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(see talk by Joe Davighi)

e New Physics at the TeV scale well motivated (hierarchy problem,

l r puzzl A : A
avour pu e) (see talk by Diego Guadagnoli)

e However, flavour structure must be non-trivial (many bounds
from low energy)

e In presence of a mass gap, deviations from the SM can be
described within SMEFT

¢ Most parameters in SMEFT come from flavour
¢ Need all possible ingredients to constrain it
e Focus on semi-leptonic interactions

¢ Use high-pp Drell-Yan tails as complementary probes of
semileptonic transitions



Searches at different energy scales
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High-pr searches can probe the same operators
directly constrained by flavour-physics experiments

[see also 1609.07138, 1704.09015, 1811.07920, 2003.12421, ...]
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Tails of pp — /¢ as flavour probes

Parton-Parton Luminosities

10
Vs =13 TeV

e 5 active flavours in the proton .
e Drell-Yan at LHC:
° pp — E;é; . !
¢ pp — Zz’/ﬂ h 1072
e Hadronic cross-section: .
1073 | — s
a(pp — Lals) = Lij x &7 e \
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[Angelescu, Faroughy, Sumensari 2002.05684]

. &%’8 = 6(qiq; — ¢alp) partonic cross-section
— energy-enhanced in the EFT. With 4-fermion operators:
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e Heavy flavours suppressed by parton luminosities £;;
¢ Energy enhancement can overcome PDF suppression


https://arxiv.org/abs/2002.05684

Form-factor decomposition: ¢

Parton-level Drell-Yan amplitude:
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¢ General parametrisation of tree-level effects invariant

under SU(3). x U(1)e

e Captures both local and non-local effects




Local and non-local contributions

f[(g l?) .7:1 Reg( ,i) + ]:I,Po{j:s(gaf)

« Isolated simple poles in §, ¢

e Non-local effects due to

¢ Analytic function of §, ¢
Halytic THneron ot s, exchange of a mediator (SM

e Describes contact interactions and NP)
— SMEFT
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Hadronic cross-section

_ 1 _ PR
Aty = taly) = o5 3 { (@rPxth) @nPray) FX (5. Dlasi
XY
+ (TaPxty) (@Pyd}) [FXY 1 (3,8)]apss parton-level
+ (a0, Px ) (G0 Py ) 8 (FXV 9 (5,8)]apis amplitude

ik,

(8,)]apij

+ (CarnPx ) (a0 Pyaf) <2 [Fp ™

7 k -
+ (Lac"Pxly) (G7.Pyq)) —= . []-'XIY ad'( (5, D)]agis }

Nl ds
op(pp = Ly €+ 18702 Z / *]\41 L [}_Ixy,qq] [fXY’qq}
48mv XY, IJ ij "LZZO -3 afBij afij
MY (E/3) 0 0 0 0
interference 0 MXY (F/3) MEY (i/3) 0 0
matrix MYGH=| 0 MEE) M) 0 0
0 0 0 SMEE(i/3) 0
0 0 0 0 M (i/5)
arton N U dy 3 )
1 p it ﬁij(s)z// o [.fm (%N)fq, (;,M) +(q1Hq;)]
uminosities /s T



Drell-Yan cross-section in SMEFT
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Cross-section up to O(A™):
2
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* Include | A®|? contributions: LFV
e Only d = 8 terms interfering with the SM are relevant
e Basis:

e d =6: Warsaw [1008.4884]
e d = 8: Murphy [2005.00059]


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

High-pp Tails

A Mathematica package for flavour physics in Drell-Yan tails

with D. Faroughy, F. Jaffredo, O. Sumensari and F. Wilsch
arXiv: 2207.10714, 2207.10756
https://highpt.github.io/


https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2207.10756
https://highpt.github.io/index.html

HighPT: Generalities

e Includes (some of) the latest LHC Drell-Yan searches
e Large variety of NP scenarios:
e SMEFT d=6,d=28
¢ Bosonic mediators: leptoquarks (s-channel mediators will come in
the future)

e Allows to compute:

e Hadronic cross-sections
e Event yields
e x? likelihood as function of Wilson coefficients/coupling constants

¢ Includes a python output routine using WCxf to perform analyses
outside Mathematica

— Extract bounds on form-factors/Wilson coefficients/NP couplings
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LHC searches

Process Experiment Luminosity Ref. Tobs T
pp— 77 ATLAS 139fb~ T 2002.12223 m (2, Er)  ma,
pp — CMS 140 b ! 2103.02708 My My
pp — ee CMS 137fb 1 2103.02708 Mee Mee
pp—71v  ATLAS 139fb~1  ATLAS-CONF-2021-025  mp(m, Br)  pr(7)
pp— v ATLAS 139fb~! 1906.05609 mr(p, Br) pr(p)
pp — ev ATLAS 139fb 1 1906.05609 mr(e, Br) pr(e)
pp— T CMS 138fbh 1 2205.06709 meel, Moy
pp — Te CMS 138fh 1 2205.06709 mel, Mre
pp — pie CMS 138fbh 1 2205.06709 Mye Mye
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Leptoquarks in HighPT

SM rep. Spin Ling

S (3,1,1/3) 0 Ls = [yflia S1dfela + [yfia S10fea + [ia S1d5Na + hoc.
S (3,1.4/3) 0 Lg = [ Sidieq + hec.

