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1. Introduction

The indirect search for Beyond Standard Model (BSM) physics requires
very precise measurements and predictions
and greatly benefits from the use of a general framework
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‘ General framework: SMEFT ‘
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1. Introduction

The indirect search for Beyond Standard Model (BSM) physics requires
very precise measurements and predictions
and greatly benefits from the use of a general framework

¥

Precise measurements: LEP + LHC

© LEP provides very precise measurements which leave little room
for NP at the EW scale. LHC and Tevatron have also contributed to this

thanks to some of their measurements for observables in the

W, top and Higgs sectors
© Could it be that LHC can also compete with or complement LEP

by means of the measurements it can provide for the Z observables?
- We will explore this possibility by looking at Drell-Yan dilepton
production, which are sensitive to the Zf f couplings
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2. Theory framework

-~ SMEFT: We focus only on Z and W pole observables,
which are mainly sensitive to non-derivative interactions between

EW bosons and fermions:

LsMEFT D —% (WJFHL%(V + 697 N)dy, + W agy.dgp W94k + h.c. )

—% (W+IJL"}-‘H(I +dgy “)er, + h.c.)
Y, QL'I'QYZ Z fL’Tp((T? —Sng)I-i-(ngf)fL

_.feusdﬁ!”

G+ 57 | Y Frmu(—s5Qr 1+ g ) I
| feu,de

2. 2 2 24,2
LU - . + gy )v
LsmerT D QT(l + dmu) WIWw, + 9L Sg} ) Z,7,
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2. Theory framework

-~ SMEFT: We focus only on Z and W pole observables,
which are mainly sensitive to non-derivative interactions between

EW bosons and fermions:

LsMEFT D —% (WJFHL%(V + 697 N)dy, + W agy.dgp W94k + h.c. )

—% (W+IJL"}-‘H(I +dgy “)er, + h.c.)
R+ Zu | Y (T} - s5Qp) T+ g7 )f;_,]
_.feusdﬁ!”
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LsmerT D T(l +dmy)’ WoW, +4 We end up with only 20
Independent parameters
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3. “Traditional” pole observables

~ Z pole observables:

- W pole observables:

28.10.2021

Victor Breso6-Pla

Observable Experimental value | SM prediction Definition ‘ Observable ‘ Experimental value ‘ SM prediction

Iz [GeV] | 2.4955+0.0023 |4, 28| 2.441 > NZ = ff) my [GeV] 80.379 + 0.012 [9] 80.356

- YE o s G T E—eTe= Y[ E—qq)

Ohad |nb| | 41.4802 £0.0325 |4, 28] 41.4842 ’—;f’ ,.;" = Ty [GeV] 2.085 +0.042 9] 2.088
R. 20804 £0.050 [4] | 20.734 Tg o ad) Br(W — ev) 0.1071 +0.0016 [5] 0.1082
R 20785 4 0.033 [4] 20.734 3, '(Z—ad) Br(W — uv) 0.1063 £ 0.0015 5] 0.1082
1?# 20.764 £ 0.045 [4] 20.781 SRAT Br(W — 7v) 0.1138 +0.0021 [5] 0.1081
4-:ﬂ_ 0.0 l;d Lo cimzj ] o [;"mz Iz ;;157'1- Br(W — puv)/Br(W — ev) 0.982 + 0.024 [32] 1.000
Hoyp . ] . i ] a b T ko ‘

4,;']"j 010165 £ 0.0013 L4 00160 34 4 Br(W — ) /Br(W — ev) 1.020 £ 0.019 [12] 1.000
" bE ' ' 14 ‘ e Br(W — uv)/Br(W — ev) 1.003 £ 0.010 [13] 1.000
A 0.0188 £ 0.0017 [4] 0.0162 2AA; e S T :
- - p— T(Z—5h) Br(W — 7v)/Br(W — ev) | 0.961 £0.061 [9, 31] 0.999
Ry 0.21629 + 0.00066 [4] 0.21581 s
' . - ' "“f.l.l?.l ‘T':rf';'] Br(W — 7v)/Br(W — ) 0.992 +0.013 [14] 0.999
R, 0.1721 4 0.0030 [4] 0.17222 etz — W 5es)
|-'rn " . . 2ag 1 00d) Rwe = F(W—ud)+T(W—es) 0.49+0.04 [9] 0.50
Af 0.0996 + 0.0016 |4, 29 0.1032 2A. A
AFB 0.0707 £ 0.0035 [4] 0.0736 A4,
(Eoefe \—T{Z—eler
A, 01516 £0.0021 [4] |  0.1470 e )17 epcy)
A, 0.142 +0.015 [4] 0.1470 ‘"'rz*“f'.l“yf_i;',"f_‘i‘”f=“75"
. - - | A Sl W T S o |
A, 0.136 £+ 0.015 [4] 0.1470 L T
YT ST S
A, 0.1498 4 0.0049 [4] 0.1470 ACal L el Ot L)
A, 0.1439 £ 0.0043 [4] 0.1470 C(Zory 7 ) Ty ry)
A 0.923 £ 0.020 [4] 0.935 L
A, 0.670 £ 0.027 [4] 0.668 D(Zvep2p) TUZepzn)
_ — | & :’:’._L _
A, 0.805 £ 0.001 [30] 0.036 e
. s T —=ui )+ [ f—eE
Rye 0.166 % 0.000 [9] 0.1722 llzzq e
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3. “Traditional” pole observables

