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* Motivation: Complementarity of low and high energy probes of flavor

Drell-Yan production at hadron colliders

- Form-factor parametrization

- EFT & NP mediator contributions

- Cross-sections

HighPT — A Mathematica code for high-p flavor physics

* Flavor fits for the SMEFT & explicit NP models

EFT validity and SMEFT effectsatd = 6 and d = 8
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Introduction

Flavor physics at low and high energies
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B-anomalies

* Indication of LFUV in
semileptonic B decays

4 (B — D(*)fl/)
* Preferred explanation:
leptoquarks (LQ)
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* Effects possibly
measurable also in other

semileptonic transitions

* In particular at high-p at

nadron colliders
see Ulrich’s talk]

* Motivates analysis of
high-p Drell-Yan tails as

high-energy probes of
these semileptonic
transitions

Felix Wilsch
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High-p.searches (CMS and ATLAS) can probe the same operators constrained
by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-ll...)

see e.g.:
Faroughy, Greljo, Kamenik [1609.07138]

Greljo, Marzocca [1704.09015] LON e””g}' a[eca}/ s
Greljo, Camalich, Ruiz-Alvarez [1811.07920]

Angelescu, Faroughy, Sumensari [2002.05684]
Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez [2003.12421]
Endo, Iguro, Kitahara, Takeuchi, Watanabe [2111.04748]
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Di-tau tails as NP probes L) D

If there is NP in semileptonic transitions: el b -
> * >
« EXxpect deviations in high-p tails of o100 i Ui
. . . . . +
invariant / transverse mass distributions | eeo b T P
0.001 SM
* For large 3rd generation couplings: 10} N
in particular 7 tails are relevant C T —
Faroughy, Greljo, Kamenik [1609.07138] L
> . . — T, NO b-tag 138 fb™' (13 TeV)
S 10*E- ATLAS (s =13 TeV, 139 fb' j A o000l ems” o T
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U, searches at LHC 7 universia

« ATLAS and CMS exclusion limits on the U, LQ

ATLAS recast [2002.12223] CMS search
4.0 LI I T LI I T T T I L I L I L I L I LI i 138 fb-1 (1 3 Tev)
- = i M i
- | | - 95% CL Excluded:
3.5 E‘E E x‘bq@ = C MS [ ]Observed = 68% expected
- e S & i Preliminary ---- Expected 95% expected
2 = & ] > 67— 7T
30 £ 02 & o @ [ VLQBM1
: = * — 7 Z [
[ | B &R I
I =S 5¢ -
25F = ? - I
I 1 = ] 4 :
i S i N §
gU 20_— %‘A\O/\\ ] i
: A\ I
[ % ] N B
1.5 1T \ ] 3
: o ;
1.0F - 2
0. 5:_ Cornella, Faroughy, Fuentes-Martin, _ 1t
i Isidori, Neubert [2103.16558] ] [ 95% CL preferred region
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Flavor in Drell-Yan tails
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* Drell-Yan production at LHC:
- NC: pp — f;fﬁ_
- CC: pp — L,

e Hadronic cross-section:

Ghad(pp — ¢ afﬂ) — Llj ® [8]3'3

L parton-parton luminosities / PDFs
> Heavy flavor suppressed

- (61 = 6(q:q; — ¢.p)

partonic cross-section / hard-
scattering: energy enhancement in EFT

2
‘ § << A?

e _ S
6(b5 — ptu) x— ‘ [C12

= Can overcome PDF suppression

ATLAS
fs=13 TeV, 139 fb™ B 2 +jets
u*n’+0b category, CR-only fit [ Others
Signal Regions ]

Top

77/, Bkg. Unc.
S|gnal A/g =1TeV

Events / 100 GeV
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£45(8) = /: [qum u)fqg( ,u)+<qz<+q])]

Vs =13 TeV

Angelescu, Faroughy,
Sumensari [2002.05684]
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* Charm physics with LHC tails  « LFV: high-p; tails vs low-energy flavor observables