U, (3,1,2/3) 1 Ly, = [2Fia Glhila + [Fia dilliea + [E)ia @lli No + hec.
U (3,1,5/3) 1 Ly =[ii@lieq +hec.

Ry  (3,2,7/6) 0 Lr, = —[y¥)ia i Raely + [yf)ia GieaR2 + h.c.

Ry (3,2,1/6) 0 Lz =[5 diRaelo + [J8)io 7iNa R + hoc.

Vo (3,2,5/6) 1 Ly = [zh]iadiVaela + [25]ia qfeVaeq + huc.

Va (3,2,-1/6) 1 Ly =[5iauVaela + [#ia GeVaNa + hec.

S3 0 (3,3,1/3) 0 Lsy=[y5liade(r! S5)la +hec.

Us (3,3,2/3) 1 Lo =[5ia@( Ul +hec.
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Example: LFU tests in charged current B decays

(see talk by Resmi Puthumanaillam)
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Low-energy effective description:

LZH_)CTV =— 2\/§GFVcb [(1 + CVL)(EL’YubL) ('T-L'YMVL) + CVR (ER'YubR) (?L’YMVL)
+Cs, (ERbL) (7_'RVL) +Csy (ELbR) (%RVL) + CT(ERO'#,,bL) (fRU”DUL)] + h.c.,

(Assume NP effect in b — c7v)
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The U; leptoquark

(see talk by Javi Lizana)
£U1 = [mf]ia qiwlla + [le]ia Jiwlea + h.c.

e U~ (3,1,2/3)

e Can explain the deviations in b — cfv if coupled mainly to third
generation

* massive vector - comes from the breaking of an SU(4) group

e my, ~ few TeV motivated also by flavour puzzle and hierarchy
problem (see talk by Joe Davighi)

e What can LHC tell us beyond direct searches?
— contribution to pp — 77 and pp — TV
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EFT of the U; leptoquark

£U1 = [xf]ioc qiwlla + [le]ia Cii(jleoz + h.c.

Switching on only LH couplings ([2F];):

1 - _
W ®) Lo oo [0 )apis = (avuls) (@7"a;)
[Clq logij = [Clq lagij = *§[$1}iﬁ[l’1]ja (3) _ I B I
(01, 1apij = (lavuo 15) (@0 0" q5)
Contribution to vector coefficient Cy, in the low-energy effective
theory:

Vai
Cv, = A2 Z ng ( q Jsis + [ng)z]% — i3 [Cgl)]%)

Consider two scenarios:

EFT LQ model
e Switch on Cl(;) = Cl(s)7 with e Switch on [21]23 33
flavour indices 3323 and 3333 — get contribution also from

e.g. 85— T1TT
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Computing the likelihood from LHC in HighPT

¢ EFT mode, switch on SMEFT operators:

[Cl(ql)] 3323 [Cl(j)] 33237 [Cl(ql)]

pp — 77 likelihood:

In]

= x2tt = Plus @@ ChiSquareLHC["di-tau-ATLAS", Coefficients -» {
wc["lq1", {3, 3, 3, 3}1,
WC["lg3", {3, 3, 3, 3}],
WC["lq1", {3, 3, 2, 3}],
wc["1lq3", {3, 3, 2, 3}]

s
Computing observable for di-tau-ATLAS search: arXiv:2002.12223
PROCESS : pp » T T"
EXPERIMENT H ATLAS
ARXIV : 2002.12223
SOURCE hepdata
OBSERVABLE : mtot
BINNING mi°t [GeV] {150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1150, 1500}
EVENTS OBSERVED : {1167.,
LUMINOSITY [fb'l] : 139
BINNING /3 [GeV] 1150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1150, 1500}
BINNING pr [GeV] H {0, =}

3333 7

similarly for pp — 7v and for the mediator mode

[0(3)

lq

] 3333

1568., 1409., 1455., 1292., 650., 377., 288., 92., 57., 27., l4.,
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Results:

EFT LQ model
Uy ~ (3,1,2/3)
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Future prospects

e HighPT 2.0: Include low-energy and electroweak observables to
have a full likelihood

e Include right-handed neutrinos, both in the EFT (vSMEFT) and
in LQ couplings

e Study the convergence of the EFT expansion comparing SMEFT
and mediator modes

Thank you!
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SMEFT

Relevant Feynman diagrams:

Sl q>< Sl el el

SM V2XH W2H2D
w4H2 w2H2D
w4D2 1/)2H4D
¢2H2D3

Parameter counting and energy scaling;:

Dimension ‘ d=06 ‘ d=38
Operator classes e V2H?D  ?XH | ¢iD? vr*H?  Y?H*D ?H?D3
Amplitude scaling | E2/A?  v2/A?  wE/A% | E4/AY 02E?/AY ot/AY o2EZ/AY
Parameters # Re 456 45 48 168 171 44 52
# Im 399 25 48 54 63 12 12

20



SMEFT: Schematic form-factor matching

Vector form factor:

§ t v? Sa,SM +068(a
Fv = -Fv(o,o)+-7:V(1,0)§+]:V(0,1)§+Z [Sta.n0 ]

§—m2 +im.T,

Matching:
v Le v Le) vmg L)
]:V(0,0) = ch,d + Fcﬂ)dhﬂ A4 C1/)2H2D3 + .- 5
vt s Q
Fv o = FCWDQ + e, sz =14+ 5
v \
Fv 1) = Fcﬁ)ﬂ,z + oy

ma () v*m? © 12, -8 my o (s)
68(@) = FC@VH?D + A4 ([CwZHZD] +Cw2H4D) + FC'¢2H2D3 + o
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Cross section — event yield

. 3—; computed analytically (z = my, pr)

e Need to compare with measured quantity

do tot 0
dzobs (xobs Myee, Mp =, MT, ) I

Ky (mip|m.)

e For binned distributions, introduce Kernel matrix K

$0bs E K qO'p

e K extracted with MC simulations using Madgraph + Pythia +
Delphes

¢ One matrix K for any combination of interfering form-factors

22



(1)
lq

Limits on four-fermion operators: C

(08 oy = (E700) @ a)
e Switch on one operator at a time and compute the cross-section
up to O(A%)
e A=1TeV

5| — [-005,0.41] 3| e—— 035,022 5| — [-050.054]
%3 (027024 23 014012 23 [-030,027]
13 - [-o10,011] 13 - 00480057 13 = [-013.015]
2 —— [-013.017] 2 — 0058010 2 —— [-015,020]
12 0 [-0050,0.027] 12 . 0.037.0.0067 12 0 [-0003.0014]
: (6., ; G . [0,
e T ooz . X . N 00058.0050 i v | roosoomy
06 0402 0 02 04 06 0 0z 0 02 o4 08060102 0 02 0.4 06 08
33 —— [-0a7.017] 3 —— o103y £ —— [-019.0.19]
23 [-010.010] 2 019,019 23 012012
13 . [-00a1.000) 13 - 00740073 13 - [-o0s1,003)
2 - [-0043,0085 2 —— 00780078 2 -— -0.053.0053]
12 0 [-0017.0017] 12 . 0030.0030 1 0 [-0021.0021]
le’] le] le’]
1 2 gonz 0000 n v 0016.0016 1 128 ooz 0012
P P ] P PR P PR !
0a 0z 0 02 04 i 02 0 0z o4 0a 02 0 02 04
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Cutting the data (clipping)

e Neglect events above a threshold M., to ensure the validity of
the EFT expansion
e Worse constraints removing the highest bins

il ians auns anes aanes aanes aeses aanas aenen 3 T

0.4 T T T T T T T T \ -
T o Y = np P = gt
. — 2 \ o 2 ——monn?) ]
& 02 ——-on?) & \ \
! \ o 4 L A\ — Ot N, —_ O\
[ —on) = \
o) © \
& ol 4 |=A
= o E| =
~ =
3 01 1 | R B
© oo 1 = /
T TN RN TV TN OO TN TN ghoid i TRV TV TP TP P17 A T T DU VTN PURUT TN PO
05075 1 125 15 175 2 225 05 075 1 125 15 175 2 225 05 075 1 125 15 175 2 225
Moy [TeV] My [TeV] Moy [TeV]
250 F 3 250F 3 250 F 3
2250 i P = pp 2250 PP = pp 2250 i P = pp
2000 B 2000 B 2000 B
1750 ‘ B 1750 B 1750 B
2 1500f ‘ B 2 1500k B 2 1500f B
~ 1250F ‘ B ~ 1250F B ~ 1250F B
3 | H 3
= 1000k | 4 = 1000F 4 = 1000k 4
50 | B 50 B 50 B
500 | - 500 E| 500 —
L L L L L L L | L L L L L L L
-9 6 -3 0 3 6 9 9 6 -3 0 3 6 9 9 6 -3 0 3 6 9
2 [ay-2 2 [ray—2 2 [ay-2
[Cawun /A2 [TeV] [Cav)z /A2 [TV Cawlss /A [TV
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Choice of basis

e down-alignment more constrained

o Largest effect with 2"d generation quarks
(O(\) Cabibbo suppression vs PDF enhancement)