~ Leptonic couplings:

—1.34+ 3.2 —0.43 4+ 0.27
69} €= | —28+26 | x107° A 0.0+ 1.4 x 1073
1.5 4+ 4.0 0.62 £+ 0.62
—0.19 4+ 0.28
_3 .
097 = 0.1+1.2 x 10 ~ W mass correction:

—0.09 £ 0.59
7 S = (2.9+£1.6) x 10~

~s,c, b couplings:

=(1.3+41)x 102 §g4° =(2.2+5.6) x 102
6g7¢ = (—1.3+£3.7) x107%  §gi¢=(-3.2+5.4) x 10°°
8g7° = (31+1.7) x 1072 §g%° = (21.8 £ 8.8) x 1073

Update of
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—1.34+ 3.2 —0.43 4+ 0.27
69} €= | —28+26 | x107° A 0.0+ 1.4 x 1073
1.5 4+ 4.0 0.62 £+ 0.62
—0.19 4+ 0.28
097 = 0.1+1.2 x 1077 ~ W mass correction:

—0.09£0.59 Sy = (2.94+1.6) x 1074

~'s, ¢, b couplings: ‘ What about Zuu and Zdd corrections?

=(1.3+41)x 102 §g4° =(2.2+5.6) x 102
6g7¢ = (—1.3+£3.7) x107%  §gi¢=(-3.2+5.4) x 10°°
8g7° = (31+1.7) x 1072 §g%° = (21.8 £ 8.8) x 1073
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3. “Traditional” pole observables

© One linear combination of up and down quark vertex corrections is unconstrained:

397 — g4 397 + g3
Sgit + 697 + L sgpt + LT G ghe
4gY QQY

~ Itis useful to rearrange these 4 couplings so that we can separate the blind direction
from the rest of the parameter space:

T dg#m 0.93 —0.20 —0.23 —0.01\ [ dg%"
(y\ 5 (Ogé\ B (0.18 0.87 —0.33 033\ (5_9}%“\
| g7t | 027 018 090 —0.29 | | dg7°
7, \oo%? ) \oa7 037 017 090 ) \ 54%)

r —0.9+1.8
y | =1 03+33 | x1072
2 —2.4+4.8
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3. “Traditional” pole observables

© One linear combination of up and down quark vertex corrections is unconstrained:

397 — g4 397 + g3
Sgit + 697 + L sgpt + LT G ghe
19y 295

~ Itis useful to rearrange these 4 couplings so that we can separate the blind direction
from the rest of the parameter space:

() (097" (093 -029 —0.23 —0.01\ (dg7"
vl _ o, dgft | _ [ 018 087 —0.33 —0.33 | | 497"
> | 97! 027 018 0.90 —0.29 | | 6474
\t/)  \agZ) \oa7 037 017 090 ) \ 5471 )
. _0.0L18 This can be achieved
_9 | using DO data [Efrati,
y | =1 03£33 | x10 _ ‘
94448 Falkowski, Soreq, ‘15]
) ST but with very modest
: . recision: |t]| < 0.2
~ t unconstrained. Can we use LHC data to restrict it? L- i

28.10.2021
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4. The Apg asymmetry at the LHC

> We find that the cleanest observable for the task at hand is the Drell-Yan
forward-backward asymmetry (Agg)

dgpp (Y S, COS 9*) Z |:f~ even [ » * ~\ ~odd (-~ * A
————— X Or (8,c0807) + Dy (Y, 8) 527 (8, cost™) | Fyg (Y, 8)
dY ds dcost .
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4. The Apg asymmetry at the LHC

> We find that the cleanest observable for the task at hand is the Drell-Yan
forward-backward asymmetry (Agg)

S o F
dY ds d cos 0* gg \5, OS5I

q:u-.a!;'_q_,c.lb
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4. The Apg asymmetry at the LHC