 Constraintson ¢ = uf’¢ * Recast of heavy LFV resonance search ATLAS [1807.06573]
T I ] I l LHC and flavor limits (@95% CL) LHC and flavor limits (@95% CL) LHC and flavor limits (@95% CL)
10 * pporen DT poer  TIEEN PP T D)
U H—-(x10) - """" | uu ; i (x10) o uU E i (x10) -
5- | dd =—— 10 e ‘ dd 4 (x10) dd — —4 - (x10)
- HL-LHC 1 ‘ 3 ‘ : 3 :
; \ 11 ss =+ | ‘ ; ‘ 88— ; 88 p———r
| 1 : ‘ ! ‘
I : :
Vi o | | | | |
' o bb ——— b — ; | Db
i . /I : .
5; uc H EERERE: FEREE UC H—t - uc +—
2 pp -7l | | |
ds - | ds p— ds H—
: Quarkonium decays . : :
L 7 db H- : . FCNC meson d(\cajys db ] db | —
_ 10 L D —LS [+f_, 7T f'{‘[_ _ u?(jcsu\z (x10%) :
e SO i (s | sb - - gh
-40 -20 0 20 40 S I T R T S S S S
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
€C e e et Te 3 LT T
EI/I \/|Cf1f(;j|2 + |Cé£f1j|2 X 103 \/’Cdi91|2 + |CQi(}j‘2 x 10 \/|Céif1,/|2 + |C‘Zz’ZLj|2 X 103
Fuentes-Martin, Greljo, Camalich, Angelescu, Faroughy, Sumensari [2002.05684]

Ruiz-Alvarez [2003.12421]

e Limits from quark flavor conserving transitions much better than Quarkonia limits

* Possibility of probing charm transitions much better than low energy experiments
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Drell-Yan cross-section

General form-factor description
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Drell-Yan form-factors

* Drell-Yan processes:
i, — €, 05, dd— €07, ud — C vy, du — CFug

] a’p o a®p o i
» Amplitude form-factor decomposition: b . ‘.
VA N
AL = A(qud) — Lal)
S { (2aPxts) (a:Pva)) [FXY(5,8)] S
U xy Y p lg, vg
+ (Za'YM"DXe,ﬁ) (qi'YM[Pqu') [F\)/(Y’qq,(*g?f)}j;ﬂ Vector
+ (LaowPxts) (@Gio" Prd)) 65 | Ff qu’(&f)]zﬂ Tensor v 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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« Analytic continuation of form-factors to complex plane (5, 7)

* Separate simple poles from analytic function

F1(3,t) = Frreg(8,t) + FI Poles(8,t)

L N

- Analytic function of §, t - Isolated simple poles in S, t
- Describes contact interactions - No branch-cuts at tree-level
- No SM contribution - Describes non-local effects due to

exchange of mediators
- EFT contributions

- SM contributes only to F
- Can be matched to the SMEFT Y V-Poles

- Further contributions from heavy
NP mediators

= Form-factor framework can incorporate both EFT and explicit NP models
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Singular form-factors F; p (5, £) (1) e

* 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 Ezn — m,f —im I,
_J

> ¢ :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:

w n |
fQ _f@ oo i e
Z—Q_Z—Q g2(z, J](b)(t)_)JI(b)
L redefines F I Reg Upot) = U
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 Regular form-factors: analytic functions of §,

Describe unresolved d.o.f. — EFT

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

(. o0 AN/ AN
- Derivative expansion: F;p . (8,1) = 2 F — -
eriva p = LTjReg\ P> b)) = Lmm) -\ )2 p2
n,m=0
o _ 21 A2\K
- EFT expansion: From = Z O ((V /A7) )
i k=n+m+1 y

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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TR G 6
Zsmerr = Lsm + Z A2 0 + Z A 0 + O(A™)

L _J
» Cross-section in the SMEFT to @(A‘4)

r‘?

2 1 1 2
o~ ‘ASM‘ +-52Re (A<6>A§<M> 3 < ‘A(@‘ +2Re <A<8>A§M>> + O(A™°)

N\

y,

. Consistent description up to O(A™)
- |A© |2 contribution can be energy enhanced
- LFV only through |A® |2 (no SM interfence)
= Requires inclusion of d = 8 operators

- Only d = 8 interference with SM relevant
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SMEFT operatorsd = 6 ) T

e Warsaw basis d —= 6 Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]