T T T

T T T
A=1TeV HighPT

T T T
FA=1Tev HighPT

. A
0.003F E 0.03 0.04F
0.002f 0.02F RN
- 0.02f
0.001F 0.01F i E|
of oF C i . 4 of
~0.000F ~0.01F ! o
| -0.02F
~0.002fF —002F | Tl E|
-aligned
~0.003fF upaligned 3 _003k E| -0.04F
+SM B Vo = Taus
L L L h L L L L . L L
001 0 001 002 003 001 -0.02 0 0.02 ~0.10 ~0.05
(1) (1)
[Cry o2t [y 212

0.04F

0.02f .

-0.02F %

-0.04F

L L T T TN TN TN TN | Leveitiii
0.05 010 0.15 -03 -02 -0.1 0 01 02 03 -3 -2 -1 0

[C,(,: Mo ci oz R

L L
-0.15 -0.10 -0.05 0
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Impact of dimension-8 on form-factor fits

* Dimension-8 terms enter at O(A~%) in the cross-section

e They can have a sizeable impact on the constraints for
dimension-6 operators, if A is sufficiently low

e See an effect under the hypothesis of uncorrelated d = 6 and
d = 8 terms

e In realistic scenarios, d = 6 and d = 8 are generated by the same
NP

— including dimension-8 terms doesn’t change the constraints

T T T T T T T T
A= 1TV A=6ToV
uu uu uu| (x5)

ud ud ud| (x5)

dd dd dd| (x5)

bb

L L L L L L L L L L L L L
0.06 ~0.04 ~0.02 0 002 004 006 0.06 —0.04 =002 0 002 004 0.06 0.06 =0.04 ~0.02 0 002 004 006

LL,qq/ LL,qq/ LL,qq/
[‘7:\ (0,0) ] 11ij [‘F\ (0,0) } 11ij [‘7:\ (0,0) ]

d=6only mmm marginalized over d =8 mmm .7:5%170) = v2/A2_7-"I;%0,0)

11ij
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Single LQ couplings

Uy ~ (3,1,2/3) Si~ (3,1,1/3) Ry ~ (,2,7/6)

3 —— [ » — s 2 ———— [-16.10]
32 ——t— (119

» —— 066,006 » —— (1818
3 [
% —— SRR 2 000000 2 [s1y
» —— -0.46,0.40]
21 [-0.43,0.43] 13 —— 0.45.0.45) 13 —— [-0.51,0.51]
13
) - [+4] [roso00l 12 N o108 12 (033,033
12 Uia | oo
ey [-015,015] [ oz0n | [-057,057)

20 10 10 20 =20 10 10 20 20 10 0 10 20

3 [ 25| —— 2121 (-22.22]
) [12.12] e

2 ——r— 1610
3 [ [-20.23]
2 [y 21 2222 [y
2 [-010,080] [-08084]
2 1) 13 —— TR 1313
13 [romom) » - - [-0s2,052]
2 -0.46,040] N [-034034]
1| Hig [-os,050] u 033,033 | ossos
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Constraints from LFV searches

e Need at least two couplings switched on to get LFV effects

e LFV searches give complementary information to the flavour
conserving ones

e U vector leptoquark

28



Example: semileptonic operators meet pole

observables

[ 1310.4838)]
RGE:
Semileptonic operator at scale A: .(3) )
@) _ [Ciri)ap D 2Ne[Cig  lapr Y VetV Yl
[Olq ]aﬁij = (la'mo'llﬁ)((ji'yuoj%) ~
(005 = (HYiD, o H) (Tary" o 1)

— Modification of W couplings to leptons:
eH = —\[ Z [ggaﬂ eLa’YHVLB)}Wu +h.c.

QZ"‘ﬁ—é + 20
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https://arxiv.org/abs/1310.4838

Results: U; - Including RH currents

0.10 T T T

o 5 1IFU
<

LL
95% C.L. Excluded

0.05 ]
4G
Lo = ——=Va[(1+Cf )0
0.00 \@
& c c
& _QCLROLL]
-0.05} J
M (e = 2|Vis])
O () OLr = (€Lyubr) (7" ve)
-0.10} 7T ATLAS (¢, = 2Vidl) | c (= ~
B TV ATLAS (¢, = 3|Viu]) OLr = (CLbr)(TrRVL)
95% C.L. Excluded i ATLAS (3ab ™)

~0.15 L I L 1
-0.10 -0.05 0.00 0.05 0.10 0.15 0.20

ce
[Aebischer, Isidori, Pesut,[‘gtefanek, Wilsch, 2210.13422]
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