> We find that the cleanest observable for the task at hand is the Drell-Yan
forward-backward asymmetry (Agg)

do,, (Y. 5. cos 6* —_ e
 ( . ) X E @” (s.cos ™)} Dz (Y. 5 odd
dY ds d cos 6*

q=1u,d,s,c,b
f(Zqq)
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4. The Apgp asymmetry at the LHC

Y] Experimental value | SM prediction | Exp. value:
0.0-0.8 0.0195 £ 0.0015 0.0144 £ 0.0007 | NNLO in QCD SM prediction:
0.8-1.6 0.0448 £ 0.0016 0.0471 £ 0.0017
1.6 - 2.5 0.0923 £ 0.0026 0.0928 £ 0.0021
2.5-3.6 0.1445 £ 0.0046 0.1464 £ 0.0021

Ay = (3/8)AFB
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4. The Apg asymmetry at the LHC

Y] Experimental value | SM prediction | Exp. value:
0.0-0.8 0.0195 £ 0.0015 0.0144 £ 0.0007 | NNLO in QCD SM prediction:
0.8-1.6 0.0448 £ 0.0016 0.0471 £ 0.0017
1.6 - 2.5 0.0923 £ 0.0026 0.0928 £ 0.0021
2.5-3.6 0.1445 £ 0.0046 0.1464 £ 0.0021

A4 — (3/ 8)AFB
o Restrictions from each bin:

0.0<|Y|<0.8: 0.63d8g7"+0.716g5" — 0.208g7% — 0.22 59757 = 0.088(29)
0.8 <|Y|<1.6: 0.608g7" +0.746g5" — 0.186g7% — 0.225g2% = —0.012(12)
1.6 <|Y|<25: 0.538g7" +0.800g2% — 0.166g7% — 0.23 5977 = —0.0014(92)
2.5 <|Y|<3.6: 0.435g7" +0.868g75" — 0.185g7% — 0.21 59757 = —0.0030(81)
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4. The Apg asymmetry at the LHC

Y] Experimental value | SM prediction | Exp. value:
0.0-0.8 0.0195 £ 0.0015 0.0144 £ 0.0007 | NNLO in QCD SM prediction:
0.8-1.6 0.0448 £ 0.0016 0.0471 £ 0.0017
1.6 - 2.5 0.0923 £ 0.0026 0.0928 £ 0.0021
2.5-3.6 0.1445 £ 0.0046 0.1464 £ 0.0021

A4 — (3/ 8)AFB
o Restrictions from each bin:

0.0<|Y|<0.8: 0.63d8g7"+0.716g5" — 0.208g7% — 0.22 59757 = 0.088(29)
0.8 <|Y|<1.6: 0.608g7" +0.746g5" — 0.186g7% — 0.225g2% = —0.012(12)
1.6 <|Y|<25: 0.538g7" +0.800g2% — 0.166g7% — 0.23 5977 = —0.0014(92)
2.5 <|Y|<3.6: 0.435g7" +0.868g75" — 0.185g7% — 0.21 59757 = —0.0030(81)

4

- Restrictions on the four uncorrelated and orthonormal linear combinations:

2’ = 0.210g7" + 0.195g4" + 0.465g7 ¢ + 0.845 ¢4 —10+4

Y =0.030g7" — 0.075g%4" — 0.875¢7 +0.490g4% | 0.5+0.4

2 = 0.830g7" — 0.545¢5" + 0.026¢77 — 0.106g3% | 0.04 + 0.06
' = 0.515g7" + 0.820g4% — 0.170g% — 0.220 g% —0.001 + 0.005
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4. The Apg asymmetry at the LHC

Y] Experimental value | SM prediction | Exp. value:
0.0-0.8 0.0195 £ 0.0015 0.0144 £ 0.0007 | NNLO in QCD SM prediction:
0.8-1.6 0.0448 £ 0.0016 0.0471 £ 0.0017
1.6 - 2.5 0.0923 £ 0.0026 0.0928 £ 0.0021
2.5-3.6 0.1445 £ 0.0046 0.1464 £ 0.0021

Ay = (3/8)AFB

o Restrictions from each bin:

0.0<|Y|<0.8:
0.8<|Y|<1.6:
1.6 <|Y|<25:
25 <|Y|<36:

0.630g7% + 0.71 8¢5 — 0.208g7 — 0.2269%% = 0.088(29)
0.605g7% + 0.74 8¢5 — 0.18 5g7 — 0.225g2% = —0.012(12)
0.538g7" + 0.80 g2 — 0.16 6977 — 0.23 59727 = —0.0014(92)
0.438g7" + 0.86 g2 — 0.18 977 — 0.21 g2 = —0.0030(81)