- Operator classes contributing to Drell-Yan: w*, w?H?D, w*XH

4-fermion dipoles
d= P pp — £ pp — fv d=26 Y2XH + h.c. pp — €  pp — Ly
7 v I I
Ory’ (L") (GiVu5) v - O (la0"eg) T HW), v v
(3) P TRV OB (lao"eg) HBW v -
Olq (layHT lﬂ)(_z’)’uT QJ) v v Oy (G0 u;) T T HWI v v
Ol (Lay"lg) (Biypu;) v - OuB (@0 ;) A By v -
Qg (lar"lp) (divud;) v - Oaw  (qo™d;) TTHW], v v
Oeq (Ear"es)(TiVugy)) v - Oap (q;o™” dj)HB,w v -
Oeu (_a'yueﬂ) (a_’L’You ) v N
Ocd (€a*ep)(dinud;) v - : e ..
Oedq + hoc (zaeﬁ)(dzqf) : 7 7 Z /W coupling modifications
(’)l(el)u + h.c (lnep)e(qiuy) v v d=6 Y2H?D pp — £  pp — fv
(’)l(fqu + h.c (laot eg)e(qiouu;) v v O% (la’Y“l,B)(H“D H) v -
O (Ig '7“7'Il5)(HTzDIH) v v
Oy, (@ aj) (H'i D yH) v -
Og’z (@yHr qJ)(HTq D|H) v v
One (ea'y“e[g)(HTzﬁ H) v -
OHy (um uj)(HTfB) H) v -
Ond (dd;) (H'i'D ,H) v -
- v

Ofpuqd + h.c. (a;y*d;)(H'iD, H)
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 Extension of Warsaw basis by C. Murphy Mumhy [2005.00059
see also: Li, Ren, Shu, Xiao, Yu, Zheng [2005.00008]

- Operator classes contributing to Drell-Yan: w*D?, w*H?, w*H?*D’, w>H*D

d= P2 D? pp — €L  pp — Lv d=28 Y2H?D3 pp — & pp — lv
01(21)21)2 Dy(l_a’Y”lﬂ)Dv(Qi’Yqu) v - 01(2’1) 2p3 i(l_aV“Dle) (D(MD,,)H)TH v B
0%, . (1" D16) (@7, D vaj) v - O aps  illay*D"lg) H'(D(, D, H) v -
(9}23 2p2 D¥ (I, ’y“TIl/g)Dy((ji’yuquj) v v Ol(%qu?» i(l_ix’Y”TIDyl,B) (D(/J,DV)H)TTIH) v v
0% pa (T D 115) (g7, D L) v v Oé(%ppa i(lay*r! D"lg) H1!(D(, D, H) v v
Ol Dl ls)Dulign) ‘ - Ogpope (e Dre) (DGO v
Ol(;z 22 (l_ 7“<_D>Vl,3)(ﬂz'7u D ,u;) v - Ofi{IQD?’ i(ear"D"ep) HT(D(HDV)H) v —
Ol(ﬁzpz D” (lay*13) Dy, (di7yud;) v - O€2H2D3 W@y D" q;) (D V)H)TH v -
Ol(gdzz)z (la’Y“(B lﬂ)(dﬂu D ,d;) v - OZQLI?D?* (v D" q5) Hi (D(# V)H) v -
0(22[)2 Dy(q'i'YMQj)Du(éa'Yueﬁ) v - o 222D3 (qZ’YMTIDV ) (‘D(M V)H)TTIH v v
02,0, (@7* 574 Boes) % - Ops i@ r' D) HIT(DLDH) ¢ v
Opaps  D*(Eay"es) Duliigyguy) ‘ - Oppaps 187" D"w) (DuDY M« -
oo (e Dren)am Do) / - O s ilay D) HYDUDOH) ¢ -
@ ;) 2 )2 D¥ (eo/y'ueﬂ)D ( i, dj ) v - O(é)HzD3 i(Ji'Y'uDydj) (D(uDu)H)TH v -
(9%2 e (6ay" D7es)(diy, D ,d;) v - 0 s i(diy*D¥d;) H' (DD, H) v -
T —E—E—————
d= PrH? pp — L pp — v d: 8 »?*H*D pp —> £¢ pp — tv
1) 7 — o5, loy!lg)(H' D ,H)(HTH -
21%2 HH _ (lwilﬁ )@y )(HT}? / ) 0., i(zwwzﬁ)[(;f% IB:[))((HTH) )(<HT D) WH)(H' T H)] j v
12q2H? (la"7"1) (@i vug) (H'7' H) v N o, 7K (l_a'y”TIlﬁ)(HT(BJH)(HTTKH) - v
O o (lay*7"18) (@it ;) (HH) v v o !X (lay#rlg) (H' T/ H)(D, H) 17 H - v
O, 1o (Tay"18) (@, ;) (H 71 H) v - 0%},4[) (rmﬂq;)(HT D, H)(H'H) v -
Oz(’fq?m GIJK(l_a,yuTIlﬁ)(qZ,YMTJq])(HTTKH) _ v 0[(,;}140 i(qyHT qJELgITDIH)(HT?) ’ HT<B>T ;I({ Y(HITTH)) v v
O (1) sy (HTH) / - 0 Ak i I
01(22 272 (l_a’YuTIl/i)( z’You)(HTTIH) 4 - @qZHiD ?: Zeq)(H’r; H)(HTH)T v _
Ol(zsz 2 (v 1p)(diyuds) (HH) v - ouii z(u(j:yy“uf)(HT D, H)(H'H) v -
Ofrerz2 (lav*"15) (divudy) (H 7" H) - Oprrip i(diydy) (1D H)(H H) v -
O o (@174 Eaorues) (HTH) v -
0322112 (@v"7"q;) €avues) (HIT H) v -
Oc2y2 12 (EaY"ep) (UZ’YMUJ ) (HTH) v -
Oc2g2 2 (Ear*ep)(divud;) (H'H) v -
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EFT contributions

