cript

) 2. 2 : 4
_ Mg ) v M (6) (8) Ma ~8)
58w = ~5C G+ — ([C | +C8., ) +ac®  +

Felix Wilsch Flavor physics at high-p; | GDR-InF annual workshop



Form-factors to SMEFT matching

NC: V4 : .
« Example: vector form-factors oo Z 2 ?‘//{/}} Include BSM mediators similarly
§ t ' P2 g
Fy=Fygo + Fyi o + Fyp— + (09 + 58 )
1% V.0 T V.07, VoS Z S M2+ iMT, (a,SM) (@)
a —_— ~
. Schematic form-factor matching to O (A™%): S y.smy = e, 00,
Qe x v
2 4 2.2 S zsm) = 8 8
Foo = ey e (Mo | s
VODTAZTYE ATV T A T HRDS Savsw = 582

_ 3
Fyao =—7C 0+

4 yiD? 8 )
AT ” \1 + - rtial fractioni
— artial fractionin
FV(O,l) = FCWLDZ T ~ l o
4

2 22 5
_ Mg ) v M (6) (8) Ma ~8)
58w = ~5C G+ — ([C | +C8 ) +=ac -
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