4

- Restrictions on the four uncorrelated and orthonormal linear combinations:

' = 0.216g7% + 0.195g4" + 0.465g7% + 0.845g4¢ —10+4

Y =0.030g7" — 0.075g%4" — 0.875¢7 +0.490g4% | 0.5+0.4

2 = 0.830g7" — 0.545¢5" + 0.026¢77 — 0.106g3% | 0.04 + 0.06

' = 0.515g7" + 0.820g4% — 0.170g% — 0.220 g% —0.001 +0.005» \We are capable of obtaining

28.10.2021

per mille level constraints
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4. The Apg asymmetry at the LHC

© Impact on the global fit:

The combination of

x 0.004 £ 0.017 1. —=0.09 —0.08 —0.04 LEP+LHC is good
vl _ 0.010 £ 0.032 _ —-0.09 1. —-0.09 —-0.93 ’ enough to lift the blind
2 0.021 +0.046 | * 7 —0.08 =0.09 1. —=0.19 direction, but we are

¢ —0.03 £ 0.19 —0.04 —0.93 —0.19 1. not as restrictive as in
t'.sincet-t' =0.16
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4. The Apgp asymmetry

> Impact on the global fit:

at the LHC

The combination of

T 0.004 + 0.017 1.  —0.09 —0.08 —0.04 LEP+LHC is good
y| ]0.010£0.032 | =0.09 1. —0.09 —0.93 enough to lift the blind
| 10.021 +0.046 P=1 Z008 =009 1. —0.19 -} direction, but we are not
t —0.03 £ 0.19 —0.04 —0.93 —0.19 1. as restrictive as in t’,

sincet-t' =0.16

- LHC constrains a specific direction much strongly than DO. Both hadron
measurements are important for the global fit, although for simple scenarios LHC
has a larger effect. All in all, “traditional pole” observables + ATLAS + D0 give:

(597 [—0.012 4 0.024
og5" | | —0.005 £ 0.032 B
sg71 | ~ | —0.020+0.037 | 7T
\dg7"/) \ —0.03+£0.13 )

The other 16 parameters are also being fitted here, to

28.10.2021 Victor Breso6-Pla

/1 0.510.68 0.69)
0.51 1 0.56 0.94
0.68 0.56 1 0.54
\0.69 0.94 0.54 1 )

almost no changes in their limits

26



4. The Apgp asymmetry at the LHC

-~ AEEC provides crucial information in simple NP scenarios:

0.04} /
£
L7
0.02} £
_ — — LEP
"o ot
S — AR
002l "',- ----- LEP+ADS
ﬁ:‘f J —— LEP+ALC
~-0.04} s
||Irl Jlr | 1
-0.04 -=-0.02 0 0.02 0.04
6g
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5. Conclusions

~ LHC Agg provides ~0.5% bounds on Zgq corrections

|0.515g§“ +0.820g4% — 0.175g7% — 0.220g4% — _(0.001 + 0.005|

© The t variable is lifted with the inclusion of the Arg ATLAS input

- We find that the ATLAS Arp information provides a significant improvement
on LEP-only bounds on the Zgq vertex corrections even in simple scenarios
with few free parameters
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5. Conclusions

~ LHC Agp provides ~0.5% bounds on Zqq corrections

|0.515g§“ +0.820g4% — 0.175g7% — 0.220g4% — _(0.001 + 0,005|

© The t variable is lifted with the inclusion of the Arg ATLAS input

- We find that the ATLAS Arp information provides a significant improvement
on LEP-only bounds on the Zgq vertex corrections even in simple scenarios
with few free parameters

> Qutlook 1: Current and future measurements of Drell-Yan dilepton production
by LHC could be analyzed following a similar procedure to ours in order to
extend the impact of hadron colliders on the electroweak precision program

© Qutlook 2: Information from Drell-Yan cross sections could be added,
and off-pole data could be analyzed too (— LLQQ operators enter)
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Backup 2: Allowed regions for some simple NP settings
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4. The Apgp asymmetry at the LHC

© The use of these two inputs leaves much less room for the inclusion
of nonlinear contributions:

LEP fit LHC fit

01 0.1}

linear

\ ----- nonlinear

ER -01t

_001 -0005 0O 0.005  0.01 001 —0005 0O 0.005  0.01
z
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4. The Apg asymmetry at the LHC

© The use of these two inputs leaves much less room for the inclusion
of nonlinear contributions:

01

=01k

-0.01

LEP+LHC fit
01!
D _ O
_|:|“| |
_001 -0005 0 0.005

0.01

— linear

- ---- nonlinear

linear
nonlinear
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