. Feynman diagrams for Drell-Yan in the SMEFT to O(A™%)
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rtq 14 fq 14 q / q ¢/ T /
—1/ g/,yJ —/ E/’VJ (_], él,y q/ el’y ql f’,l/
SM W4’ l//4H2, l//4D2 IIIZHZD
* EFT operator counting and energy scaling
— N\ )
Dimension d=06 d=28
Operator classes P Vv2?H?’D ?XH ||| v*D? Vv H? Vv>H*D «?H?D3
Amplitude scaling || E?/A? v?2/A%? wE/A%||| E*/A* 0?E?/A*  vi/A* v?2E?/A4
# Re 456 45 48 132 123 48 52
Parameters
# Im . 399 25 48 Jil 18 18 18 12 D
549 + 472 parameters 355 + 66 parameters

(only flavor diagonal contributions,
except for quark flavor violation in CC)

Felix Wilsch
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Form-factors to SMEFT matching (.

NC: 4
« Example: vector form-factors ce- Z 2 %/}}

. n v
Fo=F,on+F L F t+z v (& +6S8 >
%4 V(0,0) 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

2 2,2 5 4
m} vm m

— (6) a (6) (8) 4 C®)
08 (o) = e Cw2H2D + N ([C ] C ) +—C +
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Form-factors to SMEFT matching (.

NC: V4
« Example: vector form-factors ce- Z g %’,}}
. R N
Fy=Fyqo+Fyo— + F i+Z i (& + 58 >
v="voo T fvanTy TvonT; S M2+ M, \O@SM (a)
a — ~
. Schematic form-factor matching to O(A™%): S y.smy = 4mo, 0,0,
T v v
2 4 2.2 Szsm = 5, 81 8
Froo =-—=CO4-—c® ;2T0c® 4 s
: 4 AE2 223
A2 1/ A4 1/4 A4 w*H*D CS)(W,SM) — Egzz
e — J
——C®)
Fya,0) = IY Cript
4
”
— (O
Fyo,n = IY Cript

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

Felix Wilsch Semileptonic transitions at high-p, — MITP
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NC: /Z
* Example: vector form-factors ce- Z 2 %’/}}
] N :
Fy=Fygo+ Fyo—e + F i+Z d (& + 58 >
1% V0.0 T IV, VO 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 Szsw =5 8 &
Fyoo =—CO+-—c® | Y Mam®) Wi
, 4 yap) 223
A2 w A4 wiH A4 WEH®D Cy(W,SM)ZEgzZ
e — J
——C®
Fya,0) = IY Cript
4
y
——C®
Fyo1 = IY Cript

2 2. 2 5 e
5= (e )+
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NC: /Z
* Example: vector form-factors ce- Z 2 %’/}}
A N :
Fy=Fygo+ Fyo—e + F i+Z d (& + 58 >
1% V(0,0) Va0 VoS a S M2+ iMT, (@,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 4772 2123
A2 v A Y A+ vHD S (w.sM) = 5822
4 _ J
v
FV(10)=_C(84)2+ \(c . —— <
) A4 w*D Partial fractioning:
Q
v f(Z)Q _ ) g)z +8(z,Q)
Fyon ==73Cp + S -
, 4 " wiD?
A+ ¥ !

2 2. 2 5 -
p50= 2 (e )+ B+
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* Explicit NP models: colorless and colorful mediators

SM rep. Spin Lint
(7 L) 1 Lo=X, 1Ml b e fudel)
Colorless W' (1,3,00 1 Ly =[g17aW g + (g5 LWl
mediators | 7 (1,1,1) 1 Ly =[d07wZd; + [§{1*P eaZvg
d, (1,2,1/2) 0  Lompm = [MN]9qu;®5 + [M]Y gid; @1 + [A§]*Plnes® + h.c.
S1 (8,1,1/3) 0 Ls = [yF]**S1Gely + [yF]" S1uleq + [ S1dSv, + h.c.
H S1 (3,1,4/3) 0 Lz =[Gl Sideq, +hc ;
| Un (3,1,2/3) 1 Ly =@} Glla + [oF] dillieq + (71 %1/ v + hec.
| & (31,53 1 Ly, = [ U1eq + h.c. H
H Ry  (3,2,7/6) 0 Lg, = —[yZ]**u;Raely, + [y5]* Gieq R2 + h.c. '
Leptoquarks -
| R, (3,2,1/6) 0 Lz =—[]"d;Roelo + [U5]" Giva Rty + hoc. H
H Vo (3,2,5/6) 1 Ly = [x2]"*d5Vaely + [28]" ¢eVaeq + h.c. ﬂ
Vo (3,2,-1/6) 1 L =@ aVoely + [25] gfeVors + hec. |
I S3  (3,3,1/3) 0 Ls, = [y¥]"® qFeSsl, + h.c.
“ Us (3,3,2/3) 1 Ly, = [22]** g3l + h.c. H
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Universitat
Zurich™

7' W | R§5/3) s, S§1/3) !
T, U/ v/ a3

= Straight forward matching to pole form-factors in s, 7, u channel
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Cross-section L) Zone

Amplitude parametrization

A2 = A (2,d) — Loty

_ viz);; { (aPxts) (a:Pya;) [FXY7(,8)]

()

+ (CavuPxt) (T7"Pya)) |[Fo (3, f)]a.ﬂ Vector

LY}
af

+ (LaowPxty) (Ti0" Pya) 6 [Fp(8,2)| " [ Tensor

(
+ (Z 'y,L[PXE') ( G“V[PY(]J) ZI,Z fi))(qy’qq (§7t>_zﬂ Dipole
(

+ aawﬂ’xéﬁ) (q W“qu]) Ziy fﬁj”’%’(g, f):jjﬁ} Dipole
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Cross-section L) Zone

Amplitude parametrization

A2 = A (2,d) — Loty

_ viz);, { (2aPxt) (@Pvay) [F37(5,8)]

ij

+ (aruPxts) (T7"Pya)) | For Y’qq’(&f)]aﬂ Vector

ij
+ Zaaw[l’xﬁ'g) (Gz-a“”leq}) 5 [J'":/)f Y’qq’(@ f)]:.ﬂ Tensor

1ap

(
+ (Eani®xts) (0 Pyd) 2 [F5Y(5, )] |Dipole
+ (ZQJW[PXE'B) (@’Y“[PY(I;) sz” :fggy’qql(gv f)_z-j } Dipole
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Cross-section D) uriversta

Amplitude parametrization

A2 = A (2,d) — Loty

_ viz);, { (2aPxt) (@Pvay) [F37(5,8)]

ij Mgss =1/4,

Eaduu[Pxﬁ'B) (qz"Y“[PYq;-) Z]%V :fggy’qql(& f)j;ﬂ} Dipole

_|_

+ (LaruPxts) (a7"Prd}) | Ff Y’qq’(&f)];ﬂ Vector Myv(z) =
_ XY
+ (Za(’uv”’Xe'B) (Gia“”ﬂ’yqﬁ') o []: T Y’qql(g’ t)]j .ﬂ Tensor Mrr(z) = 4(1 + 20)°677,
_ iky T XYad A-agj Mpp(z) = —z(1 + ),
+ (gof)’,u[PXE,ﬂ) (in-NV[PYq;-) TV _‘FDq 49 (§7t>-ij DipOIe MST(:U) _ _(1 4+ 2x)5XY
(_
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Cross-section D) uriversta

Amplitude parametrization

A = A(@id; — alh)
- 13 { (nt) amv) (e Mss =171,

+ (Za’Yu[PXE,B) (ﬁﬂ“ rqu;-) [.7-"‘)/( Y’qq’(§,£)];ﬂ Vector Myvy(z) =

(z)
+(Zaawn>xefﬁ) (qigl“/ﬂ:yq}) SXY [Fq)gxqq'(g’g)]jé Tensor Mrr(z)

7 I\ (= . 2\ By [ 2XYViad (s 2 'aﬂj i Mpp(z) = —z(1 +x),
+ (ruets) oes) S GG [Dipole | e

( kY 1 1ap

_|_

eaU;WIPXE,g) (quy“[qu3> 7 -fl))er,qq’(g’ 1?)%7 } DlpOIe

. 'd S _
Parton luminosity functions: £ii(3) =/§ f [fqz- (@, 1) fo; (éu) + (g < Qj)]
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HiIghPT

HighPT

High-p Tails
A Mathematica code for high energy flavor physics



HighPT - functionalities ) Universea

HighPT: High-P Tails
A Mathematica package for setting limits on generic NP
INn semileptonic transitions at high energies

HighPT

* Any NP scenario

e
]
..........
)

- Consider SMEFT (d = 6, 8) and/or UV mediators by including the
appropriate form-factors

* Computes cross-section as function of Wilson coefficients / coupling
constants for bins of invariant mass (m,,) or transverse momentum (p;)

* Translates cross-sections in estimates of event yields for the bins of the
available experimental searches

e (Construct likelihood for the NP model

- Can be further analyzed within Mathematica or exported as a python file
using WCxf format Aebischer et al [1712.05298)

= Extract bound on form-factors / Wilson coefficients / NP coupling constants
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https://arxiv.org/abs/1712.05298

From cross-sections to event yields (. zna™

NG

» High-p; tail distributions: X € Mgy, Pr
Xops € {Mpp,mp,my, ...}

. ... .. do . .
- Particle-level distribution T computed from final state particles e, u, 7, v
X

d
- Detector-level distribution °

measured by experiments from

Xobs

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

* Both related by a kernel function encoding:
object reconstruction efficiencies, detector response, phase-space mismatch

Unbinned measureci‘ Sl computed

do 4/

/d:c K(Zobs |T) T —P 0, (Zobs) Z Kpq op(x

do
dZobs

. qu extracted using MC simulations (MadGraph + Pythia + Delphes)

e Each combination of form-factors has its own kernel function
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LHC searches ) univeriit

Experimental searches available Iin T L S C /\/\S
HighPT (full LHC run-2 data sets): E‘X\P E R MAE - ; \
Process | Experiment Luminosity ZTobs x
pp — TT ATLAS 139 b1 mit (72, Br)  me. [2002.12223]
PP —> [ CMS 140 b1 o uom [2103.02708]
pp — ee CMS 137 b~ Mee Mee [2103.02708]
pp — TV ATLAS 139 fb~! ma(th, Er) pr(T) | [ATLAS-CONF-2021-025]
pp — pv ATLAS 139 fb~" mr(u,, Br) pr(w) [1906.05609]
pp — ev ATLAS 139fb~1 mr(e, Er) pr(e) [1906.05609]
pp = TU CMS 137.1fb~1 mﬁzlﬂ Mery, [CMS-PAS-EXO-19-014]
pp — Te€ CMS 137.1fb~* mﬁzle More [CMS-PAS-EX0-19-014]
Pp — pe CM5 137.1fb~" Mypye Mye [CMS-PAS-EXO-19-014]

*more to be included
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Code and ¢ plots ) St

R ———————— ——————— — _'-:_‘H

Cross-section

C Eventyields |
pp — TT with [Cl(ql)]gg

tyields

- Compute expected number of event in all bins of the
ﬂ ATLAS di-tau search

DifferentialCrossSection[{e[3], e[3]},
OutputFormat -> {"SMEFT", 1000},
Coefficients -> {WC["1lql1", {3, 3, 3, 3}]} _ _ _ _

- Keeping terms up to O(A~%) in the cross-section

| and considering EFT operators up to d = 8

15

da/dm)?

e

SMEFT (A=1TeV) i EventYield["di-tau-ATLAS",
Z' (Mz=1TeV)

“ OperatorDimension -> 8,
EFTorder -> 4

|

ChiSquareLHC["di-tau-ATLAS",
OperatorDimension -> 8,
EFTorder -> 4

R e

13

Computing observable for di-tau-ATLAS search: arXiv:2002.12223

PROCESS :  pp o Tt
EXPERIMENT :  ATLAS

Extracting likelihoods: v P 2002.12223
SOURCE !  hepdata
OBSERVABLE : miot
BINNING mi°t [GeV] : {150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1150, 1500
EVENTS OBSERVED . {1167., 1568., 1409., 1455., 1292., 650., 377., 288., 92., 57., 27., 14
LUMINOSITY [fb™1] : 139
BINNING /§ [GeV] . {150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1150, 1500
BINNING py [GeV] . {0, ©}
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Flavor fits

SMEFT | NP models



SMEFT fits C (3) — (f }/ﬂTI fiﬂ)(quﬂ’t q]) Universitat

Zurich™

LHC limits on Wilson coefficients computing the cross-section to O(A™)
keeping only a single coefficient at a time

ChiSquareLHC["d1-muon-CMS",
OperatorDimension -> 6,

Example: uu search by CMS EFTorder -> 4,

* . "
CombineBins -> {Range[26, 28], Range[27, 37]} C(_)mbme bins
s i with low event count
b ]
- : : L | | 5| | L contribution 03| | | L |
‘ | | | | | from uv
13 | | | | 13 | | | | 13
22 3 3 — 3 3 22 3 3 - 3 3 22 3 3 =
12| N 33 | | 12 - | | 2|
11 S |5 A=2TeV 11 Ciy ] A=2TeV 1n Ciy' L3y A=2TeV
—4 -2 0 +2 +4 —4 —2 0 +2 +4 —4 —2 0 +2 +4
23| | e | | 23| | e | | 23 | | e
13 3 3 3 3 13 3 3 3 3 13
22 3 3 —— 3 3 22 3 3 L 3 3 22 3 3 o
12| anm | | 12 ants | | 12| -
1| G 1 A=2TeV 1 Gy |5 A=2TeV 1 Cu |5 A=2TeV
—4 -2 0 +2 +4 —4 —2 0 +2 +4 —4 —2 0 +2 +4
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Bounds on NP scenarios A Universi

Ls, = W@ $igidla + R Sieq + [/ 51 div, +hec. |
Lr, = —[y&]** 4; Ryely, + [y5]** giea R2 + h.c.
Example: Ly, = [&F] Gl 1la + [2F)® ;U eq + [27® @1/ v0 + h.c.
LQ models for Ry . /
SMEFT matching @ tree-level
* Consider flavor indices: Fiold S, R, U
apij € 13333, 3323 Quantum Numbers | (3,1,1/3) (3,2,7/6) (3,1,2/3)
* Relevant experimental (Credgl oi; - - 2[z1 ] [2f]77
searches: Cloau] . sl wi? | =3l Pl -
- pp > 1T [ I - e e U S i -
p o w Ceul i Sl 1P [yl - -
Cedlapij - - —[zf Pl
* Perform fits for: Coulagi; _ Ly b8 ke _
- Wilson coefficients Caelijap - —5[y3 P lys -
- NP couplings ) . | e - ~ Yo hp
[ I 70 R - ~3laf 1Pt
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Uy _eptoquark L Zanare

. U, benchmark: m;;, = 2TeV Lu, = =] @lla + [ dill1eq + 27" 10170 + hec.
1 U,

Wilson coefficient fit LQ coupling fit
| |
Q9 EW H
3
2 1 H
1< |
| 0
3 |
| = -1 h
s
3 T .
— —2 —Z I W wt -
| LHC 77 + v H 2f \\\ LHC 77+ v h
&l HighPT | | _al Fla"’or\ | HighPT
| A=2TeV [ \: my, = 2 TeV
LI PO T T N Y SO T WY U L PO A R T A A ] B T ‘
1. 0. 0.5 i H 15 -1 -05 0. 05 1 15|
3) L1723
= [c; 't 1]
[ 39! 1
~ N l[ q ]332 J
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Universitat

R, Leptoquark L) e

» R, benchmark: mp =2TeV Lr, = —[y5]"*@;Raelq + [y5]** GieaR2 + h.c.

LHC 1] Wilson coefficient fit *only pp — TV LQ coupling fit
flavor — ~N/
EW
combined Ry ~(3,2,7/6) .
2 I [ : [/ \
— 2 i y 4 | ) N
=2 ol N
GRS ' L/ | \
QO | i
H ? 1 L e 1 | | |
- “’ e L
[— = 0 |
> =
e/ @
® e >
IT' —2 ] N A y
o : | ._ Q) y
— i _aL \ LHic
_3 | s ] mp, =2 TeV
QA o0 1y oy S R S R S o B TN R T S T R P vl Lo L L [ L
-3 -2 —1 0 1 2 3 3 —~2 —1 0 1 2 3
(1) _ (3) L123
Re [Clequ] sagy — ite [Clequ] 3332 Re ([yQ] )
.~ - - - _J\_ w
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S, Leptoquark

Universitat
Zurich™

+ §) benchmark: mg = 2TeV  Ls, = [yr]" S1giela + [y Srtfea + [41* S1dive + hec.

LHC 1] Wilson coefficient fit

flavor — ~
EW
combln-(-:\d ') T
> 20
2
=
SR
5 -~
o
@ | \J
Sy | U
QO =20
_3l HighPl
i A =2TeV
[ PR A I (Y PRRATY L[S S 0 I Y PR I S
~3 =g =] 0 1 2 3
(1) _ (3)
[Clequ] 3332 4[016(1“} 3332
\‘ —— — p———— — J

LQ coupling fit

Sl = (31 17 1/3)
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SMEFT expansion:
d = 6versusd = 8

Validity of the EFT expansion



E FT val id ity %A% Universitat

» High-p; tails: events with highest invariant mass are around \/E < 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?

see e.g.:
Boughezal, Mereghetti, Petriello [2106.05337]

Alioli, Boughezal, Mereghetti, Petriello [2003.11615]
Kim, Martin [2203.11976]
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Heavy resonance: Z’ i) nbeersiat

04 A=1TeV
« UV model: ;
().()Sj
1 1 »
_ ) 71 2 71 71 / I
L, = — ZZ’WZ Y+ EM z,Z H J”Zﬂ - d
s —0.05 -
- Only coupling§ to £, g for simplicity: S -
Jt = [gf]aﬁ (fayﬂfﬁ) + [gq]z] (qu'uq])
—0.15 (d = 6)2
[ —d=8
« SMEFT matchingd = 6: g IR S T
—-0.4 -0.2 0. 0.2 0.4
1 9117 [g1]*
1
[C( )]aﬂ - = E[gf]aﬁ[gq]zj 02 A=2Tev
« SMEFT matchingd = 8: ! @
1 5
1 _ 4 3 -
[ 1(2 )zDz]Zﬂ o W[g ]aﬂ[gq]l] NE _Or, ‘
 Consider as example: affij = 3322, 3311 — =¥
_1'_\ o R T | TR | N,
* Analyze relevanceofd =8 at A = 1 TeV, 2 TeV B Otzl]g%gq]ggd Y
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Conclusions & Outlook



FUture prOSPGCtS __ Universitit

» Extension of mediator mode in HighPT
- \Version 1: only one mass/width possible
- Future: any mass/width
* Inclusion of further observables in HighPT: flavor, EW pole, Higgs
« Proper treatment of NP corrections to the input scheme (G, CKM, ...)

e (CLs likelihood for better treatment of bin with low event count

- Forthe )(2 bins with only few events need to be combined

. Additional flavor structures (e.g. U(2)? quark flavor symmetry)

* |Improved compatibility with other codes (for pheno and matching)
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CO“CIUSionS __ Universitit

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

- Form-factor parametrization for SMEFT and NP models
- Consistent cross-section computation at O(A™%)

- Inclusion of (energy-enhanced) d = 8 operators
» Automated in Mathematica package HighPT

* Bounds on all semileptonic SMEFT Wilson coefficients (one at a time)
« Complementarity of LHC with low-energy observables for b — ctv anomaly

« EFT validity: d = 6 vs. d = 8 operators
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